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Abstract

Protozoan parasites of the genus Leishmania are the causative agents of a
complex of diseases referred to as leishmaniasis. Leishmania have a digenetic life
cycle that involves a sand fly vector (promastigote stage) and a mammalian host
(amastigote stage). The parasites reside within very different environmental niches
in the two different hosts, and therefore must be able to adapt their energy

metabolism to the available carbon and nitrogen sources.

Lipoic acid (LA) is a multifaceted molecule, and plays an important role as a water-
and fat-soluble antioxidant. LA is also an essential cofactor of the a-ketoacid
dehydrogenase complexes (a-KADHs) and of the glycine cleavage complex
(GCC). The a-KADHs include the pyruvate dehydrogenase (PDH), branched-chain
o-ketoacid dehydrogenase (BCKDH) and a-ketoglutarate dehydrogenase (a-
KGDH), each of which is integral to cellular energy metabolism. In some
organisms, LA can be acquired through salvage and biosynthesis pathways, and
yet others only encode enzymes that permit one of the two pathways. Lipoylation
of the PDH has been demonstrated in a parasite related to Leishmania called
Trypanosoma brucei; however there have not been any investigations into the

enzymes involved in LA metabolism in either Leishmania or Trypanosoma brucei.

In silico analyses identified genes encoding for proteins involved in both LA
biosynthesis and salvage (lipoic acid synthase (LIPA), octanoyl-[acyl carrier
protein]: protein N-octanoyltransferase (LIPB) and lipoate protein ligase (LPLA),
respectively), and it was predicted that all three proteins possess mitochondrial
targeting peptides. Targeting of these proteins to the mitochondrion was verified
by a green fluorescence protein (GFP) reporter system, and by subcellular pre-
fractionation using digitonin followed by western blotting. Functionality of L. major
putative LIPA, LIPB and LPLA genes was determined by showing that the genes
complemented the no-growth phenotype of bacteria deficient in either lipA or lipB

genes on minimal medium.

Bioinformatics analyses also showed that L. major possesses genes encoding all
of the subunits comprising the different a-KADHs and the GCC, and the subunits
were predicted to possess mitochondrial targeting peptides. Western blotting of

promastigote protein with an antibody recognising protein-bound LA (a-LA
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antibody) identified four proteins, which based upon predicted molecular sizes,
correspond to the lipoylated transacylase subunits of the three a-KADHs and the
H-protein of the GCC. Interestingly, the lipoylation pattern changes throughout
promastigote growth in vitro, with o-KGDH being lipoylated throughout
promastigote life while PDH and BCKDH are not lipoylated and presumably not
active in metacyclic promastigotes. These findings indicate that modification of a-
KADHs and the GCC by lipoylation is a dynamic process, possibly reflecting

adaptations in the parasite’s energy metabolism during their developmental cycle.

Three approaches were taken to study the relative importance of the LA
biosynthesis and salvage pathways in L. major promastigotes. First, LA analogues
8’ bromooctanoic acid (8-BOA) and octanoic acid (OA) were tested for their effects
on growth in L. major maintained in lipid-depleted medium. The ICs for 8-BOA
was relatively high when compared to that determined in other organisms,
suggesting that LA biosynthesis can compensate for a decrease in LA salvage in
medium deficient in LA. Second, attempts to replace either LIPA or LPLA genes
with selectable markers were unsuccessful. LPLA could however, be knocked-out
when an extra copy of the gene was introduced into the parasite’s genome. These
data suggest that both LA acquisition pathways might be essential for
promastigote growth and development. Third, overexpression of C-terminal His-
tagged versions of LIPB (LIPB-His), LPLA (LPLA-His) and a LPLA active site
mutant, LPLA™® (LPLA™®A.His), resulted in slow-growth phenotypes.
Overexpression of LIPB-His and LPLA™!*.His resulted in lipoylation of the PDH
and BCKDH in metacyclic promastigotes, which is not observed in wild-type
metacyclic promastigotes. It is hypothesised that LA biosynthesis and salvage

enzymes could have differential substrate-specificities in L. major.

A number of avenues require further investigation, including the mechanism that
permits a relatively rapid turnover of lipoylated protein, and whether lipoylation
patterns differ depending upon the carbon sources that are provided in the growth
medium. Also, it will be interesting to determine whether LIPB and LPLA have
intrinsic substrate-specificities, and whether this is sufficient to explain the fact that

both LIPA and LPLA are essential in the promastigote stage in vitro.
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1 Introduction

1.1 Leishmania

1.1.1 Aetiology

The leishmaniases describe a spectrum of zoonotic diseases that are caused by
obligate intracellular protozoa of the genus Leishmania (family Trypanosomatidae,
order Kinetoplastida), which are transmitted to a vertebrate host through the bite of
an infected sandfly (Herwaldt, 1999). Leishmaniasis is a complex of diseases,

which are classified into four clinical forms:

I. Cutaneous leishmaniasis (CL) is the most common form of leishmaniasis, and
results in cutaneous sores, which are localised to the vector bite site. It is caused
mainly by Leishmania major, Leishmania tropica and Leishmania aethiopica in the
Old World, and by Leishmania mexicana complex species, Leishmania
guyanensis and Leishmania panamensis in the New World. The lesions caused by
infection with these species generally self-heal within a few months after the onset

of symptoms, without the need for drug intervention (Desjeux, 2004).

ii. Diffuse cutaneous leishmaniasis (DCL) is a more extensive and chronic form of
CL; the sores that form are non-ulcerative (Herwaldt, 1999) and do not self-heal,
due to an inefficient cell-mediated immune response (Desjeux, 2004). It is caused
by L. aethiopica in the Old World and by L. mexicana complex species (most
notably, by Leishmania amazonensis) in the New World.

lii. Mucocutaneous leishmaniasis (MCL) is another type of CL defined by the
development of sores on the naso-oropharyngeal mucosal membranes, which
result in severe disfigurement (Herwaldt, 1999). It is caused by Leishmania
braziliensis subspecies.

Iv. Visceral leishmaniasis (VL), commonly referred to as kala azar, is the most
severe form of the disease; symptoms include fever, extreme weight loss,
anaemia, hepatosplenomegaly, pancytopenia and hypergammaglobulinaemia.

The primary species responsible for VL in the Old Word is Leishmania donovani,
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particularly on the Indian subcontinent and Eastern Africa. In the Mediterranean
and the New World, Leishmania infantum is the principal cause of VL.

Humans are susceptible to infection from approximately 20 species of Leishmania,
and leishmaniasis is endemic to 88 countries on four continents

(http://vww.who.int/leishmaniasis/burden/en/), as illustrated in Figure 1.1.

P2
- ~ I Endemic areas . i W ‘*

Figure 1.1 Global distribution of cutaneous and vis ceral leishmaniasis
Maps showing the global distribution of cutaneous (A) and visceral (B) leishmaniasis. Maps were
taken from http://www.who.int/leishmaniasis/leishmaniasis_maps/en/index.html.
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1.1.2 Life cycle

Leishmania require two hosts to complete their life cycle; the definitive female,
haematophagous sandfly vector (subfamily Phlebotominae) and the mammalian
host (including dogs and humans).

When a sandfly bites an infected mammal it acquires a bloodmeal containing
Leishmania amastigotes. In order to survive within the sandfly midgut, these
amastigotes must differentiate into the promastigote form. Species of the
subgenus Leishmania are suprapylarian parasites, restricted to the midgut of the
sandfly, whereas species belonging to the Viannia subgenus from the New World
are peripylarian parasites, entering the hindgut before migrating towards the
midgut (Kamhawi, 2006). Studies of L. mexicana in its sandfly host Lutzomyia
longipalpis have illustrated the existence of at least six different promastigote sub-
types (Rogers et al., 2002). Firstly, amastigotes ingested within the bloodmeal
differentiate into procyclic promastigotes, which then develop into nectomonad
promastigotes, then into leptomonad promastigotes and finally into metacyclic
promastigotes, which are the mammal-infective form (see Figure 1.2). The two
other promastigote sub-types observed are haptomonad promastigotes and
paramastigotes, yet the precursors of these have not been determined (Kamhawi,
2006; Rogers et al., 2002). Of the six promastigote sub-types, only the procyclic
promastigotes (in the abdominal midgut) and leptomonad promastigotes (in the

thoracic midgut and foregut) are replicative (Gossage et al., 2003).

In the sandfly vector, the time taken for ingested amastigotes to develop into
metacyclic promastigotes ranges from six to nine days, depending upon the
species of Leishmania (Kamhawi, 2006). The mode of transmission of metacyclic
promastigotes into the mammalian host is via regurgitation. The cause of this
regurgitation is the promastigote secretory gel (PSG), which is secreted by the
parasites into the thoracic midgut to form a PSG plug, which in turn forces open
the stomodeal valve where metacyclic promastigotes accumulate (Rogers et al.,
2002; Stierhof et al., 1999) (see Figure 1.2). Upon regurgitation by the sandfly,
approximately 1000 metacyclic promastigotes are inoculated into the mammalian
host, most of which were derived from just behind the stomodeal valve.
Interestingly, the PSG plug is also transmitted into the mammalian host, and the
main component of this plug, filamentous proteophosphoglycan (fPPG), has been

shown to aid disease progression (Rogers et al., 2002; Stierhof et al., 1999).
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A lot of focus has recently been on the events that proceed as metacyclic
promastigotes enter the mammalian host. These experiments have illustrated that
even though amastigote development is restricted to the phagolysosomal
compartment of macrophages, polymorphonuclear neutrophil granulocytes (PMN)
appear to be key in establishing infection (Nauseef, 2007; Peters et al., 2008;
Segal, 2005; van Zandbergen et al., 2004). An interesting theory has been
proposed, whereby PMNs act as a 'Trojan horse' vehicle for Leishmania infection
of macrophages. It was demonstrated that metacyclic promastigotes are
phagocytosed by PMNs, and that PMNs do not kill the internalised parasites by
the oxidative burst (Laufs et al., 2002; Muller et al., 2001; van Zandbergen et al.,
2004). Additionally, the phagocytosed metacyclic promastigotes do not multiply or
differentiate into amastigotes inside PMNs (Laufs et al., 2002; Muller et al., 2001,
van Zandbergen et al., 2004). The 'Trojan horse' theory was proposed because it
was observed in vitro that infected PMNs are phagocytosed by macrophages (van
Zandbergen et al., 2004). However, recent in situ mouse data show that PMNs
undergoing apoptosis in fact release their parasite load, which is then in turn
phagocytosed by macrophages (Peters et al., 2008). Thus, the current hypothesis
is concurrent with the idea that PMNs are essential to establishment of Leishmania
infection, however the results do not indicate that PMNs act as 'Trojan horses’
instead, parasites exposed to the internal milieu of PMNs are conferred
subsequent resistance somehow after being internalised by macrophages (Peters
et al., 2008).

After being phagocytosed by macrophages, Leishmania metacyclic promastigotes
reside within the acidic phagolysosomal compartment (or parasitophorous vacuole
(PV)), and prevent the fusion of the phagolysosome with the lysosome (Bogdan &
Rollinghoff, 1999). It is in the PV that metacyclic promastigotes differentiate into
the amastigote form, and the nature of the PV niche varies, depending upon the
species of Leishmania (Handman & Bullen, 2002; Rittig & Bogdan, 2000).
Amastigotes are aflagellate and round-oval in shape with a diameter of 4 um
(Herwaldt, 1999) (see Figure 1.2). Amastigotes multiply within the PV and are
released and subsequently infect further macrophages, although the exact

mechanism of amastigote escape from macrophages is not fully understood.
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Figure 1.2 Digenetic life cycle of Leishmania

A, Schematic representation of a Leishmania-infected sandfly, indicating time-dependent
appearance of distinct morphological forms. The promastigote secretory gel (PSG) fills the thoracic
midgut, and in doing so holds open the stomodeal valve. (Image taken from (Kamhawi, 2006) with
permission from Elsevier.) B, The life cycle of Leishmania is initiated by the uptake of amastigotes
in a bloodmeal from the mammalian host by the sandfly vector. Amastigotes differentiate into
promastigotes, which migrate to the proboscis, where the promastigotes are inoculated into the
mammalian host upon taking another bloodmeal. The promastigotes are ultimately phagocytosed
by macrophages, where they multiply within the phagolysosomal compartment. Amastigotes are
released and then the free amastigotes are taken up by another macrophage. (Image taken from
http://commons.wikimedia.org/wiki/File:Leishmaniasis_life_cycle_diagram_en.svg.)

1.1.3 Ultrastructure of Leishmania

Leishmania belong to the order Kinetoplastida, the members of which each
possess a unique organelle called the kinetoplast, comprising the mitochondrial
DNA. Similar to Leishmania, other kinetoplastids such as species within the genus
Trypanosoma, have complex digenetic life cycles. Kinetoplastid species have
adapted in various ways to the very different environments found within the fly and

mammalian hosts. Trypanosoma brucei for example, has evolved to derive its
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nutrition from mammalian blood, and as such bears a flagellum and has adapted
to the problem of immune recognition by varying the antigen type (variable surface
glycoprotein (VSG)) presented on its plasma membrane (Donelson, 2003).
Leishmania however, have evolved to survive and replicate within the acidic
environment of the macrophage phagolysosome. Amastigotes are small in length
(4 um) and amotile (aflagellate). By contrast, promastigotes have long thin cell
bodies that are 5-20 um in length, and possess a flagellum up to 20 um in length.
As such, a large amount of cellular remodelling is required in the process of
promastigote-to-amastigote differentiation (Besteiro et al., 2006; Clayton et al.,
1995) (see Figure 1.3). This involves rearrangement of the array of cross-linked
subpellicular microtubules that are located underneath the plasma membrane
(McConville et al., 2002), which govern the characteristic shapes of Leishmania

promastigotes and amastigotes.

1.1.3.1Plasma membrane

Leishmania synthesise a family of glycoconjugates that are either attached to the
extracellular face of the plasma membrane or secreted from the cell. The base
molecule of these glycolipids is phosphoglycan (PG), and important members of
this family include membrane-bound lipophosphoglycan (LPG) and
proteophosphoglycan (PPG) (Beverley & Turco, 1998; llg et al., 1999; McConville
& Ferguson, 1993). These molecules make up a thick glycocalyx in procyclic
promastigotes, however metacyclic promastigotes and amastigotes possess a
much thinner layer. It was demonstrated that LPG is essential for survival of L.
major within the sandfly (Sacks et al., 2000) and for infection of macrophages and
mice (Spath et al., 2000). Interestingly, LPG does not seem to be essential for L.
mexicana infection of macrophages or mice (llg et al., 2001). It is not apparent
whether the contrasting results observed for L. major and L. mexicana are intrinsic
to using mouse as a model, or whether the two species indeed do use different

surface glycoconjugates to survive within the mammalian host (Turco et al., 2001).

1.1.3.2Flagellar pocket

In kinetoplastids, endocytosis and exocytosis are restricted to a single portion of
the plasma membrane at the anterior of the cell called the flagellar pocket. The

flagellar pocket is a specialised invagination of the plasma membrane, and is the
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only region in the cell that is not subtended by microtubules which make up the
cytoskeletal network (Clayton et al., 1995; Overath et al., 1997) (see Figure 1.3).

1.1.3.3Flagellum

Leishmania promastigotes possess a single flagellum, which is derived from one
of the two basal bodies located within the kinetoplast (see Figure 1.3). The
flagellum consists of a classical 9+2 microtubule double axoneme and the

trypanosomatid-specific paraflagellar rod (Bastin et al., 2000) (see Figure 1.3).

In Leishmania promastigotes, the flagellum has several roles: the first and most
obvious is to enable promastigotes to migrate from the sandfly midgut towards the
stomodeal valve. L. mexicana promastigotes were shown to swim at a velocity of
29.5 + 5.9 pm sec™ in culture conditions (Santrich et al., 1997). The flagellum
length varies between different promastigote sub-types, and metacyclics possess
the greatest flagellum-to-cell body ratio and are highly motile. It has been shown
that Leishmania are able to use positive chemotaxic cues including sugar and
saliva (Barros et al., 2006; Charlab et al., 1995). The flagellum has also been
shown to be involved in anchoring promastigotes to the sandfly gut epithelium
(Wakid & Bates, 2004). Interestingly, the promastigote plasma membrane
glycolipid, LPG, is important for interactions of promastigotes with the gut in
certain sandfly species, but not others. It was discovered that LPG is essential for
the attachment of L. major promastigotes in the specific vector Phlebotomus
papatasi, however LPG was not essential for adherence of promastigotes in the
permissive vectors Phlebotomus arabicus or Lutzomyia longipalpis (Myskova et
al., 2007).

1.1.3.4Kinetoplast

The kinetoplast is a disc-shaped sub-structure located within the mitochondrion,
which contains kinetoplast DNA (KkDNA). KDNA accounts for 10-20 % of the total
cellular DNA content, and can be observed by microscopy using DAPI stain
(Bastin et al., 2000). kDNA is found in the form of a few dozen maxicircles and
thousand of minicircles. The maxicircles have some functions of higher eukaryote
mitochondrial DNA. The minicircles encode guide RNAs, which carry out the post-
transcriptional editing of maxicircle RNA species by extensive uridylate insertions
(Liu et al., 2005).
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1.1.3.5Mitochondrion

Leishmania possess a single mitochondrion, which is large and stretches
throughout most of the cell body (Bienen et al., 1981; Coombs et al., 1986). In
terms of structure, the mitochondrion in Leishmania is similar to that found in other
eukaryotes; it consists of outer and inner membranes and tubular cristae. The
Leishmania mitochondrion is structurally similar in both promastigote and
amastigote forms, whereas the T. brucei mitochondrion lacks extensive tubular
cristae in the mammalian blood stream form stage, and has greatly reduced
activity (Bienen et al., 1981).

1.1.3.6Glycosomes

Glycosomes are spherical shaped peroxisome-like organelles with a diameter of
approximately 0.7 um (Michels et al., 2006). A key feature of these organelles is
the compartmentalisation of the first seven enzymes involved in glycolysis;
interestingly, the enzymes involved in net production of adenosine triphosphate
(ATP) are located in the cytosol (see Figure 1.4). In other organisms in which all
glycolytic enzymes are localised to the cytosol, two ATP-dependent kinases
hexokinase (HXK) and phosphofructokinase (PFK) are negatively regulated by
intermediate metabolites of glycolysis. This has been shown to be essential in
yeast, since removal of inhibition results in uncontrolled glycolysis and build-up of
unacceptably high levels of hexose phosphate glycolytic intermediates (Thevelein
& Hohmann, 1995). In T. brucei, regulation of HXK and PFK has not been
practically demonstrated. Indeed, systems biology modelling and practical data
have illustrated that the reason for glycosomal compartmentalisation is to prevent
a 'lethal turbo charge of glycolysis'’; it seems therefore that T. brucei, and possibly
other kinetoplastids, have evolved a glycolytic system that has no need for

regulation of HXK and PFK enzymes (Haanstra et al., 2008).
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Figure 1.3 Schematic representation of the ultrastr  ucture of Leishmania promastigotes and

amastigotes
Promastigote on left and amastigote on right. Organelles are labelled. (Image taken from (Besteiro

et al., 2007) with permission from Elsevier.)

1.1.4 Chemotherapies

There is currently no vaccine against leishmaniasis and the drugs currently
available to treat leishmaniasis are the pentavalent antimonials, that is, sodium
stibogluconate  (Pentostam) and meglumine antimonate (Glucantime);
amphotericin B; pentamidine amd miltefosine (Croft and Coombs, 2003). Aside
from miltefosine, all of the other drugs require parenteral administration, which
results in a long period of hospitalisation. The drugs also have a range of side
effects and drug resistance is increasing (Croft et al., 2005; Murray et al., 2005;
Sundar et al., 2000).
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In the treatment of visceral leishmaniasis, the pentavalent antimonials have been
the first-line treatment for over 60 years (Croft and Coombs, 2003). Antimonials
can give rise to severe toxic side effects, including cardiac arrhythmia and
pancreatitis. Levels of resistance to these drugs have been reported to be very
high in endemic regions, particularly in Bihar, India (Sundar and Rai, 2002).
Pentamidine is highly toxic, and as such has generally only been used as a
second-line therapy after ineffective antimonial treatment, and resistance to
pentamidine treatment has been reported in India (Sundar and Rai, 2002). In
some areas of Bihar, Amphotericin B has replaced antimonials as the first-line
treatment Amphotericin B is highly effective at treating antimony-resistant cases,
but is toxic, with nephrotoxicity and first-dose anaphylaxis reported. The lipid
formulation, AmBisome, has much reduced toxicity, but its high cost has limited its

use in developing countries until recently (Chappuis et al., 2007).

Miltefosine has been used to treat visceral leishmaniasis in India since 2002
(Davies et al., 2003). Miltefosine has been shown to be safe for both adults and
children in India and although gastrointestinal side effects are common, these do
not generally prevent completion of treatment (Sundar et al.,, 2002). It has not
however, been established whether miltefosine will be as effective against L.

infantum/chagasi as it is against L. donovani (Croft and Coombs, 2003).

As discussed in Section 1.1.1, cutaneous leishmaniasis often self-heals; as such,
drug treatment is not always necessary, and is normally only used if there is a risk
of mucocutaneous leishmaniasis. For patients with disfiguring lesions or diffuse or
mucocutaneous leishmaniasis, treatment with pentavalent antimonials is the most
common route of action (Davies et al., 2003). It is known that there is a difference
in the susceptibility of different Leishmania species to pentavalent antimonials; L.
donovani and L. braziliensis are more sensitive compared to L. major, L. tropica
and L. mexicana (Croft et al., 2002). Pentamidine is used to treat cutaneous and
mucocutaneous leishmaniasis (Sundar and Rai, 2002), and amphotericin B is

often used as a first-line treatment for travellers (Schwartz et al., 2006).

Miltefosine is effective against L. panamensis, less so against L. mexicana, and
shows a large variation in its efficacy against L. braziliensis (Soto et al., 2004; Soto
et al.,, 2007). Miltefosine has also been tested against Old World cutaneous
species and found to give similar cure levels as antimonials (Mohebali et al., 2007).
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1.2 Energy metabolism in Leishmania and other

trypanosomatids

1.2.1 Introduction to energy metabolism

The production of the energy storage compound ATP is essential for active cellular
function. There are two methods by which organisms generally produce ATP;
substrate-level phosphorylation and oxidative phosphorylation. Substrate-level
phosphorylation is defined as the catalysis of phosphoryl transfer from a reactive
intermediate to adenosine diphosphate (ADP), resulting in ATP (Nelson & Cox,
2000). For example, as illustrated in Figure 1.4, succinate dehydrogenase (SDH)
catalyses the breakage of the high-energy thioester bond between succiante and
Coenzyme A (CoA), and in the process itself becomes phosphorylated. SDH then
transfers the phosphoryl-group to ADP to produce ATP and succinate (Nelson &
Cox, 2000). Oxidative phosphorylation describes an aerobic process (respiration)
whereby certain nutrients (for example glucose) are completely oxidised to CO;
and H,O (Nelson & Cox, 2000). In the process, electrons of oxidised intermediates
are transferred to electron acceptors such as NAD" and FAD'. In eukaryotes,
electrons are fed through the electron transport chain, which is located in the inner
mitochondrial membrane; the result is the generation of a transmembrane
potential and ultimately the production of ATP from the phosphorylation of ADP,
and the generation of H,O from the reduction of O, (Nelson & Cox, 2000).

Organisms have adapted their energy metabolisms in different ways, depending
upon the nutrients that are available to them as well as the aerobic conditions.
Parasites, on the other hand, especially those with multiple hosts within their life
cycle, may have also been restricted to certain microenvironments within each
host, based on the metabolic machinery that they encode. In terms of energy
metabolism in trypanosomatids, most work has been carried out on T. brucei (for
review see (Bringaud et al.,, 2006)), and although there are some studies with
regards to Leishmania promastigote energy metabolism, there are still many
questions remaining, especially in terms of amastigote energy metabolism (for
review see (Opperdoes & Coombs, 2007)). The aim of this section is to summarise
what is known about the nutritional requirements of Leishmania with reference to

other trypanosomatids (mainly T. brucei), and to give an appreciation of how these
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organisms have adapted to cope with their digenetic life cycles on a metabolic

level.

1.2.2 Nutrition in the fly vector

Trypanosomatids are exposed for part of their life cycles to different compartments
within their permissive haematophagous fly vectors. Whereas Leishmania
promastigotes are restricted to the fly midgut (with the exception of the braziliensis
complex of Leishmania), trypanosomes also invade the fly hindgut and salivary
glands. In conjunction with differential geographical locations within the fly vector,
the sandfly differs from the vectors of trypanosomes in its feeding habits. For
example, it has been shown that the tsetse fly (the vector of T. brucei) relies upon
amino acids for energy generation during flight (Bursell, 1960; Bursell, 1963).
Notably, it was shown that proline is the principal amino acid used as a carbon
source, and that proline is partially oxidised via glutamate to alanine (Bursell,
1967). However, sandflies have been reported to feed primarily on nectar and as
such Leishmania promastigotes in the midgut are thought to have a sugar-rich diet
(Schlein, 1986), and Leishmania encode glycosidases to digest complex
polysaccharides (Jacobson & Schlein, 2001; Jacobson et al., 2001). Interestingly
however, in vitro studies indicate that T. brucei procyclic form (PCF) preferentially
use glucose as an energy source when grown in the presence of both glucose and
proline (Hellemond et al., 2005; Lamour et al., 2005; van Weelden et al., 2003; van
Weelden et al.,, 2005), yet Leishmania promastigotes preferentially use amino
acids (Cazzulo et al.,, 1985). Nevertheless, in the absence of glucose in the
medium, proline has been shown to be the principle carbon source for T. brucei
PCF (Lamour et al., 2005). It is also generally accepted that proline is an important
carbon source for energy generation in Leishmania in the sandfly (for review see
(Bringaud et al., 2006).

1.2.3 Parasite energy metabolism in the fly vector

Although there are likely to be differences between energy metabolism in T. brucei
PCF and Leishmania promastigotes, T. brucei has been used as a model for
trypanosomatid energy metabolism in the fly stage, primarily due to the fact that
this organism is amenable to RNA interference (RNAI), whereas this technique
has not been successfully applied in Leishmania. As will be discussed in Section

6.3.3.3, gene replacement in Leishmania can be a lengthy and unsuccessful tactic
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to study certain genes, and RNAI sometimes permits a more subtle dissection of

molecular pathways. As such, this section will have a bias towards T. brucei.

In Leishmania promastigotes and trypanosomatid PCF, energy generation
involves both glycolysis and mitochondrial metabolism. As described in Section
1.1.3.6, the ATP-expending reactions of glycolysis occur in peroxisome-like
organelles called glycosomes (see Figure 1.3), and the later ATP-yielding
reactions of glycolysis occur in the cytosol (see Figure 1.4) (Michels et al., 2006).
The end-product of glycolysis — pyruvate — can be decarboxylated to produce
acetyl-CoA via the mitochondrial pyruvate dehydrogenase complex (PDH). In
yeast, mammals and bacteria, under aerobic conditions acetyl-CoA is completely
oxidised through the tricarboxylic acid (TCA) cycle to CO,, H,O and ATP. The TCA
cycle generates energy through substrate-level phosphorylation (via succinate
dehydrogenase; SDH) and through oxidative phosphorylation, feeding reducing
equivalents in the form of NADH and FADH, into the electron transport chain.
Trypanosomatids seem to be an exception, since acetyl-CoA is not used in the
TCA cycle (Coustou et al., 2008; van Weelden et al., 2003), but is instead
converted to acetate by a two-enzyme cycle involving acetate: succinate CoA
transferase (ASCT) and succinyl-CoA synthetase (SCS), with concomitant ATP
production (see Figure 1.4) (Van Hellemond et al., 1998). Such partial
fermentation occurs even in the presence of oxygen, and as such is referred to as
aerobic fermentation (for review see (Bringaud et al., 2006)). Acetate is not the
only end-product of aerobic fermentation; others include succinate and alanine,
and to a lesser extent pyruvate, lactate and ethanol (see Figure 1.4) (for review
see (Bringaud et al., 2006)).

It has been shown that in the absence of high concentrations of glucose, T. brucei
PCF cultured in vitro rely upon proline as a carbon source. When cultured in
glucose-depleted/proline-containing conditions, the major end products excreted
by PCF are alanine (64.2 %) and glutamate (28.2 %) (Coustou et al., 2008).
Coustou et al. (2008) propose a metabolic pathway, whereby proline is oxidised
via glutamate to a-ketoglutarate, which is then fed into the TCA cycle through the
action of the a-ketoglutarate dehydrogenase complex (a-KGDH) to produce
succinyl-CoA, and ultimately malate. Malate is converted into pyruvate, which is
subsequently transaminated with glutamate by alanine aminotransferase (ALAT)
to produce alanine. The authors make the potentially intriguing observation that
proline metabolism in T. brucei PCF mimics that which occurs in the tsetse fly
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flight muscle, in that alanine is the principal end-product (Bursell, 1967; Coustou et
al., 2008). Interestingly, under glucose-depleted/proline-containing conditions, the
electron transport chain was shown to be essential. Leishmania promastigotes,
however, are semi-tolerant to anoxic conditions, and although they do not
proliferate in the absence of oxygen, they do persist. Indeed, after 40 h of anoxia,
replenishing the oxygen supply permits a release of the metabolic arrest such that
Leishmania promastigotes proliferate again (Van Hellemond & Tielens, 1997; Van
Hellemond et al., 1997). The slowing of promastigote motility during hypoxic
conditions in the sandfly is hypothesised to be important for the simple reason that
a reduction in energy expenditure will allow the parasites to persist for longer (Van
Hellemond & Tielens, 1997). T. brucei PCF are completely intolerant of anaerobic

conditions, and start dying after a few days of anoxia (van Weelden et al., 2003).

In comparison to T. brucei, little is known in Leishmania promastigotes with
regards to the relative levels of contribution of glucose and proline in energy
metabolism. However, one study illustrates that a L. mexicana promastigote
mutant line, which lacks three genes that are integral to glucose transport, is able
to establish an infection in L. longipalpis sandflies, albeit less efficiently
(Burchmore et al., 2003). However, the mutant line is unable to replicate within
macrophages in the mammalian host (see Section 1.2.5) (Rodriguez-Contreras et
al., 2007). Another study illustrated that gluconeogenesis is essential for L. major
promastigotes in the absence of glucose, since a mutant line lacking the gene
encoding the important gluconeogenesis enzyme fructose 1,6-bisphosphatase
(FBP) is unable to proliferate on glucose-depleted/glycerol-containing medium
(see Figure 1.4) (Naderer et al., 2006). It was also demonstrated that acetyl-CoA
derived from B-oxidation of fatty acids (FAs) is not a gluconeogenic substrate in
promastigotes (Naderer et al., 2006). This was expected to be the case, since
analysis of the L. major genome indicates that this parasite lacks the glyoxylate
cycle genes encoding isocitrate lyase (ICL) and malate synthase (MLS), and as
such is unable to convert acetyl-CoA into malate, and subsequently oxaloacetate,
which is used in gluconeogenesis (Ivens et al., 2005). Instead, in conditions of low
glucose concentration, amino acids have been shown to be used for
gluconeogenesis (Burchmore et al., 2003). Overall, in promastigotes it is likely that
glucose plays an important role as a substrate for the pentose phosphate pathway
(PPP) to generate precursors for DNA and RNA biosynthesis (Maugeri et al.,

2003), and is also likely to be used for the production of carbohydrate, such as
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B1,2-mannan reserve oligosaccharides (see Figure 1.4) (Ralton et al., 2003).
However, in terms of Leishmania energy metabolism, proline is thought to be more

important than glucose (see Figure 1.4) (Opperdoes & Coombs, 2007).
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Figure 1.4 The pathways of core metabolismin L. major

Figure shows reactions taking place in the glycosome, that are involved in carbohydrate
metabolism, and in the mitochondrion, with its tricarboxylic acid cycle, and the flux of metabolites
between these two organelles. Boxed metabolites are substrates (grey) or end products (black) of
metabolism. Thick arrows represent major metabolite fluxes. Pathways in blue are thought to be
more important in promastigotes and pathways in red are thought to be more important in the
amastigote. Abbreviations: Fru, fructose; GAP, glyceraldehyde 3 phosphate; Glc, glucose; H-5-P,
hexose 5-phosphate; Man, mannose; PEP, phosphoenolpyruvate; PGA, phosphoglyceric acid,;
PPP, pentose-phosphate pathway. Enzymes: 1, hexokinase; 2, phosphoglucose isomerase; 3,
phosphofructokinase;4, fructosebisphosphate aldolase; 5, triosephosphate isomerase; 6,
glyceraldehyde-3-phosphate dehydrogenase; 7, phosphoglycerate kinase; 8, glycerol-3-phosphate
dehydrogenase; 9, glycerol kinase; 10, adenylate kinase; 11, glucosamine-6-phosphate
deaminase; 12, mannose-6-phosphate isomerase; 13, phosphomannomutase; 14, GDP-mannose
pyrophosphorylase; 15, phosphoglycerate mutase; 16, enolase; 17, pyruvate kinase; 18,
phosphoenolpyruvate carboxykinase; 19, malate dehydrogenase; 20, fumarate hydratase; 21,
NADH-dependent fumarate reductase; 22, malic enzyme; 23, alanine aminotransferase; 24,
aspartate aminotransferase; 25, pyruvate phosphate dikinase; 26, citrate synthase; 27, 2-
ketoglutarate dehydrogenase; 28, succinyl-CoA ligase; 29, succinate dehydrogenase; 30, acetate—
succinate CoA transferase; 31, pyruvate dehydrogenase; 32, citrate lyase; 33, acetyl-CoA
synthetase; 34, proline oxidation pathway; 35, threonine oxidation pathway; 36, ribulokinase; 37,
ribokinase; 38, xylulokinase; 39, amylase-like protein; 40, sucrase-like protein. (Image taken from
(Opperdoes & Coombs, 2007) with permission from Elsevier.)
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1.2.4 Nutrition in the mammalian host

In the mammalian host (human), Leishmania amastigotes and Trypanosoma cruzi
amastigotes have an intracellular life style, whereas T. brucei BSF lives in the
blood. T. cruzi trypomastigotes infect a variety of cell types, including
cardiomyocytes, and once within the cell, trypomastigotes differentiate into
amastigotes, which multiply in the cytosol. Both T. cruzi and T. brucei thus inhabit

hexose sugar-rich environments.

Leishmania amastigotes reside within the acidic phagolysomal compartment of
macrophages, which is also referred to as the PV. In fact, different species of
Leishmania are known to infect different populations of macrophages, and the
morphology of the phagolysosome differs depending upon the species of
Leishmania (Antoine et al., 2004). For example, L. mexicana induce spacious
vacuoles, rather than tight-fitting phagolysosomes found in L. major infections
(Russell et al., 1992). Interestingly, aside from the Gram-negative bacterium
Coxiella burnetii (Voth & Heinzen, 2007), no other microbial pathogen is known to
replicate within the phagolysosomal compartment. Unlike the hexose-rich cytosolic
compartment that T. cruzi inhabits, the phagolysosome lumen is hexose-poor, and
the main carbon sources for energy generation are thought to come from host
amino acids and FAs (Bringaud et al., 2006; McConville et al., 2007; Naderer &
McConville, 2008; Opperdoes & Coombs, 2007). Lastly, there is some evidence to
suggest that the metabolic and activation status of the infected macrophage has a
significant influence upon amastigote growth (Gordon, 2003; Sacks & Anderson,
2004).

1.2.5 Parasite energy metabolism in the mammalian h  ost

Given the very different tissue-specificities of the different trypanosomatids, it is
not surprising that their energy metabolism differs much more drastically than in
the fly host. T. brucei BSF lacks most of the mitochondrial enzymes found in the
PCF and completely relies upon glycolysis for energy generation (Bakker et al.,
2000; Fairlamb & Opperdoes, 1986).

Leishmania amastigotes acquire energy via (-oxidation of FAs (see Figure 1.4)
(Hart & Coombs, 1982). It is thought that the acetyl-CoA produced from [3-

oxidation is fed into a fully functional TCA cycle (Hart & Coombs, 1982), however
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this needs reanalysis given that trypanosomatid promastigotes and PCF do not
fully oxidise acetyl-CoA via the TCA cycle (Opperdoes & Coombs, 2007). A recent
proteomic study highlighted the fact that during the in vitro differentiation of L.
donovani metacyclic promastigotes into amastigotes, enzymes involved in the
glycosomal-restricted portion of glycolysis are down-regulated, whereas key
enzymes involved in [(-oxidation of FAs were significantly up-regulated
(Rosenzweig et al., 2008). The authors also reported increases in the levels of
TCA cycle enzymes and of enzymes involved in the catabolism of amino acids
(Rosenzweig et al., 2008).

Despite the fact that the phagolysosomal compartment is hexose-poor, an L.
mexicana mutant lacking three glucose transporters is unable to proliferate when
inoculated into mice (Burchmore et al., 2003). It was shown that the mutant
promastigotes are taken up by host macrophages and differentiate into
amastigotes, yet do not persist (Rodriguez-Contreras et al.,, 2007). To further
strengthen the case that glucose uptake is essential for L. mexicana amastigote
development, a reversion of this mutant line has been reported, in which an
alternative hexose transporter has been amplified on a circular extrachromosomal
element (Feng et al., 2009b). This naturally occurring selection for an up-
regulation of an alternative hexose transporter reverted the avirulent phenotype of
the glucose transporter mutant in mice, thus highlighting the importance of
hexoses like glucose for amastigote survival and replication (Feng et al., 2009b).
On the other hand, gluconeogenesis has been reported to be essential for the
survival of L. major within macrophage phagolysosomes (Naderer et al., 2006). If
the uptake of hexoses is also essential to L. major amastigote fitness, it would
appear that gluconeogenesis is not sufficient to provide enough hexose for PPP or
for carbohydrate biosynthesis (or for other purposes), and that uptake of even
small concentrations of hexoses in the hexose-poor PV niche is critical for the

survival of the amastigote stage.
1.3 Production of fatty acids

Leishmania have a very robust energy metabolism, with the capacity to partially
oxidise sugars, amino acids and FAs in order to generate energy (see Section
1.2). Key to several of the important enzymes within the TCA cycle is the molecule

lipoic acid (LA), which is the topic of this thesis. LA can be synthesised from FAs
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(see Section 1.4.3), and as such the aim of this section is to give an appreciation
of the different systems that exist in trypanosomatids to produce FAs.

FAs are carboxylic acids with unbranched aliphatic tails that are either saturated or
unsaturated. The process of FA synthesis involves the extension of a ‘primer’ FA
building block by addition of a 2 carbon (2C) FA unit. FAs are bound to either acyl
carrier protein (ACP) or to CoA. ACP and CoA are covalently modified with a 4'-
phosphopantetheine group (Magnuson et al., 1993). FAs are bound to ACP and
CoA through a thioester linkage with the 4'-phosphopantetheine group. One cycle
of 2C addition requires four steps; condensation, reduction, dehydration and
reduction. These steps are catalysed by either type | or type Il fatty acid synthase
(FAS). The type | FAS is found in mammals and yeast, is localised to the cytosol,
and arranges its different catalytic activities on separate domains spanning either
one or two polypeptide chains (Smith, 1994). The type Il FAS occurs in plants and
bacteria, and each catalytic activity is associated with an individual polypeptide
chain (Rock & Jackowski, 2002; White et al., 2005). Recent data indicate that
mammals (Witkowski et al., 2007) and yeast (Hiltunen et al., 2005) also contain a
mitochondrial type Il FAS, which is not merely a relict of the endosymbiont, but is
essential to respiration and cellular fitness in mammals (Feng et al., 2009a) and
yeast (Brody et al., 1997; Schonauer et al., 2008; Sulo & Martin, 1993). In both
type | and type Il FAS, the growing acyl chain is esterified to ACP (White et al.,
2005).

In addition to de novo biosynthesis of FAs via type | or type Il FAS, a set of
elongase enzymes also exist, whose role in mammals and yeast is to elongate

long-chain FAs (C14-18) to make very long-chain FAs (C20 or longer).

1.3.1 Endoplasmic reticulum elongase system

Elongase enzymes carry out the same four condensation, reduction, dehydration
and reduction reactions that are catalysed by FAS (Leonard et al., 2004). Unlike
FAS, elongases (ELOs) are localised to the endoplasmic reticulum (ER) and are
membrane-bound (Moon et al., 2001; Oh et al.,, 1997; Toke & Martin, 1996).
Another difference is that the growing acyl chain is esterified to CoA instead of to
ACP. In yeast and mammals, ELOs incrementally increase the length of an acyl
chain using malonyl-CoA as the 2C donor (Leonard et al., 2004). Multiple

elongase systems exist (Cinti et al.,, 1992), each with different chain length



Chapter 1 20

specificity, in order to permit the production of various types of polyunsaturated
fatty acids (PUFAS).

In T. brucei, a membrane-associated FA synthesis was discovered in a cell-free
system (Morita et al., 2000), which was interesting for several reasons. Firstly, a
soluble mitochondrial type Il FAS had been predicted (and since shown to be
active) (Stephens et al., 2007), and as such it was peculiar that FA synthesis was
associated with the membrane fraction. Secondly, whereas malonyl-CoA or acetyl-
CoA were expected to serve as a primer for FA synthesis, only butyryl-CoA
worked as a primer (Morita et al., 2000). Thirdly, knock-down of ACP by RNAI had

no effect on bulk FA synthesis in the cell-free system (Lee et al., 2006).

It was recently shown that the membrane-associated FA synthesis in T. brucei is
due to the action of ELO 1-4. However, unlike yeast and mammalian ELOs, T.
brucei ELO1 and ELO2 were shown to primarily synthesise myristate (C14) de
novo from a butyryl-CoA primer in T. brucei BSF (Lee et al., 2006). The authors
also identified 13 potential ELOs in the L. major genome and five potential ELOs in
the T. cruzi genome. Preliminary data from the cell-free system illustrated that like
T. brucei, both L. major and T. cruzi possess membrane-associated FA synthesis
activity (Lee et al., 2006). So far, T. brucei is the only organism that has been
experimentally shown to have adopted the microsomal ELO system for the
purpose of de novo FA synthesis (Lee et al., 2006; Lee et al., 2007).

1.3.2 Mitochondrial type Il FAS

Type Il FAS uses ACP to extend an acyl chain, using acetyl-CoA (1C) as a primer
and malonyl-CoA as the 2C donor (for review see (White et al., 2005)). Acetyl-CoA
can be derived from the glycolytic product pyruvate via the action of mitochondrial
pyruvate dehydrogenase. Alternatively, the amino acid threonine can be converted
to pyruvate via threonine dehydrogenase, and an intermediate in this pathway can
undergo thiolysis with CoA to produce acetyl-CoA and glycine.

The first enzyme involved in type Il FAS is acetyl-CoA carboxylase (ACC), which is
a biotin-dependent enzyme that catalyses the conversion of acetyl-CoA to
malonyl-CoA. The malonyl-moiety is subsequently transferred onto ACP by
malonyl-CoA: ACP transferase. The addition of malonyl-ACP to a growing acyl

chain is catalysed by the sequential action of four enzymes. Firstly, condensation
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of acetyl-CoA/acetyl-ACP and malonyl-CoA to form 3-ketoacyl-ACP is catalysed
by 3-ketoacyl-ACP synthase. Next, 3-ketoacyl-ACP is reduced to 3-hydroxyacyl-
ACP by 3-ketoacyl: ACP-reductase. The dehydration reaction producing trans-2-
enoyl-ACP is catalyzed by 3-hydroxyacyl thioester dehydratase. Lastly, trans-2-
enoyl-ACP is reduced by 2-enoyl thioester reductase to produce the acyl-ACP
molecule that has been extended by two carbon atoms. The acyl-ACP species can
then be used as a substrate by ketoacyl-ACP synthase and the type Il FAS cycle

continues.

Interestingly, it has been noted in fungi (Wada et al., 1997), plants (Wada et al.,
1997), yeast (Brody et al., 1997; Schonauer et al., 2008) and mammals (Feng et
al., 2009a; Witkowski et al., 2007) that the principal end product of type Il FAS is
the 8 carbon (8C) FA octanoyl-ACP (see Section 1.4.3). Type Il FAS also
produces FA chains up to myristate (14C) in Neurospora crassa (Mikolajczyk &
Brody, 1990), up to palmitate (16C) in T. brucei (Stephens et al., 2007) and up to
stearate (18C) in plants (Gueguen et al., 2000), however much less is known with

regards to the role of acyl-chains longer than 8C.

The trypanosomatids T. brucei, T. cruzi and L. major all possess genes that
potentially encode all components of a type Il FAS (Lee et al., 2007; Stephens et
al., 2007). Research on T. brucei has shown that all components of type Il FAS
are localised to the mitochondrion (Autio et al., 2008a; Stephens et al., 2007). T.
brucei mitochondrial type Il FAS is essential, since RNAi of ACP causes cell death
in PCF and BSF parasites (Guler et al., 2008; Stephens et al., 2007). It was shown
that T. brucei RNAI resulted in a significant decrease in LA (Stephens et al., 2007).
However, the principal cause of a decrease in parasite fithess was found to be due
to a significant decrease in the production of certain phospholipids, resulting in
altered mitochondrial ultrastructure, mitochondrial membrane potential, and

ultimately a decrease in cytochrome-mediated respiration (Guler et al., 2008).

A recent surge of publications have received much attention recently, since they
illustrate that type Il FAS in fungi, yeast, mammals, plants and T. brucei is pivotal
to cellular survival. As will be discussed in Section 6.3.3.3, evidence is
accumulating that one of the main functions of type Il FAS is to produce octanoyl-
ACP, which is the precursor of LA (Hiltunen et al., 2009).
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1.4 Lipoic acid

LA (6,8-thioctic acid or 1,2-dithiolane-3-pentanoic acid) was first isolated from
bovine liver in 1951 (Reed et al., 1951). LA is an eight-carbon fatty acid with two
sulphur atoms linked to carbons 6 and 8 that form a disulphide 1,2-dithiolane ring
in the oxidised form (see Figure 1.5), which can be reduced to form dihydrolipoic
acid (DHLA) (Atmaca, 2004). R-LA is the naturally occurring enantiomer of LA,
and from now on will simply be referred to as LA. From bacteria to mammals, LA is
an essential cofactor in several multienzyme complexes that are involved in key
metabolic processes (Perham, 2000). Additionally, LA is a potent antioxidant, and
there have been a plethora of recent studies into the potential therapeutic
applications of LA (Estrada et al., 1996) (Beitner, 2003) (Hager et al., 2001). LA
can be synthesised from the type Il FAS product octanoyl-ACP (see Sections 1.3.2

and 1.4.3), or can be salvaged from the external milieu (see Section 1.4.3.2).

SH SH
X CH, COOH

Figure 1.5 Schematic representations of LA and DHLA
Diagrams showing the structure of the oxidised form (A) and reduced form, DHLA (B) of LA.

1.4.1 Antioxidant properties of the lipoic acid/dih ydrolipoic acid

redox pair

An antioxidant is defined by several criteria, which include specificity of free radical
guenching, metal chelating activity, interactions with other antioxidants, and effects
on gene expression. Additional criteria that are important when considering
therapeutic applications are bioavailability, concentration and solubility. Vitamin E,
for example, is soluble only in the lipid phase and its main role is to quench lipid
peroxyl radicals (Burton & Ingold, 1981). On the other hand, the LA/DHLA redox
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pair fulfil most of the above criteria, and for this reason have been described as a

‘'universal antioxidant' (Kagan et al., 1992).

The LA/DHLA redox pair has a redox potential of -0.32 V (Searls & Sanadi, 1960);
as a comparison, the redox potential of the glutathione (GSH)/glutathione
disulphide (GSSG) pair is -0.24 V (Scott et al., 1963). This low electronegativity
means that DHLA is a very strong reductant. As well as being able to reduce
GSSG to GSH (Jocelyn, 1967), DHLA is an antioxidant of ascorbate (vitamin C),
and due to its solubility in lipid as well as water (Roy & Packer, 1998), DHLA can
also reduce lipid-soluble tocopherol (vitamin E) (Podda et al., 1994; Rosenberg &
Culik, 1959).

In addition to the recycling of antioxidants as described above, LA is able to
scavenge hydroxyl radicals (Scott et al., 1994; Suzuki et al., 1991), hypochlorous
acid (Haenen & Bast, 1991) and singlet oxygen (Devasagayam et al., 1991).
DHLA is able to scavenge hypochlorous acid (Haenen & Bast, 1991), and unlike
LA, DHLA is also an effective buffer of peroxyl radicals (Kagan et al., 1992; Suzuki
et al.,, 1993). DHLA, but not LA, is also able to chelate redox active metal ions
such as iron, thus minimising the production of highly reactive hydroxyl radicals
through the Fenton reaction (Suh et al., 2004).

Given the important nature of LA/DHLA as an antioxidant, much attention has
recently been focused on understanding whether this thiol could be of therapeutic
usefulness. It was, for example, demonstrated that LA has beneficial effects in the
treatment of diabetes type 1 and type 2, which are both associated with elevated
levels of oxidative stress. In both type 1 and type 2 diabetes, the problem is a lack
of insulin-mediated glucose uptake into cells. Insulin is ordinarily made within 3
cells of the pancreas, however type 1 diabetes is an autoimmune disease that
results in the destruction of these insulin-generating 3 cells. The main problem
associated with type 2 diabetes is resistance to insulin. In vitro, it has been
demonstrated that LA stimulated glucose uptake into muscle cells in a manner
similar to that induced by insulin (Estrada et al., 1996). In a study whereby 74
patients with type 2 diabetes were administered 600 mg LA or 'placebo’ once,
twice or three times daily for four weeks, patients that received LA had a
significant increase in insulin-stimulated glucose uptake compared to the placebo
control (Jacob et al., 1999).
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In terms of therapeutic applications, LA/DHLA is also being tested for its
protective/regenerative potential in other diseases, such as cataract (Maitra et al.,
1995) and Alzheimer's disease (Hager et al., 2001), as well as gaining the

attention of cosmetologists and dermatologists (Beitner, 2003).

In addition to its role as an antioxidant, LA has also been shown to affect
transcription of certain genes, by regulating redox-sensitive transcription factors
present in the cytosol. For example, LA is known to inhibit the translocation of the
transcription factor NF-kB from the cytosol to the nucleus (Zhang & Frei, 2001).
More recent data indicate the intriguing observation that LA is directly or indirectly
involved in RNA processing in yeast (Schonauer et al., 2008) and vertebrate (Autio
et al., 2008b) mitochondria, marking an evolutionarily conserved intersection of

positive feedback loops between type Il FAS and RNA processing.

Overall, LA is a multifaceted molecule, with roles as an antioxidant and as a
signalling molecule. The focus of this thesis however, is on the role of LA in energy
metabolism, in which it acts as a cofactor for four enzyme complexes, with each
playing a key role in either substrate level/oxidative phosphorylation or in the

creation of C1 units for folate metabolism.

1.4.2 Role of LA in energy metabolism

1.4.2.1a-Ketoacid dehydrogenase complexes

LA plays a key role in energy metabolism, since it acts as an essential cofactor of
o-KADH complexes (a-KADHSs) (Perham, 2000). a-KADHs consist of multimers of
three proteins that are strongly (but not covalently) associated; a substrate-specific
o-ketoacid decarboxylase (E1), an acyltransferase (E2) and a dihydrolipoamide
dehydrogenase (E3) (see Figure 1.6). Mammals (De Marcucci & Lindsay, 1985)
and yeast (Maeng et al., 1994) also encode a protein that is structurally-similar to
E2, called E3 binding protein (E3BP). Three types of KADHs are found in
eukaryotes; pyruvate dehydrogenase (PDH), a-ketoglutarate dehydrogenase (a-
KGDH) and branched-chain a-ketoacid dehydrogenase (BCKDH). These
multienzyme complexes can be up to 10 MDa in size. Recent data indicate that

the BCKDH may even exist as a part of an even larger supramolecular complex
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with the branched-chain aminotransferase (BCAT), referred to as the branched-

chain amino acid metabolon (BCAA metabolon) (Islam et al., 2007).

a-KADHs catalyse the conversion of a-ketoacid, NAD" and coenzyme A (CoA)
into CO,, NADH and acyl-CoA (see Figure 1.6). The substrate-specific E1 subunit
contains a thiamine pyrophosphate (TPP) cofactor, and catalyses the
decarboxylation of an a-ketoacid, generating CO, and an acyl-TPP moiety, which
remains bound to the E1 subunit. The E2 subunit contains the LA cofactor, which
is covalently bound via an amide linkage to the N°-amino group of a specific lysine
residue of the E2 subunit. The lipoamide acts as a swinging arm in the E2-
catalysed transfer of the acyl group from acyl-TPP to coenzyme A to form acyl-
CoA (see Figure 1.6). The high-energy acyl-CoA thioester is either fed into the
TCA cycle or used as a precursor in fatty acid biosynthesis. The last step in the
reaction is the re-oxidation of dihydrolipoamide by the FAD-containing E3 subunit,
which results in lipoamide and NADH (see Figure 1.6) (Perham, 1991; Perham,
2000; Reed & Hackert, 1990). The reduced NADH derived from the reaction can
be used in the electron-transport chain with production of ATP (Voet & Voet,
2005).
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Figure 1.6 Reaction mechanism of a-KADHs

1, The E1 subunit catalyses the decarboxylation of an a-ketoacid to form an acyl group, in a TPP-
dependent manner. The E2 subunit catalyses transfer of the acyl group (2) onto a CoA receptor (3)
to form acyl CoA, and in the process the lipoyl-moiety becomes reduced. The E3 subunit catalyses
the oxidation of the lipoyl-group (4), with the electron acceptor being NAD" (5). Abbreviations: TPP,
thiamin diphosphate; LipS, and Lip(SH) », lipoyl moiety and its reduced form. (Image taken from
(Reed & Hackert, 1990) with permission from Elsevier.)

In every a-KADH, the E2 components are assembled into either a cubic (24-mer)
or a dodecahedral (60-mer) inner core, around which E1 and E3 components bind
(Perham, 1991; Perham, 2000; Reed & Hackert, 1990). The E2 protein consists of
three structurally- and functionally distinct domains. The N-terminal portion is the
lipoyl-domain, which contains the signature lysine residue that is post-
translationally modified by LA. Depending upon the species and the a-KADH,
there may be up to three lipoyl-domains, each spanning approximately 80 amino
acid residues (Packman et al., 1984). However, the reason for the existence of
more than one lipoyl-domain is not fully understood, since computer modelling
(Hackert et al., 1983a; Hackert et al., 1983b) and experimental evidence (Allen et
al., 1989; Guest et al., 1985) indicate that only one lipoyl-domain is required for
optimal a-KADH activity. The lipoyl-domain is followed by a subunit-binding
domain, which confers binding of E1 and E3 subunits to the E2 core.
Nevertheless, the PDH E2 subunit in mammals (De Marcucci & Lindsay, 1985)
and some yeast (Maeng et al., 1994) (but not bacteria) is not able to bind E3
directly, and instead requires the accessory E3BP; E3 binds to E3BP and is
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inserted into the E2p scaffold (Sanderson et al., 1996a; Sanderson et al., 1996b).
After the subunit-binding domain is the C-terminal catalytic domain, which
catalyses the transfer of the acyl-moiety from the E1 subunit onto the CoA

acceptor, to produce acyl-CoA (see Figure 1.6).

The three domains that comprise the E2 subunit are separated by linker regions,
which are approximately 20-30 amino acids in length, and are typically rich in
amino acids alanine and proline, which gives these structures flexibility (Packman
et al., 1984; Perham et al., 1981). These flexible linkers permit the lipoyl-domain to
act as a 'swinging domain’, shuttling reaction intermediates between E1, E2 and
E3 subunits (Fries et al., 2007; Green et al., 1992; Perham et al., 1981; Perham,
1991; Reed & Hackert, 1990).

The role of the E1 subunit is to confer substrate-specificity to the a-KADH, and
requires TPP and Mg?®* cofactors for activity (see Figure 1.6). The E3 protein is a
flavoprotein, which is responsible for the re-oxidation of dihydrolipoamide to
lipoamide (see Figure 1.6). In most organisms, the E3 protein is shared between
different complexes (Bourguignon et al., 1996). The situation is different in
organisms that possess a-KADHSs localised to different organelles, such as plants
and P. falciparum; in such cases more than one E3 protein exists, in order to serve
a-KADHs in an organellar-specific manner (Lutziger & Oliver, 2000; McMillan et
al., 2005).

The PDH catalyses the oxidative decarboxylation of pyruvate to acetyl-CoA (see
Figure 1.7). The enzyme complex is generally found in the mitochondrion, where it
forms the link between glycolysis and the TCA cycle. Plants possess an additional
PDH enzyme complex, which is present in the plastid, where it provides acetyl-
CoA and NADH for fatty acid biosynthesis (Mooney et al., 2002).

The BCKDH complex catalyses the oxidative decarboxylation of branched-chain
o-ketoacids, namely 2-ketoisocaproate, 2-keto-3-methylvalerate and 2-
ketoisovalerate (derived from leucine, isoleucine and valine, respectively) to form
an acyl-group (isovaleryl, 2-methylbutyryl or isobutyryl, respectively), in a TPP-
dependent process (Massey et al., 1976) (see Figure 1.7). Eventually, the acyl-
CoA products can be converted to acetyl-CoA and/or succinyl-CoA for usage in
the TCA cycle (Anderson et al., 1998).
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The a-KGDH is also found in the mitochondrion, where it catalyses the oxidative
decarboxylation of a-ketoglutarate to succinyl-CoA. The production of succinyl-
CoA is another branch point into the TCA cycle, other than acetyl-CoA. In
Leishmania and T. brucei insect stage forms, proline (and glutamine) is thought to
be a key carbon source. Proline is ultimately catabolised to a-ketoglutarate, which
is fed into the TCA cycle through the action of the a-KGDH (see Figure 1.7). As

such, a-KGDH is likely to be a key enzyme in Leishmania energy metabolism.

Pyruvate
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; :
Pyruvate >__< Acetyl_coA.....;.;.:: ............... »| Acetate
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Figure 1.7 Schematic representation of the reaction s catalysed by different a-KADHs
This figure is based upon the information presented in Figure 1.4, and highlights the relevance of
the different a-KADHSs in mitochondrial energy metabolism. Abbreviations: Glu, glutamate.

1.4.2.2Glycine cleavage complex

LA is also an essential cofactor of the glycine cleavage complex (GCC). The GCC
consists of multiple copies of four protein subunits; a decarboxylase (P-protein), an
aminomethyltransferase (T-protein), a dihydrolipoamide dehydrogenase (L-

protein) and a carrier protein (H-protein). The GCC is present in the mitochondria,
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plastids and cytosol of plant photosynthetic cells, and in the mitochondria of
mammals (Cossins & Chen, 1997; Douce et al., 2001).

The GCC catalyses the oxidative decarboxylation and deamination of glycine,
generating CO,, NH3, NADH and Ns,Njo-methylene tetrahydrofolate (5,10-CH»-
THF) (see Figure 1.8 for reaction mechanism). C1 units provided by 5,10-CH,-THF
are used by folate coenzymes to synthesise essential cellular compounds,
including pyrimidines and mitochondrial protein (Appling, 1991).

The P-protein catalyses the decarboxylation of glycine and the reductive
methylamination of lipoamide, which is covalently attached to the H-protein. The T-
protein is a THF-dependent enzyme, and catalyses the transfer of methylene to
THF and the subsequent release of NHs;. The H-protein then reacts with the L-
protein, the dihydrolipoamide dehydrogenase described above, to oxidise the
dihydrolipoamide, with NAD" as the final electron acceptor. The released 5,10-
CH,-THF reacts with another glycine molecule, resulting in the formation of serine,
a reaction that is catalysed by serine hydroxymethyltransferase (SHMT) (Douce et
al., 2001).

The GCC and a-KADH share similar mechanisms of action, most relevant of which
is the parallel between a-KADH E2 subunits and GCC H-protein. Like the E2
subunit, the H-protein is lipoylated, and the bound LA shuttles reaction
intermediates between different catalytic subunits, itself being reduced and
oxidised. Nevertheless, whereas the E2 subunit bears catalytic activity, the H-

protein does not, and is just a carrier protein.
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Serine +——{ SHMT ‘———— Glycine

Figure 1.8 Reaction mechanism of the GCC

Outline of the reactions involved in oxidative decarboxylation and deamination of glycine in plant
mitochondria. P-, H-, T- and L- are the protein components of the glycine-decarboxylase
multienzyme system. The key enzyme in the entire sequence of reactions is the lipoamide-
containing H-protein, which undergoes a cycle of reductive methylamination (catalysed by the P-
protein), methylamine transfer (catalysed by the T-protein) and electron transfer (catalysed by the
L-protein). SHMT: serine hydroxymethyltransferase involved in the conversion of CH,—~THF to THF
at the expense of a second molecule of glycine. Note that the methylamine moiety deriving from
glycine is passed to the distal sulphur of the dithiolane ring. Hyet, Hieq @nd Hoy: methylaminated,
reduced and oxidized forms of the H protein, respectively. (Image taken from (Douce et al., 2001)
with permission from Elsevier.)

1.4.3 LA metabolism

As discussed in Section 1.4.2, LA is an essential cofactor of a-KADHs and the
GCC. LA is ligated to the E2 subunits of a-KADHs and to the H-protein of the GCC
in a process referred to as lipoylation. Specifically, LA is attached to the g-amino
group of a strictly conserved lysine residue of apoproteins (Douce et al., 2001;
Reche & Perham, 1999).

Two pathways exist to carry out lipoylation of a-KADHs and the GCC (see Figure
1.9). Firstly, LA can be synthesised de novo, which necessitates the sequential
action of two enzymes; octanoyl-[acyl carrier protein]: protein N-
octanoyltransferase (LipB) covalently attaches ACP to the apoproteins (Cronan et
al., 2005; Zhao et al.,, 2005). The octanoyl-ACP used as a precursor for LA
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synthesis is provided by mitochondrial type Il FAS, as discussed in Section 1.3.2
(Gueguen et al., 2000; Jordan & Cronan, 1997b; Miller et al., 2000). Following
ligation of OA to the apoprotein, two sulphurs are inserted at carbon positions six
and eight, to form the lipoyl-arm. This reaction is catalysed by lipoic acid synthase
(LipA), an S-adenosyl-methionine (SAM)-dependent, [Fe-S] cluster-containing
enzyme (Cicchillo & Booker, 2005; Miller et al., 2000; Zhao et al., 2003). LA can
also be salvaged from the environment, and scavenged LA is ligated directly to the
enzyme complexes by either of the two known salvage pathways. Salvage of LA in
E. coli requires just one enzyme, lipoate protein ligase (LplA) (Morris et al., 1994;
Reed et al., 1994), which catalyses the formation of an activated intermediate,
lipoyl-AMP, and the subsequent transfer of the lipoyl moiety to the apoprotein. The
mammalian system necessitates the sequential action of two enzymes for
activation and transfer of LA to the apoprotein; medium-chain acetyl-CoA
synthetase 1 (ACSM1) (Fujiwara et al., 2001) and lipoyltransferase (LT) (Fujiwara
et al., 1997a; Fujiwara et al., 1999), respectively.

Biosynthesis Salvage 1 Salvage 2
~ - ,_,.v--s"'ACP S\ _OH s\ _OH
! ~ ol e |
octanoyl-ACP lipoic add lipoic acid
;ATP Lipoate activating
LipB \-AcpP +GTP enyzme
-PPi
H
: 1 LplA |+aTP |
A E2 subl P o
K OfKA‘ S S g AMP
4! Lipoic acid
- AMP
_PP, - AMP
. > Lipoyltransferase
LipA \ +AdoMet Py
*.*
S \ -N LipB: octanoyl-ACP:protein
~s | N-octanoyl transferase

LipA: lipoic acid synthase
LplA: lipoic acid protein ligase A

Figure 1.9 Schematic representation of LA metabolis  m pathways

LA can be acquired through biosynthesis or salvage pathways. In the biosynthesis pathway,
octanoyl-ACP from mitochondrial type Il FAS is used a substrate for LipB, which transfers the
octanoyl-moiety to the E2 subunit of a a-KADH or to the H-protein of the GCC. LipA catalyses the
insertion of two sulphur atoms into the octanoyl-moiety to form the lipoyl-moiety. LA is salvaged by
bacteria and mammals in an ATP-dependent reaction. In E. coli, one enzyme — LplA — catalyses
the activation of LA to form lipoyl-AMP, and the subsequent transfer of the lipoyl-moiety to the apo-
E2-protein or apo-H-protein. In mammals, salvage of LA necessitates the sequential action of two
enzymes; lipoate-activating enzyme (medium-chain acyl-CoA synthetase) catalyses the activation
of LA and lipoyltransferase catalyses the transfer of the lipoyl-moiety to the apo-E2-protein or apo-
H-protein.



Chapter 1 32

1.4.3.1LIPA

LipA catalyses the production of LA from OA by inserting two sulphur atoms at
carbon position six and eight (see Figure 1.9). As described in Section 1.3.2,
octanoyl-ACP is provided by mitochondrial type Il FAS. In E. coli, it was
demonstrated that LipA has significantly higher preference for the apoprotein-
bound octanoyl-moiety (octanoamide) as a substrate rather than free octanoyl-
ACP (Zhao et al., 2003). LipA is a member of the radical SAM superfamily, which
use SAM and a specialised [4Fe-4S]" cluster to cleave non-activated carbon
hydrogen (C-H) bonds (Hayden et al., 1992; Miller et al., 2000; Reed & Cronan,
1993; Sofia et al.,, 2001). All members of this superfamily possess a strictly
conserved Cx3Cx,C motif; the three cysteine residues within this motif nucleate
three of the Fe atoms within the [4Fe-4S]" cluster, and the fourth Fe atom is bound
to SAM (Frey et al., 2008). Radical SAM enzymes catalyse the reductive cleavage
of SAM to produce [4Fe-4S]%*-Met and a 5'-deoxyadenosyl radical (5'-dA®). 5-dA°
abstracts hydrogen atoms linked to non-activated carbon hydrogen (C-H) bonds.
In the case of LipA, the 5'-dA°® abstracts hydrogen atoms linked to C6 and C8 of
octanoamide, forming C6- and C8 alkyl radicals (Douglas et al., 2006). It was
established that the production of one molecule of lipoamide from octanoamide
requires two SAM molecules (Cicchillo et al.,, 2004a). Interestingly, LipA also
possesses a second LipA -specific cysteine-rich motif Cx4CxsC (Cicchillo &
Booker, 2005; Frey et al., 2008). A second [4Fe-4S]" cluster is bound to this motif;
the C6 and C8 alkyl radicals formed from hydrogen abstraction by the action of 5'-
dA*® attack p-sulphido atoms attached to the Cx4CxsC cluster, and the final result is
production of a lipoyl-group (Booker et al., 2007; Cicchillo et al., 2004b) (see
Figure 1.9).

LipA shares some mechanistic features with biotin synthase (BioB). LA
metabolism and biotin metabolism are closely related in terms of reaction
mechanisms carried out by the respective enzymes (Reche, 2000). Biotin is an
essential cofactor of several enzyme complexes including acetyl-CoA carboxylase
and pyruvate carboxylase (Nikolau et al., 2003; Pacheco-Alvarez et al., 2002).
Mammals are not able to synthesise biotin, and as such rely upon uptake of this
vitamin, which is synthesised in bacteria, plants and some fungi. BioB belongs to
the radical SAM superfamily and catalyses the generation of biotin from
desthiobiotin (Lotierzo et al., 2005; Sofia et al., 2001). During this reaction, two C-
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H bonds are cleaved and one sulphur atom is inserted. Similar to LipA, BioB
requires two SAM molecules to form one molecule of biotin (Shaw et al., 1998).
The protein also contains a second cysteine-rich motif (Ugulava et al., 2001a),
which binds to a [2Fe-2S]" cluster that contributes a sulphur atom to the formation
of biotin (Jarrett, 2005; Ugulava et al., 2001b).

1.4.3.20ctanoic acid and lipoic acid transferases

The enzymes LipB and LplA possess a moderate degree of similarity on the amino
acid sequence level to biotin protein ligase (BPL) (Reche, 2000). LipB, LplA and
BPL all possess a strictly conserved lysine residue that was thought to be involved
in the transfer of LA/biotin to the e-amino group of a conserved lysine residue on
the apoprotein, and this was indeed shown to be the case for LplA and BPL
(Bagautdinov et al., 2005; McManus et al., 2005).

However, the reaction catalysed by LipB differs in several respects from those
carried out by LplA and BPL. Firstly, E. coli LipB (EcLipB) uses ACP-bound OA or
LA as substrate and is unable to transfer free OA or LA to apo-E2 or apo-H-protein
(Jordan & Cronan, 1997b; Jordan & Cronan, 2003) (see Figure 1.9). Although
EcLipB is able to transfer lipoyl-ACP as well as octanoyl-ACP, the fact that E. coli
LipA (EcLipA) has a significantly higher preference for protein-bound octanoamide
(Zhao et al.,, 2003) dictates that the substrate of LipB under physiological
conditions is likely to be octanoyl-ACP. Secondly, unlike LplA and BPL, EcLipB
was shown to catalyse octanoylation of apoproteins in a two-step manner,
whereby octanoyl-ACP is covalently attached to LipB as an acyl-intermediate
before being transferred to the apo-lipoyl-domain (Zhao et al., 2005). Crystal
structure data of LipB from Mycobacterium tuberculosis has revealed the nature of
this two-step reaction, and indicates that M. tuberculosis LipB (MtLipB) is a
cysteine-lysine acyltransferase (Ma et al., 2006). In the first step of catalysis,
octanoyl-ACP forms a thioester linkage with a conserved cysteine residue in
MtLipB, and the conserved lysine residue in LipB activates the e-amino group of
the target lysine residue in the apoprotein by deprotonation (Ma et al., 2006). In
the second step, MtLipB catalyses the nucleophilic attack of the activated s-amino
group of the target (apoprotein) lysine residue; the result is cleavage of the
thioester linkage between the octanoyl-moiety and MtLipB, and the formation of an

amide bond between the octanoyl-moiety and the apoprotein (Ma et al., 2006).
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The reaction mechanisms of LplA and BPL are similar to one another, yet very
different to that of LipB. E. coli LplA (EcLplA) is able to use octanoyl-ACP or lipoyl-
ACP as substrates, which is based on evidence that an E. coli line lacking the lipB
gene is able to proliferate (albeit poorly) without the provision of exogenous LA
(Jordan & Cronan, 2003). Free LA is the optimal substrate for EcLplA (Green et
al., 1995; Jordan & Cronan, 2003), and the lipoylation reaction occurs in two steps.
The first step involves activation of LA by ATP to form the lipoyl-AMP intermediate,
and the release of pyrophosphate (PPi). Subsequently, the activated intermediate
is ligated onto the e-amino group of the target lysine residue in the apoprotein
(Fujiwara et al., 2005; Kim do et al., 2005; McManus et al., 2005) (see Figure 1.9).

In mammals, salvage of LA necessitates the sequential action of two enzymes.
The first step is activation of LA by ATP or guanosine triphosphate (GTP) to form
lipoyl-AMP or lipoyl-GMP (Fujiwara et al., 2007), respectively, which is carried out
by a lipoic acid activating enzyme that was shown to be the ACSM (Fujiwara et al.,
2001). Secondly, the lipoyl-AMP intermediate is ligated to apoproteins by LT
(Fujiwara et al., 1997a; Fujiwara et al., 1999; Fujiwara et al., 2007).

LplA, BPL and LT share a conserved mechanism of ligation of the lipoyl/biotinoyl-
moiety to apoproteins from a tightly-bound acyl-adenylate intermediate (Fujiwara
et al.,, 2005; Fujiwara et al., 2007; Kim do et al., 2005; McManus et al., 2005;
Reche & Perham, 1999; Reche, 2000; Wilson et al., 1992). Nevertheless, LT is
unable to catalyse the first step in the reaction carried out by LplA; LA activation
(Fujiwara et al., 2007). Crystal structure data of EcLplA (Fujiwara et al., 2005), the
archaebacterium Thermoplasma acidophilum LplA (Kim do et al., 2005; McManus
et al., 2005), E. coli BPL (Wilson et al., 1992) and Bos taurus LT (BtLT) (Fujiwara
et al., 2007) have helped to better understand how the similarities between these
enzymes contribute to common modes of action, and how the differences between
these enzymes permit substrate specificity (Kim do et al., 2005; McManus et al.,
2005). The N-terminal domains of EcLplA, TaLplA and BtLT were shown to
possess three highly conserved sequence motifs, which contain key residues
involved in the formation of the lipoyl-AMP binding pocket (see Figure 3.4)
(Fujiwara et al., 2005; Fujiwara et al., 2007; Kim do et al., 2005; McManus et al.,
2005). LA is bound within a hydrophobic cavity, and it is believed that the binding
and activation of LA with ATP occurs at the same site, since no large
conformational changes were observed after LA binding and activation, and ATP

was located in the same position as AMP (Fujiwara et al., 2007; Kim do et al.,
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2005). A conserved lysine residue is present in EcLplA, TaLplA and BtLT, which
directly interacts with the carboxyl-group of LA (Fujiwara et al., 2005; Fujiwara et
al., 2007; Kim do et al., 2005; McManus et al., 2005).

Based on size, two types of LplA were uncovered; a shorter form found in T.
acidophilum (circa 260-270 amino acids) (Kim do et al., 2005; McManus et al.,
2005) and a longer form found in E. coli (circa 330-340 amino acids) (Fujiwara et
al., 2005). Of the two structural reports on T. acidophilum LplA (TaLplA) (Kim do et
al., 2005; McManus et al., 2005), one of them illustrated that recombinant TaLplA
is able to activate LA, yet is unable to ligate it to a lipoate-acceptor protein
(McManus et al., 2005). Interestingly, T. acidophilum possesses the conserved N-
terminal domain that has been shown to be involved in activation of LA, yet
completely lacks the C-terminal domain found in EcLplA (McManus et al., 2005),
thus explaining why it is considerably shorter than EcLplA. The authors
hypothesised that salvage of LA in T. acidophilum necessitates the sequential

action of two enzymes, in a similar fashion to LT (McManus et al., 2005).

Unlike TaLplA however, BILT does not lack a C-terminal domain, and is unable to
catalyse the activation of LA (Fujiwara et al., 2007). As discussed above, the N-
terminal domain of LplA has been shown to be important in binding and activation
of LA (Fujiwara et al., 2005; McManus et al., 2005), and given that the LT N-
terminal domain contains conserved motifs that permit the binding of lipoyl-AMP
(Fujiwara et al., 2007), one might expect BtLT to have the capacity to activate LA.
Interestingly, upon protein purification of recombinant BtLT, LA was bound within
the active site, yet LA has never been reported to be bound to purified
recombinant EcLplA or TaLplA (Fujiwara et al., 2007). The authors that solved the
BILT crystal structure hypothesise that the reason BtLT is unable to activate LA is
due to its C-terminal domain (Fujiwara et al.,, 2007). The C-terminal domain of
BILT has the same overall fold as that of EcLplA, but importantly, they are rotated
by approximately 180°relative to each other (Fujiw ara et al., 2007). Both EcLplA
and BLLT proteins possess a loop linking beta strand 12 and alpha helix 6 (12-a6
loop, or the 'adenylate binding loop’), and this loop is unordered in EcLplA. In BILT
however, the C-terminal domain anchors the adenylate binding loop to the active

site, which restricts access of ATP to the active site (Fujiwara et al., 2007).

Given that LplA/LT and BPL enzymes catalyse the post-translational ligation of LA

or biotin, respectively, to certain apoproteins, the question arises as to how this
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event is so specific. An interesting study showed that a single point mutation
introduced into the active site of EcCBPL resulted in promiscuous biotin addition
(biotinylation) to lysine residues on proteins that were not ordinarily biotinylated
(Choi-Rhee et al.,, 2004; Cronan, 2005). The most likely explanation for this
"promiscuous biotinylation” was found to be due to the activated biotin
intermediate (biotinoyl-AMP) escaping more easily from the active site of mutant
EcBPL and biotinylating lysine residues on non-specific substrates by chemical
(not enzymatic) acylation, in a concentration-dependent manner (Choi-Rhee et al.,
2004; Cronan, 2005).

In order to avoid lipoylation/biotinylation of the wrong proteins, activated lipoyl-
AMP and biotinoyl-AMP intermediates are bound tightly to the active site of
LplA/LT and BPL, respectively. Also, the exact positioning of the target lysine
residue on the apoprotein is pivotal to being recognised by lipoylating/biotinylating
enzymes (Reche et al., 1998; Walllis & Perham, 1994). The target lysine residue is
located within a lipoyl-domain or biotinoyl-domain, whereby it is found in the
DKA/V motif or MKM motif, respectively. However, the most important factor in
LplA/LT and BPL substrate specificity is the subtle structural differences found

between the lipoyl/biotinoyl domains (Jones & Perham, 2008).
1.5 Aims of project

a. Determine whether genes coding for subunits of a-KADHs and of the GCC are
present within the L. major genome, and subsequent in silico analyses of the

predicted proteins.

b. Assess whether a-KADH E2 subunits and the H-protein of the GCC are

lipoylated in vivo.

c. Determine whether genes coding for enzymes involved in LA metabolism are
present within the L. major genome, and subsequent in silico analyses of the

predicted proteins.

d. Assess whether the proteins predicted to be involved in LA metabolism are

functional.
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e. Confirmation that the proteins predicted to be involved in LA metabolism
localise to the mitochondrion.

f.  Attempt gene replacement of one gene from the LA biosynthesis pathway and
one from the LA salvage pathway, in order to gain an insight into the level of

redundancy between the two metabolic pathways.

This thesis is divided into three results chapters covering points a-d (Chapter 3),
points e-f for the LA salvage pathway (Chapter 4) and points e-f for the LA
biosynthesis pathway (Chapter 5). The results and their implications relative to

published work will be discussed in Chapter 6.
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2 Materials and Methods

2.1 Biological and chemical reagents

General chemicals were purchased from either Sigma or Fisher Scientific.

Abgene
BD Biosciences
Bio-Rad
Biosera

Calbiochem
Eurogentec

Fisher Scientific
GE Healthcare

IBA

ICN Biomedicals Inc.
Invitrogen

Melford

Millipore

Molecular Probes

New England Biolabs
Novagen

PAA
Promega

Qiagen

Roche
Sigma

Stratagene
Schleicher Schuell

2x Reddymix

a-His-tag monoclonal antibody

Precision plus all blue standards, Bradford protein
assay reagent, econo-columns

Lipid-containing- and lipid-depleted foetal calf serum
(FCS)

a-Lipoic acid polyclonal antibody

Custom DNA oligonucleotides, custom polyclonal
antibody production

10x phosphate buffered saline (PBS)

Alk phos direct Southern blot kit, N* membrane, ECL
films

a-Strep-tag monoclonal antibody, strep-tactin
sepharose, d-desthiobiotin, strep-tactin regeneration
buffer

R-lipoic acid

Accuprime Pfx supermix, zero blunt cloning Kit,
chemically-competent TOP10 E. coli, sybr safe, low
melting point agarose, HOMEM medium

Ampicillin, carbenicillin, isopropyl--D-
thiogalactopyranoside (IPTG), dithiothreitol (DTT)
Immobilon western detection kit, Centricon Plus-20
centrifugal filter device

Mitotracker CMXRos

All restriction endonucleases, 1 kb DNA ladder
Bugbuster protein extraction reagent, benzonase
nuclease, chemically-competent E. coli BLR (DE3)
cells

G418, puromycin, hygromycin

a-Mouse IgG (HRP-conjugated) antibody, a-rabbit IgG
(HRP-conjugated) antibody

Qiaprep spin DNA miniprep kit, Qiaquick gel extraction
kit, hi-speed maxi kit, Qiaamp DNA mini kit

Rapid ligation kit

Acrylamide 30 %, Ponceau-S solution, L-polylysine,
bovine serum albumin (BSA), lysozyme,
phenylmethylsulfonylfluoride (PMSF), pepstatin A, E-
64, 1, 10-phenanthroline, 4' -6-diamidino-2-
phenylindole dihydrochloride (DAPI), tetracycline
hydrochloride, digitonin, peanut agglutinin, propidium
iodide

Quickchange lightning mutagenesis kit

Protran nitrocellulose membrane
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Restore western blot stripping buffer, aminolink
coupling resin, 1gG binding buffer, IgG elution buffer
Mouse a-T. brucei EF1a antibody

2.1.1 Buffers, solutions and media

General buffers

1x PBS

Ix TAE

DNA analyses

DNA loading dye
Depurination solution

Denaturation solution
20x SSC

Protein analyses

6x loading buffer

1x running buffer
1x MOPS buffer

Coomassie stain

Destain

Towbin transfer buffer
Buffer W

Buffer E

Quenching buffer

Wash buffer
Neutralisation buffer

Bacteria culture

140 mM NacCl, 3 mM KCI, 10 mM NayHPOy,, 1.8 mM
KH2POg4, pH 7.4
40 mM Tris-acetate, 1 mM EDTA, pH 8.0

0.25 % (w/v) bromophenol blue, 0.25 % (w/v) orange-
G, 40 % (w/v) sucrose

0.25 N HCI

1.5 M NaCl and 0.5 M NaOH

0.3 M tri-sodium citrate, 3 M NaCl, pH 7.0

62.5 mM Tris/HCI pH 6.8, 2% (w/v) SDS, 10% (v/v)
glycerol, 0.001% (w/v) bromophenol blue, 5% (v/v) 2-
mercaptoethanol

25 mM Tris, 192 mM glycine, 0.1 % (w/v) SDS

50 mM 3-[N-morpholino] propane sulphonic acid, 50
mM Tris, 3.5 mM SDS, 1 mM EDTA

40 % (v/v) methanol, 10 % (v/v) acetic acid, 0.1 % (w/v)
coomassie brilliant blue R-250

20 % (v/v) methanol, 10% (v/v) acetic acid

25 mM Tris, 192 mM glycine, 20 % (v/v) methanol
100 mM Tris-HCI, 150 mM NacCl, pH 8.0

100 mM Tris-HCI, 150 mM NacCl, 2.5 mM desthibiotin,
pH 8.0

1 M Tris-HCI, pH 7.4

1 M NacCl

1 M Tris-HCI, pH 9.0

Luria-Bertani (LB) medium 10 g L™ tryptone, 5 g L™ yeast extract, 5 g L™ NaCl

M9 minimal medium

(add 15 g L™ agar for LB plates)
10x M9 salt stock: 58 g L™ Na,HPO,4, 30 g L™
Na,HPO4, 5 g L™t NaCl, 10 g L™ NH,CI



Chapter 2

Ampicillin
Carbenicillin
Kanamycin
Tetracycline
Tfbl

Tfbll

L. major culture

HOMEM + 10 % FCS:

Electroporation buffer

Freezing solution
TELT buffer

Lysis buffer

TSE buffer

2.1.2 Bacteria strains

TOP10 (Invitrogen)

40

Working solution: 1x M9 salts, 0.2% (w/v) glucose, 1
mM MgSQ,, 0.001 % (w/v) thiamine (add 15 g L™ agar
for M9 plates)

100 mg mI™* in ddH,0; stored at -20C

100 mg mI™* in ddH,0; stored at -20C

50 mg ml™* in ddH,0; stored at -20C

5 mg ml™ in ethanol; stored at -20C

100 mM RDbCI, 50 mM MnCl;-4H,0, 30 mM KNa, 10
mM CacCl,-2H,0, 15 % glycerol

10 mM MOPS, 10 mM RbCI, 75 mM CacCl,-2H,0, 15 %

glycerol

Modified eagle's medium supplemented with 10 %
heat-inactivated FCS (Berens et al., 1976). HOMEM is
purchased from GIBCO (Invitrogen), and FCS from
Biosera

120 mM KCI, 0.15 mM CaCly, 10 mM K;HPO,, 25 mM
HEPES, 2 mM EDTA, 2 mM MgCl,, pH 7.6

30 % (v/v) glycerol in FCS

50 mM Tris-HCI, 62.5 mM EDTA,; 2.5 M LIiCl; 4% (v/v)
Triton X-100, pH 8.0

0.25 M sucrose, 0.25 % Triton x-100, 10 mM EDTA, 10
MM EDTA, 10 uM E-64, 2 uM 1, 10-phenanthroline, 4
MM pepstain A, 1 mM PMSF

0.025 M Tris-HCI, 0.25 M Sucrose, 1 mM EDTA, 10 uM
E-64, 2 uM 1, 10 phenanthroline, 2 uM Pepstatin A, 1
mM PMSF, 0.3 — 5.0 mg mlI* digitonin, pH 7.4

F~ mcrAA(mrr-hsdRMS-mcrBC) g 80lacZAM15AlacX74 recAl arcD139 A(arcleu)
7697 galU galK rpsL (Str7) endAl nubG

BLR(DE3) (Novagen)

F~ ompT hsdSg(rs. mg.) gal dcm (DE3) A(srl-recA)306::Tn10 (Tet®)

XL10-Gold ultracompetent (Stratagene)
Tet" A(mcrA)183 A(mcrCB-hsdSMR-mrr)173 endAl supE44 thi-1 recAl gyrA96
relAl lac Hte [F’ proAB lacl9Z24M15 Tn10 (Tet) Amy Cam']?

KER184 (lipB") (Vanden Boom et al., 1991)
F rpsL lipB182::Tn1000dKn

KER176 (lipA”) (Vanden Boom et al., 1991)
F rpsL lipA150::Tn1000dKn
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2.1.3 L. major strain

MHOM/IL/80/Friedlin

2.1.4 Oligonucleotide primers

2.1.4.1For transfection in L. major

Lml GCGCATCGATATGCTGCGCTGCTGCTCTGC (Clal)
Lm2 GCGCACCGGTTCACGCAATCGCAGTACCTGCG (Agel)
Lm3 GCGCAAGCTTGTTGTGTGTTCGCTGGCAGCG (Hindlll)
Lm4 GCGCGTCGACGCTGACGTTCACGAG (Sall)

LmS GCGCCCCGGGAGAGGAGGTGCATGTGCAATGAGC (Smal)
Lm6 GCGCAGATCT CAAGGGTGCGCGCCTATCTC (Bglll)
Lm13 GCGCATCGATATGTGGCAGACTGTCGTGCG (Clal)
Lm14 GCGCACCGGTTTAGGTCGCGATGTCGAAC (Agel)
Lm15 GCGCAAGCTTCGACTTCCTCGGCTCCCAGC (Hindlll)
Lm16 GCGCGTCGACGGTTGCACACGATCCAGTTGC (Sall)
Lm17 GCGCCCCGGGTCCGTCGAGCCTTCGCGTCG (Smal)
Lm18 GCGCAGATCTCGTAGGGGGGAGGAGTTGCC (Bglll)
Lm19 GCGCCATATGCTGCGCTGCTGCTCTGCTCTG (Ndel)
Lm20 GCGCGGTACCCGCAATCGCAGTACCTGCGTTG (Kpnl)
Lm21 GCGCGGTACCGGGCGTTGAAATGCCTGCAG (Kpnl)
Lm22 GCGCCATATGAAGGCATTTTTCATCGGCAAAC (Ndel)
Lm23 GCGCCATATGTGGCAGACTGTCGTGCGGCG (Ndel)
Lm24 GCGCAGATCTGGTCGCGATGTCGAACACATT (Bglll)
Lm64 GTGCCGTTTTCGCAGACGAGGG

Lm65 CCCTCGTCTGCGAAAACGGCAC

2.1.4.2For recombinant protein expression

Lm25 ATGGTAGGTCTCAAATGCTGCGCTGCTGCTCTGCTCTG
Lm26 ATGGTAGGTCTCAAATGTCTGCTCTGATGTGCCCGACG
Lm27 ATGGTAGGTCTCAAATGCCGGTTGCTGCTGCTGCCGC
Lm28 ATGGTAGGTCTCAAATGCAGTCGGACAAGACGGGCATG
Lm29 ATGGTAGGTCTCAGCGCTCGCAATCGCAGTACCTGCGTTG
Lm30 ATGGTAGGTCTCAAATGAAGGCATTTTTCATCGGCAAACGC
Lm31 ATGGTAGGTCTCAAATGAGTGTGCGCCGCGGCGCG

Lm32 ATGGTAGGTCTCAAATGGGCGCGTCGAAGCTGCCGC
Lm33 ATGGTAGGTCTCAGCGCTGGGCGTTGAAATGCCTGCAGTG
Lm34 ATGGTAGGTCTCAAATGT GGCAGACTGTCGTGCGGCG
Lm35 ATGGTAGGTCTCAAATGCCCACGTCCCTCGCAGCCTT
Lm36 ATGGTAGGTCTCAAATGGACTCGAACCTTGTCGTCGCTG
Lm37 ATGGTAGGTCTCAGCGCTGGTCGCGATGTCGAACACATTC

All primers used for PCR of DNA fragments to be used in recombinant protein

expression contain directional Bsal restriction endonuclease sites.
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2.1.5 Antibodies

1%Y antibody |Animal blonality dilution Sl)urce Relference

a-Lipoic acid Rabbit |Polyclonal [1/6,000 |Calbiochem Gunther et al. (2007)
a-Strep-tag Mouse |Monoclonal [1/7,500 [IBA N/A

a-His-tag(6x) Mouse [Monoclonal |1/10,000 |BD Biosciences N/A

a-GFP Mouse [Monoclonal |1/5,000 |Roche N/A

a-LmLIPA Rabbit [Polyclonal |1/20 Ryan Bissett (Eurogentec)|N/A

a-LmLIPB Rabbit |Polyclonal [1/1000 |Ryan Bissett (Eurogentec)|N/A

a-LmCS Rabbit [Polyclonal |1/7,500 |Dr Rod Williams N/A

o-Th EFla Mouse [Polyclonal |1/10,000 |Upstate Besteiro et al. (2008)
a-LmHASPB Rabbit |Polyclonal [1/4,000 [Prof. Debbie Smith Flinn et al. (1994)
2%Y antibody |Animal blonality dilution Sl)urce Relference

a-Mouse (H + L), HRP|Goat Polyclonal 1/10,000 |Promega N/A

a-Rabbit (H + L), HRP|Goat Polyclonal |1/10,000 |Promega N/A

Table 2.1 Primary and secondary antibodies and thei  r dilutions

Table of all primary and secondary antibodies used in this thesis. The 'Animal’ field indicates the
origin of the antibodies. 'Lm' and 'Th' indicate that the antigens used for antibody production are of
L. major or T. brucei origin. 'HRP' is an abbreviation for 'horseradish peroxidise’, to which
secondary antibodies are conjugated. '‘N/A' is an acronym for 'not applicable.'

2.2 L. major cell culture

2.2.1 L. major promastigote culture

L. major cultures were initiated by purification of amastigotes from a BALB/c
mouse by Mrs Denise Candlish (University of Glasgow) and differentiated into
promastigotes by inoculation into HOMEM medium supplemented with 10 % (v/v)
heat-inactivated FCS, which will be referred to as HOMEM + 10 % FCS. In order
to maintain L. major promastigotes, cultures were incubated at 25 € and sub-

passaged to a density of 10° parasites ml™ on a weekly basis.

Parasite numbers were determined by transferring the parasites into 1 %
formaldehyde in PBS, and counting them using a Neubauer haemocytometer with
an objective magnification of 400 x on an inverted light microscope (Zeiss Wetzlar,
Germany). Growth rates through promastigote development were examined by
determining parasite numbers daily for up to 120 h, starting from a parasite density
of 5 x 10° cells ml™.
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When necessary, antibiotics were added to transgenic promastigote cell lines as
follows: G418 at 10- or 50 pg ml™; hygromycin B at 50 pg ml™; neurseothricin at 75
ug mi™: puromycin at 100 pg mi™.

Stabilates of parasites were generated by transferring 500 pl of exponentially
growing cells into 500 pl of 30 % glycerol (v/v) in FCS and transferring the mixture
into — 80 °C for 24 h before the stabilate was transferred into liquid nitrogen for

long-term storage.
2.2.2 Isolation of concentrated L. major metacyclic promastigotes

Isolation of metacyclic promastigotes was carried out based upon a negative
selection (of procyclic promastigotes) protocol described by Sacks (Sacks et al.,
1985). Briefly, L. major stationary culture promastigotes were incubated with sterile
peanut agglutinin dissolved in PBS, pH 7.2 at a concentration of 100 ug ml™* and
incubated for 30 min at room temperature. The parasites were then centrifuged for
5 min at 100 g at room temperature in order to fractionate non-metacyclic
promastigotes (pellet fraction) from metacyclic promastigotes (supernatant
fraction).

2.2.3 Harvest, lysis and fractionation of parasites

2.2.3.1lsolation of genomic DNA from L. major

Genomic DNA (gDNA) was isolated from parasites by one of two methods. For
PCR analyses, gDNA was isolated by phenol-chloroform extraction (as described
in (Sambrook et al., 1989)) after lysis with TELT buffer (see Section 2.1.1). For
Southern blotting, gDNA was isolated using the QlIAamp DNA mini kit according to

instructions provided by the manufacturer (Qiagen).
2.2.3.2Isolation of protein from L. major

Protein was extracted from parasites by cell lysis in lysis buffer (see Section
2.1.1). Soluble- and pellet fractions were separated by centrifugation for 30 min at
13,000 rpm (Fisher Scientific accuSpin MicoR with 24-plate motor) at 4 C. The
protein concentration in the soluble fraction was determined using the Bradford
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method with BSA as a standard (Bradford, 1976). Then, 6x sodium dodecyl
sulphate polyacrylamide gel electrophoresis (SDS-PAGE) loading dye was added
and aliquots were denatured at 100 °C for 5 min before the samples were stored
at — 20 °C.

2.2.3.3Cellular pre-fractionation

Parasites were permeabilised with increasing quantities of digitonin in order to pre-
fractionate (or concentrate) different organelles. Previous digitonin-titration
experiments in L. mexicana showed that cytosolic-, glycosomal- or mitochondrial
protein markers could be detected by western blotting (see Section 2.5.3) when
cells were treated with 0.3 mg ml*, 1.5 mg mlI™* or 3.0 mg ml* to 5.0 mg ml™*
digitonin, respectively (Leroux et al.,, 2006). The same digitonin concentrations
were used here. Briefly, 2 x 10° stationary phase parasites were harvested by
centrifugation for 15 min at 1000 g at room temperature. Cells were washed twice
at room temperature in TSE buffer (TSEB) (see Section 2.1.1) (Leroux et al.,
2006). Cells were then resuspended in 200 ul TSEB supplemented with the lowest
concentration of digitonin (dissolved in sterile water) and incubated for 5 min at
room temperature. 40 ul of 0.3 M sucrose was added to the cells, which were then
centrifuged for 10 min at 18,000 g at 4 C. The pellet fraction was subsequently
treated in the same way as described above except the second lowest
concentration of digitonin was added. Soluble fractions from each digitonin-titration

step were used to extract soluble protein for SDS-PAGE and western blotting.
2.2.4 Targeted gene replacementin L. major

Gene replacement by double homologous recombination is the method of choice
for gene knockout studies in L. major (Cruz & Beverley, 1990; Cruz et al., 1991).
The plasmids used consist of an antibiotic resistance gene (for selection of
transgenic parasites), flanked by regions of DNA specific to the gene under study.
The knockout plasmid is linearised either side of the flanking regions of the target
gene to give rise to the knockout cassette, which is then introduced into
Leishmania by electroporation (see Section 2.2.8). The fact that Leishmania is a
diploid organism means that two rounds of homologous recombination with
different selectable markers are necessary in order to ablate both endogenous

alleles of the gene (Cruz & Beverley, 1990; Cruz et al., 1991).
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2.2.4.1Gene knockout

In order to create an L. major LIPA (LmjLIPA) gene knockout construct, the 534 bp
5' flanking region (using primer pairs Lm3-Lm4) and the 550 bp 3' flanking region
(using primer pairs Lm5-Lm6) were cloned into plasmid into pGL158 (see Figure
2.1 and Section 2.1.4.1) to give rise to LIPA-SAT. The LPLA-SAT gene knockout
construct was created by cloning the 516 bp 5' flanking region (using primer pairs
Lm15-Lm16) and the 545 bp 3' flanking region (using primer pairs Lm17-Lm18)
into the pGL158 plasmid (see Figure 2.1 and Section 2.1.4.1). In both cases, 5'
and 3' flanking regions were cloned into pGL158 by directional cloning with
Hindlll/Sall and Smal/Bglll, respectively (see Section 2.4.2).

The pGL158 plasmid contains the neurseothricin-resistance gene; streptothricin-
acetyl-transferase (SAT) (Joshi et al., 1995). LIPA-HYG and LPLA-HYG were
generated by replacing the Spel/BamHI cassette containing the neurseothricin-
resistance gene with a Spel/BamHI cassette containing the hygromycin-resistance
gene; hygromycin B phosphotransferase (HYG) (Cruz et al., 1991), which was
derived from plasmid pGL345 (see Figure 2.2).

Knockout cassettes were created by Hindlll/Bglll linearisation of knockout
constructs; the cassettes were gel purified, precipitated into a smaller volume and

then transfected into parasites (see Section 2.2.8).
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Hin dlll (2)
- 5' of gene
f’ Sal | (537)
Amp
Spe | (1480)
pGL158 SAT

6737 bp
Bam HI (2012)

Byl Il (3936) / /

3’ of gene
Sma | (3382)

Figure 2.1 pGL158 plasmid

The pGL158 plasmid contains the following features: 5' of gene, the 5' FR of the gene of interest; 3'
of gene, the 3' FR of the gene of interest; SAT, streptothricin acetyltransferase gene conferring
resistance to neurseothricin; Amp, ampicillin-resistance gene. Restriction endonucleases are
illustrated, and numbers in brackets mark the cut sites of the restriction endonucleases.

Hin dlill (2)
5' of gene
fsml (537)
Amp
Spe | (1480)
pGL345
7258 b
P [ HYG
; Bam HI (2533)
Byl Il (4457) J%/
3 ofgene
Sma | (3903)

Figure 2.2 pGL345 plasmid

The pGL345 plasmid contains the following features: 5' of gene, the 5' FR of the gene of interest; 3'
of gene, the 3' FR of the gene of interest; SAT, streptothricin acetyltransferase gene conferring
resistance to neurseothricin; Amp, ampicillin-resistance gene. Restriction endonucleases are
illustrated, and numbers in brackets mark the cut sites of the restriction endonucleases.
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2.2.5 Re-expression of the target gene

In order to assess the functionality of genes in Leishmania, it is necessary to
create a parasite line re-expressing the gene of interest, before or after ablating
the endogenous gene copies. The pGL631 (or pRB vector) (see Figure 2.3) was
chosen for this purpose, which is designed to replace (knock-in) one of the twelve
copies of the 18S SSU ribosomal rRNA (rRNA) gene (Misslitz et al., 2000).
Additionally, a re-expression construct that integrates is more likely to mimic
expression levels of the endogenous gene, compared to the (typically) very high
expression/over-expression observed from episomal expression constructs (see
Section 5.4.1).

The pRB vector (see Figure 2.3) contains DNA sequences corresponding to 5' and
3' regions within the 18S SSU rRNA gene, in order to permit replacement of one of
the 12 18S SSU rRNA gene copies by homologous recombination (Misslitz et al.,
2000). The puromycin resistance gene, puromycin N-acetyltransferase (PAC)
(Freedman & Beverley, 1993), is upstream of the intergenic region of the L.
mexicana cysteine peptidase B 2.8 (CPB 2.8) gene, in order to permit high
expression of the resistance marker if the transfected line is to be used in
amastigotes (Misslitz et al., 2000). In the pRB vector, open reading frames (ORFS)
to be expressed in parasites are located downstream of a splice acceptor site
(SAS), which is necessary in order to permit trans-splicing of the pre-messenger
RNA (mRNA) into monocistronic units (Agabian, 1990).

LIPA-pRB and LPLA-pRB re-expressor constructs were created by directional
cloning of the respective ORFs into the pRB vector, using Clal/Agel. The LIPA and
LPLA genes were amplified from L. major gDNA using primer pairs Lm1-Lm2 and
Lm13-Lm14, respectively (see Section 2.1.4.1), and then cloned into plasmid pRB
(also referred to as pGL631) (see Figure 2.3).

Knockout cassettes were created by Pacl/Pmel linearisation of knockout
constructs; the cassettes were gel purified, precipitated into a smaller volume and

then transfected into parasites (see Section 2.2.8).
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Pac | (411)
Amp ’ 5'18S SSU
N "
Clal (872)
/ T Age 1 (877)
pGL631
7727 bp "~ PAS
Pme | (5480) \ d
o SAS
e ~ l\
3'18S SSU PAC
vx\\\\l///‘
<
5' CPB 2.8

Figure 2.3 pGL631 (pRB) plasmid

The pGL631/pRB plasmid contains the following features: 5' 18S SSU, the 5' FR of the 18S SSU
locus; SL, splice leader sequence; PAS, polyadenylation site; SAS, splice acceptor site; 5' CPB
2.8, intergenic region of the L. mexicana cysteine peptidase B 2.8 (CPB 2.8) gene; PAC, puromycin
N-acetyltransferase gene conferring resistance to puromycin; 3' 18S SSU, the 3' FR of the 18S
SSU locus; Amp, ampicillin-resistance gene. Restriction endonucleases are illustrated, and
numbers in brackets mark the cut sites of the restriction endonucleases. The gene of interest to be
expressed in L. major is directionally cloned into pGL631 using Clal and Agel restriction sites.

2.2.6 Episomal gene expressionin L. major

Stable extrachromosomal expression of genes in Leishmania is possible using a
series of expression vectors, named pNUS vectors, which have been designed for
the trypanosomatids Crithidia and Leishmania (Tetaud et al., 2002). These vectors
contain a rRNA promoter, intergenic sequences from the Crithidia fasciculata (C.
fasciculata) phosphoglycerate kinase (PGK) locus at the 5" and 3 ends of the
target gene, and the 3' untranslated sequence of the C. fasciculata glutathionyl-
spermidine synthetase (GSPS) locus 3' to the antibiotic resistance gene. Two
variations of the vectors were used in this thesis: pGL1132 adds a C-terminal
green-fluorescent protein (GFP)-tag to the insert gene (see Figure 2.4), and
pGL1137 adds a C-terminal Hisex-tag (see Figure 2.5). The antibiotic resistance
gene used in all studies was neomycin phosphotransferase (NEO), which confers

resistance to neomycin (Curotto de Lafaille et al., 1992).

In order to create LIPA-GFP and LPLA-GFP constructs, full-length LIPA and LPLA

genes lacking their stop codons, were amplified from L. major gDNA using primer
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pairs Lm19-Lm20 and Lm23-Lm24 (see Section 2.1.4.1), and cloned into plasmid
pGL1132 (see Figure 2.4). The LIPB-His construct was created by amplifying the
full-length LIPB gene lacking its stop codons from L. major gDNA using primer pair
Lm21-Lm22 (see Section 2.1.4.1), and cloning into plasmid pGL1137 (see Figure
2.5). The LPLA-His construct was created by excision (Ndel/Bglll digest) of the
LPLA gene from pGL1132, and sub-cloning into Ndel/Bglll-digested pGL1137. The
LPLA™8A His construct was created by site-directed mutagenesis PCR (see

Section 2.4.1.3), using the LPLA-His construct as a DNA template.

Hin dlll (2)
/5 PGKB
| / Nde | (567)
— /A Bglll (572)
Amp _Kpn | (582)
GFP
S Xho 1 (1301)
~ Sac(1356)
pGL1132 .
6959 bp 3' PGKA
~ 5'PGKB
/ NEO
3' GSPS

Figure 2.4 pGL1132 plasmid

The pGL1132 plasmid contains the following features: 5' PGKB, the 5'FR of the C. fasciculata
phosphoglycerate kinase B (PGKB) gene; GFP, GFP gene; 3' PGKB, the 3'FR of the C. fasciculata
phosphoglycerate kinase A (PGKA) gene; 3' GSPS, the 3'FR of the C. fasciculata glutathionyl-
spermidine synthetase (GSPS) gene; NEO, neomycin phosphotransferase gene conferring
resistance to G418; Amp, ampicillin-resistance gene. Restriction endonucleases are illustrated, and
numbers in brackets mark the cut sites of the restriction endonucleases. The gene of interest to be
expressed in L. major is directionally cloned into pGL631 using Ndel and Kpnl (or Bglll) restriction
sites.
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5' PGKB
Nde | (567)
/4 Bglll(572)
Amp . \« n|(582)
3 \ \H|36x-tag
. 3 PGKA
0GL1137 )\\5 PGKB
6290 bp
4 Neo
\
\
3' GSPS

Figure 2.5 pGL1137 plasmid

The pGL1137 plasmid contains the following features: 5' PGKB, the 5'FR of the C. fasciculata
phosphoglycerate kinase B (PGKB) gene; GFP, GFP gene; 3' PGKB, the 3'FR of the C. fasciculata
phosphoglycerate kinase A (PGKA) gene; 3' GSPS, the 3'FR of the C. fasciculata glutathionyl-
spermidine synthetase (GSPS) gene; NEO, neomycin phosphotransferase gene conferring
resistance to G418; Amp, ampicillin-resistance gene. Restriction endonucleases are illustrated, and
numbers in brackets mark the cut sites of the restriction endonucleases. The gene of interest to be

expressed in L. major is directionally cloned into pGL631 using Ndel and Kpnl (or Bglll) restriction
sites.

2.2.7 Resistance markers

In order to select for transgenic Leishmania parasites, six resistance markers have

been developed, four of which were used in this thesis (see Table 2.2).

Gene |Protein Antibiotic Rleference

NEO [Neomycin phosphotransferase G418 Cruz et al. (1990)

SAT |Streptothricin acetyltransferase Neurseothricin|Joshi et al. (1995)

PAC [Puromycin N -acetyltransferase Puromycin Freedman & Beverley (1993)
HYG [Hygromycin B phosphotransferase|Hygromycin B |Cruz et al. (1991)

Table 2.2 Antibiotic resistance genes used for gene  tic manipulation of Leishmania

2.2.8 Transfection of L. major

For constructs designed to integrate into the L. major genome, 100 ug of plasmid
was digested with the appropriate restriction enzymes (Hindlll/Bglll for knockout
plasmids and Pacl/Pmel for pRB plasmids). The knock-out cassettes were
separated by gel electrophoresis, gel-extracted and -—purified, and then

precipitated with ethanol according to standard procedures (Sambrook et al.,
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1989) before resuspension in 15 pl sterile water, with a final DNA concentration of
about 1 — 2 pg ™. For ectopic constructs, 20 pg of circular plasmid was used for

transfections, in a final volume of 15 pl.

For transfections, mid-log phase (at a density of 8 x 10° — 1 x 10’ parasites ml™)
promastigote cultures were used. Each transfection necessitated 5 x 10’ cells and
10 — 20 pg of purified plasmid/linear DNA in 15 pl sterile water. Two different
transfection methods were used. The first is using the protocol developed by
Robinson and Beverley (Robinson & Beverley, 2003). Briefly, cells were counted
and the appropriate number centrifuged for 10 min at 1,000 g at 4 € and washed
with electroporation buffer (EPB: 120 mM KCI, 015 mM CacCl,, 10 mM K;HPOy, 25
mM HEPES, 2 mM EDTA, 2 mM MgCl, at pH 7.6). Cells were resuspended in 500
ul EPB to a concentration of 1 x 10® parasites mlI?, and added to 15 pl of
appropriate plasmid/linear DNA in an ice-cold 4 mm gap cuvette (Gene Pulse, Bio-
Rad, Hemel Hempstead, UK) and incubated on ice for 10 min. The cuvette was
exposed to two electroporation pulses at 25 pF, 1.5 kV (3.75 kV cm™), pausing 10

sec between pulses, using a Bio-Rad Gene Pulser Il machine.

The second method was only used for transfection of integration cassettes. Briefly,
cells were counted and the appropriate number centrifuged for 10 min at 1,000 g
at 4 T and resuspended in Nucleofactor Solution from the Amaxa Human T Cell
Nucleofactor Kit (Amaxa AG, Cologne, Germany) to give 5 x 10 cells 100 pl™. The
resuspended cells were mixed with 15 pl linear DNA in the cuvette from the
Nuclefeofactor kit. Program U-033 was used to electroporate the cells using the
Amaxa Nucleofactor Device.

In both methods, electroporated cells were incubated on ice for 10 min before
transferring into a flask containing 10 ml HOMEM + 10 % FCS. Drug selection and
cloning (of integrative constructs) was commenced the following day. In order to
generate a population of cells for ectopic expression of a plasmid, the appropriate

antibiotic(s) was added directly to the flask of cells.
2.2.9 Cloning of L. major by limiting dilution

In order to generate clones, three dilutions of the transfected cells were made (1/6,
1/72 and 1/864) in HOMEM + 10 % FCS including appropriate antibiotic(s), and



Chapter 2 52

plated in 96-well plates. After approximately 2—-3 weeks of incubation, plates
containing < 10 wells with parasite growth (equating to < 0.1 parasite well™*) were
used for further analysis; the clones were sub-passaged into 3 ml HOMEM + 10 %
FCS in 12-well plates and incubated until parasite density was sufficient to extract
gDNA. 2 ml of the clonal cultures were used for gDNA extraction and PCR to
screen for knock-out/knock-in cassette integration and/or for the presence of the
endogenous gene. The remaining 1 ml of clonal culture with the desired genotype
was sub-passaged into 10 ml HOMEM + 10 % FCS with appropriate drugs, and
once parasite density was high enough, stabilates were made and gDNA was

extracted for Southern blot analysis.
2.2.10 Fluorescence microscopy

Sub-cellular localisation of LIPA-GFP and LPLA-GFP fusion proteins expressed in
L. major was determined by fluorescence microscopy using an AxioScop-2 mot
plus microscope (Zeiss) equipped with a Hamamatsu C4742-95 CCD camera.
Preparation of cells to be analysed involved adding 10 pg mi™ DAPI to 10 ml of
mid-log phase culture and immediately centrifuging for 1 minute at 1000 g at room
temperature. Cells were washed twice with 20 ml PBS, and to the second wash 1
nM Mitotracker CMXRos was added. Finally, pelleted cells were resuspended in
20 pl PBS and loaded on a microscope slide with cover slip sealed with nail

varnish to avoid drying-out of specimen.

Images were captured at 100x magnification using differential interference contrast
(DIC) microscopy. The GFP-fusion proteins were observed using the fluorescent
filter FITC (Aexcitaton = 494 nm and Aemission = 518 nm). The mitochondrion was
selectively stained using Mitotracker CMXRos (Invitrogen), and was visualised
using the fluorescent filter for rhodamine (Aexcitation = 570 hm and Aemission = 590
nm). The nucleus and kinetoplast DNA of parasites were visualised using DAPI
(Sigma) and the fluorescent filter for DAPI (Aexcitation = 345 nm and Aemission = 458

nm).
2.2.11 Cell viability assay

The alamar blue assay was employed in order to determine the

leishmanicidal/leishmanistatic effects of a compound on Leishmania cells.
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Metabolising parasites reduce resazurin (alamar blue) and the fluorescence can
be detected; the higher the level of fluorescence, the less effect the compound has

at that specific concentration.

Promastigotes were cultured in the appropriate medium to a density of 5 x 10° mlI™
and then diluted to 2 x 10° mI™* in medium. In a 96-well plate, 100 pl of neat
compounds (lipoid acid, octanoic acid or 8 bromooctanoic acid) dissolved in 100
% EtOH were added to wells in the first columns; each treatment was carried out
in duplicate and a negative solvent (EtOH) control included in order to normalise
the data; the concentration of the EtOH solvent control was the same as the
concentration of EtOH in the well containing the most concentrated of each
compound, which was 0.5 % EtOH. 100 pl medium was added to each well, and
then serial dilutions of drug were carried out along rows. 100 pl of cells at a density
of 2 x 10° mI™ were added to each well, thus giving a final density of 1 x 10°
parasites ml™. Plates were incubated at 25 °C for 120 h. After the incubation
period, 20 ul resazurin was added to each well (to a final concentration of 12.5 ug
ml™), followed by further incubation for 48 h at 25 °C. Plates were then read using
an LS 55 luminescence spectrometer with Agmission = 535 nm and Aexcitation = 620
nm. All data were normalised against respective column negative controls and

expressed as bar charts using the software Prism.

2.3 Bioinformatics

2.3.1 Identifying genes inthe L. major genome

Genes  were identified in  the L. major GeneDB  database
(http://Iwww.genedb.org/genedb/leish/) by performing TBLASTN searches using
known protein sequences from Escherichia coli or H. sapiens. Predicted
translations of the sequences identified were queried back against the
SWISSPROT protein database at NCBI using BLASTP

(http://www.ncbi.nlm.nih.gov/blast).
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2.3.2 Multiple sequence alignments

Protein sequence analyses were performed using VECTOR NTI Suite (Invitrogen),
and sequence alignments carried out using the program ClustalwWw (Thompson et
al., 1994).

2.3.3 Subcellular localisation predictions

Predictions of N-terminal targeting sequences were performed using TARGETP
(http://www.cbs.dtu.dk/services/TargetP) (Emanuelsson et al., 2000) and
MITOPROT (http://mips.biochem.mpg.de/cgi-bin/proj/medgen/mitofilter) (Claros &
Vincens, 1996).

Based on predicted mitochondrial targeting peptides, different N-terminal truncated
constructs of the three genes (LIPA, LIPB and LPLA) were created for expression

in E. coli (see Section 2.5.6).

2.4 Methods in molecular biology

2.4.1 Polymerase chain reaction

2.4.1.1AccuPrime Pfx SuperMix

L. major genes/flanking regions were amplified from L. major gDNA using
AccuPrime Pfx SuperMix (Invitrogen), which contains 1.1 mM MgSO,, 330 uM
deoxyribonucleotide triphosphate (dNTPs) and 22 U ml* Pfx DNA polymerase.
Polymerase chain reaction (PCR) was set up using 100 ng gDNA and 10 uM of
each primer. The final volume per PCR reaction was 25 pl and PCR was carried

out under the following conditions:

Initial denaturation 95 €, 5 min

30 cycles of:

Denaturation 95 C, 15 sec

Annealing primer-specific temperature, 30 sec

Elongation 68 T, 2 min kb "* amplified
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Final elongation 68 T, 10 min

The PCR products were analysed on a 1 % agarose gel containg Sybr Safe at a
1/10,000 dilution, and fragments of the expected size were cloned into pCR-
Bluntll-TOPO using the Zero Blunt TOPO PCR cloning kit (Invitrogen).

2.4.1.2ReddyMix PCR Master Mix

In order to screen for bacterial clones possessing the desired insert in plasmid,
and for L. major clones having correct knockout cassette integration (and for the
presence/absence of the endogenous gene), PCR was carried out using
ReddyMix PCR Master Mix (Thermo Scientific). Individual PCR reactions contain
0.625 U of ThermoPrime Tag DNA polymerase, 1.5 mM MgCl, and 0.2 mM of
each of the four dNTPs. The PCR was set up using bacterial colony/up to 100 ng
gDNA and 10 pM of each primer. The final volume per PCR reaction was 10 pl

and PCR was carried out under the following conditions:

Initial denaturation 95 €, 5 min

30 cycles of:

Denaturation 95 C, 15 sec

Annealing primer-specific temperature, 30 sec
Elongation 72 C, 2 min kb "t amplified

Final elongation 72 C, 10 min

The PCR products were analysed on a 1 % agarose gel.
2.4.1.3Site-directed mutagenesis PCR

Site-directed mutagenesis was used to introduce three point mutations into LPLA
in order to produce the mutant LPLA™!* The LPLA-His construct (see Section
2.2.6) was used as a DNA template for mutagenesis PCR using primer pair Lm64-
Lm65 (see Section 2.1.4.1). PCR was carried out using the QuickChange
Lightning Site-Directed Mutagenesis Kit (Stratagene). The reaction contained 50
ng of plasmid DNA, 125 ng of each primer, 1x reaction buffer, 1.5 pl of
QuickSolution reagent, 1 pl of ANTP mix and 1 pl of 'QuickChange Lightning' DNA
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polymerase (provided with kit). The PCR was carried out under the following

conditions:

Initial denaturation 95 C, 2 min

18 cycles of:

Denaturation 95 C, 20 sec

Annealing 69 C, 10 sec

Elongation 68 C, 4 min (for 7.8 kb plasmid)
Final elongation 68 C, 5 min

2 pl of the provided Dpnl enzyme (Stratagene) was added to the finished PCR
reaction, and incubated at 37 € for 5 min in order to degrade methylated
(plasmid) DNA. The PCR products were then transformed into XL-10
Ultracompetent bacteria (Stratagene). Bacterial colonies containing the plasmid
with insert were verified by restriction digestion and then mutagenesis of the LPLA
insert was confirmed by sequencing (Dundee Sequencing Centre). The LPLAM8A
His construct (see Section 2.2.6) was then transfected into WT parasites to create

the WT[LPLA™8*His] line.

2.4.2 Cloning techniques

2.4.2.1TOPO cloning of PCR products

In order to facilitate the cloning of PCR products into their destination vectors,
inserts were firstly ligated into an intermediate vector. Given that PCR products
amplified with Pfx polymerase have blunt ends, the Zero Blunt TOPO PCR cloning
kit containing the vector pCR-Bluntll-TOPO was chosen for intermediate vector
cloning (see Figure 2.6). Ligations were carried out according to instructions
provided by the manufacturer (Invitrogen) and 1 pl of the ligation transformed into
TOP10 cells (see Section 2.1.2).
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TOPO binding site  TOPO binding site
Eco RI (3509) \ /Eco RI (8)
M13R primer ﬁ(f [~ M13F primer

pUC origin ¥ ,cR-Blunt I-TOPO | Kan pro
3519 bp

_ Kan

Figure 2.6 Vector map of pCR-Bluntll-TOPO

This figure displays the important features of the pCR-Blunt [I-TOPO plasmid, which was used to
clone PCR products amplified with polymerases with proofreading abilities. The plasmid contains
the kanamycin resistance cassette (KanR; 795 bp) for selection in E. coli. The topoisomerase | is
covalently bound to the TOPO binding sites. After cloning, the generated construct was analysed
by diagnostic digests using the EcoRI restriction sites shown, and the sequence of the cloned PCR
product was verified by sequencing using the primers M13F and M13R.

2.4.2.2Sub-cloning into destination plasmids

Bacterial clones containing TOPO plasmid with the correct insert (as determined
by colony PCR (see Section 2.4.1.2) or by restriction endonuclease digest (see
Section 2.4.6) were used in subsequent cloning steps, after verification of the
correct DNA sequence (see Section 2.4.9). The insert was isolated from the TOPO
plasmid using the appropriate restriction endonucleases (see Section 2.4.6). The
destination plasmid was linearised using the same restriction enzymes and the
DNA fragments were separated by agarose gel electrophoresis (see Section
2.4.10). The digested insert and destination plasmid were excised from the gel and
purified using the Qiagen Gel Extraction kit as per manufacturer’s instructions. The
insert was then ligated into the destination plasmid using the Rapid DNA Ligation
kit, according to instructions provided by the manufacturer (Roche). A molar
vector: insert ratio of 1. 3 was used in the ligation reactions. 10 pl of the ligation
reactions were transformed into competent TOP10 E. coli and plated on LB-plates
containing the appropriate antibiotics. Individual colonies were analysed by DNA
plasmid miniprep (see Section 2.4.5) and restriction endonuclease digestion (see
Section 2.4.6). Plasmids containing the correct insert size were analysed by DNA
seqguencing (see Section 2.4.9).
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2.4.3 Preparation of chemically-competent bacteria

Competent bacteria used during this work were either bought from Invitrogen
(TOP10), Novagen (BLR (DE3)) or Stratagene (XL10-Gold Ultracompetent) (see
Section 2.1.2), or were made chemically competent. Briefly, a 5 ml overnight
culture of the appropriate E. coli strain was set up and then used to inoculate 200
ml LB-medium with the appropriate (if necessary at all) antibiotics. The culture was
grown at 37 T at 220 rpm until OD goo reached 0.6. The culture was transferred
into a sterile centrifuge tube and incubated for 15 min at 4 C. The cells were then
pelleted for 10 min at 6,000 g at 4 C. The pellet was resuspended in 30 ml of ic e-
cold Tfbl buffer (100 mM RbCI, 50 mM MnCl,-4H,0, 30 mM KNa, 10 mM CaCl,-
2H,0 and 15 % glycerol) and incubated at 4 C for 30 min. The cells were then
centrifuged for 5 min at 6,000 g at 4 C and resuspended in 6 ml of ice-cold Tfbll
buffer (10 mM MOPS, 10 mM RDCI, 75 mM CaCl,-2H,0O and 15 % glycerol).
Aliquots of competent cells were snap frozen in dry ice and immediately

transferred to — 80 < for storage.

2.4.4 Transformation of competent bacteria

Chemically-competent E. coli were used to transform plasmid DNA and ligation
reactions. The bacteria were removed from storage at — 80 T and thawed on ice
for 10 min. The DNA (1 pl of 1/10 diluted miniprep plasmid DNA or 10 pl of
ligation) was added to the bacteria and then incubated on ice for 30 min. Heat
shock was carried out for 45 sec at 42 € and then the bacteria were kept on ice
for 10 min. 250 pl LB was added to the bacteria, which were then incubated for 30
min to 1 h shaking at 37 € at 250 rpm. Finally, the cells were pelleted and
resuspended in 50 pl LB and plated onto agar plates supplemented with the

appropriate antibiotic (see Section 2.1.1).

2.4.5 Plasmid DNA isolation from bacteria

Plasmid DNA was isolated from E. coli by one of two methods, depending upon
the amount of DNA required. In order to purify small amounts of DNA to screen for
correct insert ligation into a plasmid, 5 ml LB with the appropriate antibiotics was
inoculated with a single bacterial colony overnight at 37 € at 250 rpm. The
bacteria were pelleted and DNA purification carried out using the Qiaprep Spin
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Miniprep kit according to manufacturer's instructions (Qiagen). Large quantities of
DNA to be used in transfection of Leishmania were isolated using a similar silica
column-based method, but using a higher volume of culture (250 ml) and the Hi-
Speed Plasmid Maxi kit (Qiagen). DNA was precipitated into a volume of 500 pl
using the QiaPrecipitator module (Qiagen), and the concentration determined by

spectrophotometric means (see Section 2.4.8).

DNA obtained from miniprep and maxiprep protocols was subjected to restriction
endonuclease digestion (see Section 2.4.6) in order to determine/verify that the

plasmid contained the correct insert in the correct orientation.
2.4.6 Restriction endonuclease digestion

Restriction endonuclease digestion was routinely carried out on miniprep DNA in
order to verify the correct cloning of an insert into an intermediate/destination
vector. Unless stated otherwise, 3 pl of miniprep DNA was digested with 1 U of
restriction enzyme in the appropriate buffer (NEB). Reactions were typically
incubated for 2 h at 37 T (or 50 T for Bsal). Restriction patterns were visualised
by mixing with 6xDNA loading dye and subjection to agarose (1 % w/v)

electrophoresis (see Section 2.4.10)
2.4.7 Ethanol precipitation of gDNA

DNA was precipitated using 0.1 volumes of 3 M Na-acetate pH 5.2 and three
volumes of ice-cold ethanol. Additionally, 1 pl of glycogen (20 mg mi™ stock) was
added in order to visualise the DNA pellet throughout centrifugation steps. The
mixture was incubated for 20 min at — 80 T and the n the precipitated DNA
pelleted at 13,000 rpm (Fisher Scientific accuSpin MicoR with 24-plate motor) at 4
€ for 30 min. The DNA was washed with ice-cold 70 % (v/v) ethanol, and then
allowed to air-dry (under a sterile hood if the DNA was to be used for transfections
in Leishmania). Finally, the DNA was re-suspended in water or an appropriate
buffer.

2.4.8 Determining DNA concentration

DNA concentration was measured using a UV-spectrophotometer (Shimadzu) at

OD260 nm. OD260 nm = 1 corresponded to 50 ug mi™ for double-stranded DNA. DNA
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purity was determined by calculating the ratio of DNA (OD2g0 nm) to protein (OD2gg

nm)-
2.4.9 DNA sequencing

DNA sequencing was carried out externally by the Dundee Sequencing Centre
(www.dnaseq.co.uk) using Applied Biosystems Big-Dye Ver 3.1 chemistry on an
Applied Biosystems model 3730 automated capillary DNA sequencer. It was
necessary to provide 200 — 300 ng of DNA template, along with 3.2 pmoles of

seguencing primer, per sequencing reaction.

2.4.10 Agarose gel electrophoresis

DNA quantity and quality was routinely examined by agarose gel electrophoresis
using the Sub-Cell GT system (Bio-Rad). 1 % (w/v) agarose was dissolved in 1x
TAE buffer by boiling the mixture in a microwave. SYBR safe (Invitrogen) DNA
stain was added at 1/10,000 and the agarose poured into gel trays with the
appropriate size comb. The DNA samples were mixed with 6x DNA loading dye
and electrophoresis was performed at 100 V in 1x TAE buffer until DNA fragments
were sufficiently separated. 1 kb DNA ladder (NEB) was run alongside DNA
samples to permit size determination of the bands visualised by UV illumination at
302 nm or 365 nm using the Gel Doc XR system (Bio-Rad).

2.4.11 Southern blot analysis

In order to analyse the genotypes of genetically-manipulated parasite lines, firstly
their gDNA was isolated (see Section 2.2.3.1), and then subjected to diagnostic
digests with Nrul overnight at 37 C. Fully-digested gDNA was separ ated on a 0.8
% agarose gel overnight at 20 V. The DNA was transferred onto positively-
charged nylon membrane Hybond-N+ (GE Healthcare). For the transfer the
membrane was placed on the VacuGene XL apparatus (GE Healthcare) and was
covered with 0.25 N HCI depurination- (0.25 N HCI), denaturation- (1.5 M NaCl
and 0.5 M NaOH) and transfer (20x SSC) solutions were incubated on the gel for
30 min, 30 min and 1 h, respectively. DNA was subsequently cross-linked to the
membrane. Blocking, probe-making, hybridisation, washing and detection steps
were all carried out using the AlkPhos Direct Kit according to instructions provided
by the manufacturer (GE Healthcare). Pre-hybridisation-, hybridisation- and
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primary wash steps were carried out at 61 T and th e probes used recognised L.
major LIPA and LPLA genes and HYG and SAT genes. LIPA- and LPLA gene
probes were made using full-length LIPA and LPLA genes amplified from L. major
gDNA using primer pairs Lm1-Lm2 and Lm13-Lm14, respectively (see Section
2.1.4.1). HYG and SAT gene probes were derived from digesting (BamHI/Spel)
HYG and SAT genes from plasmids pGL435 and pGL158, respectively (see
Figure 2.1 and Figure 2.2). The gene fragments were gel extracted and purified

(see Section 2.4.2.2) and then used to make probes.

2.5 Biochemical methods

2.5.1 SDS-PAGE

Proteins were separated by SDS-PAGE (Laemmli, 1970). The NuPAGE
electrophoresis system (Invitrogen) was used with either 4 — 12 % Novex Bis-Tris
pre-cast gels or with non-gradient polyacrylamide gels. Gradient gels were utilised
for the analyses of parasite extract whereas non-gradient polyacrylamide gels
were used for examining purity of recombinant protein. In non-gradient gels, the
running gel consisted of 6 ml running gel buffer (375 mM Tris pH 8.9, 0.1 % (w/v)
SDS, 10 — 15 % (v/v) acrylamide) which was polymerised by addition of 5 ml
N,N,N’,N’-Tetramethylethylenediamine (TEMED) and 25 ul ammonium
persulphate (APS) (10 mg ml* stock). The gel was poured into empty plastic
cassettes (Invitrogen) and allowed to set. The stacking gel, consisting of 2 ml
stacking gel buffer (122 mM Tris pH 6.7, 0.1 % (w/v) SDS and 5 % (v/v)
acrylamide) was poured on top of the running gel and an appropriate comb was
placed in the stacking gel. Protein samples were prepared while the stacking gel
was in the process of setting. 10 pug parasite extract or 1 pg recombinant protein
was mixed with 6x loading buffer and denatured at 100 € for 5 min. The samples
were loaded and the non-gradient polyacrylamide gels were run in 1x running
buffer (25 mM Tris, 192 mM glycine, 0.1 % (w/v) SDS) and pre-cast gels in 1x
MOPS buffer (Invitrogen) at 40 mA (200 V maximum). Following electrophoresis,
gels were either stained with Coomassie blue (see Section 2.5.2) or were
analysed by western blotting (see Section 2.5.3).
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2.5.2 Coomassie blue staining

Coomassie blue staining was carried out in order to determine the purity of elution
fractions from protein purification (see Section 2.5.6). After SDS-PAGE (see
Section 2.5.1), the gel was removed from the cassette and covered with
Coomassie blue stain (40 % (v/v) methanol, 10 % (v/v) acetic acid, 0.1 % (w/v)
and coomassie brilliant blue R-250) for at least 1 h at room temperature. For
destaining, the Coomassie blue solution was removed and the gel was incubated
in destain solution (20 % (v/v) methanol and 10% (v/v) acetic acid) for at least 1 h,
changing the destain solution two times in the process.

2.5.3 Western blotting

Proteins were transferred from gel to membrane using the Trans-Blot SD Semi-
Dry Electrophoretic Transfer Cell (Bio-Rad) for 1 h at 20 V at room temperature.
Ponceau-S (reversible) staining was used to visualise equal loading in all lanes,
before continuing the experiment. Blots were blocked for 1 h in 5 % (w/v) milk in
PBS (5 % MPBS) at room temperature, followed by incubation with primary, and
secondary antibodies, in 2 % (w/v) MPBS with 0.1 % (v/v) Tween-20 (2 %
MPBST). In between primary- and secondary antibody incubations, and after the
secondary antibody step, blots were washed 3 x 10 min in PBS containing 0.1 %
(v/v) Tween-20 (PBST). Detection of secondary antibody (linked to horseradish
peroxidase)-bound protein was carried out using Immobilon Western Blot
Detection Kit (Millipore) for 5 min at room temperature. The resulting

chemiluminescence was detected on autoradiography film (Kodak).

Quantification of western blot band density was carried out by using a ChemiDoc
XRS machine (Bio-Rad) to detect chemiluminescence signal generated by
western blotting. Subsequently, Quantity One software (Bio-Rad) was used to
determine band density. A standard curve was produced with band intensity as a
function of the quantity of recombinant protein, in order to determine the quantity
of a specific protein in promastigote protein lysate.

2.5.4 Determining protein concentration

The protein concentration of parasite extract and recombinant protein was

determined by the Bradford assay (Bradford, 1976), using the Bio-Rad protein
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assay reagent. The absorbance of a protein solution mixed with Bradford reagent
(Bio-Rad) was measured at 595 nm and the protein concentration was determined

relative to a standard curve of known BSA concentrations.

2.5.5 Estimation of protein molecular mass

After SDS-PAGE and Coomassie staining or western blotting, a standard curve
was made by calculating the relative mobility (Rf) of standard proteins and then
logging the values. The values were used to construct a standard curve, which

was used to calculate the molecular mass of bands of an unknown size.

2.5.6 Expression and purification of proteins with a Strep-tag

2.5.6.1Cloning of expression constructs

In order to express L. major LIPA, LIPB and LPLA in E. coli, different truncated
versions of the genes were cloned into the vector pASK-IBA3 (see Figure 2.7 and
Section 2.3.3), which adds a C-terminal Strep-tag to the translated transgene. The
Strep-tag is a stretch of 8 amino acids that specifically binds to a modified version
of streptavidin called Strep-Tactin, and as such a recombinant protein bearing a
Strep-tag can be purified by affinity chromatography using Strep-Tactin resin
(IBA).

The genes of interest were cloned into pASK-IBA3 by directional Bsal cloning (see
Section 2.1.4.2). Table 2.3 highlights the primers used in order to amplify the
different versions of LIPA, LIPB and LPLA by PCR, and the size of the N-terminal
truncation. N-terminal truncations were based upon targeting predictions made by
MitoProt and/or TargetP software as well as by alignments with E. coli
homologues (see Sections 2.3.3 and 3.4). PCR fragments were cloned into the
intermediate vector pCR-Bluntll-TOPO (see Section 2.4.2.1), and correct
sequences were verified by DNA sequencing (see Section 2.4.9). DNA inserts
were then sub-cloned into pASK-IBA3 by directional Bsal cloning; correct ligation
of insert into vector was confirmed via Xbal/Hindlll double digest and restriction
digest analysis by agarose electrophoresis (see Sections 2.4.6 and 2.4.10). The
nomenclature of the final constructs will be referred to as the name of the DNA

fragment (see Table 2.3) followed by IBA3 (representing vector pASK-IBA3).
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Name of DNA fragment H’rimer pairs used in PCR Sike of  PCR fragment (kbp)
LIPAL Lm25-Lm29 1.250
LIPA; Lm26-Lm29 1.235
LIPA, Lm27-Lm29 1.193
LIPAL; Lm28-Lm29 1.067
LIPBg. Lm30-Lm33 0.791
LIPB; Lm31-Lm33 0.704
LIPB, Lm32-Lm33 0.689
LPLAL Lm34-Lm37 1.535
LPLA; Lm35-Lm37 1.499
LPLA, Lm36-Lm37 1.430

Table 2.3 Cloning genes into pASK-IBAS3 for protein expression

Table providing information about the cloning of full-length (FL) and N-terminally truncated versions
(T1-T3) of LIPA, LIPB and LPLA to be used in protein expression trials. All primers in this table
have Bsal restriction sites (see Section 2.1.4.2).

2.5.6.2Trial protein expression

In order to determine the most yielding conditions for expression of recombinant
proteins, trial expressions were carried out. Variables included: full-length or N-
terminally truncated expression construct (see Section 2.5.6.1); temperature of
incubation after induction of protein expression (15 T, 30 € or 37 C); length of

incubation after induction of protein expression (1 h, 2 h, 3 h or overnight). Briefly,
5 ml of LB supplemented with appropriate antibiotic(s) was inoculated with a single
colony from a transformation with a protein expression construct and incubated
overnight at 37 T at 250 rpm. This starter culture was diluted 1/100 into 50 ml LB
with appropriate antibiotics and incubated at 37 T at 250 rpm until ODggp NM =
0.6. Protein expression from the expression construct was then induced (with
anhydrotetracycline (ATc) for pASK-IBA3 constructs (see Section 2.5.6.3). Post-
induction, cultures incubated at different temperatures and for different lengths of
time were centrifuged at for 1 min at 13,000 rpm (Eppendorf microcentrifuge with
F45-24-11 rotor) at room temperature, the supernatant was discarded and the
pellet was resuspended in 100 pl BugBuster Protein Extraction Reagent
(Novagen). 0.5 pl benzonase (Novagen) was also included in order to degrade
DNA. The mixture was incubated at 4 C with constant shaking. After 15 min, the
mixture was centrifuged for 15 min at 13,000 rpm (Fisher Scientific accuSpin
MicroR with 24-place rotor) at 4 C. The supernatant was transferred into a fresh
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tube, and the pellet was resuspended in 100 ul PBS. For analyses, 5 ul of the
pellet fractions and 10 pl of the supernatant fractions were separated by SDS-
PAGE (see Section 2.5.1) and evaluated by western blotting using specific

antibodies against the protein-tag (see Table 2.1).
2.5.6.3Protein purification

Trial expressions indicated that of all the constructs tested, LIPAr3-IBA3, LIPBg,.-
IBA3 and LPLA-IBA3 resulted in the production of the highest level of the
respective proteins, LIPAr3-Strep, LIPBg -Strep and LPLAr,-Strep. The expression
of these constructs in BLR (DE3) cells was carried out as described in Section
2.5.6.2. The plasmid contains the ampicillin-resistance gene (AMP) to allow
selection of the transfected plasmid with ampicillin. At optical density (OD)soo nm =
0.6, the expression of recombinant protein was induced by addition of 200 ng ml™
ATc. The protein was expressed at optimal conditions, which were determined
previously using the BugBuster protein extraction kit (see Section 2.5.6.2), and
which are outlined for LPLA, LIPB and LIPA in Section 3.5. After the optimal time
of expression, the culture was centrifuged for 15 min at 6,000 g at 4 . The
bacterial pellet was resuspended in a small volume of chilled buffer W (100 mM
Tris-HCI (pH 8.0), 150 mM NacCl). The resuspended pellet was stored at — 20 C
with protease inhibitors at the same concentration as used in L. major lysis buffer
(see Section 2.1.1).

For purification, the pellet was thawed and 50 mg ml™* lysozyme was added. The
pellet was incubated for 30 min on ice. Additional protease inhibitors were added
(at the same concentrations as above). Bacterial cells were lysed using the One
Shot Cell Disrupter (Constant Systems) at 15 kPsi. Disrupted bacteria were
centrifuged for 30 min at 20,000 rpm (Beckman J2-H5 centrifuge with a JA- 20
rotor) at 4 C. The cleared lysate was subsequently filtered through a 0.4 um
disposable filter unit (Satorius) in order to remove any remaining particulate
matter. Affinity chromatography with Strep-Tactin Sepharose (IBA) was used to
purify Strep-tagged recombinant protein, according to instructions provided by the
manufacturer. Briefly, 2 ml Strep-Tactin slurry was transferred to an Econo-Pac
column (Bio-Rad) to give a column volume (CV) of 1 ml Strep-Tactin Sepahorse.
The sepharose was equilibrated with two CV of buffer W. The cleared lysate was

then added to the column and allowed to pass through by gravity flow. The column
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was then washed with five CV of buffer W. Cleared lysate, flow-through and wash
fractions were retained for analysis by SDS-PAGE and Coomassie blue staining.
Elution of recombinant protein was carried out with buffer E (buffer W with 2.5 mM
desthiobiotin), and six fractions were collected. The protein concentration of each
elution fraction was determined by Bradford assay (see Section 2.5.4). Finally,
SDS-PAGE (see Section 2.5.1) of all samples taken during the purification and
elution fractions was carried out and analysed by Coomassie blue staining (see

Section 2.5.2) or western blotting with a-Strep-tag antibody (see Section 2.5.3).

Tet-promoter
//Xba | (1 1I9()1 )
Bsa
b Bsal (218)
\Strep-tag
Hin dlll (252)

PASK-IBA3

3226 bp
y/
Tet repressor /
\ -
Am

P

Figure 2.7 pASK-IBA3 plasmid

The pASk-IBA3 plasmid contains the following features: Tet promoter, anhydrotetracycline-
inducible promoter; Amp, ampicillin-resistance gene; Tet repressor, repressor of Tet promoter.
Restriction endonucleases are illustrated, and numbers in brackets mark the cut sites of the
restriction endonucleases. The gene of interest to be expressed in E. coli is directionally cloned into
pASK-IBA3 using Bsal restriction sites.

2.5.7 Antibody production and purification

Rabbit polyclonal antibodies were raised against recombinant LIPArs-Strep,
LIPBg.-Strep and LPLAT,-Strep proteins, by Eurogentec (Belgium), following their
standard immunization protocols. 400 ug of each antigen was subjected to SDS-
PAGE and Coomassie blue staining, the band excised and injected into rabbit; two

rabbits were inoculated per antigen.

Antibodies specific to the recombinant proteins were purified from antisera by
affinity chromatography purification using AminoLink Coupling resin, according to

instructions provided by the manufacturer (Thermo Scientific). Briefly, 1 mg of
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recombinant protein used to inoculate rabbits for antibody production was dialysed
into 1 ml PBS using a Centricon Plus-20 centrifugal filter device (Millipore), in
order to dilute out any amines from the elution fraction. The protein was then
covalently linked to 2 ml AminoLink Coupling slurry (1 ml CV of resin) by treatment
with cyanoborohydride. Any remaining binding sites were blocked by treatment
with a quenching buffer (1 M Tris-HCI, pH 7.4). The covalently bound protein was
then washed with wash buffer (1 M NaCl) and equilibrated with 5 CV of Protein A
IgG binding buffer. 5 ml of antiserum to be purified was added to 2.5 ml Protein A
IgG binding buffer before transferring the mixture to the prepared column. The
column was washed with 20 ml Protein A IgG binding buffer. Ten 500 pl elutions
were carried out with Protein A IgG elution buffer into tubes containing 25 pl of
neutralisation buffer (1 M Tris-HCI, pH 9.0).

2.6 DNA content analysis

Fluorescence activated cell sorting (FACS) analysis was used in order to
determine the DNA content of transgenic parasites. Mid-log promastigotes were
centrifuged for 5 min at 1,000 g at 4 C, washed with PBS and then resuspended
in 1 ml of 70 % (v/v) methanol in PBS. Fixation in methanol was carried out at 4 C
for at least 1 h to overnight. Prior to analysis, the cells were washed once in PBS
and then resuspended in 1 ml of PBS containing 10 pg ml™ propidium iodide and
10 ug mi™* RNAse A, and DNA labeling was carried out at 37 € for 1 h in a light-

protected box.

FACS analysis was carried out with a Becton Dickinson FACSCalibur, using the
FL2-A (fluorescence intensity at 585/642 nm, note Aemission Propidium iodide = 620
nm under an Aexcitation = 488 nm (blue, Uniphase Argon lon Laser)), the Forward
Scatter (FSC, relative cell size) and the Side Scatter detectors (SSC, cell
granulometry or internal complexity). For each sample, at least 10,000 events
(cells) were counted. Data was interpreted with CellQuestPro software (BD

Bioscience).
2.7 Statistical analyses

All graphs and statistical analyses were carried out using the program Prism 3.0
(GraphPad), unless otherwise stated. All experiments with statistical data attached
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were carried out in duplicate, and one-way ANOVA with Tukey post-test used to
determine the significance of results; p-values < 0.05 were considered to be

significant.
2.8 Functionality assays

As discussed in Section 2.5.6, full-length- and different truncated versions of LIPA,
LIPB and LPLA were cloned into pASK-IBA3, in order to test for the optimal
expression construct for recombinant protein purification. In order to determine
whether the different constructs encoded functional proteins, LIPA-IBA3 constructs
were transformed into the lipA deficient E. coli strain KER176 (Vanden Boom et
al., 1991), and LIPB-IBA3 and LPLA-IBA3 constructs were transformed into the
lipB deficient E. coli strain KER184 (Vanden Boom et al., 1991). Functionality was
assessed by whether the constructs would complement the growth defect of the
bacterial lines when grown on minimal medium (see Section 2.1.1). Both cell lines
were grown on M9 minimal plates containing 100 mg ml™* ampicillin (to select for
the construct), 50 mg mlI™* kanamycin (to select for the transgenic cell line) and 200
ng mI* ATc (to induce recombinant protein expression) and without- or with

supplementation of 10 uM LA.
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3 In silico and functionality studies

3.1 Introduction

In all organisms, a-KADHs and the GCC are intricately linked to energy
metabolism (Perham, 2000) and (Douce et al., 2001). LA is an essential
component of these complexes, covalently linked to the acyl transferase subunits
of a-KADHs and to the H-protein of the GCC. The post-translational event that
transfers LA to apoproteins is referred to as lipoylation. Two pathways exist to
carry out lipoylation; LA biosynthesis and LA salvage. Biosynthesis enzymes LIPA
and LIPB have been studied to varying degrees in E. coli (Jordan & Cronan,
1997a; Reed & Cronan, 1993), M. tuberculosis (Sassetti et al., 2003), P.
falciparum (Wrenger & Muller, 2004), T. gondii (Thomsen-Zieger et al., 2003), A.
thaliana (Yasuno & Wada, 2002) and H. sapiens (Morikawa et al., 2001). Salvage
of LA in E. coli requires just one enzyme, LPLA (Morris et al., 1994; Reed et al.,
1994), which catalyses the formation of an activated intermediate, lipoyl-AMP, and
the subsequent transfer of the lipoyl moiety to the apoprotein. The mammalian
system necessitates the sequential action of two enzymes for activation and
transfer of LA to the apoprotein; ACSM1 (Fujiwara et al., 2001) and LT (Fujiwara
et al., 1997a; Fujiwara et al., 1999), respectively.

In this chapter, an in silico approach was employed in order to identify and analyse
potential components comprising a-KADHSs, the GCC and the enzymes involved in
LA acquisition and ligation in L. major. The next aim was to determine whether
lipoylation of the acyl transferase and H-protein subunits occurs in L. major
promastigotes. Subsequently, the genes encoding L. major LIPA, LIPB and LPLA
were heterologously expressed in E. coli deficient in either lipA or lipB, in order to
ascertain whether L. major encodes active lipoylating machinery. Finally, the

effects of LA analogues on promastigote growth and lipoylation were studied.
3.2 Sequence analyses of lipoylated protein complex  es

In order to identify potential homologues of a-KADH subunits and subunits of the
GCC, the L. major genome database was searched by TBLASTN using H. sapiens
and E. coli amino acid sequences as queries (as described in Section 2.3).

Potential homologues of a-KADH subunits were identified (see Table 3.1):
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1. Four genes encoding the a-ketoglutarate dehydrogenase (a-KGDH)
complex; two a-ketoglutarate dehydrogenase isoenzymes (designated E1k-

A and E1k-B) and one succinyl transferase (E2Kk).

2. Four genes encoding the pyruvate dehydrogenase (PDH) complex; two
pyruvate dehydrogenase heteromers (Elp-a and Elp-B) and one acetyl

transferase (E2p).

3. Four genes encoding the branched-chain a-ketoacid dehydrogenase
(BCKDH) complex; two branched-chain dehydrogenase heteromers (E1lb-a

and E1b-B) and one branched-chain transacylase (E2b).

4. One gene encoding the lipoamide dehydrogenase subunit (LipDH), which is

presumably common to all a-KADHSs.

In addition, potential homologues of components of the GCC were identified (see
Table 3.1):

1. One lipoyl-domain protein (H-protein).

2. One glycine dehydrogenase (P-protein).

3. Two aminomethyl transferase isoenzymes (T-protein-A and T-protein-B).

4. One gene encoding the LipDH subunit, which is presumably the same as
that used by a-KADHSs.



Predicted Sizes (kDa Systematic Name Targeting Predictions (%) Identity of L. major to other species (%)
Subunit E. coli H. sapiens L. major L. major Mitoprot Target P H. sapiens E. coli
Elp 99.7 (AAC73225) [N/A N/A N/A N/A N/A N/A N/A
Elp-a N/A 43.3 (NP_000275) 42.9 LmjF18.1380 79 MT 47 MT 43 N/A
Elp-B N/A 39.2 (NP_000916) 37.9 LmjF25.1710 99 MT 87 MT 57 N/A
Elk 105.1 (ACB01934) [115.9 (NP_002532) |N/A N/A N/A N/A N/A N/A
Elk-like N/A 114.5 (NP_060715)  |N/A N/A N/A N/A N/A N/A
E1k-A N/A N/A 114.4 LmjF36.3470 97 MT 92 MT 35 33
E1k-B N/A N/A 112.7 LmjF27.0880 95 MT 78 MT 34 (36 to LmE1k -A) 32
Elb-a N/A 50.5 (NP_000700) 53.3 LmjF21.1430 80 MT 85 MT 36 N/A
Elb-B N/A 43.1 (NP_000047) 40 LmjF35.0050 84 MT 73 MT 49 N/A
P-protein 1104.4 (AAC75941) [112.7 (NP_000161) [108.5 |LmjF26.0030 |95 MT |86 MT 147 [46
E2p 66.1 (AAC73226) [68.9 (NP_001922) 48.7 LmjF36.2660 86 MT 52 MT 24 18
62 SP
E2p-like N/A 54.1 (NP_001128496) [46.1 LmjF21.0550 61 MT 5MT 15 to Hs pE2 N/A
85 SP 16 to Hs E3BP**
E2k 144 (AAA23898) [48.6 (NP _001924)  ]41.7 |LmjF28.2420 [96 MT [78 MT I38 [39
E2b INA [53.5 (NP 001909)  |50.2 |LmjF05.0180 [100 MT [92 MT 141 [N/A
H-protein 113.8 (AAC75942) [18.9 (NP_004474) |15.2 |LmjF35.4720 |76 MT [50 MT 136 [37
LipDH 50.7 (AAC73227) [54.2 (NP_000099) 50.6 LmjF32.3310 9 MT (ATG start) 21 MT (ATG start) 47 38
16 SP, 57 OT (ATG start)
23 MT (GTG start) 83 MT (GTG start)*
T-protein 40.1 (AAC75943)  [43.9 (NP_000472) N/A N/A N/A N/A N/A N/A
T-protein A [N/A N/A 43.2 LmjF36.3800 17 MT 12 MT 29 38
25 SP, 38 OT
T-protein B [N/A N/A 41.3 LmjF36.3810 17 MT 12 MT 29 39
25 SP, 38 OT
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Table 3.1 Sequence analyses of subunits of L. major a-KADHs and of the GCC

L. major homologues of subunits of a-KADHs and of the GCC were identified as described in
Section 2.3. Red subunits are those which catalyse the oxidative decarboxylation of substrates.
Blue subunits are those that carry out transferase reactions. The green subunit is common to both
a-KADHSs and the GCC and catalyses the re-oxidation of dihydrolipoic acid (DHLA) to oxidised LA.
In the 'Protein Size' column, accession numbers of E. coli and H. sapiens proteins are shown in
brackets. Mitochondrial targeting predictions were carried out by analysing L. major protein
sequences with MitoProt or TargetP. The results obtained indicate the percent likelihood of
mitochondrial targeting (MT). Some proteins were predicted to possess signal peptides (SP), or an
alternative processing type (OT). The mitochondrial targeting for the LipDH subunit was
unexpectedly low. However, by starting the ORF at a GTG 75 bp upstream of the predicted ATG
start, the likelihood of mitochondrial targeting was significantly increased (*). Amino acid sequence
identity of L. major a-KADH- and GCC subunits to E. coli and H. sapiens homologues was
determined using Vector NTI (see Section 2.3). In the case of the L. major E2p-like protein, in
addition to aligning with H. sapiens E2p, an alignment was also performed with the human E3
binding protein (E3BP) (**).

3.2.1 a-Ketoglutarate dehydrogenase ( a-KGDH) complex

3.2.1.1 a-Ketoglutarate dehydrogenase isoenzymes (E1k-A and E1k-
B)

The E1k subunit of the a-KGDH complex catalyses the oxidative decarboxylation
of a-ketoglutarate to form CO, and a succinyl group, in a TPP-dependent manner
(Perham, 1991; Perham, 2000). Whereas the PDH E1 (E1lp) and BCKDH E1 (E1b)
subunits in most organisms studied tend to form heterotetramers, E1k proteins are
active as homodimers. Recent in silico analyses indicate that mammalian species
such as H. sapiens and M. musculus possess an E1k isoenzyme, E1k-like (E1KL)
(Bunik & Degtyarev, 2008). H. sapiens E1k (HsE1k) and E1kL (HSE1kL) share 75
% sequence identity. Experimental evidence has shown HsE1KkL to have different

kinetic properties from HsE1k, and different tissue specificity (Bunik et al., 2008).

L. major encodes two potential E1k proteins, LmjE1k-A and LmjE1k-B (see Table
3.1). The genes are located on chromosomes 36 and 27, respectively (see Table
3.1). LmjE1k-A and LmjE1k-B are predicted to be 114.4 kDa and 112.7 kDa,
respectively, and as such are both similar in size to HsgElk (115.9 kDa) and
HsSE1kL (114.5 kDa). Unlike the high sequence identity shared between HsSE1k
and HsE1kL (75 %), LmjE1k-A shares only 36 % identity to LmjE1k-B, and both
have similar identities to HSE1lk (35 % and 34 %, respectively) and E. coli E1k
(ECE1K) proteins (33 % and 32 %, respectively) (see Table 3.1 and Appendix
Figure 7.1 and Table 7.1). The two potential LmjE1k isoenzymes are predicted to

be mitochondrial by prediction programmes MitoProt (95 % and 75 % confidence
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levels, respectively) and TargetP (78 % and 92 % confidence levels, respectively)
(see Table 3.1).

The fact that H. sapiens possesses the functional E1k isoenzyme E1kL has been
discussed two paragraphs above. In human, in silico analyses resulted in the
identification of another Elk-like protein named dehydrogenase E1 and
transketolase domain-containing 1 (HsDHTDK1) protein (Bunik & Degtyarev,
2008). HsDHTDK1 lacks three conserved motifs that are required for Ca?'
activation, and in this sense is more similar to bacterial E1k proteins (Bunik &
Degtyarev, 2008). ClustalW alignment of LmjE1k-A and LmjE1k-B with different
vertebrate E1k, E1KL and DHTDK1 proteins revealed some potentially interesting
differences (see Appendix Figure 7.1). Firstly, LmjE1k-A and LmjE1k-B possess
most of the required motifs for a-ketoacid dehydrogenase activity, such as lipoyl-
domain-binding motifs and TPP-binding motifs (see Appendix Figure 7.1).
However, LmjE1k-A and LmjE1k-B lack all three conserved motifs required for
binding of Ca?*. In addition, as for DHTDK1, LmjE1k-A and LmjE1k-B have altered
o-ketoglutarate substrate binding motifs (see Appendix Figure 7.1). Bunik et al.
(2008a) discuss this phenomenon in the context of DHTDK1, and hypothesise that

DHTDK1 could use substrates other than a-ketoglutarate, such as glyoxylate.
3.2.1.2 Succinyl transferase subunit (E2K)

The E2k subunit of the a-KGDH complex catalyses the transfer of the succinyl
group from E1k onto CoA, in a LA-dependent manner (Perham, 1991; Perham,
2000). In all a-KADHSs, the E2 components are assembled into either a cubic (24-
mer) or a dodecahedral (60-mer) inner core, around which E1 and E3 components
bind.

Bioinformatics analyses indicate that L. major possesses a single E2k gene
encoding the succinyl transferase, LmjE2k. LmjE2k has a relatively high sequence
identity to H. sapiens E2k (HSE2K) (38 %) and E. coli E2k (ECE2K) (39 %) (see
Table 3.1). LmjE2k is predicted to be mitochondrial by prediction programmes
MitoProt and TargetP (96 % and 78 % confidence levels, respectively) (see Table
3.1).

ClustalW alignment with H. sapiens and E. coli homologues illustrates that LmjE2k

has a single lipoyl-domain at the N-terminus. However, the strictly conserved motif
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“2TDK* in EcE2k is ®**SDK®® in LmjE2k (see Appendix Figure 7.7), and this is the
same for all other trypanosomatid species with sequenced genomes available (L.
infantum, L. braziliensis, T. brucei and T. cruzi). This seemingly kinetoplastid-
specific anomaly could be of significance given that the Thr*? residue of the
“2TDK* motif has been shown to be very important in the reductive succinylation
of the E2k-bound lipoyl moiety by Elk (Jones & Perham, 2008). On the other
hand, threonine and serine are similar residues in that both are polar and

uncharged, and as such may be interchangeable.

LmjE2k has the conserved **DHRxxDG>** motif at the C-terminus (see Appendix
Figure 7.7), the His**® of which is required for succinyl transferase catalytic activity
(Reed & Hackert, 1990).

However, unlike bacterial and mammalian E2k and E2b proteins, LmjE2k lacks a
strictly conserved Arg'* residue (Ciszak et al., 2006) that permits binding to both
E1 and E3 proteins, and instead has Lys*, which given its similarity in size and
charge to arginine, may fulfil a similar role (see Appendix Figure 7.9).

3.2.2 Pyruvate dehydrogenase (PDH) complex

3.2.2.1 Pyruvate dehydrogenase subunits (E1p-a and E1p-[3)

The Elp subunit of the PDH complex catalyses the oxidative decarboxylation of
pyruvate to form CO, and an acetyl group in a TPP-dependent manner (Perham,
1991; Perham, 2000). Eukaryotic E1p subunits (Wexler et al., 1991) and those
from gram-positive bacteria such as Bacillus species (Lessard & Perham, 1994)
are comprised of heterotetramers, whereas Elp subunits from gram-negative
bacteria such as E. coli are homodimers (de Kok et al., 1998).

Searching the L. major genome for homologues resulted in the identification of two
genes, the products of which have been designated LmjE1lp-a and LmjE1lp-3 (see
Table 3.1). LmjElp-a and LmjE1p-B are predicted to be 42.9 kDa and 37.9 kDa,
respectively, and are therefore more similar in size to H. sapiens E1lp-a (HSE1lp-a)
and H. sapiens E1p-B (HsE1p-B) (43.2 kDa and 39.2 kDa, respectively) than to the
single E. coli E1p (EcE1p) (99.7 kDa) (see Table 3.1). This information (combined

with that provided below) is in accordance with LmjE1p-a and LmjE1p-B forming
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heteromers. Both L. major Elp proteins have high identities to the respective
HsElp-a and HSE1p-f subunits (43 % and 57 %, respectively) (see Table 3.1 and
Appendix Figure 7.2 and Figure 7.3). Both proteins are predicted to be
mitochondrial by MitoProt and TargetP programmes, with confidence values of 79
% and 47 % respectively, for LmjElp-a, and 99 % and 87 % respectively, for
LmjE1p-PB (see Table 3.1).

ClustalW alignment of LmjElp-a and LmjElp-B with mammalian homologues
revealed that some of the amino acids within conserved motifs are different in L.
major Elp proteins, however the overall conservation is high. For example, the
conserved motif in Elp-a proteins involved in interacting with the thiamine
diphosphate (TPP) cofactor, catalysing the decarboxylation of pyruvate, and
interacting with the lipoyl-domain of the E2p subunit (***TYRY(H/g)GHSMSDPG?*®
in HsElp-a) is instead *’°CYRYMGHSMSDPD?* in LmjElp-a (see Appendix
Figure 7.2). Another example is a motif found in E1p-f3 proteins that is involved in
binding the lipoyl-domain of the E2p subunit (‘***EFM(T/s)FNFSMQAID'* in
HsElp-a), which is instead “*EFMTFNFAMQAID*® in LmjE1lp-B (see Appendix
Figure 7.3). The significance of such differences remains unknown, yet they could
reflect subtle species-specific adaptations to different substrates for example.

3.2.2.2 Acetyl transferase (E2p) and E3-binding protein (E3BP)

subunits

The E2p subunit of the a-PDH complex catalyses the transfer of the acetyl group
from E1lp onto the acceptor protein coenzyme A (CoA), in a LA-dependent manner
(Perham, 1991; Perham, 2000). In all a-KADHs, the E2 components are
assembled into either a cubic (24-mer) or a dodecahedral (60-mer) inner core,
around which E1 and E3 components bind. Mammals (De Marcucci & Lindsay,
1985) and some yeast (Maeng et al., 1994) (but not bacteria) also encode a
structurally similar protein, E3-bindng protein (E3BP). In these organisms, the E2p
subunit cannot bind the E3 subunit directly. As such, E3 binds to E3BP and is
inserted into the E2p scaffold (Sanderson et al., 1996a; Sanderson et al., 1996b).

Querying the L. major genome with H. sapiens E2p (HsE2p) and E. coli E2p
(ECE2p) protein sequences resulted in the identification of a single LmjE2p-

encoding gene, and a gene encoding an E2p-like protein (LmjE2pL). The
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predicted size of LmjE2p is 48.7 kDa, which is 20 kDa smaller than the HsE2p and
EcE2p proteins (see Table 3.1). The size discrepancy can be explained by 20 kDa
N-terminal extensions in HSE2p and EcE2p proteins compared to LmjE2p (see
Appendix Figure 7.8). The large N-terminal extensions in EcE2p and HsE2p
consist of two additional lipoyl-domains (L1 and L2 lipoyl-domains) (Guest et al.,
1985). LmjE2p has 24 % and 18 % sequence identity to HSE2p and EcE2p
proteins, respectively (see Table 3.1). Subcellular targeting prediction programmes
give different results with regards to LmjE2p subcellular localisation; MitoProt
predicts mitochondrial targeting (86 % confidence level), yet TargetP predicts with
only moderate confidence that LmjE2p is mitochondrial (52 % confidence level)
and with higher confidence (62 %) that LmjE2p possesses a secretory signal
peptide (see Table 3.1). Given that E2p is integral to the formation and function of
the PDH complex, one would expect LmjE2p to be mitochondrial, and indeed
evidence is provided that this is probably the case in L. major (see Section 5.4.1).
LmjE2p possesses a single lipoyl-domain with the motif °°TDKA®?, as well as the
C-terminal motif ***DHRxxDG®?°; the former is involved in binding LA and the latter
is integral to the transfer of the acetyl group from the Elp subunit to a CoA

acceptor protein (see Appendix Figure 7.8) (Reed & Hackert, 1990).

As mentioned, a second gene that shares some homology to LmjE2p, LmjE2pL, is
predicted in the L. major genome (see Table 3.1). The most obvious candidate for
the LmjE2pL protein would be the E3BP. Human and yeast E3BP have
reasonable sequence identities to their respective E2p proteins (30 % and 20 %,
respectively). Similarly, LmjE2p and LmjE2pL share 18 % amino acid sequence
identity. The sequence identities of LmjE2pL to HSE2p and HSE3BP are low (15 %
and 16 %, respectively) (see Table 3.1). As for LmjE2p, the mitochondrial targeting
prediction by MitoProt is reasonably high (61 % confidence level), whereas
TargetP predicts with high confidence (85 %) that LmjE2pL has a secretory signal

sequence (see Table 3.1).

In yeast and humans, E3BP has the conserved ®*TDKA® motif (HSE3BP
numbering), the Lys® of which can be lipoylated by lipoyl transferases (Sanderson
et al., 1996b). LmjE2pL also possesses the conserved *'TDKA* motif, and
possibly a second functional motif *’'TDKA'® (see Appendix Figure 7.8). Yeast
and human E3BP do not possess acetyl transferase activity, since the strictly
conserved His®® residue within the motif ***DHRxxDG®*® (HsE2p numbering), is
instead Ser*® (HsE3BP numbering) (Neagle et al., 1989). LmjE2pL also lacks this
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histidine residue and the motif is instead **°*YKSxxDT*"? (with bold residues
representing those residues that are not conserved in LmjE2pL) (see Appendix
Figure 7.8). The H. sapiens PDH (HsPDH) complex requires E3BP to insert E3
into the E2p scaffold, since HSE2p only has the capacity to interact with E1 and
E3BP (Ciszak et al., 2006). Interestingly, LmjE2p has Val*”® and Arg'’’ residues
(see Appendix Figure 7.9), which could permit binding of both E1 and E3 subunits
according to predictions made by Cizak et al. (2006). However, LmjE2pL does not

2 and 1le'®

possess the strictly conserved "°SPAXRNxxE'® motif, or the Pro®
residues (see Appendix Figure 7.9) that have been shown in HSE3BP to make
important contacts with the E3 subunit (Ciszak et al., 2006). As such, although in
silico analyses generally infer that LmjE2pL may be E3BP, experimental evidence
would be required to confirm the localisation of LmjE2pL, as well as the nature of

its interactions with other subunits of the PDH complex.

3.2.3 Branched chain a-ketoacid dehydrogenase (BCKDH)

3.2.3.1 Branched chain ketoacid dehydrogenase subunits (E1b-a and
Elb-B)

The E1b subunit of the BCKDH complex catalyses the oxidative decarboxylation of
branched-chain o-ketoacids 2-ketoisocaproate, 2-keto-3-methylvalerate and 2-
ketoisovalerate (derived from leucine, isoleucine and valine, respectively) to form
CO; and an acyl group (isovaleryl, 2-methylbutyryl or isobutyryl, respectively), in a
TPP-dependent process (Massey et al., 1976). E1b subunits in human (Aevarsson
et al., 2000) and gram-negative bacterium Pseudomonas putida (Aevarsson et al.,

1999) are heterotetrameric.

Searching the L. major genome for homologues resulted in the identification of two
genes, LmjElb-a and LmjElb-B (see Table 3.1). LmjElb-a and LmjElb-f3 are
predicted to be 53.3 kDa and 40.0 kDa, respectively, and are therefore similar in
size to H. sapiens Elp-a (HsElp-a) and Elp-B (HsElp-B) (50.5 kDa and 43.1
kDa, respectively) (see Table 3.1). This information (combined with that provided
below) is in accordance with LmjElb-a and LmjE1b-f3 forming heteromers. Both L.
major E1b proteins have high identities to the respective HsE1lb-a and HsSE1lb-f3
subunits (36 % and 49 %, respectively) (see Table 3.1 and Appendix Figure 7.4
and Figure 7.5). Both proteins are predicted to be mitochondrial by MitoProt and
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TargetP programmes, with confidence values of 80 % and 84 %, respectively, for
LmjE1b-a, and 85 % and 73 %, respectively, for LmjE1b- (see Table 3.1).

ClustalW alignment of LmjElb-a and LmjElb-B with mammalian homologues
revealed that some of the amino acids within conserved motifs of LmjE1b-f3 are
different to those found in mammalian Elb-B proteins; however, the overall
conservation is high. For example, the conserved motif in E1b-$3 proteins involved
in interacting with the TPP cofactor (**°E[I/m]QF**° in HsE1lb-B) is instead
1ZEVQF*® in LmjE1b-B (see Appendix Figure 7.5). The significance of such

differences remains unknown.
3.2.3.2 Branched-chain transacylase subunit (E2b)

The E2b subunit of the BCKDH complex catalyses the transfer of the acyl group
(either isovaleryl, 2-methylbutyryl or isobutyryl) from E1b onto the acceptor protein
CoA, in a LA-dependent manner (Perham, 1991; Perham, 2000). In all a-KADHSs,
the E2 components are assembled into either a cubic (24-mer) or a dodecahedral

(60-mer) inner core, around which E1 and E3 components bind.

Bioinformatics analyses indicate that L. major possesses a single gene encoding
the branched-chain transacylase, LmjE2b. LmjE2b has a relatively high sequence
identity to H. sapiens E2b (HsSE2b) (40 %) (see Table 3.1). LmjE2b is predicted to
be mitochondrial by prediction programmes MitoProt and TargetP (100 % and 92

% confidence levels, respectively) (see Table 3.1).

ClustalW alignment with mammalian homologues illustrates that LmjE2b has a
single lipoyl-domain at the N-terminus, with the diagnostic motif **SDKA®, the
Lysss

LmjE2b is likely to be catalytically active, given that the ***DHRxxDG**? motif is
447

of which is lipoylated by lipoyl transferases (see Appendix Figure 7.10).

present, the His
& Hackert, 1990).

of which is required for acyl transferase catalytic activity (Reed

However, unlike bacterial and mammalian E2k and E2b proteins, LmjE2k lacks a
conserved Arg'® residue (Ciszak et al., 2006) that permits binding to both E1 and
E3 proteins, and instead has Lys*’, which given its similarity in size and charge to

arginine, may fulfil a similar role (see Appendix Figure 7.9).
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3.2.4 Glycine cleavage complex (GCC)

3.2.4.1 Lipoyl-domain subunit (H-protein)

In the GCC, H-protein is monomeric (Nakai et al., 2003a; Pares et al., 1994),
unlike the E2 subunits of a-KADHs, which form 24-mers or 60-mers (Perham,
1991; Reed & Hackert, 1990). However, 27 H-protein monomers are found within
the GCC of Pisum satisvum (PsGCC) (Oliver et al., 1990). Similarly to E2
subunits, H-protein possesses a lipoyl-domain which binds LA and acts as a
"swinging arm" domain that permits access of each catalytic subunit in turn, to the
essential lipoyl moiety. Nevertheless, unlike E2 subunits, H-protein bears no
catalytic activity (Macherel et al., 1992).

Bioinformatics analyses indicate that L. major encodes a single lipoyl-domain
protein, LmjH-protein. LmjH-protein has a reasonable sequence identity to H.
sapiens H-protein (HsH-protein) (36 %) and E. coli H-protein (EcH-protein) (37 %)
(see Table 3.1). LmjH-protein is predicted to be mitochondrial by prediction
programmes MitoProt and TargetP (76 % and 50 % confidence levels,

respectively) (see Table 3.1).

Clustalw alignments with mammalian homologues reveals that LmjH-protein
possesses the motif °SVKA’®, the strictly conserved Lys’® of which becomes
lipoylated by lipoyl transferases (see Appendix Figure 7.11). Additionally, strongly
conserved negatively-charged residues Glu*®, Asp®? and Glu” that make contacts
with P-protein and T-protein (Nakai et al., 2003a) are present, however one

glutamate residue is instead Asn® (see Appendix Figure 7.11).
3.2.4.2 Glycine dehydrogenase subunit (P-protein)

The P-protein subunit of the GCC complex is a pyridoxal 5'-phosphate (PLP)-
dependent enzyme that catalyses the oxidative decarboxylation of glycine to form
CO, and aminomethylated H-protein (Douce et al., 2001). Eukaryotic P-proteins
(for example, human) (Kume et al., 1991) and some prokaryotic P-proteins (for
example, E. coli) (Okamura-lkeda et al., 1993) occur as homodimers, whereas
most prokaryotic P-proteins typically form heterotetramer P-protein complexes (for

example, Thermus thermophilus) (Nakai et al., 2003b). In the PsGCC two
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homodimers of P-protein are necessary and sufficient for glycine decarboxylase
activity (Oliver et al., 1990).

The L. major genome possesses one gene encoding LmjP-protein. The L. major
homologue has relatively high sequence identity to E. coli P-protein (EcP-protein)
(46 %) and H. sapiens protein (HsP-protein) (47 %) (see Table 3.1). LmjP-protein
is predicted to be mitochondrial by MitoProt and TargetP, with confidence levels of
95 % and 86 %, respectively (see Table 3.1). The mitochondrial localisation of
LmjP-protein has been verified experimentally in L. major promastigotes by over-
expression of an LmjP-protein-GFP reporter construct (Scott et al., 2008).

LmjP-protein contains all of the residues known to be important in lining the active
site (such as the **PLGSCTMKLN>® motif), and for interaction with lipoamide
(GIn®** and His®®) (see Appendix Figure 7.6). The only potentially important
differences are two changes in residues involved in binding H-protein, whereby

LmjP-protein has Lys*’ 326 360

329

instead of Arg®”, and at another position has Arg

instead of Lys™” (see Appendix Figure 7.6). However, the most important factor
involved in binding H-protein is thought to be the positive charge within this motif
(Nakai et al., 2005), and the changes just outlined would keep the charge the
same as that found in EcP-protein and HsP-protein. Indirect evidence has proven
that LmjP-protein (and as such the GCC in L. major) is active (Scott et al., 2008);
inactivation of the LmjP-protein gene in promastigotes resulted in a significant loss
of [2-'*C] glycine incorporation into DNA, which is ordinarily derived from 5,10-
methylene-tetrahydofolate (5,10-CH,-THF) produced via the GCC (Scott et al.,

2008).

3.2.4.3 Aminomethyl transferase subunit isoenzymes (T-protein-A and
T-protein-B)

The T-protein subunit of the GCC complex catalyses the transfer of the methylene
group (CHy) from aminomethylated H-protein to a tetrahydrofolate (THF) acceptor,
to produce 5,10-CH2-THF and ammonia (NH3) (Douce et al., 2001). T-protein is a
monomeric protein, and forms a 1:1 ratio with H-protein (Okamura-lkeda et al.,
1993). A total of 9 T-protein monomers have been determined for the PsGCC
(Oliver et al., 1990).
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Searching the L. major genome revealed two potential T-protein genes, which are
arranged in tandem on chromosome 36. The GCC studied in all other organisms
involves one T-protein. As such, it is possible that there is an
annotation/sequencing mistake in the L. major genome project. However, L.
infantum has two predicted T-protein genes, yet L. braziliensis has only one, which
potentially indicates that a gene duplication event occurred in L. major and L.
infantum but not in L. braziliensis. The two L. major T-proteins, LmjT-protein-A and
LmjT-protein-B, are identical, except that LmjT-protein-A has a C-terminal
extension of 17 amino acids, which is not present in either the human or E. coli
homologues. The two L. major homologues share moderate sequence identity to
E. coli T-protein (EcT-protein) (29 %) and H. sapiens T-protein (HsT-protein) (38
%) (see Table 3.1). Given that both LmjT-protein-A and LmjT-protein-B are
identical apart from the terminal 17 amino acids, they possess exactly the same N-
terminal sequences involved in subcellular targeting. Mitochondrial targeting
predictions by MitoProt and TargetP are poor (17 % and 12 %, respectively) (see
Table 3.1). However, given the experimentally-proven mitochondrial localisation
and function of LmjP-protein (Scott et al., 2008), one would certainly expect LmjT-

protein (isoform A or B) to also be mitochondrial.

Both LmjT-protein-A and LmjT-protein-B possess the conserved motifs (Lee et al.,
2004) involved in binding H-protein, such as the **GYTGExXGXE**® motif (see
Appendix Figure 7.12). Additionally, the **>GLGARDx,RXEAXsLYG?** motif that
surrounds the aliphatic portion of LA, is present in LmjT-protein-A and Lm;jT-
protein-B (see Appendix Figure 7.12). Lastly, LmjT-protein-A and LmjT-protein-B
possess the conserved motif 38Gx,TSGx,SPxL3** that makes key contacts with

the T-protein cofactor, THF (see Appendix Figure 7.12).
3.2.5 Dihydrolipoamide dehydrogenase subunit (LipDH )

Most eukaryotic organisms and bacteria possess a single gene encoding lipDH.
The LipDH protein is a subunit of a-KADHs (E3 subunit) and the GCC (L-protein)
(Perham, 2000). In both complexes, the role of LipDH is to re-oxidise DHLA to LA
with the concomitant generation of reduced NADH, in a process that requires the
cofactor flavin adenine dinucleotide (FAD). Eukaryotic (for example, human)
(Ciszak et al., 2006) and prokaryotic (for example, Azotobacter vinelandii) (Mattevi
et al., 1991) LipDH proteins form tightly-bound homodimers. One L-protein dimer
Is associated with the GCC (Oliver et al., 1990), whereas a-KADHs require 12
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copies of E3. Unlike in the a-KGDH and BCKDH complexes (and the PDH
complex in bacteria), where E3 homodimers directly bind to the E2 scaffold,
interaction of E3 with E2p in the mammalian PDH complex requires E3BP. There
is a 1:1 stoichiometry of E3 homodimer binding to E3BP monomer, and 12 E3BP
monomers bind to E2p (Ciszak et al., 2006).

Querying the L. major genome with H. sapiens LipDH (HsLipDH) and E. coli LipDH
(EcLipDH) proteins resulted in four significant hits. Analysis of all four L. major
predicted proteins revealed that only one — LmjF32.3310 — possessed all motifs
diagnostic of LipDH enzymes (see Appendix Figure 7.13). LmjLipDH has relatively
high sequence identity to human and E. coli LipDH homologues (47 % and 38 %,
respectively). However, the confidence of mitochondrial targeting is very low if one
assumes the open reading frame of the gene to begin at a classical ATG codon (9
% for MitoProt and 21 % for TargetP) (see Table 3.1). If the ORF is presumed to
start at a GTG codon that is 75 bp upstream of the ATG start codon, the resulting
protein is predicted to be mitochondrial with higher confidence values (23 % for
MitoProt and 83 % for TargetP) (see Table 3.1). Nevertheless, | was not able to
identify any studies indicating that GTG is a valid start codon in Leishmania. Given
the high degree of confidence in mitochondrial localisation predicted by MitoProt
and TargetP for the majority of components of the a-KADHs and GCC in L. major,
combined with the experimental evidence showing LmjP-protein to be
mitochondrial (Scott et al., 2008), one would expect LmjLipDH to be mitochondrial

also.

Clustalw alignment of LmjLipDH with HsLipDH and EcLipDH proteins revealed
that LmjLipDH possesses all motifs diagnostic of LipDH enzymes. Firstly,
LmjLipDH possesses the **GxGx,G*® motif, which is involved in binding of the
pyrophosphate moiety of FAD (see Appendix Figure 7.13) (Mattevi et al., 1991).
Secondly, the redox active CLNVGC® motif is present in LmijLipDH (see
Appendix Figure 7.13) (Thorpe & Williams, 1976). Thirdly, LmjLipDH has the
conserved glycine-rich 2®*GxGxIGXExsVx,G**' motif, which is important in binding
NADH (see Appendix Figure 7.13) (Mattevi et al., 1992). Lastly, LmjLipDH
possesses the acid/base catalyst motif “®*HPTx.E**, which is an integral

component of the active site (see Appendix Figure 7.13).



Chapter 3 83

3.2.6 a-KADH kinases and phosphatases

In mammals, but not lower eukaryotes such as yeast or prokaryotes, a-KADH
complex activities are regulated by specific mitochondrial kinases and
phosphatases.

3.2.6.1 a-KADH kinases

In human, four highly homologous isoforms of PDH kinase (PDK-1-4), and one
BCKDH kinase (BCKDK) have been identified, although the a-KGDH complex has
no known associated kinases or phosphatases. PDK forms homodimers, whereas
BCKDK is more stable in a tetrameric formation (Machius et al., 2001; Wynn et al.,
2000). PDK and BCKDK are mitochondrial serine kinases belonging to the
ATPase/kinase superfamily (Bowker-Kinley & Popov, 1999; Dutta & Inouye, 2000),
and are distantly related to the protein histidine kinase (PHK) family (Koretke et al.,
2000).

PDK and BCKDK down-regulate the activity of their respective a-KADHs by
phosphorylating specific serine residues on E1 subunits (Roche et al., 2001,
Roche & Hiromasa, 2007). It has been shown that a-KADH kinases bind to the
lipoyl-domain of E2p (specifically to the second lipoyl-domain, L2) and E2b
subunits (Bao et al., 2004; Roche et al., 2003; Wynn et al., 2000), and that the
level of phosphorylation of E1 subunits is dependent upon the lipoylation state of

the lipoyl-domain (Roche & Hiromasa, 2007).

In order to identify potential homologues of a-KADH kinases, the L. major genome
database was queried with H. sapiens PDK-1-4 and BCKDK protein sequences. In
total, two potential genes encoding PDK/BCKDK were identified; PDH kinase
(lipoamide) (LmjF24.0010) and a phosphoprotein-like protein (LmjF20.0280) (see
Table 3.2). For simplicity, the genes and gene products will be referred to as
LmjF24.0010 and LmjF20.0280. LmjF24.0010 (50.9 kDa) and LmjF20.0280 (55.2
kDa) predicted proteins are larger than H. sapiens PDK-1-4 (49.2 kDa, 46.2 kDa,
46.9 kDa and 46.5 kDa, respectively) and BCKDK (46.4 kDa) (see Table 3.2).
LmjF20.0280 protein has higher sequence identity (20 — 22 %) to the five human
o-KADH kinases than does LmjF24.0010 protein (15 — 17 %) (see Table 3.2).
Mitochondrial targeting predictions for LmjF20.0280 and LmjF24.0010 proteins by
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MitoProt and Target P are high (92 % and 82 % compared to 83 % and 48 %,
respectively) (see Table 3.2).

Clustalw alignment of the LmjF20.0280 protein with the five human a-KADH
kinases revealed that LmjF20.0280 possesses the strictly conserved N-, G1- and
G2 boxes (see Appendix Figure 7.14), which constitute the ATP domain that is
characteristic of the ATPase/kinase superfamily (Bilwes et al., 1999). However, the
F-box, which is present in all human a-KADH kinases (Bowker-Kinley & Popov,
1999; Wynn et al., 2000), is not found in the LmjF20.0280 protein. LmjF24.0010
lacks strictly conserved residues comprising the N-, G1- and G2 boxes; Asp>®*
instead of Asn (N box), Ala*** instead of glycine (G1 box) and **®*SxPxR**? instead
of GXGxG (G2 box) (see Appendix Figure 7.15). As such, contrary to the current
GeneDB annotation of LmjF24.0010 as the PDH kinase, it is more likely, based on
the conservation of ATP-binding motifs, that LmjF20.0280 is a PDH/BCKDH
kinase.

However, compared to human PDK-1-4, both LmjF20.0280 and LmjF24.0010
proteins completely lack the C-terminal portion containing the motif
“UEAXDWX,PSXEP*?" (see Appendix Figure 7.14 and Figure 7.15), which is
involved in binding the L2 domain of the PDH E2 (Kato et al., 2005). Interestingly,
human BCKDK also lacks the C-terminal tail that is found in all four PDK isoforms
(Kato et al.,, 2005). Unfortunately, structural information is not available with
regards to how human BCKDK binds to the lipoyl-domain of E2b. As such, the key
residues involved are not known, and therefore it is not possible to predict whether
LmjF20.0280 may be a BCKDH kinase.



Predicted sizes (kDa)

Systematic Name (GeneDB)

Targeting Predictions

Identity

%) to H. sapiens

Subunit H. sapiens L. major [L.major Mitoprot Target P PDK-1 |PDK-2 |PDK-3 [PDK-4 |BCKDK
PDK-1 49.2 (NP_002601) N/A N/A N/A N/A N/A 64 62 61 27
PDK-2 46.2 (NP_002602) N/A N/A N/A N/A 64 N/A 65 63 25
PDK-3 46.9 (NP_005382) N/A N/A N/A N/A 62 65 N/A 61 23
PDK-4 46.5 (NP_002603) N/A N/A N/A N/A 61 63 61 N/A 24
BCKDK 46.4 (NP_005872) N/A N/A N/A N/A 27 25 23 24 N/A
Phosphoprotein-like N/A 50.9 LmjF20.0280 92 % MT 82 % MT 22 21 21 20 21
PDH (lipoamide) kinase N/A 55.2 LmjF24.0010 83 % MT 48 % MT, 79 % SP |16 15 15 15 17

Table 3.2 Sequence analyses of potential

L. major PDH/BCKDH kinases

Predicted L. major homologues of subunits of PDK/BCKDK were identified as described in Section2.3. Red proteins are those which have been identified in human. Blue
proteins are predicted L. major homologues of the human kinases. In the 'Protein Size' column, accession numbers of H. sapiens proteins are shown in brackets.
Mitochondrial targeting predictions were carried out by analysing L. major protein sequences with MitoProt or TargetP. The results obtained indicate the percent likelihood
of mitochondrial targeting (MT). Some proteins were predicted to possess signal peptides (SP). Sequence identities shared between human PDK/BCKDK proteins and L.
major predicted kinases were determined using Vector NTI (See Section2.3). ‘N/A’ is an acronym for ‘non applicable’.
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3.2.6.2 a-KADH phosphatases

In human, two PDH phosphatases (PDP) exist; each shares the same regulatory
subunit (PDPr), but differs in the catalytic subunit (PDP-1c or PDP-2c) (Huang et
al., 1998; Lawson et al., 1993; Lawson et al., 1997; Teague et al., 1982). BCKDH
phosphatase (BCKDP or PTMP) activity was first documented in 1984 (Damuni et
al., 1984; Damuni & Reed, 1987), yet only recently has the human BCKDP been
cloned and partially characterised; although only one isoform of the catalytic
subunit has been identified, and no regulatory subunit is known (Joshi et al.,
2007). The role of PDP and BCKDP is to catalyse the dephosphorylation of their
respective enzyme complexes, and as such to repress the down-regulation
imposed upon PDH and BCKDH by PDK and BCKDK, respectively. Based upon
some strictly conserved motifs and the crystal structure of PDP-1c (Vassylyev &
Symersky, 2007), PDP-1c, PDP-2c and BCKDP are related to the PPM family of
serine/threonine phosphatases, whose defining member is PP2C (Barford et al.,
1998; Bork et al., 1996). Although the sequence identities shared between human
PP2C-1/PP2C-2 and PDP-1c/PDP-2¢c/BCKDP are low (21 — 24 %), 10/11 of the
sequence motifs characteristic of PP2C enzymes are conserved. Information is
available with regards to the binding of PDP-1c to the L2 domain of E2p
(Vassylyev & Symersky, 2007); however the residues involved are not conserved
in BCKDP. As such, no structural data exists describing the mode of BCKDP

substrate binding and catalysis.

In order to identify potential homologues of a-KADH phosphatases, the L. major
genome database was queried with H. sapiens PDP-1c, PDP-2c, PDPr and
BCKDP protein sequences. Interestingly, significant hits were not obtained from
BLAST analysis with PDP subunit sequences. However, querying with the human
BCKDP sequence retrieved seven significant hits from L. major GeneDB
(LmjF34.2510, LmjF30.0380, LmjF36.0530, LmjF25.0750, LmjF32.1690,
LmjF15.0170 and LmjF27.2320) (see Table 3.3). The seven predicted proteins are
all PP2C-like or PP2C-putative, which infers that some of the residues involved in
PP2C activity are conserved in these proteins. Although overall sequence
identities to PDP-1c, PDP-2c and BCKDP are low (7 — 20 %), the predicted
proteins have a high degree of conservation within the 10/11 domains known to be
important in the functioning of PP2C and PP2C-like enzymes (data not shown)
(Barford et al., 1998; Bork et al., 1996), and catalytically-important residues are
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conserved. Mitochondrial targeting predictions vary, although confidence values
are high for LmjF30.0380 and LmjF32.1690 (see Table 3.3).



Predicted sizes (kDa)

Systematic Name (GeneDB)

Targeting Predictions

Identity (%) to H. sapiens

Subunit H. sapiens L. major L. major Mitoprot Target P PDP-1c PDP-2c BCKDP
PDP-1c 61.0 kDa (NP 060914) |N/A N/A N/A N/A N/A 47 15
PDP-2c 60.0 kDa (NP_065837) |N/A N/A N/A N/A 47 N/A 17
PDPr 99.4 kDa (NP _060460) |N/A N/A N/A N/A N/A N/A N/A
BCKDP 41.0 kDa (NP_689755) |N/A N/A N/A N/A 15 17 N/A
PP2C-like N/A 29.8* LmjF34.2510 0% MT 4% MT, 92 % OT 12 10 16
N/A 47.7%* 0% MT 9 % MT, 88 % OT 13 11 15
PP2C-putative N/A 41.7* LmjF30.0380 86 % MT 35 % MT, 56 % OT |10 9 16
N/A 64.6** 99 % MT 88 % MT 12 9 15
PP2C-like N/A 32.6 LmjF36.0530 3% MT 11 % MT, 88 % OT |10 10 20
PP2C-putative N/A 45 LmjF25.0750 41 % MT 21 %, 79 % OT 12 7 11
PP2C-putative N/A 68.3 LmjF32.1690 97 % MT 24 % MT, 71 % SP |15 11 12
PP2C-putative N/A 44.3 LmjF15.0170 40 % MT 24 % MT, 84 % OT |14 12 19
PP2C-like N/A 34.4* LmjF27.2320 45 % MT 20 % MT, 81 % OT |13 11 17
N/A 45,7%* 0% MT 6 % MT, 94 % SP 17 13 17

Table 3.3 Sequence analyses of potential
Predicted L. major homologues of subunits of PDP/BCKDP were identified as described in Section2.3. Red proteins are those which have been identified in human. Blue
proteins are predicted L. major homologues of the human phosphatases. In the 'Protein Size' column, accession numbers of H. sapiens proteins are shown in brackets.
Three of the L. major genes predicted by GeneDB do not correlate with ORFs predicted by Vector NTI. In such cases, translated protein from GeneDB predictions (*) as
well as translated protein from Vector NTI predictions (**) were analysed. A possible explanation for these size discrepancies is that the predicted ATG start codon

provided by GeneDB is wrong, and is in fact located further upstream. Mitochondrial targeting predictions were carried out by analysing L. major protein sequences with

MitoProt or TargetP. The results obtained indicate the percent likelihood of mitochondrial targeting (MT). Some proteins were predicted to possess signal peptides (SP), or

L. major PDH/BCKDH phosphatases

an alternative processing type (OT). Sequence identities shared between human PDP/BCKDP proteins and L. major predicted phosphatases were determined using
Vector NTI (See Section2.3). ‘N/A’ is an acronym for ‘non applicable’.
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3.3 Lipoylation patterns in L. major

The in silico analyses discussed in Section 3.2 indicate that L. major encodes
machinery to form functional a-KADHs and the GCC. In addition, it was
determined that the E2 subunits of a-KADHs and the H-protein of the GCC all
have one lipoyl-domain at their N-termini. Lipoylation of the E2 subunits and H-
protein is essential for activity of these complexes. Therefore, in order to address
the question as to whether a-KADHs and the GCC were potentially active in L.
major, protein lysates of promastigotes and amastigotes were probed by western
blot with a polyclonal antibody that specifically detects protein-bound LA. This
assay has previously been used successfully in other organisms, for example, T.
gondii and P. falciparum (Allary et al., 2007; Crawford et al., 2006; Gunther et al.,
2007).

In order to correlate promastigote growth phase with lipoylation pattern, wild-type
parasites were cultured in standard HOMEM + 10 % FCS medium and growth
readings were taken every 24 h (see Figure 3.1A), and soluble protein was
harvested every 24 h during 48-120 h growth (see Figure 3.1B). In order to
analyse the lipoylation pattern in amastigotes, lesions from two mice infected with
L. major were isolated and amastigotes purified (isolations carried out by Mrs
Denise Candlish, University of Glasgow) and soluble protein was extracted, as
described in Section 2.2.3.2. Western blotting with a-LA antibody, which detects
protein-bound LA, resulted in just four prominent bands in promastigotes. The
observed band sizes (calculations are described in Section 2.5.5) are 14.4 kDa,
40.6 kDa and 47.3 kDa (see Figure 3.1B), which combined with predicted sizes
after cleavage of mitochondrial targeting peptides (see Table 3.4), correlates well
with the predicted sizes of LmjH-protein (15.2 kDa), LmjE2k (41.7 kDa) and
LmjE2p (48.7 kDa). The 55 kDa band does not correlate with the predicted size of
LmjE2b (50.2 kDa), although this band will be referred to as LmjE2b henceforth as
it is the only remaining protein that has the capacity to be lipoylated (see Section
6.2.3).

The banding patterns observed in each of the two amastigote protein lysates are
similar to one another, and share some similarities with those observed in
promastigotes (see Figure 3.1C). The 47.8 kDa band most likely corresponds to
the LmjE2p (which is 47.3 kDa in the promastigote blot), although a band larger
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than 50 kDa (assumedly corresponding to LmjE2b) is not present in amastigote
protein lysates (see Figure 3.1C). One of two bands (39.4 kDa and 41.4 kDa)
could be LmjE2k (which is 40.6 kDa in the promastigote blot). Although the nature
of the second band is not clear, it could correspond to the LmjE2pL protein (similar
to the human E3BP), since sequence analyses identified LmjE2pL as possessing
at least one lipoyl-domain (see Section 3.2.2.2). Two bands of 15.5 kDa and 13.4
kDa are similar in size to the 14.4 kDa band observed in promastigote lysates,
which most likely corresponds to LmjH-protein (see Table 3.4). It should also be
noted that the protocol for isolating L. major amastigotes from an infected mouse
is such that the final amastigote preparation contains some contamination with
mouse proteins. On the other hand, none of the expected band sizes of mouse a-
KADH E2 subunits (see Table 3.4) are observed in Figure 3.1C; suggesting that all
lipoylated proteins observed are derived from L. major.

Figure 3.1 shows that during exponential growth (48 h) promastigotes primarily
lipoylate E2k. Also, lipoylation of H-protein is very low. During early (72 — 96 h)
and late-stationary phase (120 h), lipoylation of all three a-KADH E2 subunits and
H-protein is apparent. Metacyclic promastigotes purified from mixed promastigote
cultures have a similar lipoylation pattern to exponential growth phase parasites;
only E2k being lipoylated to an appreciable extent. This indicates that metacyclic
promastigotes are metabolically different from procyclic promastigotes. The
consistent lipoylation of E2k throughout the 120 h time course indicates that a-
ketoglutarate (derived from proline or glutamine) is an important carbon source for
energy production, and most likely represents an important entry point into the
tricarboxylic acid (TCA) cycle. Pyruvate and branched-chain a-ketoacids could be
important during stationary phase, whereas metacyclic promastigotes apparently
do not require BCKDH or PDH activity. Lipoylation of H-protein follows a similar
pattern to that of E2b and E2p, potentially indicating that production of one-carbon
CH> units via the GCC is important only at specific times during promastigote
development. In fact, it has been experimentally determined that the GCC is not
essential in L. major promastigotes grown in a similar medium to HOMEM + 10 %
FCS (importantly, with the same glycine and serine concentrations) (Scott et al.,
2008). In terms of amastigotes, the lipoylation profile is not as clear, although if the
bands predicted to be E2p and E2k are correct, the lipoylation intensities of these
two proteins are similar, which is in contrast to the situation observed in

promastigotes.
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Figure 3.1 Lipoylation of a-KADH E2 subunits and H-protein of GCC in L. major
promastigotes and amastigotes

A, In order to observe lipoylation patterns in promastigotes, cultures were initiated with starting
densities of 5 x 10° parasites mI™. Growth readings were taken every twenty-four hours to produce
a growth curve. B, Approximately 1 x 10° cells were harvested from the cultures at time points from
48 — 120 h. Cells were lysed, and the protein concentration of soluble fractions determined by
Bradford assay. At 120 h, in addition to preparing soluble protein from mixed cultures, metacyclic
promastigotes were purified from the cultures using peanut agglutinin negative selection, and
soluble protein isolated. 10 pg protein from each time point was loaded on a 4 — 12 % SDS-PAGE
gradient gel. Western blotting was carried out with a -LA antibody at 1/6,000 and a-cysteine
synthase (a-CS) antibody to assess loading, at 1/5,000. Each time point was carried out in
duplicate. C, Western blot of 30 ug of two different amastigote protein lysates using a-LA antibody
at 1/6,000. Observed band sizes (shown in brackets) were calculated as described in Section
2.5.5. Predicted (full-length) sizes of E2k, E2p and E2b are 41.7 kDa, 48.7 kDa and 50.2 kDa,
respectively. The predicted size of full-length H-protein is 15.2 kDa (see Table 3.1).



Predicted protein sizes (kDa)

[Lipoylated protein  |Species |Accession number [FL [MitoProt |TargetP  |Proven size (kDa) Reference

Lm LmjF35.4720 15.2 13.1 13.1 13.4-15.5 This work (western blots witha-LA antibody)
H-protein Mm NP 080848 18.6 12.3 14.7 N/A N/A

Hs NP 004474 18.9 12.3 16.8 N/A N/A

Lm LmjF28.2420 41.7 39.9 33.4 39.4-414 This work (western blots with o-LA antibody)
E2k Mm NP 084501 49.0 43.8 41.6 N/A N/A

Hs NP 001924 48.8 41.9 34.8 48 Migliaccioet al. (1998)

Lm LmjF36.2660 48.7 45.9 45.7 47.3-47.8 This work (western blots with a-LA antibody)
E2p Mm NP_663589 67.9 66.6 58.8 67 Nakagome et al. (2007)

Hs NP_001922 69.0 N/A 59.6 70 Yeaman et al. (1988), Migliaccio et al. (1998)

Lm LmjF05.0180 50.2 44.3 39.8 55 This work (western blots witha-LA antibody)
E2b Mm NP 034152 53.2 46.8 49.7 N/A N/A

Hs NP 001909 535 46.3 50.9 52 Migliaccioet al. (1998)

Lm LmjF21.0550 46.1 N/A 37.9 39.4-41.47 This work (western blots witha-LA antibody)
E3BP/E2p-L Mm NP 780303 54.0 50.0 49.0 N/A N/A

Hs NP 001128496 51.5 49.8 N/A 50 Jilka et al. (1996)

Table 3.4 Predicted- and proven molecular masses of  a-KADH E2 subunits and the H-protein of the GCCin L. major, H. sapiens and M. musculus

Predicted (full-length, FL) protein sequences of human (Hs), M. musculus (Mm) and L. major (Lmj) a-KADH E2 proteins and the H-protein of the GCC were obtained as
described in Section 2.3. Predicted cleavage sites for mitochondrial transit were made by MitoProt and TargetP, and the subsequent processed protein sizes were
recorded. Where possible, the proven molecular weights of the different apoproteins are given, along with the associated authors who published the data. The proven sizes
for L. major are based upon a-LA antibody-probed western blots, and the range of potential sizes given are based upon results obtained from western blots of both
promastigote and amastigote protein lysates with a-LA antibody (see Figure 3.1B and C). The presence of a lipoylated E2pL protein (which could be E3BP) in amastigotes
is questionable, and as such is marked with '?" after the calculated protein size.
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3.4 Sequence analyses of lipoylating proteins

Given that lipoylation of a-KADHs and the GCC occurs in promastigotes, the next
question to be addressed was whether lipoylating proteins are found within the L.
major genome. Potential homologues for biosynthesis enzymes LIPB and LIPA
and the salvage enzyme LPLA were identified (as described in Section 2.3) (see
Table 3.5).

3.4.1 LIPB

LIPB catalyses the first step involved in the biosynthesis of LA from octanoyl-acyl
carrier protein; the transfer of an octanoyl-group from a phosphopantetheine-
bound cofactor of ACP onto E2- and H-protein apoproteins to form E2/H-protein-

octanoamide.

Searching the L. major genome revealed the presence of three potential genes
encoding LIPB (LmjLIPB); LmjF36.3080, LmjF07.1060 and LmjF31.1070.
LmjF07.1060 is most likely to be LPLA (LmjLPLA) (see Section 3.4.3),
LmjF31.1070 is most similar to biotin protein ligase (bpl), and LmjF36.3080 is the
most likely candidate for LmjLIPB. LmjLIPB (29.5 kDa) is similar in size to H.
sapiens LIPB (HsLIPB) (25.2 kDa) and E. coli LIPB (EcLIPB) (23.9 kDa) (see
Table 3.5). Compared to HsLIPB and EcLIPB, LmjLIPB (and T. brucei LIPB
(TbLIPB)) has a circa 20 amino acid C-terminal extension (see Figure 3.2). Both
HsLIPB and LmjLIPB (and TbLIPB) have approximately 5-10 amino acid N-
terminal extensions, which contain targeting signals for mitochondrial transit (see
Figure 3.2). LmjLIPB has reasonable sequence identity to HsSLIPB (21 %) and
EcLIPB (21 %). LmjLIPB is predicted to be mitochondrial by MitoProt and TargetP
programmes, with confidence values of 60 % and 82 %, respectively (see Table
3.5).

The crystal structure of M. tuberculosis LIPB (MtLIPB) complexed with decanoic
acid (DA) highlighted residues that are important in the binding of DA/octanoic acid
(OA) to form the LIPB-DA/OA intermediate (Ma et al., 2006). ClustalW alignment
of LmjLIPB with MtLIPB, HsSLIPB and EcLIPB illustrated the presence of strictly
conserved residues in LmjLIPB (see Figure 3.2). Firstly, residues that form a
hydrophobic tunnel for binding of the aliphatic portion of DA/OA in MtLIPB (Ma et
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al., 2006) are conserved in LmjLIPB. For example, the motif *RGGx,TxHx;Y* is
present, although the importance of Tyr® is questionable given that in HsLIPB the

residue is instead His!®

(see Figure 3.2). Most importantly, LmjLIPB possesses
the strictly conserved Lys™’ and Cys'™ residues (see Figure 3.2). In MtLIPB,
Cys'’® (Cys'® in LmjLIPB) has been shown to form an essential covalent thioether
linkage with the C3 atom of DA/OA, producing the LIPB-DA/OA intermediate (Ma
et al., 2006). Importantly, LPLA enzymes lack this Cys residue, and this is indeed
also the case for the predicted LmjLPLA (see Section 3.4.3). The Lys'* residue in
MtLIPB (Lys™’ in LmjLIPB) is conserved in all biotin protein ligases (BPL), LPLA
and LIPB proteins (Reche, 2000). However, the role of the invariable lysine

residues is thought to differ in LIPB and LPLA enzymes (Ma et al., 2006).

M _LIPB ---MIG SI R- SKLSAI DVRQ_GTVDYRTAVQ_Q?ELADA*R\/AGGADTLLLLEHPA— -VY 53
Hs_LI PB - - - MRQPAVRLVRL CRVPYAEL L GLQDRW.RRLQAEPG EAPSGTEAGALLLCEPAGPVY 57
Lnj _LIPB - - - MKAFFI GKREYRRVLSLQETI FNAKI ARQVSVRRGASKLPLLPDWVI LVEHST- PVY 56
Th_LI PB MNGVRAYNL GSRRYHDVLRL QEAI FRKKI DRQVRYI RGDKSARLI PNVWLLVEHSS- PVY 59
Ec_LIPB ---------- MYQDKI LVRQLG-QPYEPI SQAMHEFTDTRDDSTLDElI W.VEHYP- - VF 47
. . . * - * -
M _LIPB TAGRR- - - - - TETHERPI DGTPVVDTDRGEKI TWHGPGQLVGYPI | GLAEP- - - - - - - - - 99
Hs_LI PB TAGLRGGLTPEETARLRALGAEVRVTGRGALATFHGPGQLLCHPVLDLRRLG: - - - - - - - 109
Lmj _LIPB Tl GRRD- - - - TTHGLPPHCSI DVWKTRRGGE TYHGPGQLTMYPI ANl QLLWKDCTAE- K 111
Tb_LI PB Tl GRRD- - - - TSNG KAGCAAEVVKTRRGGGVTFHGPGVTMYPI VNVQVLWKQCTASDK 115
Ec_LI PB TQGRAG - - - KAEHI LMPCDI PVI QSDRGCGVT YHGPGQQVMYVLLNLKRRK- - - - - - - - 95
* % * Tokkx Keokokok k% .
M _LIPB - - LDVWNYVRRLEESL| QVCADLALHAGRVDGR- - SGVYW.PGRPARKVAAI GVRVSRATT 155
Hs_LI PB - - LRLRMHVASL EACAVRL CEL QGL QDARARPPPYTGWALDDR- - - KI CAl GVRCGRHI T 164
Lmj _LIPB PRSPl EWFSWALEEAM QTAAMYHI PTHRFKTGYWADQYKDI PA- QKLGAVALQLGSW/S 170
Th_LI PB PRSPl EWFSSVLEQAM NVAGEYNI PAHRGRVGYWSEDSWEDVAP- RKMGFVGLQLGNW/S 174
Ec_LI PB - - LGVRELVTLLEQI'VVNTLAELG EAHPRADAP- - GVYVCGEK- - - KI CSLGLRI RRGCS 148
. * % . . . * . ke . .
M _LIPB LHGFALNCDCDLAAFTAI VPCGE SDAAVTSL SAEL CRTVTVDEVRATVAAAVCAALDGVL 215
Hs_LI PB SHGLALNCSTDLTWFEHI VPCGLVGTGVTSLSKEL QRHVTVEEVMPPFLVAFKEI YKCTL 224
Lnj _LIPB MHGAGLNVASDL HFFDDI | MCEL PDRRAT SL SNEMOHRGVAESPPLVQATAPVLLQKFI E 230
Th_LI PB MHGAGLNVSNNLL YFNDI VMCEMPNEAATSLVEEL RLRGLSGAEPTPHVI APRLLHHFLL 234
Ec_LI PB FHGLALNVNVDL SPFLRI NPCGYAGVENVAKI SQWKPEATTNNI APRLLENI LALLNNPDF 208
* * * * - % * * * .
M _LIPB PVGDRVPSHAVPSPL- - = « - = = =« === 2o oo oo s 230
Hs_LI PB | SED-------- SPN- - - - oo 231
Lnj _LI PB SLHQQPSCAAPQL VDL SADADWHERVI DTAGH STP 265
Tbh_LI PB SMUQQESVVNTELVDLSI DGSVERSI LCELE- - - - 265
Ec_LI PB N 213

Figure 3.2 LIPB protein alignment

ClustalW alignment of L. major LIPB (LmjLIPB) (accession number LmjF36.3080) with homologues
in T. brucei (TbLIPB) (accession number Tb11.01.1160), H. sapiens (HsLIPB) (accession number
A6NKS58), E. coli (EcLIPB) (accession number AAC73731) and M. tuberculosis (MtLIPB)
(accession number CAA94273) was carried out. The alignment indicates identical residues (*),
conserved residues (;) and homologous residues (.). Red residues highlight the strictly conserved
lysine and Cys residues that comprise the catalytic dyad within the active site of LIPB enzymes (Ma
et al., 2006). Blue residues are those that are involved in binding decanoic acid in MtLIPB (Ma et
al., 2006). Green residues highlight residues in HSLIPB that are not conserved in other species.
MitoProt programme predicts the targeting peptide for mitochondrial transit as being 34 amino
acids (green arrow, LIPB+,) (see Section 3.5.2).
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3.4.2 LIPA

LIPA is an [4Fe — 4S] " cluster-containing protein that catalyses the second step
involved in the biosynthesis of LA; via a radical S-adenosylmethionine (SAM)-
dependent mechanism LIPA catalyses the replacement of two hydrogen atoms
with sulphur atoms, at positions C6 and C8 of octanoamide-E2/H-protein, to form
lipoamide-E2/H-protein (Booker et al., 2007).

Searching the L. major genome revealed the presence of one potential gene
encoding LIPA (LmjLIPA). LmjLIPA (45.9 kDa) is similar in size to H. sapiens LIPA
(HsLIPA) (41.9 kDa), yet 10 kDa larger than the E. coli homologue (EcLIPA) (36.1
kDa) (see Table 3.5). Compared to HsSLIPA and EcLIPA, LmjLIPA has a circa 17
amino acid C-terminal extension that is rich in hydrophobic amino acids alanine
and glycine (see Figure 3.3). Both HsLIPA and LmjLIPA (and TbLIPA) have
approximately 40 amino acid N-terminal extensions, which contain targeting
signals for mitochondrial transit (see Figure 3.3 and Section 5.2). LmjLIPA has
reasonable sequence identity to HSLIPA (40 %) and EcLIPA (33 %). LmjLIPA is
predicted to be mitochondrial by MitoProt and TargetP programmes, with
confidence values of 75 % and 54 %, respectively (see Table 3.5).

ClustalW alignment of LmjLIPA with human and bacterial homologues indicates
that LmjLIPA possesses two motifs that are integral to its function: ***Cx,CxsC***
and *°CxsCx.C*"? (see Figure 3.3 and Section 1.4.3.1). The Cx3Cx,C motif is
present in all radical S-adenosylmethionine (SAM) proteins. The cysteine residues
nucleate a [4Fe — 4S] ™ cluster, which binds SAM. LIPA catalyses the reductive
cleavage of SAM to produce [4Fe — 4S] **-Met and the 5'-deoxyadenosy! radical
(5'-dA®). 5'-dA°® abstracts hydrogen atoms linked to C6 and C8, of the octanoyl
substrate (Douglas et al., 2006). The motif Cx4CxsC is specific to LIPA enzymes.
After hydrogen abstraction by 5'-dA°, C6- and C8 alkyl radicals are formed, which
attack p-sulphido atoms attached to the Cx4;CxsC cluster; the final result is

production of a lipoyl-group (Cicchillo et al., 2004b).
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Th_LI PA MFQRWSFALCR- - - - - - - - Pl VAAAQVSQQQVPPSEEPRNESGAANPPLVKEEFLRQFRE 52
Lnj _LI PA M_.RCCSALMCPTAVPSRVSPVAAAAAADI AGSSESTVSLVADVDKKNSQYKQ FLERFRK 60
Hs_LI PA MBLRCGDAARTLG - - - - - PRVFGRYFCSPVRPLSSLP- - - - DKKKELLONGPDL- - FVS 50
EC_LIPA  smmme e e oo oo MSKPI VMERGVK 12
Th_LI PA RLANDKTGRNSL EGFLDL PENLPPTAASI GPLKRGKEPL PPW.KLKVPMGASROPRFNKI 112
Lnj _LI PA KL QSDKTGVWNNLESFVEL PEGVAPSAASI GPl KRGSEPL PPW KLKVPKGMIHRPRFNRI 120
Hs_LI PA GDLADRSTWDEYKGNLKRCK- - - - - - - - - GERLR- - - - LPPWLKTEI PM3KN- - - - YNKL 93
Ec_LI PA YRDADKMALI PVKNVATERE- - - - - - - - - - ALLR— - - - KPEWWKI KLPADSTR— --1 QBI 55
* - . - * * * ..
Th_LI PA RRNVREKRLATVCEEAKCPNI GECWGEGGDEEGDGTATATI WMGAHCTRGCRFCSVMISR 172
Lnj _LI PA RRSVREKNL STVCEEAKCPNI GECWGGSDEEG- - TATATI WMGSHCTRGCRFCSVLTSR 178
Hs_LI PA KNTLRNLNLHTVCEEARCPNI GECWGGGEYAT- - - ATATI MUMGEDTCTRGCRFCSVKTAR 150
Ec_LI PA KAAI\/RKNG.HSVCEEASCPNLAECFNI—!G- ------- TATFM LGAI CTRRCPFCDVAHCGR 107
* :***** * Kk ko .** ) ) ***:*::* *k* * **.* .*
Th_LI PA TPPPLDPEEPRKTADAVADMGVEY! VMIMVDRDDL ADGGAAHVWRCVTAVKERNPGLLLE 232
Lnj _LI PA RPPPL DPEEPEKVAAAVHEMGVDY! VMI MDRDDL PDGGASHVCCCI HTI KKKNPELMLE 238
Hs_LI PA NPPPLDASEPYNTAKAI AEWGL DYVVL TSVDRDDVPDGGAEHI AKTVSYLKERNPKI LVE 210
Ec_LI PA - PVAPDANEPVKLAQT | ADI\/ALRYWI TSVDRDDLRDGGAQ—IFADCI TAI REKSPQ KI E 166
. *-.** * * * ***** * Kk k k * T : :
Th_LI PA ALVGEDFHGDLK- LVEMVAGSPLNVYAHNI ECVERI TPNVRDRRASYRQSLKVLEHVNNFT 291
Lnj _LI PA ALVCDFHGDLK- LVEQLAVTPLSVYAHNI ECVERI TPRVRDRRASYRQSLQTLEHVTKWI 297
Hs_LI PA CLTPDFRGDLK- Al EKVAL SG.DVYAHNVETVPEL QSKVRDPRVNFDQSL RVLKHAKKVQ 269
Ec_LI PA TLVPDFRGRI\/DRALDI LTATPPDVFNHNLEN\/PRI YRQ\/R- PGADYNV\SLKLLERFKEAH 225
* * * * - * - * * *  * . . *
Th_LI PA KGAMLTKSSI M. GLCGEKEEEVRQTLRDLRTAGVSAVTL GQYLQPSRTRLKVSRYAHPKEF 351
Lnj _LI PA NGNMLTKSSI MLGLGEEEAEVRQTLRDLRTAGVSAVTL GQYLQPSHTRLKVSRYAHPKEF 357
Hs_LI PA P- DVI SKTSI M. GLCGENDEQVYATMKAL READVDCL TLGQYMPTRRHLKVEEY! TPEKF 328
Ec_LI PA P- EI PTKSGLM\/GLG:_I'NEEI | EVI\/RDLRRI—KBV'I'M_TLGQYLQDSRHHLPVQ?YVSPDEF 284
: :* * Kk k% s L * % :***** ** . . . L
Th_LI PA EMAEKEAL DMGFL YCASGPMWRSSYRAGEYY! KNI LKQRETVEAPSVSDGGNEPKDSE- - 409
Lnj _LI PA EMAEKEANMDMGFL YCASGPMVRSSYRAGEYY! KNI LKQRQSAEGEKAAAAATAVNAGTAI 417
Hs_LI PA KYWEKVGNEL GFHYTASGPLVRSSYKAGEFFLKNLVAKRKTKDL- - - - - - - == - - - - - - - 372
Ec_LI PA DEM(AEALAI\/G:THAAC(':PFVRSSYHA ------ DLQAKGVEVK ----------------- 321
. : * % * * * * Kk k% * *

Tb_LI PA -

Lnj LI PA A 418
Hs_ LI PA -

Ec_LI PA -

Figure 3.3 LIPA protein alignment

ClustalW alignment of L. major LIPA (LmjLIPA) (accession number LmjF19.0350) with homologues
in T. brucei (TbLIPA) (accession number Tb10.61.1530), H. sapiens (HsLIPA) (accession number
NP_006850) and E. coli (EcLIPA) (accession number AAC73729) was carried out. The alignment
indicates identical residues (*), conserved residues (:) and homologous residues (.). Red residues
highlight strictly conserved Cys residues that belong to the Cx,CxsC motif that is specific to LIPA
enzymes (Cicchillo et al., 2004b). Blue residues represent strictly conserved Cys residues
belonging to the Cx3Cx,C motif, which is specific to radical SAM proteins (Cicchillo et al., 2004b).
Bold letters represent strictly conserved residues and 'X' represents any amino acid. TargetP and
MitoProt programmes predict the targeting peptide for mitochondrial transit as being five amino
acids (black arrow, LIPA+,) and 15 amino acids (green arrow, LIPAr,), respectively. However, in
order to produce soluble recombinant protein, an N-terminal 62 amino acid truncated version of
LIPA was constructed (purple arrow, LIPAg3) (see Section 3.5.1).



Predicted Sizes (kDa) $ystematic Name (GeneDB)  Téarget ing Predictions Iglentity (%) to other species
Enzyme |E. coli H. sapiens L. major |L.major Mitoprot [arget P H. sapiens E. coli
LIPA 36.1 (AAC73729) |41.9 (NP_006850) 45.9 LmjF19.0350 75 % MT 54 % MT 40 33
LIPB 23.9 (AAC73731) |25.2 (A6NK58) 29.5 LmjF36.3080 60 % MT 82 % MT 21 21
LPLA  [37.9 (AAC77339) [42.5(LT) (NP_057013) 55.2 LmjF07.1060 63% MT |76 % MT |26 (LT)* 29*

Table 3.5 Sequence analyses of lipoic acid synthase (LIPA) and lipoyl/octanoyl transferase (LIPB and L~ PLA) proteins

L. major homologues of LIPA, LIPB and LPLA were identified as described in Section 2.3. In the 'Protein Size' column, accession numbers of E. coli and H. sapiens
proteins are shown in brackets. Mitochondrial targeting predictions were carried out by analysing L. major protein sequences with MitoProt or TargetP. The results obtained
indicate the percent likelihood of mitochondrial targeting (MT). Amino acid sequence identity of L. major LIPA, LIPB and LPLA proteins to E. coli and H. sapiens
homologues was determined using Vector NTI. In the case of LPLA sequence identities, only the N-termini of L. major LPLA (1-222 amino acids), E. coli LPLA (1-182) and
H. sapiens LT (1-250) were aligned(*).
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3.4.3 LPLA

As described in Section 1.4.3.2, salvage of LA in most bacteria, plants and
protozoans requires one enzyme, LPLA, whereas mammals necessitate the
sequential action of two enzymes, ACSM1 and LT (see Table 3.5). Crystal
structure data indicate that E. coli LPLA (EcLPLA) (Fujiwara et al., 2005), T.
acidophilum LPLA (TaLPLA) (Kim do et al., 2005; McManus et al., 2005) and B.
taurus LT (BtLT) (Fujiwara et al., 2007) have relatively high sequence identities in
their N-terminal domains, especially within the hydrophobic lipoyl-AMP binding
site. However, unlike ECLPLA, TaLPLA and BtLT cannot activate LA with ATP to
form lipoyl-AMP. TaLPLA completely lacks a C-terminal domain, and it is proposed
that another enzyme may be required to catalyse the activation of LA to lipoyl-
AMP (McManus et al., 2005). In contrast, BtLT possesses a C-terminal domain
with similar folds to that of ECLPLA, however the domain is shifted 180°relative to
the C-terminal domain of ECLPLA (Fujiwara et al., 2007). The authors hypothesise
that the more ordered conformation of the BILT C-terminal domain results in
stabilisation of the adenylate-binding loop, which consequently increases the
binding affinity for LA, yet excludes the bulkier ATP (Fujiwara et al., 2007). The
steric exclusion of ATP is the current hypothesis as to why LT cannot activate LA,
and yet the less bulky lipoyl-AMP can enter the active site and be ligated to the

apoprotein.

Searching the L. major genome resulted in the discovery of three potential
lipoate/biotin protein ligases, LmjF36.3080, LmjF07.1060 and LmjF31.1070. As
mentioned in Section 3.4.1, LmjF36.3080 most likely corresponds to the LmjLIPB
gene, LmjF31.1070 corresponds to the LmjBPL gene, and LmjF07.1060 could
encode LmjLPLA or LmjLT. The predicted LmjF07.1060 protein is 55.2 kDa, and
as such is substantially larger than EcCLPLA (37.9 kDa) and H. sapiens LT (HsSLT)
(42.5 kDa) (see Table 3.5). Both LmjF07.1060 and HsSLT have approximately 37
amino acid N-terminal extensions compared to ECLPLA, which contain residues
involved in mitochondrial targeting (see Figure 3.4 and Table 3.5). However,
LmjF07.1060 has a C-terminus that is 137 amino acids longer than that of
EcLPLA, and 127 amino acids longer than that of HSLT (see Figure 3.5). The
LmjF07.1060 protein is predicted to be mitochondrial by MitoProt and TargetP
(with confidence values of 63 % and 76 %, respectively) (see Table 3.5). In order

to analyse sequence identities, only the N-terminal domains of LPLA proteins were
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aligned (see Figure 3.4), since inter-species sequence variation within LPLA C-
terminal domains is common. Firstly, ECLPLA and LmjF07.1060 share 25 % and
26 % sequence identity, respectively, with HSLT (see Table 3.5). LmjF07.1060 has
29 % sequence identity to E. coli LPLA (see Table 3.5).

Clustalw alignment of the N-termini of putative trypanosomatid LPLA proteins,
EcLPLA, BtLT and HsLT were carried out in order to determine whether
LmjF07.1060 is most likely to be LPLA or LT. The key motif
18RRx,GGGXV(F/Y)HD™ that forms the lipoyl-AMP binding pocket in all LPLA
and LT proteins (Kim do et al., 2005; McManus et al., 2005) is conserved in
LmjF07.1060 and all other trypanosomatid homologues (see Figure 3.4).
Additionally, the invariant (Fujiwara et al., 2007; Reche, 2000) Lys'’? is present in
LmjF07.1060 and all other trypanosomatid homologues (see Figure 3.4). Lastly, in
ECLPLA, the motif *’GITSVR'® which has been shown to bind to LA is instead
2l’"SVGSVR?# in LmjF07.1060, and is similar in other trypanosomatid putative
LPLA proteins. In HsLT and BtLT the motifs are instead ***ATASIPS?® and
2AATASTPA?, respectively. Although the trypanosomatid motifs share more
sequence identity and similarity to the EcCLPLA motif than to the HSLT and BtLT
motif, it is not possible to categorically label LmjF07.1060 as LPLA instead of LT.

It is apparent that alignment of the N-termini does not result in an obvious
conclusion as to whether LmjF07.1060 is LPLA or LT, since lipoyl-AMP binding
and transferase functions that are shared by LPLA and LT appears to be a highly
conserved property of their N-termini (Fujiwara et al., 2007; Reche, 2000). The
recent analysis of the structure of BtLT infers that although the C-terminal domains
of ECLPLA and BtLT have the same overall fold, they are rotated approximately
180° relative to one another, which is thought to permit LPLA but not LT, to
accommodate ATP and thus activate LA (Fujiwara et al., 2007). Unfortunately,
since trypanosomatid C-terminal domains are 120 — 140 residues longer than the
C-terminal domains of ECLPLA and HsLT and BtLT proteins (see Figure 3.5),
modelling the LmjLPLA C-terminal domain was not an option. BLAST analyses
indicate that the C-terminal extensions of trypanosomatid putative LPLA proteins
have no known homologues, although they share approximately 22 % to one

another (see Figure 3.5).
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v v
Lnj _LPLA MAQTVWVRRYRLQPT- SLAAFL ESNCMVAKPPTAALHSDSNLVWAETNSLSI FENLAAEES 59
Li _LPLA MAQTVWQRYRLQPT- SLATFL ESNCMVAKPPTAALHSGSNLVWAETNSLSI FENLAAEES 59
Lb_LPLA MAQTLRQRYRLQPT- SLAAFLESNCTVSKSPTAALHRNSSLVWAETNSLCl FENLVAEES 59
Tb_LPLA - - - MRAARL SLRPT| SLLDFVNRHGASI RS- DRLLSDKQRSVALI SNSDVI YDNLATEEA 56
Tc_LPLA - - MVRRVGWCL CPTTTLFSFL TRHATATHS- ERQL TEARASVALVSNSRCI FENLAVEEA 57
Hs LT~ eemmmeon- M_I PFSMKNCFQLL CNCQVPAAGFKKTVKNGLI LQSI SNDVYQNLAVEDW 50
Bt LT  eeemeeo-- M_I PFSMKNCFQLL CNLKVPAAGFKNTVKSGLI LQSI SNDVYHNLAVEDW 50
EC_LPLA oo MSTLRLLI SDSYDPWFNLAVEEC 23
* * * .
Lnj LPLA LI RGLSLDTKQRLLLFYVNRPCVWVGRNQNI FQEVSL RRAAADGVCVARRASGGGAVFHD 119
Li _LPLA LI RGLSLDTKQRLLLFYVNRPCVWVGRNQNI FQEVSL RRAAADGVCLARRASGGGAVFHD 119
Lb_LPLA LARGL SLDKTQRLL L FYVNRPCVWVGRNQNL FQEVAL RRAAADGVSVARRASGGGAVFHD 119
Tb_LPLA LLRGVVLRRQEAL LL MYVNKPCVWVGRNQNI FSEVAL RAAHHDGVS| ARRNSGGGAVYHD 116
Tc_LPLA LLRGVI LPPGQQLLFSYVNRPCWI GRNQNYL QEVAVSAARRDGVPI ARRSSGGGAVYHD 117
Hs LT | HDHVNLEGKP- | LFFWONSPSWI GRHQNPWOECNLNLMREEG! KLARRRSGGGTVYHD 109
Bt LT I HDHMVNL EGKP- VL FLWRNSPTWWI GRHQNPWOECNL NLMREEGVKLARRRSGGGTVYHD 109
Ec_LPLA ! FRQNPATQR— - VLFLVRNADTWVI GRAQNPWKECNTRRVEEDNVRL ARRSSCGCAVFHD 81
** * * * % . ..: :*** **** * * *
Lnj _LPLA EGNLCFSFI THRTRYAPEKTI QLVRLGLCASYAl DPARLTTTGRHDLFLD- - - - GRKI TG 175
Li _LPLA EGNLCFSFLTHRTCYAPEKTI QLVRLGLCASYAl DPARLTTTGRHDLFLD- - - - GRKI TG 175
Lb_LPLA EGNLCLCFI THRTRYAPEKTI QLI RLGLCVNYAI DPARLTTTRRHDLFLD- - - - GKKI TG 175
Tb_LPLA LGNVSFSVFTHRDTYEPKRS| QLLRWHLCREFG GPERI TTTKRHDLFLD- - - - EMKI TG 172
Tc_LPLA TGNVCFSFFTHRSAYHPERTI El | RLFLCCAFDI CPERLTTTFRHDLFLD- - - - RKKI TG 173
Hs LT MGNI NLTFFTTKKKYDRVENLKLI VRALNAVQPQ- - LDVQATKRFDLLL- - - DGQFKI SG 164
Bt LT MGNI NLTFFTTKKKYDRVENL KLVWRAL KAVHPH- - LDVQATKRFDLLL- - - DGQFKI SG 164
Ec_LPLA LGNTOFTFMAGKPEYDKTI STSI VLNALNALG: - - - VSAEASGRNDLVWKTVEGDRKVSG 137
. .. * * * . * .
Lnj _LPLA SAVRVQRDI AYHHCTL LVDTPHASVGRYL RPEGDYVAFKTSSVGSVRS 223
Li _LPLA SAMRVQRDI AYHHCTL LVDTTHASVSRYL RPEGDYVAFET SSVGSVRS 223
Lb_LPLA SAMRVQRE| AYHHCTL LVDTPLASL GRYLHPEGEYVAFKTSSVGSVRS 223
Tb_LPLA SAMRVQRDI ACHHFTLLVSSSGSRLGKYLKREGDY! SFTTAAVGSVRS 220
Tc_LPLA SAMRVQRDI ACHHCTL LVKSCSERL SAYLQPEGQYVFFTTSSI GSVRS 221
Hs LT TASKI GRTTAYHHCTLLCSTDGTFLSSLLKS- - PYQG RSNATASI PS 210
Bt LT TASKI GRNAAYHHCTL L CGTDGTFLSSLLKS- - PYQG RSNATASTPA 210
Ec_LPLA SAYRETKDRGFHHGTLLLNADL SRLANYLNP- - DKKKLAAKG! TSVRS 183

* * % * k% . * *

Figure 3.4 Alignment of LPLAand LT  N-terminal domains
ClustalW alignment of the N-terminal domains of L. major LPLA (LmjLPLA) (accession number
LmjF07.1060) was carried out with homologues in L. infantum (LiLPLA) (accession
LinJ07_V3.1230), L. braziliensis (LbLPLA) (accession LbrM07_V2.1130), T. brucei (TbLPLA)
(accession Th927.8.630), T. cruzi (TcLPLA) (accession unknown) and E. coli (ECLPLA) (accession
number AAC77339), and with H. sapiens LT (HsLT) (accession number NP_057013) and B. taurus
LT (BtLT) (accession number NP_77720) (see Table 3.5 also). Only the N-terminal domains were
aligned, since trypanosomatid LPLA C-termini are considerably longer than LPLA and LT in other
organisms. The alignment indicates identical residues (*), conserved residues (:) and homologous
residues (.). Red residues represent the most highly conserved amino acids within the
RRx,GGGxV(F/Y)HD motif of a disordered loop, which forms the hydrophobic pocket in which the
I|P0yI domaln of lipoyl-AMP is buried (Kim do et al., 2005). In E. coli LPLA, LA binds to the motif
YTGITSVR'™ (green letters), within a second d|sordered loop (McManus et al., 2005). A lysine
residue strictly conserved in all LPLA, BPL and LT enzymes is highlighted in blue (Kim do et al.,
2005). Bold letters represent strictly conserved residues, 'x' represents any amino acid, and 'h’
represents any hydrophobic amino acid. The targeting peptide for mitochondrial transit is predicted
by programme TargetP as being 12 amino acids (green arrow, LPLA+;). However, in order to
produce soluble recombinant protein, an N-terminal 36 amino acid truncated version of LPLA was
constructed (purple arrow, LPLA,) (see section 3.5.3).



Chapter 3 101

Lnj _LPLA SPVTSLAESGCI ADGP- - - - = - - - - GAVAAL KGNVADFFLAEGDRVLNAATPWEL DAVEL 51
Li _LPLA SPVTSLAESGCI AGGP- - - - - - - - - GAVAAL KRNVADFFLAEGDRVL DAATPWELDAVKL 51
Lb_LPLA SPVTTLAESVHI ASGQ- - - - - - - - - GAMASLKRNVAEFFL TEGDRVL EAAAPWEL DVREL 51
Th_LPLA SRTTTLKEAGVL TDSASADP- - - - - - - VNFI LRSMAGFFVEHSWDI LAHKAPVETNPLNF 53
Tc_LPLA SSVTTLQVAGVL PEGYCSDENI NGEDVWHCTQRSLADFFVRHVGVI TAHSAPVEI DPSI F 60
* * -k . . . -k * k. . sk kk . .
Lnj _LPLA R------ QRFTTARHRCANAPL FAL DVWWGAVAADVPF| EREGRQPARGDAATLGEAVHK 104
Li _LPLA R------ QSFATSRHRCENAPL FAL DVWWGAVAADVPFFEGEGRRPTRGDAATL GEAVRK 104
Lb_LPLA R------ QSFATARHCCADTPL FSLDVWGAVAADVEF| EGEGRRAASGDLATLGEAVHK 104
Th_LPLA G - DNVDTVESKRTRECRETAAVFTLDTTKAI ADGTVM DGENRRPCAGASKTVREECVR 111
Tc_LPLA L SKRNEETKGSEEKTL HPSNESVFLL DVWGALRENTRI VDGEGRRPAAGSSKTVLEEVDR 120
Lk Kk * . P * *. ok .
Lnj _LPLA AASKEWAYANVPTFTSTVFL SDSEL RRRL KTLSVRQHVAL L CSLAEEEL LAVL QRCVLEGS 164
Li _LPLA TASKDWAYAVPSFTSTVL L SGSEL RRRLKTL SMAQDVASL CSLAEEEL LAVLQRCVLEGS 164
Lb_LPLA AASKDWAYAMPAFTSTVL L SSGEL QRRL QAL SWAPDVVRL SSLAEEQL LAAL QQCVFADL 164
Tb_LPLA LQSLGALFNVPKFETRVAI TLADI LASEETFSKHAALP- - - PSLI AW.LQSCTRVDI | TL 168
Tc_LPLA L RSADWVFSMPKFTTCVAVTAKDLLAVENDTI VRSCVP- - - PGWTYLMQGRTRFDI TTV 177
* * o kk k. k.. ‘. . . * . . .
Lnj _LPLA EGPEAVAG TEAGLHLVTTVEHRL VT SVWVRRVAPTTATASAVAPSSASSGAWQRYLSA 223
Li _LPLA EGLEEVAAGTEAGLHLI TTVEHRLVTSVWVRRAASTTSTASAVAPSSGSSGAWQRCLSA 224
Lb_LPLA VGOGEVWAETEVGL HLL TTVEHRL VT SVTVRRAPSTDAATRAVAPL GGYSGGWERYLSA 224
Tb_LPLA I ENRRVTSI TAYW KQGEPAPEQPWESCL L RYLVEGRYVDNVFADVGG: - - - - - KCSVLA 222
Tc_LPLA VECRHI TKL TACWAENAAGDVDEMACAAI LRVL L EGVRVDDPTVDVSE- - - - - - ENAVLV 231
. * . .k . .
Lnj _LPLA LLVGHPCDAAI EGL ECVGDT TAWQGL VHEAGSL CPDLPDAVG- - DAALL MVARVLLDVW 281
Li _LPLA LLVGQPCDAAVEGL ERTGDT TAVMQGL VHEAGSL CLDLPDLAG- - DAALLMTRVLLDVW 282
Lb_LPLA LLVGHACDAAVEGL ESLGDI TAWQGL L HETGSL CPEL PDVAR- - DAALL MVARVLLNVW 282
Tb_LPLA AAI DLECSQ | SGLPAI | SQLSAGGSRNGEAVGSVI SLAEERERSHDVI QRFLQAVLDVW 282
Tc_LPLA AALQLECRSL MDGVPL SAREENI ACDENGSG- - - - - SLDEQ - - - - SALLLFMRAVLSVW 281
. * . * . * . . . -k * %
Lnj _LPLA RDKNVFDI AT- - 291
Li _LPLA RDKNVFDI AT- - 292
Lb_LPLA RDKNVFDLSR- - 292
Th_LPLA RRKNVFYPI SY- 293
Tc_LPLA RVKNVFI PVI SQ 293

* Kk Kk k%

Figure 3.5 Alignment of trypanosomatid LPLA C-terminal domains

ClustalW alignment of the N-terminal domains of L. major LPLA (LmjLPLA) with homologues in L.
infantum (LiLPLA) (accession LinJ0O7_V3.1230), L. braziliensis (LbLPLA) (accession
LbrM07_V2.1130), T. brucei (TbLPLA) (accession Th927.8.630) and T. cruzi (TcLPLA) (accession
unknown) was carried out. Only the C-termini of trypanosomatid LPLA proteins were aligned as
they are circa 120-140 residues longer than the C-termini of ECLPLA and BtLT. The alignment
indicates identical residues (*), conserved residues (:) and homologous residues (.).

3.5 Expression and functionality of lipoylating pro teins

In order to determine whether the lipoylating proteins identified in silico were
functional, and in order to produce polyclonal antibodies against these proteins, it
was necessary to clone the genes for LIPA, LIPB and LPLA into a protein

expression plasmid — pASK-IBA3 — adding a Strep-tag to the 3' end.

Expression of eukaryotic proteins in E. coli lines can be difficult, especially if the

genes in question have hydrophobic targeting sequences. All three L. major
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lipoylating proteins were predicted to be mitochondrial by MitoProt and TargetP
(see Table 3.5), and the programs predicted the number of amino acids
comprising the potential targeting peptide. Based on these predictions, constructs
were made corresponding to full-length genes or truncated versions (see arrows in
Figure 3.2, Figure 3.3 and Figure 3.4). All proteins were successfully expressed,
purified and polyclonal antibodies generated (see Section 3.5.4).

3.5.1 LIPA

3.5.1.1 Cloning and expression of LIPA

DNA of full-length (FL) LIPA and three 5' truncated versions (T1, T2 and T3) (see
Figure 3.3) were cloned into the pASK-IBA3 plasmid, resulting in constructs
LIPAFIBA3, LIPAT1IBA3, LIPAT:IBA3 and LIPAT3IBA3, as described in Section
2.5.6.1 (see Figure 3.6A for LIPA13IBA3 cloning). Constructs encoding LIPAT; and
LIPAT, result in LIPA proteins that are truncated at the N-terminus by 5 amino
acids and 15 amino acids (see Figure 3.3); the respective constructs were
designed as such based upon the mitochondrial targeting peptide cleavage sites
predicted by TargetP and MitoProt, respectively. The LIPAt; construct was
designed such that the LIPAt3; protein would be truncated by 63 amino acids at the
N-terminus (see Figure 3.3). The rationale was that LIPAr; would lack all of the
associated hydrophobic targeting sequence and as such possibly be expressed to
a higher degree in the soluble fraction. Relative to the predicted start of the
EcLIPA protein, LIPAt; lacks 14 amino acids (see Figure 3.3). However, the aim
was to purify soluble protein and not to characterise the LmjLIPA enzyme, and as

such this truncation was deemed acceptable.

Trial expressions identified that the optimal conditions for protein expression were
using the LIPAT3IBA3 construct in BLR (DE3) E. coli, shaking at 37 °C 250 rpm for
one hour, post induction. LIPAFIBA3, LIPAT;1IBA3 and LIPAT:IBA3 constructs
expressed in the same E. coli line did not result in the production of sufficient
quantities of soluble protein for protein purification at any of the conditions tested
(see Section 2.5.6.2) (data not included).

Purification of LIPArs-Strep protein via affinity chromatography on a Strep-tactin
column was subsequently carried out. SDS-PAGE analysis resulted in the

identification of a band potentially corresponding to LIPArs-Strep (40.6 kDa) in
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elution fractions two, three and four (see Figure 3.6B). In addition, contaminating
bands were observed at approximately 60 kDa and 65 kDa, which were
consistently co-purified with LIPAr3-Strep. Western blotting with a-Strep antibody
confirmed the circa 40 kDa band to be LIPAts-Strep, and some cross-reactivity is

observed in elution fraction 3 (see Figure 3.6C).

A | Xpa 1(119) I
LipA-T3 Vector
LIPA,;IBA3 p 20 k- * backbone
%Ta?tgtj;);t X onteg 1 _'g EE: <« LIPAr;insert
Hindlll (1245)
AMP\%
B

s e

} Contaminants

— v

< LIPA;Strep

1: Flow through fraction
2: Cleared lysate fraction

<« LIPAL;-Strep 3: Wash fraction

4 — 6: Elution fractions 2 — 4

Figure 3.6 Cloning, expression and purification of LIPA

A, LIPA:; (see Figure 3.3) was amplified from gDNA with primer pair Lm28-29 (see Section 2.1.4).
The insert was cloned into expression vector pASK-IBA3, generating construct LIPA1IBA3 (1).
Correct cloning was verified by Xbal / Hindlll digest, releasing a 1.1 kb insert corresponding to
LIPA+3, and vector backbone of 3.1 kb (Il). B, LIPA3IBA3 was expressed in E. coli BLR (DE3) cells,
and LIPA+;-Strep protein purified via affinity chromatography on a Strep-tactin column. 10 pl of
fractions collected during purification were subjected to 10 % SDS-PAGE and stained with
Coomassie-blue. C, Western blotting with a-Strep antibody at 1/7,500 on elution fractions 2 — 4
verifies the 40.6 kDa band as purified LIPA;-Strep.

3.5.1.2 Functionality of LIPA

An E. coli line lacking the endogenous lipA gene (KER176) was transformed with
LIPAT1IBA3, LIPAT:IBA3 or LIPAr3IBA3 constructs, or uncut plasmid pASK-IBA3
(negative control). All were plated on minimal medium without- or with

supplementation of 10 uM LA. In the presence of LA, growth was apparent in all
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cases. Without LA, growth was only supported by the LIPAT1IBA3 construct (see
Figure 3.7).

+10 pM LA

Figure 3.7 Functionality of LIPA

Functionality of L. major LIPA was assessed by complementation of lipA deficient bacteria,
KER176 (Reed & Cronan, 1993). Bacteria were transformed with LIPA+;IBA3 (1), LIPAT,IBA3 (2),
LIPA13IBA3 (3) (see Figure 3.3) or pASK-IBA3 uncut plasmid negative control (4), and plated on
minimal medium without- or with supplementation of 10 uM LA. Plates were incubated at 37 C for
48 — 72 h and growth recorded by photographing plates.

3.5.2 LIPB

3.5.2.1 Cloning and expression of LIPB

DNA of full-length (FL) LIPB and one 5' truncated version (T1) (see Figure 3.2)
were cloned into pASK-IBA3 plasmid, resulting in constructs LIPBgIBA3 and
LIPBT1IBA3, as described in Section 2.5.6.1 (see Figure 3.8A for LIPBFIBA3
cloning). The construct encoding LIPBt;-Strep results in LIPB protein that is
truncated at the N-terminus by 34 amino acids (see Figure 3.2); the construct was
designed as such based upon the mitochondrial targeting peptide cleavage site
predicted by MitoProt. TargetP did not predict a cleavage site which explains why

only one truncated construct was designed.

Trial expressions identified the optimal conditions for protein expression with the
LIPBFIBA3 construct in BLR (DE3) E. coli cells, shaking at 37 °C 250 rpm for two
hours, post induction. Expression of LIPBr;IBA3 was not tested, since it was

possible to express a relatively high level of soluble LIPBg -Strep protein.

Subsequently, LIPBg -Strep protein was purified via affinity chromatography on a
Strep-tactin column. SDS-PAGE analysis resulted in the identification of a band

potentially corresponding to LIPBg -Strep (30.7 kDa) in elution fractions three, four
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and five (see Figure 3.8B). In addition, a contaminating band was observed at
approximately 60 kDa, which was consistently co-purified with LIPBg -Strep. The
contaminant was excised from a Coomassie-Blue-stained SDS-PAGE and shown
by tandem MS / MS analysis to be the E. coli GroEL large subunit (accession
number AAC77103) (Dr R. Burchmore, University of Glasgow). Western blotting
with a-Strep antibody confirmed the 30 kDa band to be LIPBg -Strep (see Figure
3.8C). An additional cross-reacting band is apparent at circa 48 kDa, although the

nature of the band is unknown.

A | (Xbal (119) "
LipB fl Vector
N 3.0 kb— «“
LIPB,, IBA3 backbone
construct *Strep tag 1.5 kb—
(5810) pndleeo 1.0 kb« | PB,, insert
0.5 kb—
AMP
B
17 2 3 4 5 6
75 kDa— e s
— - GroEL
50 kDa-— - e contaminant
37 kDa-
w e o < LIPBg -Strep
25 kDa—
C
75 kDa— j —5 —6 1: Flow through fraction

2: Cleared lysate fraction

50 kDa- ) .
metyonl) < Cross-reactivity 3: Wash fraction
< LIPBg -Strep

4 — 6: Elution fractions 3- 5

Figure 3.8 Cloning, expression and purification of LIPB

A, LIPBg, (see Figure 3.2) was amplified from gDNA with primer pair Lm30-33 (see Section 2.1.4).
The insert was cloned into expression vector pASK-IBA3, generating construct LIPBg IBA3 (1).
Correct cloning was verified by Xbal/Hindlll digest, releasing a 0.9 kb insert corresponding to
LIPBg., and vector backbone of 3.1 kb (I1). B, LIPBg IBA3 was expressed in E. coli BLR (DE3) cells,
and LIPBg, -Strep protein purified via affinity chromatography on a Strep-tactin column. 10 pl of
fractions collected during purification were subjected to 10 % SDS-PAGE and stained with
Coomassie-blue. C, Western blotting with a-Strep antibody at 1/7,500 on elution fractions 3 — 5
verifies the 31 kDa band as purified LIPBg, -Strep.
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3.5.3 LPLA

3.5.3.1 Cloning and expression of LPLA

DNA of full-length (FL) LPLA and two 5' truncated versions (T1 and T2) (see
Figure 3.4) were cloned into pASK-IBA3 plasmid, resulting in constructs
LPLAFIBA3, LPLATIBA3 and LPLAIBA3, as described in Section 2.5.6.1 (see
Figure 3.9A for LPLATIBA3 cloning). Constructs encoding LPLAt;Strep and
LPLAT,Strep result in LPLA proteins that are truncated at the N-terminus by 12
amino acids and 36 amino acids (see Figure 3.4); the respective constructs were
designed as such based upon the mitochondrial targeting peptide cleavage site

predicted by TargetP and to align with the start of ECLPLA, respectively.

Trial expressions identified the optimal conditions for protein expression with the
LPLAT2IBA3 construct in BLR (DE3) E. coli cells, shaking at 15 °C 250 rpm
overnight, post induction. Under all conditions tested (see Section 2.5.6.2),
LPLAFIBA3 and LPLATIBA3 constructs did not produce soluble protein to the
same degree as did the LPLAT2IBA3 construct (data not shown).

Purification of LPLAT,-Strep protein via affinity chromatography on a Strep-tactin
column was subsequently carried out. SDS-PAGE analysis resulted in the
identification of a band potentially corresponding to LPLAT,-Strep (52.4 kDa) in
elution fractions three and four (see Figure 3.9B). In addition, contaminating bands
were observed at approximately 60 and 65 kDa, which were consistently co-
purified with LPLA,-Strep. Western blotting with a-Strep antibody confirmed the
circa 52 kDa band to be LPLA~,-Strep (see Figure 3.9C).
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Figure 3.9 Cloning, expression and purification of LPLA

A, LPLA, (see Figure 3.4) was amplified from gDNA with primer pair Lm36-37 (see Section2.1.4).
The insert was cloned into expression vector pASK-IBA3, generating construct LPLA,IBA3 ().
Correct cloning was verified by Xbal/Hindlll digest, releasing a 1.5 kb insert corresponding to
LPLA+,, and vector backbone of 3.1 kb (Il). B, LPLA1,IBA3 was expressed in E. coli BLR (DE3)
cells, and LPLA+,-Strep protein purified via affinity chromatography on a Strep-tactin column. 10 pl
of fractions collected during purification were subjected to 10 % SDS-PAGE and stained with
Coomassie-blue. C, Western blotting with a-Strep antibody at 1/7,500 on elution fractions 3 — 4
verifies the 52 kDa band as purified LPLA,-Strep.

3.5.3.2 Functionality of LIPB and LPLA

In order to test the functionality of L. major LIPB and LPLA enzymes, the E. coli
line KER184 which lacks the endogenous lipB gene, was transformed with
LIPBRIBA3, LPLAT1IBA3, LPLARIBA3 or P. falciparum LPLALfr IBA3 (positive
control) constructs, or uncut plasmid pASK-IBA3 (negative control) (see Figure
3.10). All were plated on minimal medium without- or with supplementation of 10

UM LA.

Growth was supported in all cases except with LPLATIBA3. Growth of
LPLAT1IBA3 was considerably lower than that of P. falciparum LPLALg IBA3
positive control. LIPBg IBA3 complemented growth of KER184 in the absence of
LA to a higher extent than did LPLAT;IBA3. As explained in Section 3.5.3.1, under
all conditions tested, expression of the LPLAT,IBA3 construct produced more
soluble protein than did LPLAFIBA3 or LPLAT1IBA3. Although expression was not

analysed in KER184 cells, a possible explanation for the unexpected results with
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regards to complementation of KER184 is that LPLAf,-Strep protein is non-
functional and overexpression is toxic to E. coli. In contrast, LPLAt1-Strep is likely
to be at least partially functional because it supports colony growth of KER184 E.
coli in LA-depleted medium (see Figure 3.10). Potential reasons why LPLAT;-Strep
may be functional yet LPLA,-Strep is toxic to KER184 cell growth will be

discussed in Section 6.3.3.1.

+10 uM LA

Figure 3.10 Functionality of LIPB and LPLA

Functionalities of L. major LIPB and LPLA were assessed by complementation of LIPB deficient
bacteria, KER184 (Morris et al., 1995). Bacteria were transformed with LIPBg IBA3 (1) (see Figure
3.2), LPLAT;IBA3 (2), LPLAT,IBA3 (3) (see Figure 3.4), P. falciparum LPLA1g, IBA3 positive control
(4) or pASK-IBA3 uncut plasmid negative control (5), and plated on minimal medium without- or
with supplementation of 10 uM LA. Plates were incubated at 37 C for 48 — 72 h and growth
recorded by photographing plates.

3.5.4 Polyclonal antibody generation and purificati on

Two rabbits were inoculated with SDS-PAGE-purified LIPAt3-Strep, LIPBg -Strep
or LPLAr,-Strep antigen (see Sections 2.5.6 and 2.5.7). Western blotting with the
antisera resulted in extensive background signal, however it was possible to
discern which antisera recognised the appropriate antigen. In all cases, the
antisera also detected co-purified contaminants from the recombinant protein
elution fractions. It was possible to purify specific antibodies raised against LIPAT3-
Strep and LIPBg -Strep antigens from the antisera. Unfortunately, the yield of a-
LmjLPLA antibodies was poor. Albeit multiple attempts to purify a-LmjLPLA
antibodies from the two antisera, it was not possible to reliably use the antibodies
for western blot analysis of recombinant protein or L. major protein lysate.
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3.5.4.1 Purification of a-LmjLIPA antibodies

a-LmjLIPA antibodies were purified from the antiserum via a two-step procedure.
Firstly, a-LmjLIPA antibodies were separated from antibodies recognising
contaminating proteins in the purified LIPAr3-Strep elution fractions, by incubating
5 ml of a-LmjLIPA antiserum on agarose beads cross-linked to LPLA,-Strep
recombinant protein. Given that the contaminants in LPLA,-Strep purification
were the same size (and thus probably the same proteins) as those in LIPA+s-
Strep purification, the rationale was that contaminating antibodies in a-LIPA
antiserum would bind to the column, whereas a-LmjLIPA-specific antibodies would

be collected in the flow-through.

Subsequently, o-LmjLIPA antibodies were purified using a LIPAts-Strep
recombinant protein column. Proteins in the antiserum that resulted in high
background in western blots would be lost in the flow-through fraction, and then a-

LmjLIPA-specific antibodies could be eluted from the column (see Figure 3.11).

Coomassie Blue Western blots

1
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50 kDa— 50 kDa-""

<« LIPA;-Strep
37 kDa- " 37 kDa—

< Contaminant

B < LIPA - Strep

1. a-LmjLIPA before purification
2: a-LmjLIPA after purifications

Figure 3.11 Purification of a-LmjLIPA antibodies from a-LmjLIPA antiserum

In order to purify a-LmjLIPA antibodies from a-LmjLIPA antiserum, two affinity chromatography
steps were carried out. Purified recombinant LIPAts-Strep was subjected to SDS-PAGE and then
stained with Coomassie Blue. The overall yield of the elution fraction shown is 0.2 pg plI™*, and 10 pl
was loaded on the gel. LIPA;-Strep band is barely visible, and as such it was not possible to
determine the quantity loaded. The same quantity of material was used for western blot analyses.
Western blotting with a-LmjLIPA antiserum before purification was carried out at 1/20,000 (lane 1).
After two rounds of purification, western blotting was carried using a-LmjLIPA antibody at 1/500
(lane 2).
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3.5.4.2 Purification of a-LmjLIPB antibodies

Two rabbits were inoculated with the SDS-PAGE-purified antigen (see Sections
2.5.6 and 2.5.7). One of the two antisera was found to recognise LIPBg -Strep

recombinant protein by western blotting, although the background signal was high.

a-LmjLIPB antibodies were purified from the antiserum using a LIPBg.-Strep
recombinant protein column. Compounds in the antiserum that resulted in high
background in western blot were lost in the flow-through fraction, and then a-

LmjLIPB-specific antibodies were eluted from the column (see Figure 3.12).

Coomassie Blue Western blots
1 2
75 kDa- 75 KDa— puumy =
} Contaminants
50 kDa-— 50 kDa-—
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< LIPBg, -Strep M <+ LIPB -Strep
25 kDa— 25 kDa— W= <« LIPB -Strep

degradation?

1: a-LmjLIPB before purification

2: o-LmjLIPB after purifications

Figure 3.12 Purification of a-LmLIPB antibodies from a-LmLIPB antiserum

In order to purify a-LmjLIPB antibodies from a-LmjLIPB antiserum, one affinity chromatography
step was carried out. Purified recombinant LIPBg -Strep was subjected to SDS-PAGE and then
stained with Coomassie Blue. The overall yield of the elution fraction shown is 0.2 pg ul'l, and 10 pl
was loaded on the gel, and since LIPBg -Strep corresponds to approximately 1/3 of the total
protein, 666 ng of LIPBg -Strep protein is present in 10 pl of the elution fraction. The same quantity
of material was used for western blot analyses. Western blotting with a-LmjLIPB antiserum before
purification was carried out at 1/50,000 (lane 1). After one round of purification, western blotting
was carried using a-LmjLIPB antibody at 1/1,000 (lane 2).

3.6 Effects of LA analogues on promastigotes

Having established that L. major possesses active lipoylating enzymes, and that a-
KADH and GCC components are lipoylated throughout promastigote development,
| next determined the effect of LA analogues on promastigote cell growth and
lipoylation patterns. The analogues octanoic acid (OA) and 8'-bromooctanoic acid
(8-BOA) were used, since data has already been published in other parasites — T.
gondii and P. falciparum — with regards to their effects on growth and lipoylation
patterns (Allary et al., 2007; Crawford et al., 2006). In these experiments, parasites
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were grown in lipid-depleted medium in order to minimise competition of

exogenous LA with LA analogues.

The hypothesis was that a lower concentration of 8-BOA than OA would be
required to detrimentally affect parasite growth, and that addition of just 1 uM LA
would rescue the phenotype, as is the case in T. gondii and P. falciparum (Allary
et al., 2007; Crawford et al., 2006). The rationale behind this result is that
octanoylation of apoproteins is a natural cellular process ordinarily catalysed by
LIPB, and the octanoyl-moiety can be converted to an active lipoyl-group by the
action of LIPA. However, 8-BOA is an analogue of LA which when ligated to
apoproteins, renders them inactive. The toxicity of a similar LA analogue,
selenolipoic acid (SeLA), has been demonstrated in E. coli (Fujiwara et al., 1997b;
Jordan & Cronan, 2002; Morris et al., 1994; Reed et al., 1994).

In order to remain consistent with previously published data, L. major
promastigotes were grown in lipid-depleted medium for two sub-passages
(equating to 1/100 dilution of lipids from the original HOMEM + 10 % FCS medium)
before adding LA analogues alone or with 1 uM LA supplementation. Alamar blue
assays were carried out in order to determine the effects of LA analogues on L.

major promastigote growth.



Chapter 3 112
A B
120 I | I I T I T | T I 120 =}
S 100 - L 100 4
2 S ] 2% an
5 § 80 ] E § 80 ]
) 0 O
_ = 60
40 -
2 © 40 = ° © -
G I & 20
20
< 0
OO OWOITHM~NMNOM
ggEeRgofar-oo SR mo NN OO
@ = RERG-
OA concentration (1M) 8-BOA concentration (uM)
O OA B 8-BOA
EH OCA+1uMLA B 8-BOA+1uMLA
C D
— 17 2 3 4
°\° T T TTTT] T T 11Ty T TTTTy T s e
= 120 { . 75 kDa -
o T — — < E2D
£ 100 - 50 kDa - = <« E>
5 I ] - 5
g 80 - 37 kDa -
2 60 - 1 25 kDa -
s N 1 20 kDa - )
o 40 - § 15 KDg - = — === — < H protein
g 20 L i 37 kDa il & e a <« CS
2 O i Ll Lol Ll 1
O 1. No compound, lipid-containing medium
0.1 1 10 100

8-BOA concentration (uM)

—— 8-BOA
—— 8-BOA+1 uM LA

2: No compound
3:10 uM LA
4:10 uM 8-BOA

Figure 3.13 Growth and lipoylation patterns of prom
concentrations of LA analogues

Alamar blue assay was used in order to determine the effect of LA analogues, OA (A) and 8-BOA
(B and C), on promastigote cell growth. Fluorescence at ODsgg,, Was recorded and all values
normalised against negative EtOH (solvent) controls to give percentage growth relative to the
control. D, In order to determine the effect of LA analogues on lipoylation patterns, promastigotes
were grown in lipid-depleted medium, and supplemented with either 10 uM LA or 10 pM 8-BOA.
Stationary phase promastigotes (120 h) were lysed and the soluble protein fraction isolated. 10 ug
of each lysate was subjected to SDS-PAGE. Western blotting was carried out using a-LA antibody
at 1/6,000 and a-CS antibody to assess loading, at 1/5,000. Lane 1 represents a typical lipoylation
pattern at 120 h growth in normal HOMEM + 10 % FCS medium (see Figure 3.1B lane 4, for
derivation of lane 1 in the current figure).

astigotes incubated with different

Figure 3.13A demonstrates that OA concentrations up to 150 uM do not affect
promastigote growth. 300 uM OA reduces growth to 16 % relative to the negative
control. In T. gondii, the IC5y for OA is approximately 500 pM, yet 1 pM LA
completely restored growth to wild-type levels (Crawford et al., 2006). In L. major,
1 uM LA does not alleviate the effects of 300 uM OA (Figure 3.13A). Addition of
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LA or 8-BOA to the growth medium did not cause an alteration in lipoylation
intensity/patterns (Figure 3.13D), and as such it is difficult to discern whether these
compounds are not efficiently taken up, or whether parasites rely on biosynthesis
of LA and as such do not incorporate LA or 8-BOA into a-KADHSs or the GCC.

Figure 3.13B & C illustrate that the 1Cso for 8-BOA is 90.5 pM (x 9.2 uM) and the
ICso for 8-BOA with 1 uM LA supplementation is 92.3 uM (£ 10.8 pM). These
values are relatively high, compared to those published for T. gondii, whereby 10
MM 8-BOA inhibits cell growth by 95 %, and 1 uM LA is sufficient to completely
rescue the growth defect (Crawford et al., 2006). In P. falciparum red blood cell
stage, 8-BOA at 25 uM — 400 pM results in growth defects, and addition of 2 pM
LA significantly rescued the phenotype (Allary et al., 2007). Possible explanations
for the discrepancy between the results observed in T. gondii and P. falciparum

versus L. major will be discussed in Section 6.3.3.2.
3.7 Summary

* In silico searches show that L. major possesses all potential components of a-
KADHs and the GCC, although some potentially interesting differences are

apparent.

 Lipoylation of a-KADH E2-subunits and H-protein occurs during promastigote
growth, and lipoylation patterns are consistent throughout: E2k is predominantly
lipoylated, and during stationary phase E2p, E2b and H-protein become
lipoylated. Purified metacyclic promastigotes only lipoylate E2k. Amastigotes
may possess lipoylated E2p, E2k, H-protein and not E2b.

* L. major has genes corresponding to LIPA and LIPB from the LA biosynthesis

pathway, and both contain motifs that are pivotal to activity of these enzymes.

* L. major has a gene for LPLA from the salvage pathway. The LmjLPLA protein
possesses all of the key motifs within the N-terminus that are required for
transferase activity; however these motifs are also conserved in the mammalian
LT enzyme. LmjLPLA has a circa 140 amino acid C-terminal extension relative
to the C-terminal domains of ECLPLA and mammalian LT enzymes, the nature

of which is unclear.
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e L. major LIPA, LIPB and LPLA were cloned into expression construct pASK-

IBA3, and the proteins were expressed and purified.

» Antibodies were generated for all three proteins, and a-LmjLIPA and a-LmjLIPB

antibodies were successfully purified for use in western blot analyses.

» The functionality of lipoylating genes from L. major was tested by functional
complementation of E. coli lacking lipA (KER176) or lipB (KER184) genes.
LmjLIPA, LmjLIPB and LmjLPLA rescued bacterial growth. LmjLPLA did not
complement KER184 bacteria as efficiently as did the PILPLAL positive control,
perhaps indicating that LmjLPLA does not utilise octanoyl-ACP as efficiently as
does PfLPLAL, and it could also be due to the extended C-terminal extension
not found in E. coli.

* In lipid-depleted medium, analogues of LA — OA and 8-BOA - affected L. major
promastigote cell growth at higher concentrations than those published for T.
gondii and P. falciparum, and supplementation with 1 uM LA did not rescue the
growth phenotype. Addition of 10 uM LA or 8-BOA did not cause an alteration in

lipoylation patterns.
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4 Genetic manipulation of LPLA

4.1 Introduction

L. major encodes a putative LPLA enzyme, which was shown to be functional by
complementation of E. coli deficient in lipB, as described in Section 3.4.3. In the
study reported in this chapter, the aims were to determine the subcellular
localisation of LPLA and the role that LPLA plays in L. major. The former question
was addressed by expressing a LPLA-green fluorescent protein (GFP) fusion
protein in promastigotes, and establishing the subcellular localisation of LPLA-
GFP by live cell fluorescence microscopy. In order to elucidate the function of
LPLA in promastigotes, attempts were made to ablate both gene copies by
homologous recombination. Additionally, wild-type LPLA and an active site mutant
of LPLA were ectopically expressed in promastigotes, with the aim of perturbing
the normal balance of lipoylation, to investigate whether this results in a decrease

in parasite fitness.
4.2 Localisation of LPLA

To generate a L. major line expressing a C-terminal fusion protein of LPLA with
GFP, the full-length LPLA gene was amplified by PCR using primer pair Lm23-24
(see Section 2.1.4). The resulting 1.5 kb fragment was digested with Ndel/Bglll
before cloning into Ndel/Bglll-digested pGL1132 vector (Tetaud et al., 2002) to
yield construct LPLA-GFP (see Figure 4.1A). The destination vector pGL1132
contains the required control elements that allow constitutive expression of the
proteins in L. major as well as the neomycin phosphotransferase (NEO) selectable
marker (see Section 2.2.6) (Cruz & Beverley, 1990; Tetaud et al., 2002). The
LPLA-GFP construct was transfected into wild-type promastigotes (WT) to give
rise to the WT[LPLA-GFP] line, which was grown in the presence of 50 ug ml™*
G418 to select for parasites that possess ectopic copies of the LPLA-GFP plasmid
(see Section 2.2.8).

In order to verify that the LPLA-GFP fusion protein is expressed in the WT[LPLA-
GFP] line, western blotting with a-GFP monoclonal antibody was carried out.
Figure 4.1B shows that a 79.5 kDa band is found in the WT[LPLA-GFP] line but

not in wild-type, which corresponds to the LPLA-GFP fusion protein. The size of
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LPLA after processing of its target peptide can be calculated by subtraction of the
known size of GFP (27.1 kDa) from that observed for the LPLA-GFP band (79.5
kDa), which equals 52.4 kDa. This is an intermediate between the LPLA; (53.7
kDa) and LPLA+, (50.3 kDa) constructs created for expression in E. coli (see
Sections 3.4.3 and 3.5.3). The calculated size of the T. brucei elongation factor 1-
a (TbEF1-a) loading control was 52.4 kDa, which is in accordance with previously
published data that reported TbEF1-a to be 53 kDa (Kaur & Ruben, 1994).

Fluorescence microscopy to detect the LPLA-GFP reporter, in combination with
Mitotracker CMXRos mitochondrial stain, revealed that LPLA-GFP is a
mitochondrial protein (see Figure 4.1C). This result is in accordance with

subcellular targeting predictions using MitoProt and TargetP (see Section 3.4.3).
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Figure 4.1 Subcellular localisation of LPLA-GFP

A, The LPLA gene (see Section 3.4.3) was amplified from gDNA with primer pair Lm23-24 (see
Section 2.1.4). The insert was cloned into expression vector pGL1132, generating construct LPLA-
GFP (I). Correct cloning was verified by Ndel/Bglll digest, releasing a 1.54 kb insert corresponding
to LPLA, and vector backbone of 6.96 kb (ll). B, The LPLA-GFP construct was expressed in
promastigotes to give rise to the WT[LPLA-GFP] line, and expression verified by western blotting of
10 pg wild-type protein lysate and 10 ug LPLA-GFP protein lysate with a-GFP antibody at 1/5,000.
Equal loading was verified by probing with a-TbEF1-a antibody at 1/10,000.The calculated sizes of
LPLA-GFP and TbEF1-a are 79.5 kDa and 52.4 kDa, respectively (see Section 2.5.5) for method
of calculating molecular sizes from SDS-PAGE). C, The mitochondrion of WT[LPLA-GFP]
promastigotes was stained with Mitotracker CMXRos, and images of live cells were attained by
fluorescence microscopy with DIC (for phase), FITC (for LPLA-GFP), rhodamine (for Mitotracker)
or DAPI filters.

4.3 Knockout studies

In order to study the in vivo role of LPLA, a gene replacement strategy was
employed. Knockout cassettes LPLA-SAT and LPLA-HYG were generated and

transfected into promastigotes, as described in Sections 2.2.4-2.2.9.
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Figure 4.2 is representative of the results obtained from LPLA knockout attempts,
a summary of which is provided in Table 4.1. Two independent heterozygous lines
for LPLA — AlplAnyc/LPLA and AlplAsat/LPLA — were created by replacement of
one LPLA allele with either LPLA-HYG or LPLA-SAT constructs, respectively.
Based on growth data generated in duplicate, AlplAyyc/LPLA and AlplAsat/LPLA
lines reached significantly lower cell densities at stationary phase than did the

wild-type control (see Figure 4.3).

Subsequently, attempts were made to replace the remaining LPLA allele in
AlplAyyc/LPLA and AlplAsat/LPLA lines. AlplAgye/LPLA was transfected with the
LPLA-SAT knockout cassette on three independent occasions (see Table 4.1); a
total of nine clones proliferated during the first cloning step in 96-well plates.
However, upon sub-passaging into fresh medium, all nine clones failed to grow,

and no genotypic data were retrieved.

On the other hand, three independent transfections of AlplAsat/LPLA with the
LPLA-HYG knockout cassette resulted in viable clones. Correct integration of the
second knockout cassette was achieved for 30/63 clones analysed (see Table
4.1). However, as indicated by Southern blot analysis of one such clone,
AlplAsat/IplAnyc/LPLA, the endogenous gene is still present (see Figure 4.2, lane
4). In fact, as shown by FACS analysis (Figure 4.4) the AlplAsat/IplAnyc/LPLA line
is tetraploid, meaning that non-dividing cells possess four copies of each
chromosome, instead of the normal two copies in diploid cells. This indicates that
the double integrant AlplAsat/IplAnyc/LPLA still possesses two copies of the
endogenous LPLA allele, despite having correct integration of LPLA-SAT and
LPLA-HYG knockout cassettes. This is the case for all clones isolated, as
determined by PCR (data not shown). It can be determined that for
AlplAsat/IplAnyc/LPLA, genome duplication must have occurred during the
selection process for LPLA-HYG integration, since the parent line, AlplAsat/LPLA,
is diploid (see Figure 4.4). In addition, LPLA AlplAsat/IplAnyc/LPLA seems to have
growth defects compared to wild-type, including slower logarithmic development,
and premature entry into stationary phase (see Figure 4.3).

In order to provide more convincing evidence that LPLA is an essential/very
important gene, a complementation construct, LPLA-pRB, was generated and

transfected into AlplAsat/LPLA and AlplAyyc/LPLA lines to give rise to
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AlplAsat/LPLA::PrnalLPLA and AlplApys/LPLA::PrnaLPLA lines, respectively (see
Sections 2.2.4-2.2.9). Clones were tested for LPLA-pRB integration by Southern
blot analysis. The pRB construct is designed to integrate into any of the six 18S
SSU rRNA gene copies present on chromosome 27 (Misslitz et al., 2000).
Therefore, depending upon the site of LPLA-pRB integration, a Southern blot
probed with a LPLA gene probe on Nrul-digested gDNA would result in a band
size of 8.4 kb, 6.3 kb, 6.4 kb, 9.0 kb, 7.4 kb or 5.5 kb (see Figure 4.2B). Figure
4.2C shows a 6.3 kb/6.4 kb band for AlplAyyc/LPLA::PrnalLPLA. However, the
band size for AlplAsat/LPLA::PrnalPLA is larger than 9 kb. In this case, LPLA-
pRB could have integrated non-specifically into the L. major genome. Alternatively,
LPLA-pRB could have integrated correctly, and subsequently duplicated within the
18S SSU rRNA locus, resulting in a band size double that of 5.5 kb or 6.3 kb/6.4

kb. However, the nature of the > 9 kb band was not investigated further.

Finally, AlplAsat/LPLA::P;rnalLPLA  and  AlplAnye/LPLA::PrnaLPLA lines were
transfected with LPLA-HYG or LPLA-SAT knockout cassettes, respectively, in
order to create null mutants of the endogenous LPLA allele (AlplA::PrnaLPLA).
Analysis of a total of 43 clones from both transfections (see Table 4.1) revealed
only one endogenous gene knockout, whereas the remaining clones retained the
LPLA gene. Figure 4.2C shows one clone with gene ablation,
AlplAsat/IplAnye::PrrnalLPLA. Another clone has correct second-round integration
but still retains at least one endogenous gene copy
(AlplApyc/IplAsat/LPLA::P.rnaLPLA). These results indicate that replacement of the

LPLA allele is possible when LPLA is ectopically expressed.



Chapter 4 120

Nrul Nrul

v v

—5'FR] LPLA |3’ FR—— I L. major LPLA gene

b—— 2.05kb —
Nrul Nrul

. IIl: LPLA-SAT integrated

8.4 kb into LPLA locus

Nrul Nrul

' Ill: LPLA-HYG integrated
into LPLA locus
—— 89kb ——

B
Nrul Nrul
) SEREESSSURARER]L - | . mepr 155 55U
rRNA locus
Nrul Nrul Nrul

v
[I: LPLA integrated into

18S SSU rRNA loc
— 55-90kb* — FRiNATocus

c 1 2 3 4 &5 6 7 8

10 kb - <+«— [ PL A re-expressor

8 kb — LPLA-HYG integration
Kb — LPLA-SAT integration

© LPLA re-expressor
5kb -
3 kb -
2kb - <«— LPLA gene

1: WT 5: AlplAgar/LPLA P, ayal PLA
2 AlplAg,/LPLA 6: AlplAgar/IPIA e P rnal PLA
3 AlplAyo/LPLA 7: AlplA o/ LPLA::P,pp L PLA

4: AplA g /I0lALyo/LPLA  8: AlplA,yo/IpIA s /LPLA:P, py 1L PLA

Figure 4.2 Knockout attempts of LPLA gene, and complementation to permit gene ablation

A, Schematic representation of the endogenous LPLA locus (I), and the locus after LPLA-SAT (ll)
or LPLA-HYG (Ill) integration. B, Complementation of a knockout necessitated replacement of one
of the six 18S SSU rRNA gene copies (I) with the LPLA gene, under puromycin selection (Il). Sizes
in kb represent the expected band sizes to be observed by Southern blot (C). *Depending upon
which of the six 18S SSU rRNA gene copies is replaced by the LPLA re-expressor, Nrul-digested
gDNA and Southern blot with LPLA gene probe may vyield either 8.4 kb, 6.3 kb, 6.4 kb, 9 kb, 7.4 kb
or 5.5 kb bands. C, Southern blot of 2 ug gDNA digested with Nrul and probed with HYG-, SAT-
and LPLA gene probes, with expected bands shown in A and B. 'LPLA-re-expressor' represents
LPLA-pRB integration into the 18S SSU rRNA locus.
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Figure 4.3 Growth of LPLA knockout mutants

Growth analysis of different LPLA knockout mutants was carried out by diluting all cultures to 5 x
10° parasites ml™, and recording parasite density circa every 24 h. All lines were cultured in
duplicate. A, Average and standard deviation values were calculated for each line at individual time
points. Values were normalised to wild-type values and plotted as a bar chart. One-way ANOVA
with Tukey post-tests were performed at each time point. Values that are significantly different from
wild-type values (p-value < 0.05) are depicted with the ™' symbol. B, Growth of parasite lines
represented by a line graph with logarithmic Y-axis.
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Figure 4.4 Ploidy of LPLA knockout mutants

FACS was used in order to determine the ploidy of different LPLA knockout mutants. Cells were
fixed in 70 % methanol and incubated with propidium iodide. Incorporation of propidium iodide into
DNA was detected with a Becton Dickinson FACS Calibur using FL2-A (detecting fluorescence
emissions between 585 — 642 nm). Data were interpreted using the CellQuestPro software.
Histograms show cell count relative to FL2 fluorescence (arbitrary units). Peaks at 200-, 400- and
800 FL2 arbitrary units represent diploid, tetraploid and octaploid DNA contents, respectively.



Chapter 4 122

Total numbers analysed
Transfections Clones |Transfections |Integration |Gene knockout
AlplA yo/LPLA + LPLA-SAT o* 3 N/A N/A
AlplA spr/LPLA + LPLA-HYG 63 3 30/63 0/63
AlplA jyo/LPLA ::P gna LPLA + LPLA-SAT (23 2 2/2 0/23
AlplA gpr/LPLA ::P gna LPLA + LPLA-HYG (20 2 3/3 1/20

Table 4.1 Summary table of LPLA knockout attempts

The information provided illustrates the total number of second round knockout attempts on LPLA
heterozygotes, and those carried out using heterozygotes re-expressing LPLA within the 18S SSU
rRNA locus. All values were obtained through PCR-based knockout screens. *Only nine clones
were attained from three transfections of AlplAyye/LPLA + LPLA-SAT, and all were non-viable after
sub-passaging into larger volumes of HOMEM + 10 % FCS. As such, gDNA was not attained from
these lines, and therefore, integration or gene knockout determination is not applicable (N/A).

4.4 Overexpression of LPLA-His

Given that it was not possible to study the function of LPLA by gene knockout, an
alternative approach was taken; LPLA-His expression/overexpression in
promastigotes. Wild-type LPLA (LPLA) and LPLA containing a single point
mutation resulting in a H118A amino acid mutation (LPLA™!84
into the pGL1137 plasmid from the pGL1132 plasmid (see Section 4.2). When

expressed in L. major, the constructs result in the translation of LPLA proteins with

), were sub-cloned

C-terminal 6x His-tags (see Section 2.2.6). The reason for expressing LPLA-His
proteins instead of untagged versions was in order to be able to detect ectopic
protein expression, since (as explained in Section 3.5.4) antibodies that detect
LmjLPLA were not available.

As discussed in Section 3.4.3, LPLA is a member of a larger family encompassing
LPLA, LT and BPL proteins, all of which share a structurally- and catalytically
similar N-terminal domain (Fujiwara et al., 2005; Fujiwara et al., 2007; Kim do et
al., 2005; McManus et al., 2005; Wilson et al., 1992). The rationale for introducing
the mutation LPLA™!® was based on the fact that in all LPLA and LT proteins
His'*® (LmjLPLA numbering) is one of the key residues involved in forming the
hydrophobic crevice to which the lipoyl-AMP intermediate binds, and is found
within the strictly conserved ®RRx.GGGxV(F/Y)HD™® motif (see Figure 3.4)
(Fujiwara et al., 2005; Kim do et al., 2005; McManus et al., 2005). Specifically, the

side-chain of His!*®

is thought to form van der Waals interactions with the lipoyl-
moiety of the lipoyl-AMP intermediate (Fujiwara et al., 2007). Published data
highlight the importance of the ATP-binding pocket in E. coli BPL (EcBPL) (Choi-

Rhee et al., 2004; Cronan, 2005; Kwon & Beckett, 2000; Reche, 2000; Wilson et
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al., 1992). EcLplA and EcBPL enzymes operate in a similar fashion; via a two-step
biotin/LA activation and transfer mechanism (see Section 3.4.3) (Fujiwara et al.,
2005; Wilson et al., 1992). Ordinarily in E. coli, the post-translational ligation of
biotin (biotinylation) is highly specific to a single apoprotein, biotin carboxyl carrier
protein (BCCP) (Beckett & Matthews, 1997; Cronan, 1989). However, a mutant
within the ATP-binding domain, EcBPL®¢  biotinylates substrates other than
BCCP (Choi-Rhee et al., 2004; Cronan, 2005). The most likely explanation for this
"promiscuous biotinylation” was found to be due to the activated biotin
intermediate (biotinoyl-AMP) escaping more easily from the EcBPL™%¢ active site
and biotinylating lysine residues on non-specific substrates by chemical (not
enzymatic) acylation, in a concentration-dependent manner (of both enzyme and
substrate) (Choi-Rhee et al., 2004; Cronan, 2005). Given that LplA and BPL
enzymes share a similar mechanism of catalysis, the question was asked as to
whether ectopic expression of LPLA"#* in L. major promastigotes would result in

growth and/or lipoylation pattern phenotypes.

WT[LPLA-His] and WT[LPLA"® His] lines were analysed by determining
parasite growth rates relative to those of wild-type and WT[uncut pGL1137]
negative controls. In addition, soluble protein was isolated during logarithmic
growth and stationary phase and western blotting carried out with a-His-, a-LA-, a-
HASPB- and a-LmjLIPA antibodies, and a-cysteine synthease (a-CS) antibody to
verify equal loading. At the final time point in stationary phase, in addition to
harvesting mixed promastigotes, metacyclic promastigotes were isolated by a
peanut agglutination protocol (see Section 2.2.2). All parasite lines were cultured
in duplicate, and each experiment was independently repeated. Repetitions

yielded very similar results; a representative set of which are shown.

Firstly, LPLA-His expressing lines grown on 10 pg ml™* or 50 pg ml* G418 drug
selection pressures exhibited growth phenotypes; relative to the WT[uncut
pGL1137] negative control, LPLA-His expressing lines enter stationary phase at a
significantly earlier density (p<0.05) (see Figure 4.5). In terms of growth, both
LPLA-His lines exhibit similar phenotypes, irrespective of G418 concentration (see
Figure 4.5). Secondly, western blot analyses show that LPLA-His and LPLA"8A
His proteins are expressed at similar levels, irrespective of whether the mutant
lines were cultured in the presence of 10 pg ml™ or 50 pg mi™* G418 drug selection

pressure (see Figure 4.6). The calculated molecular size of LPLA-His and
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LPLA™8%_His proteins from SDS-PAGE was 56.1 kDa (see Section 2.5.5 for basis
of calculations). Given that the LPLA proteins are fused to a His-tag that is 3.1
kDa, the actual molecular size of the two proteins is 53.0 kDa (56.1 kDa minus 3.1
kDa), which is similar to the predicted size of processed LPLA from the LPLA-GFP
fusion protein (52.4 kDa) (see Section 4.2). It is likely therefore that the wild-type
LPLA-His and mutant LPLA-His proteins are N-terminally processed for
mitochondrial transit. Based on the sizes of LPLA calculated from LPLA-GFP (see
Section 4.2) and LPLA-His data, it can be estimated that the mitochondrial
targeting peptide for LPLA is between 19 — 24 amino acids, instead of 12 amino
acids (LPLAT;) predicted by TargetP or 36 amino acids (LPLAT,) (see Figure 3.4
for LPLA alignment).



Chapter 4 125

A C
g 140 g 140
5 1204 T 1204
(] (]
503 100- So\? 100-
G~ 80 3~ 80
52 52
oo 607 o 60
g 40 g 40-
S 204 S 204
0- 0-
22 48 71 91 116 22 48 71 91 116
Hours Hours
- T T
B WT [uncut pGL1137] B WT [uncut pGL1137]
B \WT [LPLA-His] B \WT [LPLA-His]
B B W [LPLATTTEA His) b B W T [LPLAMTTEA His)
g 1% 8
@ ] F
_—
- 107 oy
o g ]
§ E g
2 g K]
E 104 =
c : [
(o] 1 [}
o (=]
- 1 - 1
105 T T T T 1 105 T T T T 1
0 25 50 75 100 125 0 25 50 75 100 125
Hours Hours
— WT ——WT
——WT [uncut pGL1137] ——WT [uncut pGL1137]
——WT [LPLA-His] ——WT [LPLA-His]
——WT [LPLAM®A_js) ——WT [LPLATT®A_His)

Figure 4.5 Growth of LPLA-His expressing lines

Growth analysis of LPLA-His expressing lines was carried out by diluting all cultures to 5 x 10°
parasites ml™*, and recording parasite density circa every 24 h. All lines were cultured in duplicate.
WT[uncut pGL1137], WT[LPLA-His] and WT[LPLAHllSA-His] lines were maintained on 10 pg ml™* (A
& B) or 50 pg ml™* (C & D) G418 drug pressure. A & C, Average and standard deviation values
were calculated for each parasite line at individual time points. Values were normalised to wild-type
and plotted as a bar chart. One-way ANOVA with Tukey post-tests were performed at each time
point, with uncut pGL1137 values as control. Values that are significantly different from uncut
pGL1137 values (p-value < 0.05) are depicted with the '*' symbol. B, Growth of parasite lines
represented by a line graph with logarithmic Y-axis.
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Figure 4.6 Protein expression levels of LPLA-His ex  pressing lines

10 pg soluble protein samples from wild-type, WT[LPLA-His] and WT[LPLA"****-His] lines
maintained on 10 pg ml™* or 50 Mg ml* G418 drug pressure, from 96 h growth (see Figure 4.5),
were subjected to SDS-PAGE and western blot analysis with a-HIS antibody at 1/10,000. The two
blots were subsequently stripped of antibody and re-probed with a-CS antibody at 1/7,500 in order
to check for equal loading. All lines were grown in duplicate, and both replicates are tested by
western blot. The calculated size for both LPLA-His and LPLA™'®-His is 56.1 kDa (see Section
2.5.5 for method of calculating molecular sizes from SDS-PAGE).

As illustrated in Section 3.3, the lipoylation patterns of a-KADH E2 subunits and
the H-protein of the GCC can be traced, in a repeatable way, throughout
promastigote development in vitro. As such, the question was asked as to whether
lipoylation patterns would be affected in WT[LPLA-His] and/or WT[LPLA™M!8A.His]
lines. G418 concentration has no obvious effect on lipoylation pattern; as such, a
representative set of data are shown, and the protein used for western blotting
was derived from mutant lines grown in the presence of 50 ug ml™ G418. Figure
4.7 shows lipoylation patterns of wild-type and WT[uncut pGL1137] negative
control lines, and WT[LPLA-His] and WT[LPLA™A.His] lines. Protein loading is
comparable in all lanes of each blot, lipoylation patterns of replicate treatments are
consistent, and lipoylation patterns of the WT[uncut pGL1137] control are similar
to those in wild-type. Figure 4.7 shows that the lipoylation pattern in WT[LPLA-His]
is comparable to that in the WT[uncut pGL1137] line. The only difference between
lipoylation patterns in these two lines compared to wild-type is that E2k, E2p and
E2b are lipoylated in wild-type at 116 h mixed promastigote culture, yet only E2K is
lipoylated in WT[LPLA-His] and WT[uncut pGL1137] lines (see Figure 4.7).

In contrast, lipoylation of all three a-KADH E2 subunits and H-protein is up-

regulated in the WT[LPLA™®*_His] line at all time points. A very large increase in
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lipoylation of the H-protein is apparent at all time points except in purified
metacyclic promastigotes. This is in contrast to LPLA-His expression (see Figure
4.7) and LIPB-His expression (see Section 5.4.2), which do not result in an
increase in H-protein lipoylation relative to the control lines. Perhaps the most
intriguing finding is that metacyclic promastigotes in the WT[LPLA™!®A.His] line

possess lipoylated E2k, E2p and E2b subunits, whereas all other lines only have

lipoylated E2k and H-protein (see Figure 4.7).
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Figure 4.7 Lipoylation patterns of LPLA-His express

ing lines

Approximately 1 e® cells were lysed at four different time points from cultures maintained on 50 ug
mli* G418 drug pressure (see Figure 4.5). Soluble protein was harvested and subjected to SDS-
PAGE. Western blots were carried out with a-LA antibody at 1/6,000 to determine lipoylation
patterns, and with a-CS antibody at 1/7,500 to check for equal loading. All lines were grown in
duplicate, and both replicates are tested by western blot.

Purified metacyclic promastigotes at the 116 h time point from wild-type and LPLA-

His expressing lines grown on different G418 selection pressures were tested by
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western blotting for a metacyclic-specific marker, hydrophilic acylated surface
protein (HASPB, kind gift from Professor D.F. Smith) (Flinn et al., 1994). Figure
4.8 shows that LPLA-His expressing lines have significantly less HASPB protein
than does the wild-type control (p<0.05), suggesting that LPLA-His expression
could affect metacyclogenesis. A possible explanation is that since LPLA-His
expressing lines enter stationary phase at an earlier time point (see Figure 4.5),
and that this time point is most correlated to the production of HASPB-positive
metacyclic promastigotes, 116 h was not a suitable time to probe LPLA-His and
LPLA™M8% His protein lysates with a-HASPB antibody. This option was ruled out
by western blotting with a-HASPB antibody at all time points, which revealed that
levels of HASPB expression are consistently lower in LPLA-His expressing lines
compared to wild-type (data not shown).
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Figure 4.8 Metacyclogenesis of LPLA-His expressing lines

A, 10 ug soluble protein of metacyclic promastigotes (at 116 h time point) purified from LPLA-His
expressing lines maintained on 10 pg mi™ or 50 pug mI™* G418 drug pressure, was subjected to
SDS-PAGE. Western blotting was subsequently carried out with a-HASPB antibody at 1/4,000 and
a-CS antibody at 1/7,500, to assess loading. All lines were grown in duplicate, and both replicates
are tested by western blot. B, Band areas (shown in A) were determined using Scion Image
program, averages and standard deviations were calculated and a bar chart plotted. Subsequently,
one-way ANOVA with a Tukey Post-test was performed to determine whether band areas in
WT[LPLA-His] and WT[LPLA™*®**-His] lines were significantly different from those in wild-type,
where p-value < 0.05 is indicated by the *' symbol.
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In order to determine whether expression of LPLA-His and LPLA"®-His proteins
resulted in up-regulation of the LA biosynthesis pathway, western blotting was
carried out using the a-LmjLIPA antibody (see Section 3.5.4.1). Given that the
most notable differences in lipoylation pattern (with regards to the WT[LPLAM8A
His] line) were observed in metacyclic promastigotes (see Figure 4.7), only protein
lysates from this time point were probed with a-LmjLIPA by western blotting.
Figure 4.9 shows that in all parasite lines, a band of 45.8 kDa is apparent. The fact
that this band corresponds to LIPA is corroborated by the fact that western blotting
with a-LmjLIPA antibody on protein lysate from the WT[LIPA-GFP] line reveals a
45.3 kDa band, which is most likely to represent degradation of LIPA-GFP into
LIPA and GFP (see Figure 5.1). According to prediction programmes TargetP and
MitoProt, the expected molecular size of LIPA after cleavage of the N-terminal
mitochondrial targeting peptide is 44.1 kDa (LIPAt;) or 45.5 kDa (LIPATy),
respectively (see Section 3.4.2). The average of the bands observed at 45.3 kDa
and 45.8 kDa gives 45.5 kDa, which would be in line with the prediction made by
MitoProt. Figure 4.9 shows that LIPA band intensity is similar in wild-type and
WT[LPLA-His] lines, yet perhaps lower in the WT[LPLA™®*_His] line. However,
the level of CS protein in protein lysates from the WT[LPLA™*®A_His] line is lower
than in the other two lines, and as such it is probable that the level of LIPA protein
is similar in all lanes. This implies that any phenotypes, such as alterations in
lipoylation patterns, are probably due to expression of LPLA-His/LPLA™®A.His
proteins and not because of up-regulation of LA biosynthesis.

50 kDa -
: <« LIPA (45.8 kDa)

57 02 - A - C

1. WT metacyclic promastigote lysates
2. WT [LPLA-His] metacyclic promastigote lysates
3. WT [LPLAM18A_Hjs] metacyclic promastigote lysates

Figure 4.9 LIPA expression levels in LPLA-His expre  ssing lines

Western blotting of protein lysates of purified metacyclic promastigotes from the 116 h time point
(only lines grown on 50 pg ml™* G418 selection pressure) using a-LmjLIPA antibodies at 1/20 to
determine LIPA expression levels in LPLA-His expressing lines relative to the wild-type control.
Blots were also probed with a-CS antibody at 1/7,500 to check for equal loading. All lines were
grown in duplicate, and both replicates are tested by western blot.
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4.5 Summary

* LPLA-GFP is a mitochondrial protein, as shown by fluorescence microscopy in
which LPLA-GFP (FITC filter) and Mitotracker CMXRos (Rhodamine filter)

overlay.

* LPLA is essential/very important to promastigote survival, since 0/72 clones from

six independent transfections resulted in gene ablation.

» Both LPLA alleles can be replaced, although all clones with double allele
replacement still possessed at least one copy of the endogenous LPLA gene;

apparently achieved by the parasites becoming tetraploid.

A permissive knockout strategy using an integrating LPLA re-expressor
construct allowed complete gene replacement. The LPLA knockout with re-
expressor grew significantly slower than wild-type and entered stationary phase

at a substantially lower cell density.

« Expression of C-terminally His-tagged LPLA and active site mutant LPLA™8*

resulted in the onset of stationary phase markedly earlier than in control lines.

» The lipoylation pattern in WT[LPLA-His] was very similar to the usual wild-type
pattern, whereas expression of LPLA"® _His resulted in higher lipoylation of all
three a-KADH E2 subunits and the H-protein of the GCC at all time points.
Intriguingly, metacyclic promastigotes in the WT[LPLA™!®A.His] line lipoylated
E2p and E2b in addition to E2k and H-protein, which was not observed in wild-
type, WT[uncut pGL1137] or WT[LPLA-His] lines.

« Expression of LPLA-His or LPLA™'® . His resulted in the isolation of a lower
proportion of HASPB-positive non-procyclic promastigotes, suggesting that

LPLA-His expression could affect metacyclogenesis.

* There is no noticeable increase in LIPA protein in LPLA-His expressing lines
relative to the wild-type control, indicating that the changes in lipoylation patterns
observed in the WT[LPLA™!*.His] line are most likely a result of LPLA™!*.His

expression and not due to up-regulation of LA biosynthesis. This increase in
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lipoylation could be due to promiscuous lipoylation of the LPLA™*®A.His mutant

enzyme.
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5 Biosynthesis of lipoic acid

5.1 Introduction

L. major encodes putative LIPA and LIPB enzymes, which were shown to be
active by functional complementation of E. coli deficient in lipA and lipB,
respectively, as described in Section 3.5. In the study reported in this chapter, the
aims were to determine the sub-cellular localisations of LIPA and LIPB and to
discern the roles that each plays in L. major. The former question was addressed
by expressing a LIPA-GFP fusion protein in promastigotes, and establishing the
sub-cellular localisation of LIPA-GFP by live cell fluorescence microscopy. An
alternative approach was taken to determine the sub-cellular localisation of LIPB,
which involved a pre-fractionation technique using digitonin titration. In order to
elucidate the function of LIPA in promastigotes, attempts were made to ablate both
gene copies by homologous recombination. In order to study the function of LIPB,
wild-type LIPB with a C-terminal His-tag was ectopically expressed in
promastigotes, with the aim of perturbing the normal balance of lipoylation, which

would perhaps incite a decrease in parasite fitness.
5.2 Localisation of LIPA

To generate a L. major line expressing a C-terminal fusion protein of LIPA with
GFP, the full length LIPA gene was amplified by PCR using primer pair Lm19-20
(see Section 2.1.4). The resulting 1.3 kb fragment was digested with Ndel/Kpnl
before cloning into Ndel/Kpnl digested pGL1132 vector (Tetaud et al., 2002) to
yield the construct LIPA-GFP (see Figure 5.1A). The destination vector pGL1132
contains the required control elements that allow constitutive expression of the
proteins in L. major as well as the neomycin phosphotransferase (NEO) selectable
marker (see Sections 2.2.6 and 2.2.7) (Cruz & Beverley, 1990; Tetaud et al.,
2002). The LIPA-GFP construct was transfected into wild-type to give rise to the
WT[LIPA-GFP] line, which was grown in the presence of 10 pg mlI* G418 to select
for parasites that possess ectopic copies of the LIPA-GFP plasmid (see Section
2.2.7). It is interesting to note that unlike the WT[LPLA-GFP] line, which grew
efficiently when selecting with 50 pg ml™ G418 (see Section 4.2), the WT[LIPA-

GFP] line was only able to proliferate when the concentration of G418 was
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lowered to 10 pg ml™*; suggesting that expression of LIPA-GFP is not as well
tolerated as that of LPLA-GFP.

In order to verify that the LIPA-GFP fusion protein was expressed in the WT[LIPA-
GFP] line, western blotting with a-GFP monoclonal antibody and with a-LmjLIPA
antibody was carried out. Figure 5.1B shows that both antibodies recognised a
band with a calculated molecular size of 72.2 kDa. Unlike in the WT[LPLA-GFP]
line where no GFP degradation was apparent, a clear 26.9 kDa band was
detected in WT[LIPA-GFP] protein lysate using a-GFP antibody, with an expected
GFP band size of 27.1 kDa (see Figure 5.1B). Probing WT[LIPA-GFP] protein
lysate with a-LmjLIPA antibody resulted in a 45.3 kDa band on a western blot.
Probing wild-type protein lysate with o-LmjLIPA antibody resulted in the
recognition of a 45.8 kDa band (see Section 4.4, Figure 4.9). According to
prediction programmes TargetP and MitoProt, the expected molecular size of
LmjLIPA after cleavage of the N-terminal mitochondrial targeting peptide would be
45.5 kDa (LmjLIPAT;) or 44.1 kDa (LmjLIPAT,), respectively (see Section 3.4.2).
The average of the bands observed at 45.3 kDa and 45.8 kDa is 45.5 kDa, which
would be in line with the prediction made by TargetP, and would equate to a

targeting peptide of five amino acids.

Fluorescence microscopy to detect the LIPA-GFP reporter, in combination with
Mitotracker CMXRos mitochondrial stain, revealed that LIPA-GFP is a
mitochondrial protein (see Figure 5.1C). This result is in accordance with sub-
cellular targeting predictions using MitoProt and TargetP (see Section 3.4.2).
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Figure 5.1 Sub-cellular localisation of LIPA-GFP

A, The LIPA gene (see Section 3.4.2) was amplified from gDNA with primer pair Lm19-20 (see
Section 2.1.4). The insert was cloned into expression vector pGL1132, generating construct LIPA-
GFP (I). Correct cloning was verified by Ndel/Kpnl digest, releasing a 1.26 kb insert corresponding
to LIPA, and vector backbone of 6.94 kb (ll). B, The LIPA-GFP construct was expressed in
promastigotes to give rise to the WT[LIPA-GFP] line, and expression verified by western blotting of
10 pg LIPA-GFP protein lysate with a-GFP antibody at 1/5,000 or a-LmjLIPA antibody at 1/20.
Equal loading was verified by probing with a-CS antibody at 1/7,500. The band observed for LIPA-
GFP has a calculated size of 72.2 kDa. The calculated sizes of LIPA and GFP are 45.3 kDa and
26.9 kDa, respectively (see Section 2.5.5 for method of calculating molecular weights from SDS-
PAGE). C, The mitochondrion of WT[LIPA-GFP] promastigotes was stained with Mitotracker
CMXRos, and images of live cells were attained by fluorescence microscopy with DIC (for phase),
FITC (for LIPA-GFP), rhodamine (for Mitotracker) or DAPI filters.



Chapter 5 135

5.3 Knockout studies of LIPA

In order to study the in vivo role of LIPA, a gene replacement strategy was
employed. Knockout cassettes LIPA-SAT and LIPA-HYG were generated, and
LIPA-SAT was transfected into promastigotes, as described in Section 2.2.4.

Figure 5.2 is representative of the results obtained from LIPA knockout attempts, a
summary of which is provided in Table 5.1. Two independent heterozygous lines
for LIPA (AlipAsat/LIPA) were created by replacement of one LIPA allele with the
LIPA-SAT knockout cassette (see Figure 5.2C, lane 2 for one of the two
heterozygotes). Based on growth data generated in duplicate from one of the
heterozygous lines (other heterozygote exhibits the same phenotype; data not
shown), AlipAsat/LIPA reached a significantly lower cell density at stationary phase

than did the wild-type control (see Figure 5.3)

Attempts were made to replace the remaining LIPA allele with the LIPA-HYG
knockout cassette, and in all three transfections carried out 10 uM LA was
included in the medium at all steps of the selection process. Therefore, if LA
salvage and LA biosynthesis pathways are redundant, the theory was that
supplementation with LA could permit LIPA gene ablation. In total, 61 clones from
three independent transfections of AlipAsat/LIPA lines transfected with the LIPA-
HYG knockout cassette were analysed by PCR for the presence of the gene and
for LIPA-HYG integration. 33/61 clones had correct LIPA-HYG integration yet 0/61
had gene knockout (See Table 5.1, PCR data not shown). Southern blot analysis
of one such double integrant (AlipAsat/lipAnyc/LIPA) with LIPA, SAT and HYG
gene probes showed that this clone indeed has LIPA-SAT and LIPA-HYG
integration, and still possesses the endogenous gene (see Figure 5.2, lane 3).
This clone was analysed by FACS, which illustrated that AlipAsat/lipAnyc/LIPA is
tetraploid, meaning that non-dividing cells possess four copies of each
chromosome, instead of the normal two copies in diploid cells (see Figure 5.4). In
addition, AlipAsat/lipAnyc/LIPA seems to have growth defects compared to wild-
type, including slower logarithmic development, and premature entry into

stationary phase (see Figure 5.3).

In order to provide more convincing evidence that LIPA is an essential/very
important gene, a complementation construct, LIPA-pRB, was generated and
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transfected into one of the two AlipAsar/LIPA lines to give rise to the
AlipAsat/LIPA::PrnaLIPA line (see Sections 2.2.4-2.2.9). As discussed in Section
4.3, the pRB construct is designed to integrate into any of the six 18S SSU rRNA
gene copies present on chromosome 27 (Misslitz et al., 2000). Therefore,
depending upon the site of LIPA-pRB integration, a Southern blot probed with a
LIPA gene probe on Nrul-digested gDNA would result in a band size of 13.2 kb,
11.0 kb, 11.2 kb, 13.8 kb, 12.2 kb or 10.3 kb (see Figure 5.2B). Figure 5.2C (lane
4) shows that Southern blotting with LIPA gene probe on Nrul-digested gDNA from
the AlipAsat/LIPA::PrnaLIPA line resulted in a band size >10 kb. It is not possible
to interpret which of the six 18S SSU rRNA gene copies has been replaced by
LIPA-pRB integration, since the DNA ladder does not surpass 10 kb.

Subsequently, two independent transfections were carried out in order to attempt
the replacement of the remaining endogenous LIPA allele in the
AlipAsat/LIPA::P.rnaLIPA line, with the LIPA-HYG knockout cassette. A total of 23
clones were analysed by PCR for the presence of the endogenous LIPA gene as
well as for integration of the LIPA-HYG knockout cassette (data not shown); it was
found that 14/23 clones had correct integration of LIPA-HYG, yet 0/23 clones were
lacking the endogenous LIPA gene (see Table 5.1). Southern blot analysis
indicated that one such clone possessed an unexpected band above 10 kb instead
of the expected band for LIPA-HYG integration (see Figure 5.2C, lane 5). The
reason why this clone (and presumably other clones) appears to have correct
LIPA-HYG integration by PCR (using primers amplifying from outside of the 5' FR
used in the construct to within the HYG gene) and not by Southern blot is unclear.

Total numbers analysed
Transfections Clones [Transfections Integration |Gene knockout
lipA gar/LIPA + LIPA-HYG 61 3 33/61 0/61
lipA gar /LIPA ::P gna LIPA + LIPA-HYG |23 2 14/23 0/23

Table 5.1 Summary table of LIPA knockout attempts

The information provided illustrates the total number of second round knockout attempts on LIPA
heterozygotes, and those carried out using heterozygotes re-expressing LIPA within the 18S SSU
rRNA locus. All values were obtained through PCR-based knockout screens.
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Figure 5.2 Knockout attempts of LIPA gene, and complementation in an attempt to permit
gene ablation

A, Schematic representation of the endogenous LIPA locus (1), and the locus after LIPA-SAT (ll) or
LIPA-HYG (lll) integration. B, Complementation of a knockout necessitated replacement of one of
the six 18S SSU rRNA gene copies (1) with the LIPA gene, under puromycin selection (ll). Sizes in
kb represent the expected band sizes to be observed by Southern blot (C). *Depending upon which
of the six 18S SSU rRNA gene copies is replaced by the LIPA re-expressor, Nrul-digested gDNA
and Southern blot with LIPA gene probe may vyield either 13.2 kb, 11.0 kb, 11.2 kb, 13.8 kb, 12.2
kb, 10.3 kb bands. C, Southern blot of 2 pg gDNA digested with Nrul and probed with HYG-, SAT-
and LIPA gene probes, with expected bands shown in A and B. 'LPLA-re-expressor' represents
LPLA-pRB integration into the 18S SSU rRNA locus. The ** symbol represents an unknown band,
which could correspond to unexpected LIPA-HYG integration (see text for explanation).
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Figure 5.3 Growth of LIPA knockout mutants

Growth analysis of different LIPA knockout mutants was carried out by diluting all cultures to 5 x
10° parasites ml™, and recording parasite density circa every 24 h. All lines were cultured in
duplicate. A, Average and standard deviation values were calculated for each line at individual time
points. Values were normalised to wild-type values and plotted as a bar chart. One-way ANOVA
with Tukey post-tests were performed at each time point. Values that are significantly different from
wild-type values (p-value < 0.05) are depicted with the ' symbol. B, Growth of parasite lines
represented by a line graph with logarithmic Y-axis.
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Figure 5.4 Ploidy of LIPA knockout mutants

FACS was used in order to determine the ploidy of different LIPA knockout mutants. Cells were
fixed in 70 % methanol and incubated with propidium iodide. Incorporation of propidium iodide into
DNA was detected with a Becton Dickinson FACS Calibur using FL2-A (detecting fluorescence
emissions between 585 — 642 nm). Data were interpreted using the CellQuestPro software.
Histograms show cell count relative to FL2 fluorescence (arbitrary units). Peaks at 200-, 400- and
800 FL2 arbitrary units represent diploid, tetraploid and octaploid DNA contents, respectively.

5.4 Overexpression of LIPB-His

5.4.1 Localisation of LIPB-His

Figure 5.1 illustrates that the LIPA-GFP fusion protein is targeted to the
mitochondrion, which infers that LIPA is a mitochondrial protein. Given that LipA
has been shown to be dependent upon the action of LipB in E. coli (Zhao et al.,
2005), and due to the fact that the two proteins co-localise to the apicoplast
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compartment in P. falciparum (Wrenger & Muller, 2004) and in T. gondii
(Thomsen-Zieger et al., 2003), it was hypothesised that LmjLIPA and LmjLIPB
would also be found within the same organelle. In order to determine whether
LmjLIPB is a mitochondrial protein, an alternative approach to the GFP reporter
system was adopted; determination of the sub-cellular localisation of a LIPB-His
fusion protein in promastigotes by cellular pre-fractionation.

To generate a L. major line expressing a C-terminal fusion protein of LIPB with
His-tag, the full length LIPB gene was amplified by PCR using primer pair Lm21-
22 (see Section 2.1.4). The resulting 0.8 kb fragment was digested with Ndel/Kpnl
before cloning into Ndel/Kpnl digested pGL1137 vector to yield construct LIPB-His
(see Figure 5.5A). The destination vector pGL1137 is derived from pGL1132, and
as such contains the required control elements that allow constitutive expression
of the proteins in L. major as well as the neomycin phosphotransferase (NEO)
selectable marker (see Section 2.2.6 and 2.2.7) (Cruz & Beverley, 1990; Tetaud et
al., 2002). The LIPB-His construct was transfected into wild-type to give rise to the
WTI[LIPB-His] line.

In order to determine the sub-cellular localisation of LIPB, parasites from wild-type
and WTI[LIPB-His] lines were permeabilised with increasing quantities of digitonin
in order to pre-fractionate (that is, to concentrate) different cellular compartments.
Previous digitonin-titration experiments in L. mexicana showed that cytosolic-,
glycosomal- or mitochondrial protein markers could be detected by western blot
when cells were treated with 0.3 mg ml™, 1.5 mg ml* or 3.0 mg ml™ to 5.0 mg ml™
digitonin, respectively (Leroux et al., 2006). Similar experiments have been
reported in T. brucei (Coustou et al., 2005; Marche et al., 2000), T. cruzi (Bouvier
et al., 2006; Maugeri et al., 2003; Miranda et al., 2008), Trypanoplasma borelli (T.
borelli) (Wiemer et al., 1995) and L. donovani and L. infantum (Foucher et al.,
2006).

The rationale for using the pre-fractionation technique was in order to obtain a
semi-pure- and concentrated mitochondrial protein lysate fraction that could be
probed with a-LmjLIPB antibody. The different protein lysate fractions were also
probed with a-LA antibody, which served as a mitochondrial protein marker
control. Figure 5.5B shows that no protein is detected when wild-type protein
lysate is probed with a-LmjLIPB antibody, indicating that endogenous LmjLIPB is

either expressed at levels that are undetectable to the a-LmjLIPB antibody, or the
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protein is not expressed in promastigotes. Figure 5.5B illustrates that the LIPB-His
protein is detected by the a-LmjLIPB antibody, yet only in fractions in which protein
was solubilised by 3.0 mg mI™* or 5.0 mg mI* digitonin and not in the 1.5 mg ml*
digitonin fraction. As shown in Figure 5.5B, this pattern coincides with that
observed when WT[LIPB-His] protein lysate is probed with a-LA antibody,
whereby lipoylated E2k, E2p, E2b and H-protein are concentrated in 3.0 mg ml™
and 5.0 mg ml™ digitonin fractions. There is some leakage of E2k and H-protein
from cells treated with 1.5 mg mI™ digitonin. Overall, the results indicate that LIPB-

His is a mitochondrial protein.
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Figure 5.5 Sub-cellular localisation of LIPB-His in the WT[LIPB-His] line

A, The LIPB gene (see Section 3.4.1) was amplified from gDNA with primer pair Lm21-22 (see
Section 2.1.4). The insert was cloned into expression vector pGL1137, generating construct LIPB-
His (I). Correct cloning was verified by Ndel/Kpnl digest, releasing a 0.8 kb insert corresponding to
LIPB, and vector backbone of 6.3kb (I). B, The LIPB-His construct was expressed in
promastigotes to give rise to the WT[LIPB-His] line. In order to determine the sub-cellular
localisation of LIPB, wild-type and WT[LIPB-His] lines from stationary phase were sequentially
treated with increasing concentrations of digitonin ([DG]) varying from 1.5 — 5.0 mg ml™ (see
Section 2.2.3.3). The three protein lysate fractions for each line were subjected to SDS-PAGE and
western blotting was carried out using a-LmjLIPB antibody (top panel) at 1/1,000 or a-LA antibody
(bottom panel) at 1/6,000. LIPB-His was detected in LIPB-His lysate and was calculated to be 33.3
kDa (see Section 2.5.5 for method of calculating molecular weights from SDS-PAGE).

LIPB is expected to be expressed in promastigotes given that LIPA was shown to
be expressed (see Figure 4.9). Given that LIPB is not detected in concentrated
mitochondrial protein lysate from promastigotes (see Figure 5.5B), combined with
the knowledge that E. coli LipB is expressed at levels that are undetectable
(Jordan & Cronan, 2003), an experiment was carried out to determine the
concentration of LIPB-His protein in the WTI[LIPB-His] overexpressing line.
Quantities of LIPBg -Strep recombinant protein ranging from 0.2 — 3.2 ng and 10
png of WTLIPB-His] protein lysate were subjected to SDS-PAGE and western
blotting with a-LmjLIPB antibody (see Figure 5.6A). Band density was measured
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using Quantity One software and a standard curve produced with band intensity as
a function of quantity of LIPBg_-Strep recombinant protein (as described in Section
2.5.5) (see Figure 5.6B). Using the standard curve, it was determined that LIPB-
His protein is present at a concentration of 50 pg per pug of WT[LIPB-His] soluble
protein lysate. This equates to approximately 27,000 copies of LIPB-His
polypeptide per cell (given that there are 3.7 x 10° cells per 1 pg of soluble protein
lysate). Considering that E. coli express < 10 copies of LipB per cell (Jordan &
Cronan, 2003), and that LmjLIPB is not detectable in concentrated promastigote
mitochondrial protein lysate, it can be concluded that the WT[LIPB-His] line

drastically overexpresses the LIPB-His protein relative to endogenous LIPB.

In addition to analysing band density, the molecular sizes of LIPBg.-Strep and
LIPB-His were calculated (see Section 2.5.5 for method of calculating molecular
sizes from SDS-PAGE). The molecular sizes of LIPBg.-Strep and LIPB-His are
30.8 kDa and 32.2 kDa, respectively (see Figure 5.6A). The expected molecular
size of LIPBg -Strep is 30.7 kDa, and since the protein will not be processed for
mitochondrial transit in E. coli, the observed 30.8 kDa band corresponds well to
the predicted size. The expected molecular size of full-length LIPB-His is 32.3
kDa, and based on TargetP mitochondrial targeting prediction (see Figure 3.2), the
size of LIPB-His after cleavage of the mitochondrial targeting peptide would be
28.8 kDa. The fact that the observed LIPB-His protein is 32.2 kDa indicates that
the mitochondrial targeting peptide is likely to be considerably shorter than that
predicted by TargetP.
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Figure 5.6 Quantification of the level of LIPB-His expression in the WT[ LIPB-His] line

A, In order to quantify the amount of LIPB-His in the WT[LIPB-His] line, mid-log growth phase
promastigote cells were harvested and 10 pg of soluble protein lysate subjected to SDS-PAGE.
Different quantities of recombinant LIPBg_-Strep protein were loaded on the same gel. Western
blotting was carried out with a-LmjLIPB antibody at 1/1,000 and chemiluminescence signal
detected using a BioRad ChemiDoc XRS machine. The calculated sizes for LIPB-His and LIPBg, -
Strep are 32.2 kDa and 30.8 kDa, respectively (see Section 2.5.5 for method of calculating
molecular sizes from SDS-PAGE). B, Band density was measured using the Quantity One software
program and the linear phase was plotted on a graph. Using the linear equation, the quantity of
LIPB-His protein in 10 pg of WT[LIPB-His] soluble protein lysate was determined to be 0.5 ng (as
depicted in A).

5.4.2 Effects of LIPB-His overexpression on promast  igotes

As discussed in Section 5.4.1, the WT[LIPB-His] line dramatically overexpresses
the LIPB-His protein, relative to endogenous LmjLIPB expression in wild-type
promastigotes. The effects of LIPB-His overexpression were analysed by
employing the same assays used to study the effects of LPLA-His and LPLA™!8A.
His expression (see Section 4.4). That is, the WT[LIPB-His] line was analysed by
determining parasite growth rate relative to those of wild-type and WT[uncut
pGL1137] controls. In addition, soluble protein was isolated during logarithmic
growth and stationary phase and western blotting carried out with a-His, a-LA, a-
HASPB and a-LmjLIPA antibodies, and a-CS antibody to verify equal loading. All
parasite lines were cultured in duplicate, and each experiment was independently
repeated. Repetitions yielded very similar results; a representative set of which are

shown.
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Firstly, whether grown on 10 pg ml™ or 50 ug ml™* G418 drug selection pressure,
the WTI[LIPB-His] line exhibited a growth phenotype; relative to the WT[uncut
pGL1137] control, WT[LIPB-His] entered stationary phase at a significantly earlier
density (p<0.05) (see Figure 5.7). Secondly, western blot analysis with a-His
antibody showed that LIPB-His protein expression was not affected by culturing

parasites in the presence of different concentrations of G418 (see Figure 5.8).
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Figure 5.7 Growth of the WT[ LIPB-His] line

Growth analysis of the LIPB-His over-expressing line was carried out by diluting all cultures to 5 x
10° parasites ml™, and recording parasite density circa every 24 h. All lines were cultured in
duplicate. WT[uncut pGL1137] and WT[LIPB-His] lines were maintained on 10 pg ml™* (A & B) or 50
pg ml™ (C & D) G418 drug pressure. A & C, Average and standard deviation values were
calculated for each parasite line at individual time points. Values were normalised to wild-type and
plotted as a bar chart. One-way ANOVA with Tukey post-tests were performed at each time point,
with uncut pGL1137 values as control. Values that are significantly different from uncut pGL1137
values (p-value < 0.05) are depicted with the "' symbol. B, Growth of parasite lines represented by
a line graph with logarithmic Y-axis.
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Figure 5.8 LIPB-His expression levels in the WT[  LIPB-His] line

10 pg soluble protein samples from wild-type or the WT[LIPB-His] line maintained on 10 pg ml™* or
50 pg mI™* G418 drug pressure, from 96 h growth (see Figure 5.7), were subjected to SDS-PAGE

and western blot analysis with a-HIS antibody at 1/10,000. The blot was subsequently stripped of

antibody and re-probed with a-CS antibody at 1/7,500 in order to check for equal loading.

Figure 5.9 illustrates the lipoylation patterns of wild-type and the WT[LIPB-His]
lines cultured in the presence of 50 ug mlI* G418 (the lipoylation patterns do not
differ in LIPB-His overexpressing lines grown in the presence of either 10 pg ml™*
or 50 pug ml* G418, and therefore only the latter data are shown). It should be
noted that lipoylation of E2p and E2b are not as pronounced as that which is
normally observed in wild-type parasites during stationary phase (72 h onwards)
(see Figure 3.1). Throughout promastigote growth, lipoylation patterns in the
WTI[LIPB-His] line are very similar to those observed in the wild-type control. The
only notable difference is that whereas metacyclic promastigotes in wild-type do
not possess lipoylated E2p and E2b subunits, lipoylation of these acceptor
proteins is apparent in WT[LIPB-His] protein lysate (see Figure 5.9), which is
similar to the phenotype observed in the WT[LPLA™®.His] line but not in the
WTI[LPLA-His] line (see Section 4.4, Figure 4.7).
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Figure 5.9 Lipoylation patterns of the WT[  LIPB-His] line

Approximately 1 e® cells were lysed at four different time points from cultures maintained on 50 g
mi* G418 drug pressure. Soluble protein was harvested and subjected to SDS-PAGE. Western
blots were carried out with a-LA antibody at 1/6,000 to determine lipoylation patterns, and with a-
CS antibody at 1/7,500 to check for equal loading. All lines were grown in duplicate, and both
replicates are tested by western blot.

In terms of the capacity to undergo metacyclogenesis as determined by the
detection of the metacyclic protein marker HASPB at 116 h growth, the WT[LIPB-
His] line grown in the presence of either concentration of G418 showed a marked
decrease, indicating that metacyclogenesis is possibly impaired (see Figure 5.10).
A possible explanation is that since the WT[LIPB-His] line enters stationary phase
at an earlier time point (see Figure 5.7), and this time point is most correlated to
the production of HASPB-positive metacyclic promastigotes, 116 h was not a
suitable time point to probe WTI[LIPB-His] protein lysates with a-HASPB antibody.
This possibility was ruled out by western blotting with a-HASPB antibody at all
time points, which revealed that levels of HASPB expression are consistently

lower in WT[LIPB-His] lines compared to wild-type (data not shown).
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Figure 5.10 Metacyclogenesis of the WT[ LIPB-His] line

A, 10 ug soluble protein from metacyclic promastigotes (at 116 h time point) purified from the LIPB-
His overexpressing line maintained on 10 pg mlI™ or 50 pg mI™ G418 drug pressure, was subjected
to SDS-PAGE. Western blotting was subsequently carried out with a-HASPB antibody at 1/4,000
and with a-CS antibody at 1/7,500, to assess loading. All lines were grown in duplicate, and both
replicates were tested by western blot. All treatments were carried out in duplicate B, Band areas
(shown in A) were determined using Scion Image program, averages and standard deviations were
calculated and a bar chart plotted. Subsequently, one-way ANOVA with a Tukey post-test was
performed to determine whether band areas in the WT[LIPB-His] line were significantly different
from those in wild-type, where p-value < 0.05 is indicated by the *' symbol.

Given that the WT[LIPB-His] line demonstrates a high overexpression of LIPB-His
relative to endogenous LIPB, it was hypothesised that LIPA might consequently be
up-regulated also. In order to test the hypothesis, wild-type and WT[LIPB-His]
protein lysates from metacyclic promastigotes were probed with a-LmjLIPA
antibody by western blotting. The reason for using this time point to analyse the
levels of LIPA protein was due to the fact that the most notably difference in
lipoylation pattern between the two lines is observed at this point. Figure 5.11
shows that the level of LIPA protein is not higher in the WT[LIPB-His] line grown
on 50 pg mi™* G418 drug selection. This result indicates that the expression levels

of endogenous LIPA and LIPB are low, and probably tightly regulated, and that

overexpression of LIPB-His does not result in a concomitant increase in LIPA.
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Figure 5.11 LIPA expression levels in the WT[ LIPB-His] line

Western blotting of protein lysates from purified metacyclic promastigotes from the 116 h time point
(only lines grown on 50 pg ml™* G418 selection pressure) using a-LmjLIPA antibodies at 1/20 to
determine LIPA expression levels in the WT[LIPB-His] line relative to the wild-type control. Blots
were also probed with a-CS antibody at 1/7,500 to check for equal loading. All lines were grown in
duplicate, and both replicates are tested by western blot.

5.5 Summary

* LIPA-GFP is a mitochondrial protein, as shown by fluorescence microscopy in
which LIPA-GFP (FITC filter) and Mitotracker CMXRos (Rhodamine filter)

overlay.

* LIPA is essential/very important to promastigote survival, since none of the 61

clones from three independent transfections lacked the gene.

» Both LIPA alleles can be replaced, although all clones with double allele

replacement still possess at least one copy of the endogenous LIPA gene.

» A permissive knockout strategy using an integrating LIPA re-expressor construct

did not lead to gene knockout in any of the 23 clones examined.

* A LIPB-His fusion protein was shown to localise to the mitochondrial fraction by

a digitonin pre-fractionation experiment.

« Endogenous LIPB is expressed at sub-picomolar levels, since it could not be
detected by western blotting of concentrated mitochondrial soluble protein lysate

from wild-type parasites with a-LmjLIPB antibody.

» Overexpression of LIPB-His resulted in the onset of stationary phase markedly

earlier than in control lines.
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» The lipoylation pattern in WT[LIPB-His] was very similar to the typical wild-type
pattern, except that metacyclic promastigotes in the WT[LIPB-His] line lipoylated
E2p and E2b in addition to E2k and H-protein.

» Overexpression of LIPB-His resulted in the isolation of a lower proportion of
HASPB-positive  non-procyclic promastigotes, suggesting that LIPB-His

overexpression could affect metacyclogenesis.

* There is no noticeable increase in LIPA protein levels in the WT[LIPB-His] line

relative to the wild-type control.
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6 Discussion

6.1 Introduction

LA metabolism has been most extensively studied in E. coli, and a wealth of data
have also been generated in other organisms including the bacteria M.
tuberculosis (Ma et al., 2006; Rachman et al., 2006; Sassetti et al., 2003) and L.
monocytogenes (Keeney et al., 2007; O'Riordan et al., 2003), the archaebacterium
T. acidophilum (Kim do et al., 2005; McManus et al., 2005), the mammals H.
sapiens (Feng et al., 2009a), M. musculus (Morikawa et al., 2001; Yi & Maeda,
2005; Yi et al., 2009) and B. taurus (Fujiwara et al., 2007; Witkowski et al., 2007),
the plants A. thaliana (Ewald et al., 2007), Oryza sativa L. (Kang et al., 2007) and
P. satisvum (Wada et al., 1997), the fungus N. crassa (Wada et al., 1997), the
yeast S. cerevisiae (Hiltunen et al., 2009) and Kluyveromyces lactis (Chen, 1997),
and the protozoan parasites P. falciparum (Allary et al., 2007; Gunther et al., 2005;
Gunther et al., 2007; Gunther et al., 2009a; Gunther et al., 2009b; Wrenger &
Muller, 2004) and T. gondii (Crawford et al.,, 2006; Mazumdar et al., 2006;
Thomsen-Zieger et al., 2003).

Some of these studies have investigated enzymes involved in LA metabolism,
whereas others have researched type Il FAS, and many have concluded that LA is
essential for aerobic respiration, mitochondrial genome stability (in eukaryotes)
and cell survival. The principal aim of this thesis was to investigate LA metabolism
in L. major, because there is little information regarding the role of the cofactor in

this or any other trypanosomatid.

The first aim of this thesis was to identify the components of multienzyme
complexes that require to be lipoylated for activity, by taking an in silico approach.
This work was carried out using the L. major genome, the sequence of which is
available (Ilvens et al., 2005) in an online database (GeneDB). Subsequently,
experimental evidence was gathered to show that these complexes are lipoylated
in vivo. Furthermore, the question was asked as to which complexes are
preferentially lipoylated at different stages of the L. major life cycle. After
establishing that lipoylation of apo-E2 and apo-H-protein occurs, | set out to
identify the genes involved in LA metabolism in L. major, and again an in silico

approach was taken to address the question. Subsequently, the function(s) of L.
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major gene products involved in LA metabolism were studied using several
assays; namely, complementation of E. coli lines lacking certain genes involved in
LA metabolism, observing the effect of LA analogues on LA metabolism, as well
as gene replacement and protein overexpression. The results obtained will be

discussed in this order below, with reference to published data.

6.2 a-KADHs and the GCC

6.2.1 In silico predictions

From bacteria to mammals, a-KADHs are central to energy metabolism (Cronan et
al., 2005; Mooney et al., 2002; Perham, 2000), and the GCC is important for the
provision of one-carbon (C1) units, which can be used to synthesise purines,
thymidylate, serine, methionine and formylmethionyl- transfer RNA (tRNA)
(Cossins & Chen, 1997; Douce et al., 2001).

There are a plethora of published data with regards to the a-KADH and GCC
multienzyme complexes, in terms of subunit compositions and crystal structures.
These complexes are presumed to exist in Leishmania, based upon biochemical
evidence, and the first aim of this thesis was to identify genes in the L. major
genome encoding all of the putative subunits comprising PDH, a-KGDH, BCKDH
and GCC complexes, and to compare the amino acid sequences of the L. major
predicted proteins with the known protein sequences in E. coli and H. sapiens (see
Table 3.1). It should be noted that genes encoding all of the subunits comprising
the GCC in L. major have previously been identified (Scott et al., 2008), and the
role of the P-protein was evaluated by a gene disruption strategy. The results
indicated that the GCC is active in L. major, and that the promastigote and
amastigote forms lacking the P-protein exhibit a slow growth phenotype (Scott et
al., 2008).

Potential genes encoding all of the subunits comprising the three a-KADHs and
the GCC were identified in the L. major genome. Sequence alignments were
carried out, and most of the components were found to contain conserved
residues that have been shown to be important in catalytic activity or in substrate
binding. Importantly, the PDH E2 (E2p), KGDH E2 (E2k), BCKDH E2 (E2b) and H-

protein from the GCC, all possess lipoyl-domains containing a strictly conserved
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lysine residue that has been shown to be essential for lipoylation (see Section
3.2). All of the predicted E2 proteins also contain a strictly conserved histidine
residue at the C-terminus, which is required for acyltransferase activity. Lastly, all
of the components of a-KADHs and the GCC were predicted with high confidence
by TargetP and MitoProt to possess mitochondrial-targeting peptides, which would
be in line with the fact that these complexes also localise to mitochondria in yeast

and human.

Given that the in silico results were explained in depth in Section 3.2, and that one
would predict that L. major possesses all genes necessary to encode functional
components of a-KADHs and the GCC, the aim of this section is to highlight the

potentially interesting differences that were mentioned in Section 3.2.

Firstly, L. major has genes encoding two potential KGDH E1 (E1k) proteins
(referred to as LmjE1k-A and LmjE1k-B), whereas E. coli, for example, encodes a
single E1k, which forms a homodimer (Frank et al., 2007) (see Section 3.2.1.1).
Interestingly, recent sequence analyses have resulted in the identification of a
second human E1k, which is referred to as Elk-like (E1k-L) (Bunik & Degtyarev,
2008). The E1k-L protein shares all motifs characteristic of E1k enzymes (Bunik &
Degtyarev, 2008), and is the most common isomer in human heart tissue (Bunik et
al., 2008). In addition, it was shown that another E1k-like protein exists in human —
dehydrogenase E1 and transketolase domain-containing 1 (DHTDK1) — and is
more like bacterial E1k enzymes, since it lacks the three pivotal Ca®*-binding
motifs that are characteristic of vertebrate E1k proteins (Bunik et al., 2008; Lawlis
& Roche, 1981; Rutter et al., 1989). LmjE1k-A and LmjE1k-B share only 36 %
sequence identity with each other, and although they contain most of the required
motifs necessary for E1k activity, such as lipoyl-domain-binding motifs and TPP-
binding motifs, they lack all three conserved motifs required for binding of Ca**. In
terms of known motifs involved in a-KGDH activity, it would appear unlikely that
LmjE1k-A and LmjE1k-B complement one another, and as such LmjE1lk-A and
LmjE1k-B are more likely to be E1k isomers, rather than E1k heteromers that are
dependent upon one another for full E1k function. This could have implications in
terms of substrate specificity of the a-KGDH, and it is tempting to hypothesise that
L. major possesses two E1k subunits that are able to recognise different

substrates or that the two proteins are expressed in different life cycle/cell cycle
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stages, although experimental evidence would be required to make any

conclusions.

The second potentially interesting observation from in silico analyses regards the
E2p subunit. Querying the L. major genome database with the E. coli protein
sequence for E2p resulted in the identification of two potential E2p subunits;
LmjE2p and LmjE2p-like (LMJE2p-L) (see Section3.2.2.2). It is most likely that the
annotations provided by GeneDB are correct, since LmjE2p possesses the strictly
conserved C-terminal histidine residue, whereas LmjE2p-L lacks this residue, and
as such is unlikely to be catalytically active. Interestingly, both LmjE2p and
LmjE2p-L possess lipoyl-domains containing the strictly conserved lysine residue,
which is the target of lipoylation. Notably, LmjE2p has a single lipoyl-domain with
the conserved lipoylation motif ®*TDKA®®, and LmjE2p-L potentially has two lipoyl-
domains with lipoylation motifs **TDKA® and *""TDKA®. E. coli E2p (EcE2p) and
H. sapiens E2p (HsE2p) contain three lipoyl-domains (Reed & Hackert, 1990),
although it has been demonstrated in E. coli that only one is required for activity
and that lipoylation of all three domains does not increase acyltransferase activity
(Guest et al., 1985).

The fact that LmjE2p-L has putative lipoyl-domains and is likely to be catalytically
inactive indicates that it is most likely to correspond to E3-binding protein (E3BP),
which is also found in mammals (De Marcucci & Lindsay, 1985) and some yeast
(Maeng et al., 1994), but not in bacteria. The function of E3BP is to bind to E3, and
insert E3 into the E2 scaffold, since in these organisms, E3 cannot bind E2 directly
(Sanderson et al., 1996a; Sanderson et al., 1996b). In terms of the evolutionary
justification of E3BP, one reason might be to add an extra level of control of the
PDH, whereby if E3BP is not expressed (or inhibited), E3 will not be able to bind to
the PDH complex, thus rendering it inactive. Interestingly, in T. brucei BSF, in
which the mitochondrion is poorly formed and the majority of enzymes involved in
the TCA cycle are not expressed, E3 has been shown to localise to the inner
surface of the plasma membrane (Danson et al., 1987). This might appear to be a
very strange observation, however there are published data implicating E3 and LA
in the E. coli protein-dependent transport of galactose and maltose (Richarme &
Heine, 1986), as well as the involvement of dithiols in hexose transport in 3T3-L1
adipocytes (Frost & Lane, 1985). However, the physiological relevance of the
observed E3 localisation to the plasma membrane in T. brucei has not been

investigated further. Another interesting and surprising study in L. major concluded
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that of the proteins that are potentially secreted/excreted from promastigotes,
LmjE2p-L is one of them (Chenik et al., 2006). This is possible, given that TargetP
predicts with high confidence (85 %) that LmjE2p-L possesses a secretory signal
sequence. Also, MitoProt predicts with low confidence (23 %) that E3 has a
mitochondrial targeting peptide, although TargetP predicts with high confidence
that E3 possesses a mitochondrial targeting peptide. Is it possible that E3 and/or
E3BP are dually-targeted to the mitochondrion and plasma membrane, and if so
how would these proteins bind to the membrane, and what would be the
physiological significance? To answer these questions is out of the scope of this
thesis, yet these are potentially interesting questions which have not been

addressed at all in recent studies regarding LA and a-KADHSs.

6.2.2 Regulation of a-KADHs by phosphorylation

Mammals encode four PDH kinases (PDK), PDK-1-4 (Roche et al., 2001; Roche &
Hiromasa, 2007), and one BCKDH kinase (BCKDK) (Machius et al., 2001; Wynn
et al., 2000), which act on PDH and BCKDH, respectively, to down-regulate
activity of these complexes. In addition, they also possess two PDH phosphatases
(PDP), which contain the same regulatory subunit (PDPr) but differ in the catalytic
subunit (PDP-1c or PDP-2c¢) (Huang et al., 1998; Lawson et al., 1993; Lawson et
al., 1997; Teague et al., 1982), as well as a single BCKDH phosphatase (BCKDP
or PTMP) (Damuni et al., 1984; Damuni & Reed, 1987; Joshi et al., 2007). The
role of PDP and BCKDP is to catalyse the dephosphorylation of their respective
enzyme complexes, and as such repress the down-regulation caused by
phosphorylation of PDH and BCKDH by PDK and BCKDK, respectively.

Querying the L. major genome database with human PDK and BCKDK protein
sequences resulted in the identification of two potential PDK/BCKDK proteins,
which were annotated in GeneDB as PDH kinase (lipoamide) (LmjF24.0010) and a
phosphoprotein-like protein (LmjF20.0280) (see Table 3.2). Both predicted protein
sequences, corresponding to LmjF24.0010 and LmjF20.0280 genes, are highly
likely to contain mitochondrial targeting peptides, as predicted by TargetP and
MitoProt. The predicted protein sequence of the LmjF20.0280 gene contains the
strictly conserved N-, G1- and G2 boxes that constitute the ATP-binding domain
that is a key feature of the ATPase/kinase superfamily (Bilwes et al., 1999).

However, the protein completely lacks the F-box, which is present in all known
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human PDK and BCKDK enzymes (Bowker-Kinley & Popov, 1999; Wynn et al.,
2000). The LmjF24.0010 predicted protein lacks strictly conserved residues within
the N-, G1- and G2 boxes, and as such is unlikely to correspond to PDK, contrary
to the annotation found in GeneDB. Lastly, both LmjF24.0010 and LmjF20.0280
predicted proteins lack the C-terminal domain found in PDK, which is involved in
binding the second lipoyl-domain (L2) of E2p (Kato et al., 2005). Nevertheless,
BCKDP in humans also lacks this C-terminal portion. In conclusion, of the two
predicted PDK/BCKDK enzymes in the L. major genome database, it is not
possible to conclude with any confidence that either acts to phosphorylate either
the PDH or BCKDH. However, based on sequence comparisons with human PDK
and BCKDK, it is more likely that LmjF20.0280 has the capacity to phosphorylate
proteins, and experimental data would be required to show this, as well as the
specificity of this kinase towards either (or both) of PDH or BCKDH.

If L. major possesses a kinase(s) to down-regulate certain a-KADHSs, it would also
be necessary to encode a phosphatase(s) that can release this inhibition by
dephosphorylation of the a-KADH. Querying the L. major genome database with
human PDP subunits and with BCKDP resulted in the identification of seven
putative phosphatase genes. The seven corresponding predicted proteins have a
high degree of conservation within motifs known to be important in members of the
PPM family (Barford et al., 1998; Bork et al., 1996), which includes mammalian
PDP and BCKDP. Of the seven predicted proteins, only two — LmjF30.0380 and
LmjF32.1690 — are predicted with high confidence by TargetP and MitoProt to
contain mitochondrial targeting peptides (see Section 3.2.6.2). Given that PDH
and BCKDH are likely to be mitochondrial, these two predicted proteins are the
best two candidates for being PDP/BCKDP.

Overall, sequence analyses did not give a clear answer as to whether L. major is
likely to possess genes encoding kinase(s) and phosphatase(s) that are known in
mammals to regulate PDH and BCKDH activities. It has been possible however to
narrow down the potential list of genes that could play this role in L. major, and
experimental evidence in the form of biochemical characterisation would be
required to verify whether any of these predicted proteins possess kinase or
phosphatase activity, and if they do, to what extent they possess a-KADH-

specificity.



Chapter 6 156

6.2.3 Lipoylation as a mechanism of regulating a-KADHs and the
GCC

Bacteria do not possess kinases and phosphatases to regulate activity of a-
KADHSs, and also, a kinase (s) and phosphatase (s) that regulates a-KADH activity
has not been documented. Also, given that mitochondrial proteins typically turn
over slowly and the half-life of the PDH in rat is one week (Weinberg & Utter,
1980), there must be a post-translational mechanism other than phosphorylation,
to regulate a-KADHSs. Given that LA is pivotal to activity of a-KADHSs, it is likely
that controlling the relative levels of lipoylation of different a-KADHs is an
important mechanism to regulate their activities. Indeed, it has been shown in
human HEK293 T cells that lipoyl-moieties are rapidly turned over (Feng et al.,
2009a). Work in human (Hayakawa & Oizumi, 1988; Oizumi & Hayakawa, 1989),
rat, Lactobacillus casei (Shirota) (Hayakawa et al., 2006) and Enterococcus
faecalis (Jiang & Cronan, 2005) has indicated the presence of an amidase enzyme
called lipoamidase, which catalyses the removal of LA from E2 subunits and H-
protein. It is interesting to note that querying the L. major genome database with
the E. faecalis lipoamidase protein sequence resulted in the identification of one
potential homologue; LmjF16.1360. In the L. major genome database, this gene is

annotated as a hypothetical gene.

There are surprisingly few published data characterising the differential lipoylation
intensities of the three a-KADHs and H-protein of the GCC under different stages
of cell development or in different environmental conditions. The aim of this
section of my thesis was to determine whether lipoylation patterns of the different
o-KADHs and GCC change during promastigote growth in vitro, and in the
amastigote stage, in order to establish whether the analysis of lipoylation patterns
could be a useful diagnostic tool for studying metabolic responses.

In order to address this question, western blot analysis was carried out on soluble
protein extracts from L. major using a polyclonal antibody that recognises protein-
bound LA. This antibody has been used in previous studies in L. monocytogenes
(O'Riordan et al., 2003), S. cerevisiae (Schonauer et al., 2008), A. thaliana (Ewald
et al., 2007), P. falciparum (Allary et al., 2007; Gunther et al., 2007), T. gondii
(Crawford et al., 2006), T. brucei (Stephens et al., 2007) and H. sapiens (Feng et
al., 2009a). In L. major, a total of four lipoylated protein species were identified.



Chapter 6 157

Based on predicted sizes after cleavage of the mitochondrial targeting peptide by
MitoProt and TargetP, three of the bands were designated as H-protein, E2k, E2p
and E2b (see Section 3.3). These predictions are not perfect however. For
example, the molecular mass of the predicted full-length E2b protein is 50.2 kDa,
and yet the observed molecular mass of the putative E2b is 55 kDa (see Table
3.4). Also, E2k and E2p-L proteins were predicted to be a similar size after
cleavage of the mitochondrial targeting peptide. It is much more likely however
that the observed band of molecular mass 39.1 — 41.4 kDa is E2k and not E2p-L,
since E2p-L is likely to be catalytically inactive and correspond to E3BP (see
Section 6.2.1), and there have been no published studies using the a-LA antibody
that have identified lipoylated E3BP, despite it possessing a lipoyl-domain. One
possibility is that both proteins are lipoylated, and that the prominent band
designated as E2k in western blots probed with a-LA antibody (see Figure 3.1) is
masking a band of a similar size that could represent E2p-L. However, even when
a-LA western blot films were exposed for less time to minimise the intensity of the
putative E2k band, a second band was never observed. Nevertheless, in order to
verify the predictions made above, it would be necessary to immunoprecipitate
lipoylated proteins from L. major promastigote lysate, and to subsequently carry
out mass spectrometry analysis. Please note that this is acknowledged as a
limitation, however from henceforth the four lipoylated proteins will be referred to
as H-protein, E2k (and not E2p-L), E2p and E2b, and potential reasons will be
given to justify their differential lipoylation with regards to parasite energy

metabolism.

The results generated by western blotting with a-LA antibody illustrated that
lipoylation patterns change throughout L. major promastigote growth in vitro, and
that the changes in lipoylation patterns are consistent from one sub-passage to the
next. Unfortunately, | did not have antibodies recognising E2k, E2k, E2b or H-
protein, and those raised against P. falciparum recombinant E2 proteins did not
cross-react with L. major soluble protein extract (data not shown). As such, it was
not possible to correlate lipoylation of E2 subunits with the levels of E2 protein,
although the half-life of the PDH, for example, has been shown to be one week in
rat (Weinberg & Utter, 1980). Nevertheless, since lipoylation is required for a-
KADH activity, it is possible to make putative conclusions with regards to the
relative activities of these different protein complexes at any time point.
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My results highlight several interesting and notable differences in terms of
lipoylation intensities in promastigotes. Firstly, the E2k is constitutively lipoylated at
all time points studied, from early-log growth to late stationary phase (see Figure
3.1). a-KGDH catalyses the oxidative decarboxylation of a-ketoglutarate, one
source of which is proline (another sources is glutamine) (see Figure 1.4). Given
the importance of proline as a carbon source for energy production in the sandfly
vector (Bringaud et al., 2006), combined with the fact that Leishmania
promastigotes grown in vitro preferentially use amino acids as an energy source
(Cazzulo et al.,, 1985) (see Section 1.2.2), could explain why E2k is highly
lipoylated throughout promastigote in vitro culture.

The E2p and E2b subunits are lipoylated during late-log growth and stationary
phase, although never to the extent to which E2k is lipoylated (see Figure 3.1).
However, E2p and E2b are not lipoylated in mid-log phase. These results could
indicate that proline/glutamine is preferentially used as a carbon source, and once
proline/glutamine becomes depleted (although this was not directly shown), the
parasites start using additional energy sources. Up-regulation of PDH would allow
pyruvate from glycolysis to be oxidatively decarboxylated to acetyl-CoA, which
would most likely be converted to acetate via the ASCT, instead of being fed into
the TCA cycle (see Section 1.2.3 & Figure 1.4) (Van Hellemond et al., 1998).
There have not been any studies carried out with regards to the capacity of
Leishmania to use branched-chain amino acids (BCAAs) as a carbon source, and
these results are the first to show that a putative E2b is lipoylated, and that the
BCKDH is thus likely to be active. BCAAs are converted to branched-chain
ketoacids (BCKAs) by a branched-chain aminotransferase (BCAT), which is
predicted to be present in the L. major genome database (LmjF27.2030). Genome
data support the fact that Leishmania cannot synthesise branched-chain amino
acids (lvens et al., 2005), and the fact that they are used as an energy source
could indicate that the parasites make use of exogenously-supplied branched-
chain amino acids as carbon sources. Indeed, in mammals, accumulating data
suggests that BCKDH activity increases with exercise, as does oxidation of the
BCAA leucine (Cynober & Harris, 2006; Norton & Layman, 2006). Although the
midgut of the sandfly is likely to be sugar-rich, there is probably a limited supply of
sugars as the parasites migrate towards the proboscis, and based on these results
regarding lipoylation patterns, it could be that Leishmania are very adaptable to

the carbon sources that they use to acquire energy. Interestingly, although mixed
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culture promastigotes in late stationary phase lipoylate all three a-KADH E2
subunits, metacyclic promastigotes purified from the same culture flask only
lipoylate E2k (see Figure 3.1). It is worth noting that the method used to isolate
metacyclic promastigotes is a negative selection procedure, whereby peanut lectin
binds to a specific plasma membrane-bound protein found on procyclic
promastigotes (which is not found on the plasma membrane of metacyclic
promastigotes), and as such procyclic promastigotes can be pelleted by low-speed
centrifugation, whilst metacyclic promastigotes remain in the supernatant fraction.
The metacyclic promastigote is truly defined by the ability to infect human/mouse
macrophages, and this assay was not carried out in conjunction with lipoylation
experiments, nevertheless the term 'metacyclic promastigote' will be used
henceforth for simplicity. Metacyclic promastigotes are non-dividing. The fact that
this sub-population of parasites do not lipoylate PDH or BCKDH indicates that they
do not use acetyl-CoA (derived from pyruvate in glycolysis) or BCAAs as an
energy source, and must therefore rely upon glycolysis and amino acid oxidation.
A potential explanation for this observation is that metacyclic promastigotes do not
expend as much energy as dividing procyclic promastigotes, and as such down-
regulate PDH and BCKDH activities. This is intriguing because it potentially
implies that lipoylation is a dynamic event, since 24 h beforehand, E2p and E2b
were lipoylated (although it cannot be ruled out that the E2p and E2b proteins
themselves are degraded). As mentioned already, L. major potentially encodes a
lipoamidase which could cleave the amide bond between the lipoyl-moiety and the
E2 subunit or H-protein. This could add an extra level of control to lipoylation, and
it would be interesting to overexpress this protein, for example, to show whether it

results in a decrease in lipoylation of the a-KADH and GCC.

It would be interesting in future studies to alter the
proline/glutamine/glucose/threonine concentrations in the growth medium, and to
determine how this affects lipoylation patterns, and whether the two can be
correlated. If the lipoylation pattern would be diagnostic of the relative activities of
different a-KADHSs, analysing lipoylation patterns would represent a simple and
effective method to obtain a global picture of metabolic switching of cells treated
under different nutritional conditions. For example, detailed molecular studies were
recently carried out in PCF T. brucei which illustrated that these parasites have the

capacity to rapidly switch their metabolism in response to the carbon sources
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available (Coustou et al., 2008); it would be interesting to determine whether

alterations in lipoylation patterns correlate with such metabolic switches.

In promastigotes, lipoylation of the H-protein was observed in a pattern that
mirrored E2p and E2b lipoylation patterns; H-protein was lipoylated during late-log
growth and stationary phase, yet not during mid-log growth or in metacyclic
promastigotes. A homozygous disruption of the L. major gene encoding the P-
protein (see Section 3.2.4.2) of the GCC was not lethal in the promastigote stage,
as long as serine was present in the medium (Scott et al., 2008). The authors of
this work hypothesise that an enzyme called serine hydroxymethyltransferase
(SHMT) is able to compensate for the loss of the GCC, since SHMT catalyses the
reversible conversion of serine and THF (tetrahydrofolate) to glycine and 5,10-
CH»-THF (methylene tetrahydrofolate). Two isoforms of SHMT are found in L.
major promastigotes that localise to the cytosol and to the mitochondrion (Gagnon
et al., 2006). The main role of the GCC is to provide C1 units in the form of 5,10-
CH»-THF, which are used by folate coenzymes to synthesise essential cellular
compounds, including pyrimidines. Since metacyclic promastigotes are non-
dividing, one would hypothesise that these parasites do not require as much
pyrimidine for DNA synthesis as do procyclic promastigotes, which could partially
explain why H-protein is not lipoylated in metacyclic promastigotes. Also, given
that there is redundancy between the GCC and SHMT, perhaps only the SHMT

need be active in metacyclic promastigotes.

In order to analyse the lipoylation pattern in the mammal-infective form,
amastigotes were extracted from a mouse back lesion by dissecting out the lesion,
crushing the tissue to release amastigotes, centrifuging the sample and then
collecting the amastigote-containing supernatant fraction (work carried out by
Denise Candlish, University of Glasgow). This is a crude method of cell isolation,
and the amastigote-containing fraction inevitably contains host cell proteins.
Western blotting of amastigote protein lysate with a-LA antibody revealed
lipoylated proteins that potentially correspond to L. major-specific H-protein, E2k
and E2p. However, lipoylation of the 55 kDa E2b band was not apparent in
amastigotes. Interestingly, a lipoylated protein was observed that is of a very
similar molecular mass to E2k, and | hypothesise that this could represent E2p-L,
although it could be a cross-reacting mouse E2 subunit. The published molecular
mass of mouse E2p after cleavage of the mitochondrial targeting peptide is 67

kDa, and no such band was observed in the a-LA western blot. However, it cannot
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be ruled out that lipoylated mouse E2p or E2b proteins do not contaminate the
amastigote sample preparation, and that the bands observed at 41.4 kDa and 47.8
kDa could represent these contaminating proteins. There are no published data
regarding the molecular masses of mouse E2k and E2b after removal of the
mitochondrial targeting peptide. Overall, it is more difficult to make any
conclusions with regards to the lipoylation status of L. major amastigotes, and
since L. major promastigotes cannot be differentiated into axenic amastigotes, this

area remains elusive.

6.3 Enzymes involved in LA metabolism

6.3.1 In silico predictions

Having established that a-KADHs and the GCC are lipoylated in L. major, the next
step was to identify the enzymes involved in LA metabolism. In all organisms, LA
can be synthesised from the type Il FAS product octanoyl-ACP by LipB and LipA
(in E. coli and mammals), and/or LA can be salvaged by LplA (in E. coli) or by
ACSM1 and LT (in mammals).

Crystal structure data on MtLipB (Ma et al.,, 2006) and biochemical analysis of
EcLipB (Zhao et al., 2005) have shown that the LipB-catalysed reaction proceeds
through an acyl-LipB intermediate, in which the octanoyl-moiety forms a thioester
bond with the thiol of Cys'®® (EcLipB numbering). This residue is only found in
LipB enzymes, and not in LplA, LT or BPL. The reason for this is because LplA, LT
and BPL-catalysed reactions proceed through a non-covalently bound acyl-
adenylate intermediate, whereas LipB forms a covalently bound acyl thioester
intermediate, which requires the thiol group of Cys'®. LipB, LplA, LT and BPL

enzymes share one common residue, Lys™*

(EcLipB numbering). In all of these
enzymes, this residue has been proposed to be important in the transfer of the
lipoyl-AMP/octanoyl intermediate to the target lysine residue on the lipoyl-domain

of an apo-E2 or apo-H-protein. In LipB, Lys™*®

(EcLipB numbering) is essential for
formation of the octanoyl-LipB intermediate (Ma et al., 2006), potentially by
activating the octanoyl-moiety for thioester formation with Cys'®® (EcLipB

numbering) (Kim do et al., 2008; Ma et al., 2006).
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Putative genes encoding LmjLIPB and LmjLPLA were identified in the L. major
genome database (see Section 3.4). LmjF36.3080 is the most likely candidate for
LmjLIPB since the predicted gene product possesses the strictly conserved
cysteine residue that defines LipB enzymes (Cys'®* in LmjLIPB). LmjF07.1060 is
most likely to be LPLA, since the N-terminal domain of the predicted gene product
has all of the key motifs that are essential for binding LA, ATP and lipoyl-AMP (see
Section 3.4.3). Recent structural data indicate that despite LPLA and LT being
similar in terms of amino acid sequence identity within the N-terminal domain, their
C-terminal domains differ at the structural level, which has very important
implications in their catalytic qualities. For example, BtLT and HsSLT contain the
motifs that are characteristic of LPLA, however are unable to activate LA due to
steric hindrance of ATP access to the LA/ATP/lipoyl-AMP binding site, which is
due to the fact that the C-terminal domain of LT is rotated 180 T relative t o that of
LplA (Fujiwara et al.,, 2007). As such, although LmjF36.3080 has been named
LmjLPLA, it is possible that this gene in fact encodes LT and not LPLA. The C-
terminal domains of LplA proteins from different organisms share little sequence
homology. However, it is interesting to note the size difference of LmjLPLA
compared to LplA proteins in other organisms; LmjLPLA has a C-terminal domain
that is 137 amino acids longer than that of ECLPLA, and 127 amino acids longer
than that of HSLT (see Figure 3.5). In fact, this anomalously long C-terminal
domain is not restricted to LmjLPLA, but is a common feature amongst all
trypanosomatid putative LPLA proteins. The reason for possessing a significantly
longer C-terminal domain is not known, and was not investigated during this

thesis.

A gene (LmjjF19.0350) that potentially encodes LmjLIPA was also identified in the
L. major genome database. This predicted protein contains two motifs —
133Cx,CxsC** and 1%°Cx3Cx,C'"? (see Figure 3.3) — that are known to be essential
for the LipA-catalysed insertion of two sulphur atoms into the octanoyl-moiety of
octanoyl-E2/octanoyl-H-protein (Cicchillo et al., 2004a; Cicchillo et al., 2004b;
Cicchillo & Booker, 2005; Douglas et al., 2006).

6.3.2 Localisation of lipoylating enzymes
All three predicted proteins, LIPB, LIPA and LPLA, were predicted with high

confidence to contain mitochondrial targeting peptides by TargetP and MitoProt
(see Section 3.4). Two approaches were taken in order to verify the subcellular
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localisation of these proteins. Firstly, full-length LIPA-GFP and LPLA-GFP reporter
constructs were expressed in promastigotes, giving rise to the respective lines
WT[LIPA-GFP] and WT[LPLA-GFP], and live fluorescence microscopy was carried
out using Mitotracker CMXRos as a marker for mitochondrial staining. In both
lines, the green fluorescent fusion protein co-localised with Mitotracker CMXRos
staining, indicating that LIPA-GFP and LPLA-GFP are mitochondrial. It is likely
therefore that endogenous LIPA and LPLA proteins are mitochondrial.

The second approach involved the concentration of various organelles by
treatment with digitonin, and subsequently probing the soluble protein from these
different fractions with a-LmjLIPB antibody. In the LIPB-His overexpressing line
WTI[LIPB-His], LIPB-His protein was found primarily in fractions that coincided with
the highest levels of lipoylated protein. Given that a-KADHs and the GCC are
predicted with high confidence to be mitochondrial, combined with the fact that
these complexes are mitochondrial in all other eukaryotes, this was taken as good
evidence that LIPB-His is mitochondrial. However, endogenous LIPB was not
detected in any of the fractions when probed with a-LmjLIPB antibody. This was
the expected result, given that endogenous LipB protein detection by western
blotting has not been documented in any other organism due to its very low

expression levels (Jordan & Cronan, 2003; Vaisvila et al., 2000).

Overall, I experimentally illustrated that the predictions of LIPB, LIPA and LPLA to
be mitochondrial were correct. The next question to answer would be 'are these

proteins functional?’

6.3.3 Functionality of lipoylating enzymes

6.3.3.1Bacterial complementation

In order to determine whether the L. major genes encoding putative enzymes
involved in LA metabolism were functional, a complementation approach was
taken. Two E. coli insertion mutant lines were used, KER176 and KER184, which
contain inactive lipA and lipB genes respectively. These bacteria do not grow on
minimal medium, unless supplemented with either LA or succinate and acetate
(Vanden Boom et al.,, 1991). However, the growth can be rescued to almost
normal levels when complementing heterologous genes are expressed in these

bacterial mutants.
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My results indicate that N-terminally truncated versions of L. major LIPA-Strep
proteins complement the growth defect of KER176 in the absence of LA, indicating
that L. major encodes a functional LIPA protein (see Section 3.5.1.2). In addition,
full-length LIPB-Strep complemented the growth defect of KER184 in the absence
of LA (see Section 3.5.3.2), and thus it is possible to conclude that both enzymes

comprising the LA biosynthesis pathway are likely to be functional in L. major.

When interpreting the complementation results of KER184 E. coli, it is important to
appreciate that this line is 'leaky’, because in the absence of LA a small amount of
growth is still apparent. The reason for this residual colony formation is that LplA
can catalyse the ligation of the octanoyl-moiety from octanoyl-ACP to apoproteins,
albeit much less efficiently than LipB (Morris et al., 1995). Only one of the two N-
terminal truncated versions of LPLA-Strep, LPLAT;1-Strep, rescued the growth of
KER184 in the absence of LA (see Section 3.5.3.2). Interestingly, in the presence
of exogenous LA, the expression of LPLAT;-Strep resulted in colony formation,
whereas expression of LPLAT,-Strep resulted in a decrease in colony formation
relative to the negative control (empty pASK-IBA3 vector) (see Section 3.5.3.2).
This phenomenon has been observed before, whereby expression of the L.
monocytogenes LplAl protein in an E. coli line lacking lipA and IplA (KER131)
resulted in a reduction in colony formation in the presence of succinate and
acetate, when compared to the empty vector negative control (Keeney et al.,
2007). The authors did not comment on this result (Keeney et al., 2007), however
one would interpret the result as signifying that expression of the recombinant L.
monocytogenes LplAl in KER131 E. coli has a negative impact upon cell growth in
the bypass medium. The LPLA complementation results obtained in my thesis
indicate that not only does LPLAT,-Strep not support growth of KER184, but also
causes a decrease in cell growth. The difference between LPLAr;-Strep and
LPLAT,-Strep is that the former has an N-terminal truncation of 12 amino acids,
whereas the latter has a 36 amino acid N-terminal truncation. One possible
explanation for the no-growth phenotype is that the shortened N-terminus of
LPLAT,-Strep renders this protein catalytically inactive, yet still permits the protein
to bind LA. This sequestration of LA could have a dominant negative effect,
whereby the inactive LPLAT,-Strep would compete for LA with the endogenous E.
coli LplA. Indeed, purified recombinant LPLA+,-Strep was never found to be active
when using P. falciparum E2 subunits and H-protein as apoproteins in an in vitro

lipoylation assay, and western blotting with a-LA antibody showed that instead of
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lipoylating apoproteins, instead LPLA,-Strep was itself strongly lipoylated (data

not shown).
6.3.3.2Effect of LA analogues on parasite growth

In the presence of 30-50 ng mI™ of a LA analogue, selenolipoic acid (SeLA), E. coli
growth is completely inhibited (Reed et al., 1994). The isolation of a spontaneous
mutant that was resistant to SeLA at concentrations up to 5 ug ml™* (Reed et al.,
1994) resulted in the identification of the IplA gene, and a single point mutation in
the LplA protein was attributed to the SeLA resistance phenotype (Morris et al.,
1995). Interestingly, a second mutant was also identified that was resistant to
SeLA and which could proliferate in the absence of exogenous LA, even after
ablation of the lipA gene (Morris et al.,, 1995). Later studies revealed that this
mutant had a duplication of the segment of the E. coli chromosome containing the
lipA and lipB genes (Jordan & Cronan, 2002). Therefore, resistance to SeLA in E.
coli can be attained by relying upon LA biosynthesis, or by reducing LplA activity.
Since these initial studies, experiments have been carried out using a similar
analogue, 8-BOA, with the aim of discerning the relative importance of LplA in LA
metabolism in T. gondii (Crawford et al., 2006) and P. falciparum (Allary et al.,
2007). Another analogue that has been used to study the role of LplA is OA (Allary
et al., 2007; Crawford et al., 2006; Jordan & Cronan, 2003). Free OA is not used
by E. coli LipB as substrate for acylation of apo-E2 and apo-H-protein (Jordan &
Cronan, 2003), since ligation of OA to lipoyl-domains necessitates the thioester
octanoylation of LipB by OA-ACP (Jordan & Cronan, 2003; Zhao et al., 2005).
However, E. coli LplA can octanoylate lipoyl-domains using either free OA (in the
presence of ATP) or OA-ACP, albeit with a significantly reduced efficiency
compared to the classical lipoylation reaction involving LA and ATP (Jordan &
Cronan, 2003). Therefore, LplA is the only enzyme capable of catalyzing the
octanoylation or 8'-bromooctanoylation of E2 and H-protein apoproteins (Allary et
al., 2007; Crawford et al., 2006; Jordan & Cronan, 2003). As such, any effects
resulting from OA or 8-BOA treatment (at physiologically-relevant concentrations)

are attributable to the low efficiency action of LplA.

8-BOA and OA were used in this thesis in order to understand the importance of
LPLA in the survival of promastigotes. In accordance with previous studies, the
parasites used in this experiment were grown in lipid-depleted medium in order to

minimise competition of LA found in FBS, with exogenously added 8-BOA as a
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LPLA substrate. Specifically, promastigotes were grown for two sub-passages in
lipid-depleted medium before starting the alamar blue assay (see Section 3.6), and
any attempt to culture promastigotes for subsequent sub-passages in lipid-
depleted medium resulted in a reduction of cell growth and by sub-passage five in
lipid-depleted medium, growth was no longer apparent (data not shown). My
results indicate that the ICsy for 8-BOA is five to tenfold higher in L. major
promastigotes than it is in T. gondii and P. falciparum, and the ICso of OA is similar
to that in T. gondii. Interestingly, whereas supplementation of 1-2 uM LA in media
containing the 1Cso dose of 8-BOA or OA completely restored growth in T. gondii
and P. falciparum, addition of 1 uM LA to the media did not positively affect L.

major promastigotes.

A possible explanation for the inter-species differences observed could be due to
the differential compartmentalisation of a-KADH complexes and GCC in T. gondii
(and P. falciparum) and L. major. Biosynthesis enzymes LipA and LipB lipoylate
the sole PDH located in the apicoplast (Gunther et al., 2005; Gunther et al., 2007;
Gunther et al., 2009b; Wrenger & Muller, 2004). Salvage enzyme LplA is
mitochondrial and is required for lipoylation of E2k, E2b or H-protein (Allary et al.,
2007; Crawford et al., 2006; Gunther et al., 2009b). Therefore, treatment with 8-
BOA and OA specifically impedes LplA-dependent a-KGDH, BCKDH and GCC
complexes within the mitochondrion of T. gondii and P. falciparum. Lipoylation of
the apicoplast PDH probably remains unaffected, since LipB does not use 8-BOA
as a substrate (Crawford et al., 2006). In L. major, it is highly likely that all three a-
KADHs and the GCC are located in the same organelle (see Sections 6.2.1 and
5.4.1). Therefore, if one hypothesised that L. major promastigotes grown in lipid-
depleted medium rely solely upon biosynthesis of LA, one would expect they be
resistant to higher concentrations of LA analogues. Indeed, western blotting with
a-LA antibody indicates that lipoylation patterns are not altered in the presence of
10 uM 8-BOA. Unlike in T. gondii and P. falciparum, 1 pM LA was not sufficient to
rescue the growth defects caused by 8-BOA or OA, indicating that the inhibitory
effects on L. major at high concentrations of 8-BOA and OA are probably
attributable to interactions of this compound with other pathways operating in L.
major and therefore cannot be alleviated by addition of LA. An interesting follow-up
experiment would be to determine the expression levels of LA biosynthesis and LA
salvage enzymes when promastigotes are incubated with different concentrations

of LA analogues. If the above theory is correct, LA biosynthesis enzymes would be
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up-regulated in lipid-depleted medium and LPLA down-regulated, and addition of
OA or 8-BOA should not affect LIPB or LIPA expression levels under these

conditions.

6.3.3.3Gene replacement in L. major

The results obtained from LA analogue experiments indicate that in L. major
promastigotes, LA biosynthesis and salvage pathways might be redundant. In
order to test this possibility further, a gene replacement strategy was taken, with
the hypothesis that it would be possible to replace genes encoding either LIPA or
LPLA. The results were very surprising, since every attempt to replace either gene
in L. major promastigotes resulted in the duplication of the target gene by genome
amplification. Leishmania are renowned for their genomic plasticity (Cruz et al.,
1993), and it is known that although Leishmania are mostly diploid, some
chromosomes are aneuploid, such as chromosome 1 in L. major (Martinez-Calvillo
et al., 2005; Sunkin et al., 2000). Also, it has been established in attempted
knockout studies of L. major dihydrofolate reductase-thymidylate synthase (DHFR-
TS) (Cruz et al., 1993), a hypothetical gene (LmjF01.0750) (Martinez-Calvillo et
al., 2005), L. mexicana cdc2-related kinase 1 (CRK1) (Mottram et al., 1996) and L.
tarentolae J-binding protein 1 (JBP1) (Genest et al., 2005) that targeting of
essential genes in Leishmania frequently results in aneuploidy for the
chromosome in question, tetraploidy, or the creation of ectopic DNA fragments
called amplicons (Feng et al., 2009b; Genest et al., 2005).

The efficiency of correct targeting of the LIPA and LPLA genes was high, which
rules out the possibility of either gene occupying a non-recombinogenic region of
chromosomal DNA. Indeed, after integration of a stable re-expressing copy of
LPLA into the 18S SSU RNA locus it was possible to obtain a LPLA null mutant,
which suggests that the endogenous LPLA gene is essential in promastigotes.
However, despite the expression of an ectopic copy of LPLA, the growth of the
LPLA null mutant is significantly slower than that of wild-type at all time points on
the growth curve. Unfortunately, the immunogenic response raised against
recombinant LPLA protein in rabbit was poor, and as such the a-LmjLPLA
polyclonal antibody generated was not useful in western blot analyses, despite
multiple attempts to purify and concentrate the antibody (data not shown). It is
therefore not possible to make any conclusions with regards to the expression

level of LPLA under normal conditions or in the null mutant containing an ectopic
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copy of LPLA. In terms of LIPA, it was not possible to generate a null mutant, even
in the presence of an integrated ectopic copy of the gene. It is likely that LIPA is

essential, however it is not possible to make as firm a conclusion as it is for LPLA.

The obvious question is, why would both LIPA and LPLA proteins be essential for
survival of L. major promastigotes? In E. coli, LA biosynthesis and salvage
pathways are redundant (Morris et al., 1995), and based on the results gained
from the effect of LA analogue experiments in this thesis, | expected the same to
be true in L. major. The first possible explanation is that in L. major promastigotes,
LIPA and LPLA are important but not essential, and that the inability to
successfully replace both alleles could be due to limitation(s) in the methods used
to achieve this. For example, promastigotes may be able to survive without
salvage of LA, yet after replacement of the second LPLA allele, the parasites may
take some time to up-regulate the biosynthesis pathway. The procedure | followed
involved incubating transfected parasites for 24 h before cloning. Upon cloning it is
clear that competition with other parasites is not an issue, however it could be that
during the 24 h period preceding the initiation of cloning, the LPLA null mutants
are out-competed/over-grown by parasites with duplicated genomes that do not
need to switch metabolic pathways to survive. | would argue against this because
promastigotes do not grow exponentially during the 24 h post transfection (data
not shown). In terms of the attempted creation of a LIPA null mutant, 10 uM LA
was included in each step of selection of the second-round allele replacement, yet
it was still not possible to replace the remaining allele without the parasites
duplicating their genome. This again provides support for the notion that both LIPA
and LPLA are essential, since as explained above, if LPLA is important when LA is

not limiting, replacement of the LIPA gene should be feasible.

A second possibility to explain the essentiality of both LIPA and LPLA is that only
one of the two pathways used to acquire LA is active at any one time, and that the
expression of the genes involved in these pathways is regulated by LA availability
in the medium. It seems peculiar that if an organism has the genetic capacity to
encode a compensatory enzyme/set of enzymes to complement a growth defect, it
would not do so. For example, an ACP knock-down mutant in human HEK293 T
cells resulted in decreased cell growth and eventually death by 72 h in culture, and
the principal cause was due to an almost complete loss of protein lipoylation (Feng
et al., 2009a). This study highlighted the importance of LA biosynthesis in
lipoylation of a-KADHs and the GCC (Feng et al., 2009a). Also, it has previously
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been shown in mouse that deletion of lipA has an embryonic-lethal phenotype (Yi
& Maeda, 2005; Yi et al., 2009), which further emphases the importance of LipA in
mammals. Nevertheless, in the HEK293 T cell ACP knock-down line, addition of 2
UM exogenous LA in the growth medium did not rescue growth or result in
increased lipoylation of a-KADHs and H-protein (Feng et al., 2009a). This result
argues against the possibility that LA availability in the medium was a limiting
factor affecting the capacity of LA salvage to compensate for lack of LA
biosynthesis. Also, in this thesis 10 uM LA was included in the growth medium at
all steps during the selection of a LIPA null mutant, and yet LA salvage could still
not compensate for a loss of LIPA protein. This fact thus opposes the theory that
the LA salvage pathway is 'switched off' in LA-poor conditions.

A third possibility to explain the essentiality of both LIPA and LPLA is that the
pathways for LA biosynthesis and salvage are indeed redundant in terms of
lipoylating a-KADHs and the GCC, yet the enzymes involved could have essential
roles other than catalysing lipoylation reactions. For example, in E. coli, LipB has a
surprising additional role as a negative regulator of dam gene expression. The
dam gene encodes a DNA methyltransferase which transfers methyl groups from
SAM to adenine residues in the sequence 5-GATC-3' in double stranded DNA,
and has a large impact on the chromosome replication, gene expression and
mismatch repair (Barras & Marinus, 1989). Also, in P. falciparum, an unexpected
result was obtained whereby LipB null mutants exhibited a faster growth
phenotype that was mainly due to accelerated progression through the
intraerythrocytic cell cycle (Gunther et al., 2007). Again, it could be that LipB has a
role other than octanoylation of the PDH in P. falciparum (although it cannot be
ruled out that in the P. falciparum LipB null line, increased growth rate is due to an

increase in myristate production through type Il FASI) (Gunther et al., 2007).

A body of data is also accumulating that implicates LA biosynthesis in
mitochondrial RNA processing (Hiltunen et al., 2009). In 1993, a screen for
mutants with altered mitochondrial tRNA precursor/product ratios resulted in the
identification of the lip5 mutant (Sulo & Martin, 1993). The lip5 mutant had a non-
functional lipA gene and as a result completely lacked lipoylated a-KADHs and
GCC. Other phenotypes included accumulation of mitochondrial tRNA precursors,
destabilisation of the mitochondrial genome and poor cell growth, which was not
rescued by the addition of 2 pM LA (Sulo & Martin, 1993). In S. cerevisiae,
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mutants in type Il FAS genes lack lipoylated a-KADHs and GCC (Schonauer et al.,
2008). It had been hypothesised that the main role of type Il FAS is the provision
of octanoyl-ACP as a substrate for LA biosynthesis (Brody et al., 1997; Hiltunen et
al., 2009; Wada et al., 1997), however this particular study went a step further to
show that FASII mutants had similar RNA processing phenotypes to that of the
lip5 mutant (Schonauer et al., 2008). The authors illustrated that mutants of the
pdh, a-kgdh and gcc genes did not cause RNA processing phenotypes, and it was
proposed that biosynthesis of LA is not just involved in lipoylating a-KADHs and
the GCC, but is also somehow implicated in RNA processing (Schonauer et al.,
2008). Interestingly, a similar phenotype of LA depletion and changes in
mitochondrial ultrastructure was observed in a T. brucei PCF ACP knock-down
line (Stephens et al., 2007). A follow-up study subsequently showed that RNAI of
ACP resulted in malformation of the mitochondrial membrane, and the authors
concluded that the principle cause of the RNAI phenotype was due to a change in
phospholipid composition of the mitochondrial membrane (Guler et al., 2008). It
would be interesting to determine whether RNA processing is also affected in this
line, and whether LA is also the cause of this phenotype. Unfortunately, it was
outside the scope of this thesis to investigate the exciting possibility that enzymes
involved in LA metabolism play key roles in cellular functions other than lipoylation
of a-KADHSs and the GCC.

A fourth and final possibility to explain the essentiality of both LIPA and LPLA in L.
major is that the LA biosynthesis and salvage pathways lipoylate their apoproteins
in a substrate-specific manner. Given that all four apoproteins (H-protein, E2k, E2p
and E2Db) are lipoylated (and assumedly active) during logarithmic growth phase in
L. major (see Figure 3.1), there is a possibility that three of them are essential to
parasite survival (excluding the H-protein, which has been shown to be
dispensable in L. major promastigotes (Scott et al., 2008)). If LA biosynthesis and
salvage have differential substrate specificities for the a-KADHs, one would then
expect that these genes be essential to promastigote survival. An interesting
observation in E. coli is that the lipB null mutant KER184 can grow on any medium
that bypasses the need for the a-KGDH (for example, on succinate-containing
medium), however acetate-containing minimal medium is not sufficient to sustain
growth. This result infers that in the absence of LipB, LplA is not able to sufficiently
lipoylate the a-KGDH to permit cell growth, yet can lipoylate the PDH enough to

allow colony formation (Reed & Cronan, 1993). Another interesting study showed
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that in L. monocytogenes, which encodes two LplA enzymes (LplAl and LplA2)
but lacks LA biosynthesis enzymes, LplAl is essential for intracellular survival of
the bacterium, and that LplAl and LplA2 are not redundant (O'Riordan et al.,
2003). This interesting phenomenon was shown to be due to the fact that LplAl
can use lipoyl-peptides and ATP as substrates for lipoylation, whereas LplA2
requires free LA and ATP (Keeney et al., 2007).

6.3.3.4Ectopic expression of lipoylating enzymes

Since it was not possible to study the functions of LIPA or LPLA by gene
replacement, an alternative approach was taken. LIPB-His, LPLA-His and
LPLA™®A_His constructs were expressed in promastigotes and the effect of
protein expression was assessed in terms of growth and lipoylation patterns at
different stages. Unfortunately, it was not possible to express the LIPA-His
construct in promastigotes, even when the G418 selection pressure was lowered
to 10 pg ml?* from the standard 50 pg mi™* (data not shown). One possible
explanation is that high ectopic expression of LIPA is not tolerated in

promastigotes.

My results indicate that there is a dramatic overexpression of LIPB-His relative to
endogenous LIPB in the WT[LIPB-His] line, since it was not possible to detect
endogenous LIPB protein in wild-type promastigotes, whereas in the mutant line
LIPB was readily detected by the a-His antibody (see Figure 5.5). Expression of
LPLA-His and LPLA™!®*.His is easily detectable in the WT[LPLA-His] and
WT[LPLA"® His] lines using an a-His antibody, respectively (see Figure 4.6).
The endogenous expression levels of LPLA remain unknown because the
antibody raised against the recombinant protein proved to be cross-reactive with
numerous other parasite proteins and no protein of the expected size of LmjLPLA
was detected in the blots. Growth rates were significantly slower in all three mutant
lines compared to that observed in the empty vector control line, and this slow-
growth phenotype was observed when G418-resistant lines were grown in the
presence of either 10 pg ml™ or 50 pg mi™ selection pressure (see Figure 4.5 and
Figure 5.7). The reason why G418-resistant lines were cultured in the presence of
two different drug concentrations was because it had been shown before in L.
major that overexpression levels of an ATPase protein VPS4, were correlated with

the concentration of G418 included in the growth medium (Besteiro et al., 2006). In
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the experiments carried out in this thesis, expression levels of LIPB-His, LPLA-His
and LPLA™® _His did not differ when the mutant lines were grown in the presence
of either 10 pg mi™ or 50 ug ml™ G418 drug selection pressure (see Figure 4.6 and
Figure 5.8).

It was hypothesised that the cause of reduced growth rate in the three mutant lines
would be due to alterations in lipoylation patterns, which could impact on cell
metabolism and growth. However, the lipoylation patterns in the WT[LIPB-His] and
WT[LPLA-His] lines were comparable to those observed in the empty vector
control lines (see Figure 4.7 and Figure 5.9). This potentially indicates that
overexpression of LIPB-His and LPLA-His interferes with pathways other than
lipoylation, although investigation of these options was not within the scope of this
thesis. Interestingly, lipoylation of the H-protein was higher in the WT[LPLA™!84
His] line at all time points investigated apart from in purified metacyclic
promastigotes. Also, in WT[LIPB-His] and WT[LPLA™!*His] lines, but not in the
WT[LPLA'His] line, E2p and E2b were lipoylated in metacyclic promastigotes (see
Figure 4.7 and Figure 5.9). | consistently found in multiple independent
experiments carried out with the wild-type line, that metacyclic promastigotes had
lipoylated E2k, but |I had never observed lipoylation of E2p or E2b (for a
representative result see Figure 3.1), and as such this was a potentially interesting
phenotype. Based on sequence alignments with LplA and LT enzymes in other
organisms whose three-dimensional structures have been determined, the His**®
residue in L. major is likely to be one of the key residues involved in forming the
hydrophobic crevice to which the lipoyl-AMP intermediate binds (Fujiwara et al.,
2005; Kim do et al., 2005; McManus et al., 2005). As explained in Section 4.4, the
justification for creating the LPLA™'®A.His mutant was based on the published
observation that an E. coli BPL mutant, EcBPL8¢, biotinylates substrates other
than BCCP (Choi-Rhee et al., 2004; Cronan, 2005). Given that the EcBPLR*8¢
protein also bears a mutation within the ATP-binding domain, | hypothesised that
the LPLA™!A.His mutant protein would lipoylate substrates other than the
endogenous substrates of wild-type LPLA. Therefore, one possibility is that
‘promiscuous lipoylation' is the cause of the observed lipoylation of E2p and E2b in
metacyclic promastigotes in the WT[LPLA™®*His] line. In addition, the fact that
expression of LPLA-His does not result in lipoylation of E2p and E2b in metacyclic
promastigotes suggests that LPLA may not normally lipoylate E2p and E2b. The

fact that LIPB-His overexpression results in lipoylation of E2p and E2b in
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metacyclic promastigotes is also interesting, and suggests that LIPB may have a
substrate-specificity for E2p an E2b, and in wild-type metacyclic promastigotes,

perhaps LIPB is not expressed and as such does not lipoylate E2p and E2b.

6.4 Conclusions and future directions

The overall aim of this thesis was to initiate an understanding of LA metabolism in
L. major. | illustrated that L. major likely possesses genes that encode all subunits
of the a-KGDH, PDH, BCKDH and GCC. All of the complexes are likely to be
mitochondrial, although it is noteworthy that the subcellular localisations of the E3
and E3BP were not entirely predictable. As such, it would be interesting to
determine the sub-cellular localisation of E3 (and E3BP), and perhaps the protein

has dual localisation, as has been reported in T. brucei BSF (Danson et al., 1987).

L. major was shown to possess a functional biosynthesis pathway consisting of
LIPB and LIPA enzymes. Bacterial complementation studies did not yield a
satisfactory answer regarding the functionality of LPLA,; future studies would focus
on optimising the expression and purification of LPLA to a high purity, such that it
could be biochemically characterised. All three enzymes were shown to localise to
the mitochondrion, which itself reinforces the likelihood that the a-KADH and GCC
complexes are also localised to this organelle. In E. coli, LA salvage and
biosynthesis pathways are redundant, and this was hypothesised to be the case in
L. major also, because similarly to E. coli, both LA metabolism pathways are
localised to the same organelle. Unexpectedly, LIPA and LPLA appear to have an
essential function in L. major, since it was not possible to ablate either gene.
Evidence is accumulating in other organisms that LipA and LipB may have roles
other than lipoylation of a-KADHs and the GCC. Future work will be aimed at
unravelling the seemingly complex role(s) that LipA and LipB play in the
intersection between energy metabolism, type Il FAS and mitochondrial RNA
processing (Hiltunen et al., 2009). Another hypothesis to explain the essentiality of
LIPA and LPLA in L. major promastigotes is that LA salvage and biosynthesis
enzymes may have differential substrate specificities. Preliminary results from
overexpression of different enzymes involved in LA metabolism indicate that this
could indeed be the case, and it would be of interest to build upon these results by
determining whether LIPB and LPLA exhibit substrate-specificities for

octanoylation/lipoylation in vitro. The potential for substrate-specificity between the
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two different LA metabolic pathways is something that has not been addressed in
the literature. However, one must pose the question, what is the purpose of having
a LA salvage pathway when the LA biosynthesis pathway enables the cell to be

completely self-sufficient?
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7 Appendix

Rn_Elk ----- MFHLRTCAAKLRPLTASQTVKTFSONKPAAI RTFQQ RCYSAPVAAEP- FLSGTS 54
MmElk —  ----- MFHLRTCAAKLRPLTASQT VKTFSQNKPAAI RTFQQ RCYSAPVAAEP- FLSGTS 54
Hs_Elk  ----- MFHL RTCAAKL RPLTASQT VKTFSONRPAAARTFQQ RCYSAPVAAEP- FLSGTS 54
Rn_E1kL  ----- MSQLRLLLFRLG- - - - PQARKLLATR- - - DI AAFGGRRRSSGPPTTI PRSRGGVS 48
Mm ElkL  ----- MSQLRLLPFRLG- - - - PRATKLLATR- - - Al PVFSGCRRSSGPPTTI PRSRSGVS 48
Hs_ElkL  ----- MSQLRLLPSRLG: - - - VQAARLLAAH- - - DVPVFGARSRSSGPPATFPSSKGGEGG 48
RN_DHTKDL =~ - mmmmmmmme o mm i o e oo m oo e e a e oo MASATVAAAGRA 12
MM DHTKD1L =~ - - m - s s s oo m e m e o m e MASAATVAAAGRA 13
Hs_DHTKDL =~ - mmmmmmmmmo o m i o e oo e oo e e e m o e MASATAAAARRG 12
Lm E1kB MVRR- - ALSGWAVR- - - - - ASAVRSYTDARTI RKPN- - - = = === == - - - PYDQLVNAEN 40
Lm E1kA MVRRLVPVRGVVSCGSAVAPT SAFPCASHAAL I MGRRRAAEAVPERQLLFDNDSFLSGSS 60
Rn_E1k SNYVEEMYCAW. ENPKSVHKSWDI FFRNTNAGAPPGTAYQSPLSLSRSSLATMAHAQSLY 114
Mm_E1k SNYVEEMYCAW. ENPKSVHKSWDI FFRNTNAGAPPGTAYQSPL SLSRSSLATMAHAQSLY 114
Hs_Elk SNYVEEMYCAW. ENPKSVHKSWDI FFRNTNAGAPPGTAYQSPLPLSRGSLAAVAHAQSLY 114
Rn_E1kL PSYVEEMYFAW. ENPQSVHKSVWDNFFQRATKEASVGPAQPQPP- - - - - - - AVI QESRASV 101
Mm E1kL SSYVEEMYFAW. ENPQSVHKSWDSFFQRASKEASVGPAQPQLP- - - - - - - AVLQESRTSV 101
Hs_E1kL SSYMEEMYFAW. ENPQSVHKSWDSFFREASEEAFSGSAQPRPP- - - - - - - SVWHEGRSAV 101
Rn_DHTKD1 LRRAVPLLRRSYQTERGVYGYRP- - - RKAGSGEPRGDR- - - - - - ----------- ARPSV 52
Mm_DHTKD1 LRRAVLLLRRGYQTERGVYGYRP- - - RKAKSGEPRGDR- - - - - - - - --------- ARPSV 53
Hs_DHTKD1 LGRALPLLWRGYQTERGVYGYRP- - - RKPESREPQGAL- - - - - - - - - - - - - - - - - ERPPV 52
Lm E1kB CHYVEDL MRQYEADSAL VDPSW/PVLEAI RSGSDDSPWAT- - - - - - - - - - - - - - FSRPT 86
Lm E1kA AMYNDGLY QQNKKDPASVDASVWAEL FSRSDLGNYNHALLDTPI - - - - - - - - - - CVLPAKS 110

. *
Rn_E1k EAQPNVDKLVEDHLAVQSLI RAYQ RGHHVAQLDPLGE LDADLDSSVPAD- - - - - - 11SS 168
Mm_E1k EAQPNVDKLVEDHLAVQSLI RAYQ RGHHVAQLDPLG LDADLDSSVPAD- - - - - - 11 SS 168
Hs_Elk EAQPNVDKLVEDHLAVQSLI RAYQ RGHHVAQLDPLG LDADLDSSVPAD- - - - - - 11SS 168
Rn_E1kL SSCTKTSKLVEDHLAVQSLI RAYQ RGHHVAQLDPLG LDADLDSFVPSD- - - - - - LI TT 155
Mm_E1kL SSCTKTSKLVEDHLAVQSLI RAYQ RGHHVAQLDPLG LDADLDSFVPSD- - - - - - LI TT 155
Hs_E1kL SSRTKTSKLVEDHLAVQSLI RAYQ RGHHVAQLDPLG LDADLDSFVPSD- - - - - - LI TT 155
Rn_DHTKD1 DHG ----------- LARLVTVYCEHGHKAAQ NPLFPGQALLDTVPEI Q- - - - - - ALVQ 94
Mm_DHTKD1 DHG ----------- LARLVTVYCEHGHKAAQ NPLFPGQALLDTVPEI Q- - - - - - ALVR 95
Hs_DHTKD1 DHG ----------- LARLVTVYCEHGHKAAKI NPLFTGQALLENVPEI Q- - - - - - ALVQ 94
Lm E1kB DAKSL SEKQRHDNIVRL SVWM REYERFGHHMANVDPLSGYHADNCI LG SR- - - - - - TLAP 139
Lm E1kA SDEAVWKQSLADCGRLI RM HTFEDRGHLMAQTDPLNYVDTDVTERTPSRRYKEMVRLDL 170
. - . * % * - - k% . -
Rn_E1k TDKLGFYGLHESDLDKVFHLPTTTFI GGQEPALPLREI | RRLEMAYCOQHI GVEFMFI NDL 228
Mm_E1k TDKLGFYGLHESDLDKVFHLPTTTFI GGQEPALPLREI | RRLEMAYCQHI GVEFMFI NDL 228
Hs_E1lk TDKLGFYGLDESDLDKVFHLPTTTFI GGQESALPLREI | RRLEMAYCOQHI GVEFMFI NDL 228
Rn_E1kL | DKLAFYDLQEADLDKEFRLPTTTFI GGSENTLSLREI | RRLESTYCQHI GLEFMFI NDV 215
Mm E1kL | DKLAFYDLQEADLDKEFRLPTTTFI GGPENTLSLREI | RRLESTYCOQHI GLEFMFI NDV 215
Hs_E1kL | DKLAFYDLQEADLDKEFQLPTTTFI GGSENTLSLREI | RRLENTYCQHI GLEFMFI NDV 215
Rn_DHTKD1 TLQGPFT-------------- TTGLLNMSKEEASLEEVLAYLNHI YCGPI SI ETAQLQSQ 140
Mm_DHTKD1 TLQGPFT-------------- TTGLLNLGKEAASLEEVLAYLNH YCGPI SI ETAQLQSQ 141
Hs_DHTKD1 TLQGPFH - - - - - oo - - TAGLLNMGKEEASLEEVLVYLNQ YCGQ S| ETSQLQSQ 140
Lm E1kB EEFG-TKDDL THVFNVTFGASHEATFVSGGTAMILQQ | DQLRRLYCGPI GFEFMSSGFF 199
Lm E1kA AYFG-SDKDL DRVWRVGFONQVGA YDTSSPQLTI RQLHELLTERYCGRI GFELVHLTDG 230
. - * * % * *
Rn_E1k EQCQW ROXFETPA MFTN- - - - - EEKRTLLARLVRSTRFEEFL QRKWSSEKRFGLEGC 283
Mm E1k EQCQOW RQKFETPG MOFTN- - - - - EEKRTLLARLVRSTRFEEFLQRKWSSEKRFGLEGC 283
Hs_E1lk EQCQW ROXFETPA MQFTN- - - - - EEKRTLLARLVRSTRFEEFL QRKWSSEKRFGLEGC 283
Rn_E1kL EQCQWN RQKFETPGVMKFSI - - - - - EEKRTLLARLVRSMRFEDFLARKWSSEKRFGLEGC 270
Mm E1kL EQCQW RQXKFETPGVMQFSV- - - - - EEKRTLLARLVRSVRFEDFLARKWSSEKRFGLEGC 270
Hs_E1kL EQCQWN RQKFETPGVMQFSS- - - - - EEKRTLLARLVRSMRFEDFLARKWSSEKRFGLEGC 270
Rn_DHTKD1 EEKDWFARRFEELKKETFTT- - - - - EERKHL SKLLLESQEFDHFLATKFATVKRYGCGEGA 195
Mm_DHTKD1 EERDWFARRFEELKKETFTT- - - - - EERKYL SKLLLESQEFDHFLATKFATVKRYGGECGA 196
Hs_DHTKD1 DEKDWFAKRFEELQKETFTT- - - - - EERKHL SKLM_ESQEFDHFLATKFSTVKRYGCGEGA 195
Lm E1kB ELRNWFR- - QEVMDSLQSLP- - - - TEERRL YYNDVVKACGFEKFLQLKYATKHRFGLDGG 253
Lm E1kA DAKRFVRSQ ELKDGCSALHRPVSREERLRI WDTVASAVFFEDFFKRKYSTQKRFGCDGA 290
. . * * % - . . * . * . * oo . -k ok . %

Rn_E1k EVLI PALKTI | DMSSANGVDYVI MAGVPHRGRLNVLANVI RKELEQ FCQFDSKLEAAD- - 341
Mm_E1k EVLI PALKTI | DMSSANGVDYVI MGVPHRGRLNVLANVI RKELEQ FCQFDSKLEAAD- - 341
Hs_Elk EVLI PALKTI | DKSSENGVDYVI MGVPHRGRLNVLANVI RKELEQ FCQFDSKLEAAD- - 341

Rn_E1kL EVM PALKTI | DKSSEMGVENVI LGVPHRGRLNVLANVI RKDLEQ FCQFDPKLEAAD- - 328
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Mm E1KL
Hs_E1kL
Rn_DHTKDL1
Mm_DHTKD1
Hs_ DHTKD1
Lm E1kB
Lm E1kA

Rn_E1k
Mm_E1k
Hs_Elk
Rn_E1kL
Mm_E1KL
Hs_E1kL
Rn_DHTKD1
Mm_DHTKD1
Hs_DHTKDL1
Lm E1kB
Lm E1kA

Rn_E1k

Mm E1k
Hs_E1k
Rn_E1kL
Mm_E1kL
Hs_E1kL
Rn_DHTKD1
Mm_DHTKD1
Hs_DHTKDL1
Lm E1kB
Lm E1kA

Rn_E1k
Mm_E1k
Hs_E1lk
Rn_E1kL
Mm_E1kL
Hs_E1kL
Rn_DHTKD1
Mm_DHTKD1
Hs_ DHTKD1
Lm E1kB
Lm E1kA

Rn_E1k
Mm_E1k
Hs_E1lk
Rn_E1kL
Mm_E1kL
Hs_E1kL
Rn_DHTKD1
Mm_DHTKD1
Hs_ DHTKD1
Lm E1kB
Lm E1kA

Rn_E1k
Mm_E1k
Hs_Elk
Rn_E1kL
Mm E1kL
Hs_E1kL
Rn_DHTKDL1
Mm_DHTKD1
Hs_DHTKDL1
Lm E1kB
Lm E1kA

EVM PALKTI | DKSSEMSE ENVI LGVPHRGRLNVLANVI RKDLEQ FCQFDPKLEAAD- -
EVM PALKTI | DKSSEMS ENVI LGVPHRGRLNVLANVI RKDLEQ FCRFDPKLEAAD- -
ESMVGFFHELLKLSAYGGE TDI | | GVPHRGRLNLLTGLL QL PPEL MFRKMRGL SEFPENV
ESMVGFFHELLKLSAYGGE TDI | | GVPHRGRLNLLTGLL QL PPEL MFRKMRGL SEFPENV
ESMMGFFHELLKMSAYSG TDVI | GVPHRGRLNLL TGLL QFPPEL MFRKMRGL SEFPENF
EALI PALKAAI LTSSDLGVQSAI | GVPHRGRLNVLANVLRKSLRAI LNEFEGR- - VAI ED
ESM\/AG_RALLEKSSELGVQAI NLGIVPHRGRLN\/LCH\/I GKPFEVI LKEFVGVT GQELHP

* - * -** ****** *

EGSCDIVKYHLGWVYHRRI NRVTDRNI TL SLVANPSHL EAADPVWMSKTKAEQFYCGDTE- -
EGSGDIVKYHLGWHRRI NRVTDRNI TL SLVANPSHL EAADPVWMGKTKAEQFYCGDTE- -
EGSCDIVKYHLGVYHRRI NRVTDRNI TL SLVANPSHL EAADPVWMSKTKAEQFYCGDTE- -
EGSGDIVKYHLGWHERI NRVTNRNI TL SLVANPSHL EAVDPWWQGKTKAEQFYRGDAQ- -
EGSCDIVKYHLGWVYHERI NRVTNRNI TL SLVANPSHL EAVDPVWWQGKTKAEQFYRGDAQ- -
EGSGDIVKYHLGWHERI NRVTNRNI TL SLVANPSHL EAVDPVWQGKTKAEQFYRGDAQ- -
AAl CDVLSHLTSSVD- L DFGAHRPLHVTM_PNPSHL EAl NPVAVGKT RGRQQSQEDGDYS
ATI GDVLSHLTSSVD- L DFGAHQPL HVTM.PNPSHL EAVNPVAVCGKTRGRQQSREDGDYS
SATGDVLSHLTSSVD- LYFGAHHPL HVTM_PNPSHL EAVNPVAVCGKTRGRQQSRODAEDYS
AHLTGDVEYHL GKRKHVSL PNNKSI EL DL L PNPSHL EAVNPL VL GKARARQT YTNDVE- -
FQ (;BDVKYHL GY RGQ_ KL NSGKV M:_I'EM_ FNPSHL EAVNPFVQIBYT RAI\/Q\/SLGEKG -

kkkkkkh*x %

------- GKKVMSI LLHGDAAFAGQGE VYETFHLSDLPSYTTHGTVHVVVNNQ GFTTDP
------- GKKVIVSI LLHGDAAFAGQGE VYETFHLSDLPSYTTHGTVHVWVYNNQ GFTTDP
------- GKKVMSI LLHGDAAFAGQGE VYETFHLSDLPSYTTHGTVHVVVNNQ GFTTDP
------- GRKVIMSI LVHGDAAFAGQGVVYETFHLSDLPSYTTNGT VHVWVYNNQ GFTTDP
------- GRKVMSI LVHGDAAFAGQGVVYETFHLSDLPSYTTNGTVHVVVNNQ GFTTDP
------- GKKVIMSI LVHGDAAFAGQGVYVYETFHLSDLPSYTTNGT VHVWVYNNQ GFTTDP
PNGSAQPGDKVI CLQVHGDASFCGQA VLETFTLSNLPHFRI GGSI HLI VNNQLGYTTPA
PNGSAQPCDKVI CLQVHGDASFCGQG VLETFTLSNLPHFRI GGSI HLI VNNQLGYTTPA
PDNSAQPGDRVI CLQVHGDASFCGQA VPETFTLSNLPHFRI GGSVHLI VNNQLGYTTPA
------- CTAVLPI LI HGDAAFAGQGSCYETMGFCELENFHVGGTLHLVI NNQ GFTTNP
------- REKVL Pl EI HGDAAFAGQGVAFETMCI SEVGEQ:)TGGTVH\NCI\INQ G-TTDP

-**** * * k% ** . .. *** * * %

RVARSSPYPTDVARVVNAPI FHVNSDDPEAVMYVCKVAAEVRNT FHKDVVVDLVCYRRNG
RVARSSPYPTDVARVVNAPI FHVNSDDPEAVMYVCKVAAEWRNT FHKDVVVDLVCYRRNG
RVARSSPYPTDVARVVNAPI FHVNSDDPEAVMYVCKVAAEVRSTFHKDVVVDLVCYRRNG
RVARSSPYPTDVARVVNAPI FHVNADDPEAVI YVCSVAAEWRNT FNKDVVVDLVCYRRRG
RVARSSPYPTDVARVVNAPI FHVNADDPEAVI YVCSVAAEVRRNT FNKDVVVDLVCYRRRG
RVARSSPYPTDVARVVNAPI FHVNADDPEAVI YVCSVAAEWRNT FNKDVVVDLVCYRRRG
ERGRSSLYSSDI GKLVGCAI | HYNGDSPEEVVRATRLAFEYQRQFRKDVI | DLLCYRQWAG
ERGRSSLYSSDI GKLVGCAI | HVNGDSPEEVVRATRLAFEYQRQFRKDVI VDLLCYRQWG
ERGRSSLYCSDI GKLVGCAI | HYNGDSPEEVVRATRLAFEYQRQFRKDVI | DLLCYRQWAG
KDSRASAYCT DL SKVNNAPVMHVNGDDVDACVKAAKI AARFRQQFHHDI | | DLVCYRRYG
KSSRSSAYCSDLGRVY NCPI LI—NNGDYPEEVI R\/FEFAAEYRARFHKSWI DLVCYRRFG

***-*- --**** . Ca] ---** *** *

HNEVDEPMVFTQPLMYKQ RKQKPVL QKYAEL LVSQGVWNQPEYEEEI SKYDKI CEEAFTR
HNEVDEPMVFTQPLMYKQ RKQKPVL QKYAEL LVSQGVWNQPEYEEEI SKYDKI CEEAFTR
HNEVDEPMVFTQPLMYKQ RKQKPVL QKYAEL LVSQGVWNQPEYEEEI SKYDKI CEEAFAR
HNEVDEPMVFTQPLMYKQ HKQVPVLKKYADKLI AEGTVTLQEFEEEI AKYDRI CEEAYGR
HNEVDEPMVFTQPLMYKQ HKQVPVLKKYADKLI AEGTVTLQEFEEEI AKYDRI CEEAYGR
HNEVDEPMVFTQPLMYKQ HRQVPVLKKYADKLI AEGTVTLQEFEEEI AKYDRI CEEAYGR
HNEL DEPFFTNPVMYKI | RARKS| PDTYAEHL| ASGLMIQEEVSDI KASYYAKLNGHLAN
HNEL DEPFFTNPVMYKI | RARKS| PDTYAEHLI ASGLMIQEEVSDI KTSYYTKLNDHLAN
HNEL DEPFFTNPI MYKI | RARKS| PDTYAEHL| AGGLMIQEEVSE! KSSYYAKLNDHLNN
HNEL DEPFFTNPQLYHQ RQHPSWWDI YTKTLI KDGVL TAEEAKAKDKDWEGVL RQAYDR
HNENDDPS| TCPLMYERVRAMPDVFRRYTDALI TQG LTPQQSTQKAl D EKARYGSYQE

*k* * % * * %

SKDEK- - ------- I LHI KHW.DSPWPGFFTLDGQPRSMICPSTGLEEDI LTHI GNVASS
SKDEK- - ------- I LH KHWLDSPWPGFFTL DGQPRSMICPSTGLEEDVLFHI GKVASS
SKDEK- - ------- I LHI KHWLDSPWPGFFTLDGOPRSMSCPSTGLTEDI LTHI GNVASS
SKDKK- - ------- I LH KHAWLDSPWPGFFNVDGEPKSMIYPTTGA PEDTLSHI GNVASS
SKDKK- - ------- I LHI KHAWLDSPWPGFFNVDGEPKSMICPTTG PEEMLTHI GSVASS
SKDKK- - ------- I LH KHAWLDSPWPGFFNVDGEPKSMICPATGE PEDMLTHI GSVASS
VAHYS- - - - ----- PPAPH- - LQARWQGLVQP- - - AACVTTWDTGVPLELLRFVGVKSVE
VAHYS- - ------- PPATN- - LOARVWQGLVQP- - - EACVTTWDTGVPLELLRFI GVKSVE
MAHYR- - - - - - - - - PPALN- - LQAHWQGLAQP- - - EAQ TTWSTGVPLDLLRFVGVWKSVE

MNSAQNFVKVMPVFDPESENT SADL SSAKI AATRVPPPVSAVDTGVETQTLRAAGLRLAS
AAAQVNYAEYLKKSI PD- KWKCVKYSDEL GNVTQHP- - - - - - - TAI TQETVDKVLKALKT
* . .

176

328
328
255
256
255
311
350

399
399
399
386
386
386
314
315
314
369
408

452
452
452
439
439
439
374
375
374
422
461

512
512
512
499
499
499
434
435
434
482
521

572
572
572
559
559
559
494
495
494
542
580

623
623
623
610
610
610
540
541
540
602
632
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Rn_E1k VPVENFTI HGGLSRI LKTRRELVTNRT- VDWALAEYMAFGSLLKEG HVRLSGQDVERGT 682
Mm_E1k VPVENFTI HGGLSRI LKTRRELVTNRT- VDWALAEYMAFGSLLKEGH HVRLSGQDVERGT 682
Hs_E1lk VPVENFTI HGGLSRI LKTRGEMVKNRT- VDWALAEYMAFGSLLKEGH HI RLSGQDVERGT 682
Rn_E1kL VPLEDFKI HTGLSRI LRGRADMTKKRT- VDWALAEYMAFGSLLKEG HVRLSGQDVERGT 669
Mm_E1kL VPLEDFKI HTGLSRI L RGRADMTKKRT- VDWALAEYMAFGSLLKEGH HVRLSGQDVERGT 669
Hs_E1kL VPLEDFKI HTGLSRI L RGRADMTKNRT- VDWALAEYMAFGSLLKEG HVRLSGQDVERGT 669
Rn_DHTKD1 VPEEL QL HSHL L KMYVQSRVEKVKNGTNL DWATAETL AL GSLLAQGFNVRLSGQDVERGT 600
Mm_DHTKD1 VPEEL QVHSHL L KMYVQSRVEKVKNGSGL DWATAETL AL GSLLAQGFNVRLSGQDVERGT 601
Hs_ DHTKD1 VPREL QVHSHL L KTHVQSRVEKMVDG KL DWATAEAL AL GSLLAQGFNVRLSGQDVERGT 600
Lm E1kB | PKEMQKPHPVWERT YAARKKGT EQGDAI EWCQAEL MALATLSMQGVPI RLTGEDVERGT 662
Lm E1kA YPEGFQL- HPKL KAVL DRRNETI ETGEG EV\GTAEALAFGSLLLEGI-Q/RVTGEDVERGT 691
. -.* **:*-.- * ** * % * * %
Rn_E1k FSHRHHVL HDQNVDKRTCl PMNHLWPNQAPY- TVCNSSL SEYGVLGFEL GFAMASPNALY 741
Mm_E1k FSHRHHVL HDQNVDKRTCI PMNHLWPNQAPY- TVCNSSL SEYGVLGFEL GFAMASPNALY 741
Hs_E1lk FSHRHHVL HDQNVDKRTCI PMNHLWPNQAPY- TVCNSSL SEYGVLGFELGFAMASPNALY 741
Rn_E1kL FSHRHHVL HDQDVDRRTCVPMNHL WPDQAPY- TVCNSSL SEYGVLGFEL GYAMASPNALY 728
Mm_E1kL FSHRHHVL HDQEVDRRTCVPMNHL WPDQAPY- TVCNSSL SEYGVL GFEL GYAMASPNALY 728
Hs_E1kL FSHRHHVL HDQEVDRRTCVPMNHL WPDQAPY- TVCNSSL SEYGVLGFEL GYAMASPNALY 728
Rn_DHTKD1 FSQRHAMVWCQNTDD- VYI PLNHVDPNQKGFL EVSNSPL SEEAVL GFEYGVBI ESPKLLP 659
Mm_DHTKD1 FSQRHAMVCQDTDD- AYI PLNHVDPNQKGFL EVSNSPL SEEAVL GFEYGVBI ESPTLLP 660
Hs_DHTKD1 FSQRHAI VWCQETDD- TY! PLNHVDPNQKGFL EVSNSPL SEEAVL GFEYGVBI ESPKLLP 659
Lm E1kB FTQRHAGH TDVKTNL- KYFPVKM_SPS- QALI TI SNSSL SELGVCGFEMGYNVENTRSI T 720
Lm E1kA FAQRHAVl HDQSQER- TYVPLAHI SDT- QGRM | NNSPLSEYGM.GYAAGYSLYDPTSLV 749
* % . * * * k% % . * - *
Rn_E1k LWEAQFGDFNNVAQC! | DQFI CPGQAKWRQNG! VL L PHGVEGVGPEHSSARPERFLQM 801
Mm_E1k LWEAQFGDFNNVAQC! | DQFI CPGQAKWRQNG! VL L PHGVEGVGPEHSSARPERFLQM 801
Hs_E1lk LWEAQFGDFHNTAQC! | DQFI CPGQAKWRQNG! VL L PHGVEGVGPEHSSARPERFLQM 801
Rn_E1kL LWEAQFGDFHNTAQC! | DQFI STGQAKWRHNG VLL L PHGVEGVGPEHSSARPERFLQM 788
Mm_E1kL LWEAQFGDFHNTAQC! | DQFI STGQAKWRHNG VL L PHGVEGVGPEHSSARPERFLQM 788
Hs_E1kL LWEAQFGDFHNTAQC! | DQFI STGQAKWRHNG VLL L PHGVEGVGPEHSSARPERFLQM 788
Rn_DHTKD1 LWEAQFGDFFNGAQ | FDTFI SGGEAKW.LQSGLVI L L PHGYDGAGPDHSSCRI ERFLQM 719
Mm_DHTKD1 LWEAQFGDFFNGAQ | FDTFI SGGEAKW.LQSGLVI LLPHGYDGAGPEHSSCRI ERFLQM 720
Hs_DHTKD1 LWEAQFGDFFNGAQ | FDTFI SGGEAKW.LQSG VI LLPHGYDGAGPDHSSCRI ERFLQM 719
Lm E1kB | WEAQFGDFANGAQVI FDQFL SCCEEKWNEHSSL VL SL PHGYSGAGPEHSSARVERFLQL 780
Lm E1kA | WEAQYGDFANGATI VFDQFLSAGESK\/\NQQQSC| VTLPHGYDGKGAEHSSGRLERFLQM 809
:**** * Kk % * * * * . : * % * k k% -* * :*** * *****
Rn_E1k CNDDPDVLP- - - NLQEENFDI SQL YDCNW VWNCSTPGNFFHVLRRQ LLPFRKP- - - - - 853
Mm_E1k CNDDPDVLP- - - DLQEENFDI NQL YDCNW VWNCSTPGNFFHVLRRQ! LLPFRKP- - - - - 853
Hs_E1lk CNDDPDVLP- - - DLKEANFDI NQL YDCNWAVNCSTPGNFFHVLRRQ! LLPFRKP- - - - - 853
Rn_E1kL SNDDSDAYP- - - VFTED- FEVSQL YDCNW VWNCSTPASYFHVLRRQVLLPFRKPGAMAG 844
Mm_E1kL SNDDSDAYP- - - VFTED- FEVSQL YDCNW VWNCSTPASYFHVLRRQ LLPFRKP- - - - - 839
Hs_E1kL SNDDSDAYP- - - AFTKD- FEVSQL YDCNW VWNCSTPANYFHVLRRQ LLPFRKP- - - - - 839
Rn_DHTKD1 CDSAEEGVD- - - SDTVN- - = = = = = = - - - MFVWHPTTPAQYFHL L RRQVMVRNFRKP- - - - - 760
Mm_DHTKD1 CDSAEEGVD- - - SDTVN- - - = = == = - - - MFVWHPTTPAQYFHLLRRQM RNFRKP- - - - - 761
Hs_ DHTKD1 CDSAEEGVD- - - GDTVN- - = = = = = = - - - MFVWHPTTPAQYFHL L RRQWRNFRKP- - - - - 760
Lm E1kB SDDSDRVPSDFRHFPNDQALEl Rl RRHNQVTYPSTPANYFHL L RRQGLREFAKP- - - - - 835
Lm E1kA SSEDVTTP- - ----- AYSKEERAHR! NVEI TYPSTPAQYFHLLRRI—Q<RNFRKA ----- 856
- % * -k * * % * * *
RN_E1k ~ eeeeeeeeee- LI VFTPKSL L RHPEARTSFDEM_PGTHFQRVI PEDGPAAQNPDKVK 899
M Elk  eeeeeemeeaa- LI VFTPKSL L RHPEARTSFDEM_PGTHFQRVI PENGPAAQDPHKVK 899
Hs_Elk ~ seeeemmmeeaa- LI | FTPKSL L RHPEARSSFDEM_PGTHFQRVI PEDGPAAQNPENVK 899
Rn_E1kL Pl DGAPGGALFAFQLI VFTPKSL L RHPDAKSSFDQWSGTSFQRM PEDGPAAQSPERVE 904
Mn E1KL ~ eeeeemmmeeae- LI VFTPKSL L RHPDAKSSFDQWSGTSFQRLI PEDGPAAHSPEQVQ 885
Hs_E1kL ~ cemcmmeea- LI | FTPKSL L RHPEAKSSFDQWSGTSFQRVI PEDGAAARAPEQVQ 885
RN_DHTKDL =~ ==mmmmmmmmn- LI VASPKM.L RYPVAVSTLEEMAPGTAFKPVI GD- - - SSVDPKNVK 803
MN DHTKDL =~ <=mcmmmmmeen- LI VASPKM.LRYPAAVSTLEEMAPGTAFKPVI GD- - - SSVDPKNVK 804
Hs_DHTKDL =~ ===c--mmmmmnn- LI VASPKM.L RLPAAVSTLQEMAPGTTENPVI GD- - - SSVDPKKVK 803
Lm E1kB ~ ceeeemeee- LI NLFSKARL RAPN- L SKL SDMIQGTSFKAVI DT- - - ARAKDTVAR 877
Lm E1KA ~ ceeeeemeoaa- LVI FFSKKYLRAPN- VSTLEELTSG: EFCPVI PD- - - LSVPASQAR 897
* * % * * - *
Rn_E1k RLLFCTGKVYYDLTRER- - - - KARDMAE- EVAI TRI EQL SPFPFDLLLKEAQKYPN- - - - 950
Mm_E1k RLLFCTGKVYYDLTRER: - - - KARNVEE- EVAI TRI EQLSPFPFDLLLKEAQKYPN- - - - 950
Hs_E1lk RLLFCTGKVYYDLTRER: - - - KARDWG- QVAI TRI EQL SPFPFDLLLKEVQKYPN- - - - 950
Rn_E1kL RLI FCTGKVYYDLVKER: - - - SSQGLEK- QVAI TRLEQ SPFPFDLI MREAEKYSG - - - 955
Mm_E1kL RLI FCTGKVYYDLVKER: - - - SSQGLEQ- QVAI TRLEQI SPFPFDLI MREAEKYSG - - - 936
Hs_E1kL RLI FCTGKVYYDLVKER: - - - SSQDLEE- KVAI TRLEQ SPFPFDLI KQEAEKYPG - - - 936
Rn_DHTKD1 TLI FCSGKHFYALLKQR: - - - ESLGAKKRDFAI | RLEEL CPFPLDSLQQEMGKYKHV- - - 856
Mm_DHTKD1 TLI FCSGKHFYALLKQR: - - - ESLGTKKHDFAI | RLEEL CPFPLDALQQENBKYKHV- - - 857

Hs_ DHTKD1 TLVFCSGKHFYSLVKQR:- - - - ESLGAKKHDFAI | RVEEL CPFPLDSL QQEMSKYKHV- - - 856
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Lm E1kB
Lm E1kA

Rn_E1k
Mm_E1k
Hs_Elk
Rn_E1kL
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Hs_E1kL
Rn_DHTKD1
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Figure 7.1 Alignment of E1k, E1k-like and DHTKD1 pr

KVWFCSGQ ESI VNDAKTAMXKETPGVHDDVVLVTVEQLAPFPWEEVADVVEKYAQRNPN
RLVMCTGQ YHYLNKYR- - - - -
C e ke ks .

AELAVCQEEHKNQGYYDYVKPRLRTTI DRAK- - - - PVWWAGRDPAAAPATGNKKTHL TEL
AELAWCQEEHKNQGYYDYVKPRLRTTI DRAK- - - - PVWYAGRDPAAAPATGNKKTHLTEL
AELAVCQEEHKNQGYYDYVKPRLRTTI SRAK- - - - PVWWAGRDPAAAPATGNKKTHL TEL
AELVWCQEEHKNMGYYDY| SPRFMILLGHSR- - - - PI WYVGREPAAAPATGNKNTHLVSL
AELVWCQEEHKNMGYYDY! SPRFMTLLGHSR- - - - PI WYVGRDPAAAPATGNKNAHL VSL
AELAWCQEEHKNMGYYDYI SPRFMTT LRRAR- - - - PI WYVGRDPAAAPATGNRNTHLVSL
LRLVSRPPLPAPAVGA GTVHQQOH 910
LRLVSRPPLPAPAVA GTVHQQQH 911

ETKGVKD- VALVRVEEL EVQQLLAEYEK- - - -
. ke . -k

178

937
947

1006
1006
1006
1011
992
992

KDHI WEQEEPQNMGPWSFVSPRFEKQLACK- - - - - - LRLVGRPPLPVPAVGE GTVHLHQH 910
TEFVW. QEEPRNMGMAT HVRPRIVNSL MRHL GLKQTRVNVVSRPSAASPSTGYGSVHVAEE 997
AEL MAMQEEPKNMGSWAHVEPRI EDYTK- - - - GERELRYAGRSI TAAPSTGYKSKHEKEQ 1003
: * ki * * * . * % * ) * s * ) * .
CQRFLDTAFDL DAFKKFS- 1023
QRFLDTAFDLDAFKKFS- 1023
CQRLLDTAFDLDVFKNFS- 1023
RKFLDTAFNLKAFECGKTF 1029
RRFLDTAFNLKAFEGKTF 1010
KKFLDTAFNLQAFECKTF 1010
EAl LFKTFTS-------- 920
EDI LSKTFTQ ------- 921
EDl LAKTFA--------- 919
KKLI AETLA- - ------- 1006
1012

otein sequences

ClustalW alignment of L. major E1k-A and E1k-B (LmE1k-A and LmE1k-B) (see Table 3.1) with: R.

norvegicus E1k (RnE1k) (accession number NP_001017461); M. musculus E1k (MmE1Kk)
(accession number CAI24405); H. sapiens E1k (HsE1k) (accession number NP_002532); R.
norvegicus E1k-like (RnE1kL) (accession number NP_001099532); M. musculus E1k-like
(MmE1kL) (accession number AAI57971); H. sapiens E1k-like (HSE1kL) (accession number
NP_060715); R. norvegicus DHTKD1 (RnDHTKD1) (accession number NP_001099532); M.
musculus DHTKD1 (MmDHTKD?1) (accession number AAI57971); H. sapiens DHTKD1 (Hs
DHTKD?1) (accession number NP_061176). The alignment indicates identical residues (*),

conserved residues (:) and homologous residues (.). Red residues indicate conserved amino acids
within different motifs that fulfil various roles within E1k enzymes. Blue residues and green residues

are those that are conserved in E1k/E1kL proteins but not in DHTKD1 or LmE1kA/LmE1KB,

respectively. Refer also to Table 7.1.
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Signature specific motif

Function ®

E1k consensus ?

Hs E1k*®

Hs DHTKD1?

Lm E1KA®

Lm E1kB"

Lipoyl domain
complementarity

KRF(G/s)(L/)EG

KRFGLEG

KRYGGEG

KRFGCDG

HRFGLDG

2-Oxo substrate side chain
binding pocket
ThDP interaction

GM(A/p)HRGRLN

GMPHRGRLN

GMPHRGRLN

GMAHRGRLN

GMPHRGRLN

2-Oxo substrate side chain |
binding pocket

GD(V/M)KYH(L/m,q)G

|GDVKYHLG

|GDVLSHLT

|SDVKYHLG

|GDVEYHLG

Stabilization of ThDP binding
Shielding S of ES from the

solvent

NPSHLE

NPSHLE

NPSHLE

NPSHLE

NPSHLE

Binding of ThDP |
pyrophosphate group

G(Qle)G

|GQG

|GQG

|GQG

|GQG

Binding of ThDP
pyrophosphate group and
thiazole ring

GFTT

Hydrogen bond network

GFTT

GYTT

GFTT

GFTT

Interaction with ThDP
through loop 1

Catalysis of decarboxylation
and reductive acylation

GHNEXD(E/q)PxxTQ

Lipoyl domain interaction

GHNEMDEPMFTQ

GHNELDEPFYTN

GHNENDDPSITQ

GHNETDLPDFTQ

Lipoyl domain
complementarity

|Wxx(AIg)E

|WAL/—\E

|WATAE

|WGTAE

|WCQAE

Lipoyl domain
complementarity

|G(QIe)DxxRGTF

|GQDVERGTF

|GQDVGRGTF

|GEDVERGTF

|GEDVERGTF

ThDP binding

JWEAQ(F/y)GDF

[WEAQFGDF

[WEAQFGDF

[WEAQYGDF

[WEAQFGDF

Catalysis

Shielding leaving
carboxylate from solvent

LPHG(Y/m)(E/d)GXGPEHSS

Lipoyl domain interaction

LPHGMEGMGPEHSS

LPHGYDGAGPDHSS

LPHGYDGKGAEHSS

LPHGYSGAGPEHSS

Lipoyl domain
complementarity

LLR

LLR

LLR

YLR

RLR

Ca2+ binding

DxDxDx

DADLDS

QALLEN

DTDVTE

HADNCI

ExDxDx

ESDLDK

FSDKDL

D)

NDDxDx

NDDPDV

MCDSAE?

SEDVTT

SDDSDR

Table 7.1 Summary of conserved motifs in

LmE1k-A and LmE1k-B

This table summarises which motifs contribute to specific activities within E1k enzymes (Bunik &
Degtyarev, 2008)%. Based upon ClustalW alignment (see Figure 7.1), conservation of sequences
comprising these motifs was determined for LmE1k-A and LmE1k-B®. Blue residues and green
residues are those that are conserved in ELk/E1kL motifs in other species but not in HsSDHTKD1 or

LmE1kA/LmE1KB,

respectively.
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Hs_Elp-a
Rn_Elp-a
Lm Elp-a

Hs_Elp-a
Rn_Elp-a
Lm Elp-a

Hs_Elp-a
Rn_Elp-a
Lm Elp-a

Hs_Elp-a
Rn_Elp-a
Lm Elp-a

Hs_Elp-a
Rn_Elp-a
Lm Elp-a

Hs_Elp-a
Rn_Elp-a
Lm Elp-a

Hs_Elp-a
Rn_Elp-a
Lm Elp-a

MRKMLAAVSRVL SGASQKPASRVL VASRNFANDATFEI KKCDLHRLEEGPPVTTVLTRED
MRKMLAAVSHVL AGAAQKPASRVL VASRNFANDATFEI KKCDLHRLEEGPPVTTVLTRED

60
60

--- IVFKCATRCLLDTKTVP- --- LKPQ? ------ PFKLHTAGRTDVAP LPTQAVYDAEQ 46

* - * * *

GLKYYRMMOTVRRVEL KADQL YKQKI | RGFCHLCDGQEACCVGLEAG NPTDHLI TAYRA
GLKYYRMMOTVRRVEL KADQL YKQKI | RGFCHLCDGQEACCVGLEAG NPTDHLI TAYRA
LK@L/—\LNFRI RRVESL CDQSYKLKKI RGFCHLYI GQEAI PAGVENVLTFEDPI | TGYRD

sk k kK *k **k * *kkkkk*k * % %k % * * . * -** * %

HGFTFTRGLSVREI LAEL TGRKGGCAKGKGGSMHMYAKN- - FYGGNG VGAQVPLGAG A
HGFTFTRGLPVRAI LAEL TGRRGGCAKGKGGSMHMYAKN- - FYGGNG VGAQVPLGAG A
HGN(I SRGGKPEDVFAENFGRCXEGCSKG(GGSM—IWR\/DNG:YGGNG VGAQVSI GAGLA

* % - * % --** ** *** ¥k kkkkkkk*k . ************ -*** *

LACKYNGKD- - - EVCLTL YGDGAANQGQ FEAYNMAALVKLPCI FI CENNRYGVIGTSVER
LACKYNGKD- - - EVCLTL YGDGAANQGQ FEAYNMAALVKLPCI FI CENNRYGVIGTSVER
V\RFAIVENRDSPKH\/AVTFYGDGAANQBQ YESMNI AALQRLPVI FAVENNHFGVIGTSAAR

* -* *********** * * *k*k*x k% k% *** -***** *

AAASTDYYKRGDFI PGLRVDGVDI LCVREATRFAAAYCRSGKGPI LVEL QT YRYHGHSVS
AAASTDYYKRGDFI PGLRVDGVDI LCVREATKFAAAYCRSGKGPI LVEL QT YRYHGHSVS
GSYQAEFYRRGDYI PG KVDGVDVLAVQEGTRYARDYCMSGKGP!I VMEL DCYRYMGHSVG

--* *** *** -***** * * * * -k * % ****** *** *k*x K*kkk*

DPGVSYRTREEI QEVRSKSDPI MLLKDRWNSNLASVEEL KEI DVEVRKEI EDAAQFATA
DPGVSYRTREElI QEVRSKSDPI MLLKDRWNSNLASVEEL KEI DVEVRKEI EDAAQFATA
DPDNQYRTKSDI QHVKQERDCI RKI\/REFI\/ATEGI MI'EDENSKI\/EKDVKKEVDQ]_Q<AQ<

Rro o kKK okx ke % % e T L i PR xkx
DPEPPLEELGYHI YSSDPPFEVRGANQW KFKSVS
DPEPPLEELGYHI YSSDPPFEVRGANQW KFKSVS
QPMIKLDELFTDI YG- EQYEHRTC(XBTVYHKP- -

* * %

Figure 7.2 Alignment of E1p- a protein sequences
ClustalW alignment of L. major E1p-a (LmE1p-a) (see Table 3.1) with homologues in R.
norvegicus (RnE1p-a) (accession number CAA78146) and H. sapiens (HSE1p-a) (accession

number NP_000275). The alignment indicates identical residues (*), conserved residues (:) and

120
120
106

178
178
166

235
235
226

295
295
286

355
355
346

390
390
378

180

homologous residues (.). Red residues indicate conserved amino acids within different motifs that

fulfil various roles within E1p-a enzymes. Green residues are those that are conserved in E1p-a

proteins found in other species but not in LmE1p-a. Refer also to Table 7.2.
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Hs_Elp-B MAAVSGLVRRPL REVSGL L KRRFHWI APAAL QVTVRDA! NQGVDEEL ERDEKVFLLGEEV 60
Rn_Elp-B MAAVAGLVRGPLRQASGLLKRRFHRSAPAAVQ_TVREAI NQGVDEEL ERDEKVFLLGEEV 60
Lm Elp-B - NRRFASRALFSASAAVMARCATTN: - - - - MTVRDAI HSALDEELAREEKVFVI GEEV 52
: : .* -.*. : : :*** * k. .-:**** * * Kk k k. :****
Hs_Elp-B AQYDGAYKVSRGLWKKYGDKR! | DTPI SEMGFAG AVGAAMAGLRPI CEFMIFNESMQAI 120
Rn_Elp- B AQYDGAYKVSRGLWKKYGDKR! | DTPI SEMGFAG AVGAAMAGLRPI CEFMIFNESMQAI 120
Lm Elp-B AQYQGAYKVTKGLMDKYGKDR! | DVPI TEHGFAGVAVGAAL SGLRPVCEFMIFNFAVQAl 112
***:*****::** .***.-**** **:* ****:*****::****:********:****
Hs_Elp-B DQVI NSAAKTYYMSGGL QPVPI VFRGPNGASAGVAAQHSQCFAAWY GHCPGLKVWSPWKS 180
Rn_Elp-B DQVI NSAAKTYYMSAGL QPVPI VFRGPNGASAGVAAQHSQCFAAWY GHCPGLKVWSPWKS 180
Lm Elp-B DQLVNSAGKSL YMSGGQVKCPI VFRGPNGASAGVGAQHSQCFGPWYASVPGLKVI APYNC 172
**::***.*: ***.* **************.*******..**. *****::*:*.
Hs_Elp-B EDAKGLI KSAI RDNNPVWVL ENEL MYGVPFEFL PEAQSKDFLI PI GKAKI ERQGTHI TW 240
Rn_Elp-B EDAKGLI KSAI RDDNPVVMLENEL MYGVAFEL PTEAQSKDFLI PI GKAKI ERQGTHI TW 240
Lm Elp-B EDARGM KAAI RDDNAVWLEHELL YSESFPVTDEAADKNEVI PFGKAKI EREGKDI TLI - 232
*** * ** **** * ** ** ** * . . * % .* * ** ******* * .** .
Hs_Elp-B SHSRPVGHCL EAAAVL SKEGVECEVI NVRTI RPVDVETI EASVVKTNHLVTVEGGWPQRG 300
Rn_Elp- B AHSRPVGHCLEAAAVL SKEG ECEVI NLRTI RPVDI EAI EASVNKTNHLVTVEGGWPQEG 300
Lm Elp-B GFSRGVDLCLKAAEKLAAEGVQAEVI NLRSLRPLDRHTI LSSI KKTHRAVTVDESFPVCN 292
.** * ** * % *: * % - :.**** * - :** * * * ** ***
Hs_Elp-B VGAEI CARI MEGPAFNFL DAPAVRVTGADVPVPYAKI LEDNSI PQVKDI | FAI KKTLNI 359
Rn_Elp-B VGAE| CARI MEGPAFNFL DAPAVRVTGADVPVPYAKI LEDNSI PQVKDI | FAI KKTLNI 359
Lm Elp-B | GAEI CACVMESDTFDYLDAPI ERVSCADCPTPYSKDI EMASQDQ\/ADVMAAAKRVLS- 350

s kkkkkk -** ke sk Kk kK ** **x  * ** * L * k k% *

Figure 7.3 Alignment of E1p- [ protein sequences

ClustalW alignment of L. major E1p-B (LmE1p-B) (see Table 3.1) with homologues in R. norvegicus
RnE1p-B) (accession number NP_001007621) and H. sapiens (HSE1p-B) (accession number
NP_000916). The alignment indicates identical residues (*), conserved residues (:) and
homologous residues (.). Red residues indicate conserved amino acids within different motifs that
fulfil various roles within E1p-a enzymes. Green residues are those that are conserved in E1p-f3
proteins found in other species but not in LmE1p-$3. Refer also to Table 7.2.
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Signature specific motif

Function ?

Elp consensus *

a

Hs Elp-alpha

Lm Elp-alpha ®

Hs Elp-beta?

Lm Elp-beta®

Lipoyl domain
complementarity

IRGFCHL

IRGFCHL

IRGFCHL

2-Oxo substrate side chain
binding pocket

IT(A/S)YR

ThDP interaction

ITAYR

ITGYR

2-Oxo substrate side chain
binding pocket

|GKGGSMH

|GKGGSMH

|GKGGSMH

Stabilization of ThDP binding
Shielding S of ES from the

solvent

FYGG(N/h)GIVGAQ

FYGGNGIVGAQ

FYGGNGIVGAQ

Binding of ThDP
pyrophosphate group

|NQGQ

|NQGQ

|NQGQ

Binding of ThDP
pyrophosphate group and

thiazole ring
Hydrogen bond network

GMGT

GMGT

GMGT

Interaction with ThDP
through loop 1

Catalysis of decarboxylation
and reductive acylation

TYRY(H/g)GHSMSDPG

Lipoyl domain interaction

TYRYHGHSMSDPG

CYRYMGHSMSDPD |-

Lipoyl domain
complementarity

|TVR(D/e)A(L/i)N

|TVRDAIN

|TVR DAIH

Lipoyl domain
complementarity

|GEEV><QY><GAYK

|GEEVAQYDGAYK

|GEE\/AQYQGAYK

ThDP binding

[EFM(T/s)FNFSMQAID

[EFMTENFSMQAID

[EFMTENFAMQAID

Catalysis
Shielding leaving

carboxylate from solvent
Lipoyl domain interaction

VFRGPNGAXXGVXAQHSQ |-

VFRGPNGASAGVAAQHSQ

VFRGPNGASAGVGAQHSQ

Lipoyl domain
complementarity

(LUm)YG

‘MYG

|LYS

Table 7.2 Summary of conserved motifs in

LmE1lp-a and LmE1p-B

This table summarises which motifs contribute to specific activities within E1p enzymes (Bunik &
Degtyarev, 2008)%. Based upon ClustalW alignments (see Figure 7.2 and Figure 7.3), conservation
of sequences comprising these motifs was determined for LmE1p-aand LmElp-Bb. Green residues
are those that are conserved in E1p-a/Elp-f motifs in other species but not in LmE1p-aand

LmE1p-B.
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Hs_Elb-a
Rn_Elb-a
Lm Elb- a

Hs_Elb-a
Rn_Elb-a
Lm Elb- a

Hs_Elb-a
Rn_Elb- a
Lm Elb- a

Hs_Elb-a
Rn_Elb- a
Lm Elb- a

Hs_Elb-a
Rn_Elb-a
Lm Elb- a

Hs_Elb-a
Rn_Elb-a
Lm Elb- a

Hs_Elb-a
Rn_Elb-a
Lm Elb-a

Hs_Elb-a
Rn_Elb-a
Lm Elb- a

Hs_Elb-a
Rn_Elb- a
Lm Elb- a

------------ MAVAI AAARVRLNRGL SQAAL LLLRQPG - - ARGLARSHPPRQQQQ

------------ MAVAVBAAKI WRPSRGLRQAAL LLLGRPG - - ARGLARFHPSRQRQQQ

MFHI SRAVRCNALATAI AGRTSL SDAI RQVQKVWKL DFKDGPVI TSTLAFNDEPDPAAPI
. % * .. * * . * . * %

FSSLDDK- PQFPGASAEFI DKLEFI QPNVI SG Pl YRVVDRQGQ | NPSEDPH- - LPKEK
FPSLDDK- PQFPGASAEFVDKLEFI QPNVI SG Pl YRVIVDRQGQ | NPSEDPH- - LPQEE
FHVL DL QGRVFVEDKADSRAAAAT PSTVNEAGKMESQSADVGEVFRYHAEDEMSYI TREV
* * k. * * . - % . * . Lk Cox

VLKLYKSMTILLNTMDRI L YESQRQGRI SFYMINYGEEGTHVGSAAAL DNTDLVFGQYREA
VLKLYRSMTILLNTMDRI L YESQRQGRI SFYMINYGEEGTHVGSAAAL ERTDL VFGQYREA
A(XEMVSANLTHNTI\/DKI M_EAQRQGRI SFYMTMFGEEAAVI GAAAGLASNDEL FAQYREA

**** * * *kkkkkhkkkkk*k -*** . -* ** * * -* * kk k%

GVLMYRDYPL EL FMAQCYGNI SDL GKGRQVPVHYGCKERHFVTI SSPLATQ PQAVGAAY
GVLMYRDYPL EL FMAQCY GNVSDPGKGRQVPVHYGCKERHFVTI SSPLATQ PQAVGAAY
G LTYRGYTI PEFI AQCMGNCECDAKGRQVPI HYGSKRLHAQWSSPLATQ PHGAGAGY

*:* **.*.: *:*** * % . .******:***'*. * :*********:.'**'*
AAKRAN- - - - === - o e e e - ANRWI CYFGEGAASEGDAHAGFNFAATLECPI | FFC
AAKRAN- - - - - - - - - e e e - ANQ VI CYFGEGAASEGDAHAGFNFAATLECPI | FFC

AF RL ENQO\L ERRLPAGTLLSTI PEARI CATFFGEGAASEGDFHAGL NFASTVGSHTL FFV

s kkkkkkkkk Kk *** *** *

RNNGYAI STPTSEQYRGDG AARGPGYA MsI RVDGNDVFAVYNATKEARRRAVAENQPF
RNNGYAI STPTSEQYRGDG AARGPGYA M5I RVDGNDVFAVYNATKEARRRAVAENQPF
RNNGYAI STPTHSQYMGEDG LSRAVGYd PAARVDGLDALAVYHI'VRKAREM LNSHRPV

*kkkkkkkkk*k * %k Kk kkk -k *kk k. * k k% * s kk ke . -k k

LI EAMIYRI GHHSTSDDSSAYRSVDEVNYWDKQDHPI SRL RHYL L SQGWADEEQEKAVWRK
LI EAMI'YRI GHHSTSDDSSAYRSVDEVNYWDKQDHPI SRL RQYL L NQGWADEEQEKAWRK
LVEALTYRLSHHSTSDDSTAYRSRDEI EHFAETFSPI ERFEHFV'I'ARGNI\IPE@REVVE

* ** * %k k. .******** * % % % * % - :.. : * % *'.:" : * % %
QSRRKVMEAFEQAERKPKPNPNL L FSDVYQEMPAQL RKQQESL ARHL QTYGEHYPL DHFD
QSRKKVVEAFEQAERKL KPNPSL L FSDVYQEMPAQL RRQQESL ARHL QTYGEHYPL DHFD
RTRSEVLSEL RRQEKL PAWPVSTLCDDVFEHL TPEL ERQRTQLVEHYQAHRSl YDQEKL

* k. *

Figure 7.4 Alignment of E1b- « protein sequences
ClustalW alignment of L. major E1b-a (LmE1b-a) (see Table 3.1) with homologues in R.
norvegicus (RnElb-a) (accession number NP_036914) and H. sapiens (HsSE1b-a) (accession

number NP_000700). The alignment indicates identical residues (*), conserved residues (;) and

44
45
60

101
102
120

161
162
180

221
222
240

264
265
300

324
325
360

384
385
420

444
445
479

445
446

183

homologous residues (.). Red residues indicate conserved amino acids within different motifs that

fulfil various roles within E1b-a enzymes. Green residues are those that are conserved in E1b-a

proteins found in other species but not in LmE1b-a. Refer also to Table 7.3.



Appendix

Hs_Elb- B MAVVAAAAGW. L RL RAAGAEGHWRRL PGAGL ARGFL HPAATVEDAAQRRQVAHF TFQPDP
Rn_Elb- B MAAVAARAGGL L RL GAAGAERRRRGL RCAAL VQGFL QPA- - VDDASQKRRVAHFTFQPDP
Lm Elb-B  c-emeeee-- I\/RRLFDASATAWAASSAAAKRHGSVQDS -------------
. * % * *
Hs_Elb- B - EPREYGQTQKMNL FQSVTSALDNSLAKDPTAVI FGEDVAFGGVFRCTVGLRDKYGKDRY
Rn_Elb- B - ESLQYGQTQKMNL FQSVTSALDNSLAKDPTAVI FGEDVAFGGVFRCTVGLRDKYGKDRY
Lm Elb- B GEEEAVRNGVKMNL FQAVNSCL DHAL SKE- RTVLLGEDVAFGG/FRCTLDLRKKHGPQ(V
: ****** * * % - :* * :*::************* Y

Hs_Elb- B FNTPLCEQG VGFG G AVTGATAI AEI QFADYI FPAFDQ VNEAAKYRYRSGDLFNCGS
Rn_Elb- B FNTPLCEQG VGFG G AVTGATAI AEI QFADYI FPAFDQ VNEAAKYRYRSGDLFNCGS
Lm Elb- B FDSPLTEQG VGFAVGVAAVGHHPI AEVQFADYI FPAFDQ VINEAAKYRFRTGSNFHOG:

ko k% ******* -k *** ********************* * *

Hs_Elb-f3 LTI RSPWECVGHGAL YHSQSPEAFFAHCPA KVVI PRSPFQAKGLLLSCI EDKNPCI FFE
Rn_E1b-f3 LTI RAPWCCVGHGAL YHSQSPEAFFAHCPA KVVI PRSPFQAKGLLLSCI EDKNPCI FFE
Lm Elb-f M.l RAPCSAVGHGE YHSQSVEGYFTHCPGLKI VMPSSPSEAKGL LLKCVEENDPCI FFE

* k- % *kkk*x - kkkkk K sk kkkk s ke ke ok kk - khkkkhkk k- koo

Hs_Elb-f3 PKI LYRAAAEEVPI EPYNI PLSQAEVI QEGSDVTLVAWGT QVHVI REVASVAKEKL GVSC
Rn_E1b- 3 PKI LYRAAVEQVPVEPYKI PLSQAEVI QEGSDVTLVAWGT QVHVI REVASVAQEKLGVSC
Lm Elb-f PKI LYRSAVEEVNPDYYTLPLCKGRI LVEGRDVTMWTYGSQVYVAAKAAENVARKE- G SV

kkkkkk- k k- % . * k% - .. *kk kkk koo ke kk ok

Hs_Elb-f3 EVI DLRTI | PWDVDTI CKSVI KTGRLLI SHEAPLTGGFASEI SSTVQEECFLNLEAPI SR
Rn_E1lb- EVI DLRTI VPVWDVDTVCKSVI KTCGRLLI SHEAPLTGGFASEI SSTVQEECFLNLEAPI SR
Lm Elb- ELI DLRSLLPWDRQLVADSVKKTCGKVI VTHEAPKTSGYGAELVSSI TEDCFLSLEAPPTR

ko kkkk o kKK . . *kk kkkoeooo0 .. *kkk Kk K- sk * ..

Hs_Elb-f VCGYDTPFPHI FEPFYI PDKWKCYDALRKM NY
Rn_Elb- VCGYDTPFPHI FEPFYI PDKWKCYDALRKM NY
Lm Elb-B VCGLDTPFP- LHERL YLPNELKLLDAI KSWHF

kkk kkhkkkk - * -* * . * * Kk -

Figure 7.5 Alignment of E1b- B protein sequences

*k+kkk kkhkk*k

184

60

37

119
117
96

179
177
155

239
237
215

299
297
274

359
357
334

392
390
366

ClustalW alignment of L. major E1b-B (LmE1b-B) (see Table 3.1) with homologues in R. norvegicus

(RnE1b-B) (accession number NP_062140) and H. sapiens (HsE1b-[3) (accession number
NP_000047). The alignment indicates identical residues (*), conserved residues (:) and

homologous residues (.). Red residues indicate conserved amino acids within different motifs that
fulfil various roles within E1b-3 enzymes. Green residues are those that are conserved in E1b-8

proteins found in other species but not in LmE1b-3. Refer also to Table 7.3.
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Signature speci

fic motif

Function ?

Elb consensus ?

Hs Elb-alpha ®

Lm Elb-alpha §

Hs Elb-beta?

Lm Elb-beta ”

Lipoyl domain
complementarity

2-0Oxo substrate side chain
binding pocket

YR(D/e,q)

ThDP interaction

YRE

YRE

2-0Oxo substrate side chain
binding pocket

(KIs)G(G)RQM/)P

KGRQMP

KGRQMP

Stabilization of ThDP binding

Shielding S of ES from the
solvent

Binding of ThDP
pyrophosphate group

(N/YFA

NFA

NFA

Binding of ThDP
pyrophosphate group and
thiazole ring

AIS

Hydrogen bond network

AIS

AIS

Interaction with ThDP
through loop 1

Catalysis of decarboxylation
and reductive acylation

(PIh)H(S/)xx(G)DD(P/d,s)

Lipoyl domain interaction

HHSTSDDS

HHSTSDDS

Lipoyl domain

complementarity

complomentarity (QId)(A/s)xxxA - - QSVTSA QAVNSG
'g;pr%'lé’:]g‘?‘tgiw G(E/q)DVXxxGGVF - - GEDVAFGGVF |GEDVAFGGVF
ThDP binding [E(/m)QF [- - [EIQF [EvoF

Lipoyl domain (La)Y(RIN) - - LYR LYR

Table 7.3 Summary of conserved motifs in
This table summarises which motifs contribute to specific activities within E1b enzymes (Bunik &
Degtyarev, 2008). Based upon ClustalW alignments (see Figure 7.4 and Figure 7.5), conservation
of sequences comprising these motifs was determined for LmE1b-aand LmElb—Bb. Green residues
are those that are conserved in E1b-a/E1b-B matifs in other species but not in LmE1lb-aand

LmE1b-p.

LmElb-a and LmE1b-3
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------------------------------------------------ MIQTLSQLE- NS

MQSCARAWGL RL GRGVGGERRL AGGSGPOWAPRSRDSSSGEGDSAAAGASRL LERLLPRH

<= VSALPSGFTP- - = -« == - -- PPFL SPACARM.RRLL RVHGVPAPAGLARYT- ST
l

GAFI ERHI GPDAAQQQREM.NAVGAQSLNAL TGQ VPKDI QLATPPQVGAPATEYAALAEL
DDFARRHI GPGDKDQREM.QTLGLASI DELI EKTVPANI RLKRPLKVEDPVCENE! LATL
DAYLNRH GPTRKETAEMKTVGKESL ADLMITVLPSDI - LRTPLNNFKCLSETAALSYL

* Kk k kK . *** R 3 * - -k -k K * * -

KAI ASRNKRFTSY! GVGYTAVQLPPVI LRNMLENPGW TAYTPYQPEVSQGRLEALLNFQ
HAI SSKNQ VIRSY! GVGYYNCSVPQTI LRNLLENSGW TQYTPYQPEVSQGRLESLLNYQ
KSLGAQUKVLKSM GQGYYEQ! VPSAI MRNVLENPMAKTPYTPFQSEI AQRRLESLLNFQ

* *% k% * * ** *** * % *** * * -***** *** *

QVTLDLTGLDVASASL L DEATAAAEAMAMAKRVSKL KNANRFFVASDVHPQTLDVVRTRA
TMVCDI TGLDVANASL L DEGTAAAEAL QL CYRHNKRR- - - KFLVDPRCHPQT | AVWQTRA
TM/TDLT KMDI SNASL L DQAT/—\AGECLYL/—\L NQ-lRHKR— RKF FVSRD\/FL SSI EM RTRA

ke ***** *** * . . sk kk

11
60
43

71
120
102

131
180
162

191
237
221

ETFG- FEVI VDDAQKVLDHQDVFGVLLQQVGTTGEl HDYTAL| SELKSRKI VWSVAADI M 250

KYTGVLTELKLPCENDFSGKDVSGVL FQYPDTEGKVEDFTEL VERAHQSGSL ACCATDL L

297

HPLGAQ\/ | VGD\/@L DL DDAEL SG FVQI' PDAKGEL HDFTTI FARAKANG\NCI:AGVDL M 281

Ko ke ko *

ALVLLTAPGKQGADI VFGSAQRFGVPMGYGGPHAAFFAAKDEYKRSMPGRI | GVSKDAAG
ALCI LRPPGEFGVDI AL GSSQRFGVPL GYGGPHAAFFAVRESLVRMWPGRWGVTRDATG
ASCLVKPAGENGADWVGCAQ?FGT PLGYGGPHAAFNVATTDNLKRLSPGRI VA SKDNAG

* k. * -**** * ********* * . * *** LIS JEREEEEE S 3

NTAL RVAMOTRECHI RREKANSNI CTSQVLLANI ASLYAVYHGPVGLKRI ANRI HRLTDI
KEVYRLAL QTRECQHI RRDKATSNI CTAQALLANVAAMFAI YHGSHGLEHI ARRVHNATLI
DPAI RVALQTRECQHI KRERATSNI CTAQALLANWNAFYAI YHGPEGLKQ_AREI HQ<AKL

* * ******* * -* ***** * **** -* *** **

LAAGL QOKGLKLRHAHYFDTLCVEV- - - - ADKAGVLTRAEAAEI NLRSD- | LNAVG TLD
LSEGLKRAGHQL QHDLFFDTLKI QCG- - - CSVKEVLGRAAQRQ NFRLF- EDGTLG SLD
FAVGI\/ESLGF SPVNTTYF DTLSFSI\/EAAPMI'AADYAQ?C\/ ERGl NL FVDGSTNQ\/SVSL D

Rk kkk

ETTTRENVMQLFNVLLGDNHGLDI DTLDKDVAHDSRSI QPAMLR- DDEI LTHPVFNRYHS
ETVNEKDLDDLLW FGCESS- - - AELVAESMGEECRG PGSVFKRTSPFL THQVFNSYHS
EATTEQ-II AALLQAAGIVPTP- - Kl EALTR- VADTI CVI PEALLR— KSKFL@TVFNSHKS

* k k

ETEMVRYMHSLERKDLALNQAM PLGSCTVKLNAAAEM Pl TWPEFAEL HPFCPPEQAEG
ETNI VRYMKKLENKDI SLVHSM PLGSCTMKLNSSSELAPI TWKEFANI HPFVPL DQAQG
EFELIVRYAQ—lLQQKDYG.TI—G\/I PLGSCTMKL NSAAAIVRALSV\PEYTALHPYAPEDQARG

* - * % *x . ************ .. . -** * -** *

YQQM AQLADW. VKL TGYDAVCMIPNSGAQGEYAGLLAI RHYHESRNEGHRDI CLI PASA
YQQLFRELEKDL CEL TGYDQVCFQPNSGAQGEYAGLATI RAYLNQKGEGHRTVCLI PKSA
YHTLLADLKQ(LCDI TGVAACSI QPNSGAQGEYAGLRI | RAYHESRGEAHRDVCFI PI SA

chkkkhkkkhk Kk hkkk kK ** K* - . * * % -* * % *%

HGTNPASAHVAGMVVVVACDKNGNI DL TDL RAKAEQAGDNL SCI WTYPSTHGVYEETI
HGTNPASAHVAGWKI QPVEVDKYGNI DAVHL KAMVDKHKENLAAI M TYPSTNGVFEENI
HGTNPASAVLAGL KVVTVKCL DDGSVDM/DL ETKCVKHARDLACL M TYPSTYGL YDQ\II

*kkhkkkkk*k -** . * - -* *kkkkk Kko.o- o

REVCEVWHQFGEQVYL DGANWNAQVGA TSPGFI GADVSHLNLHKTFCI PHGGGGEPGMGPI
SDVCDL I HOHGGQVYL DGANMNAQVG CRPGDFGSDVSHLNLHKTFCI PHGGGGPGMGPI
RKI TSM/HEHG(IDYI DGANLNAL VGYTGPGFI GGDVCHI NVHKTFSI PHGGGCGPALGPI

- ko * % % * **** * % k% * % -* ** * * **** ********* * % %

GVKAHLAPFVPGHSWQ EG- - MLTRQGAVSAAPFGSASI LPI SWMYl RMVGAEGLKKAS
GVKKHLAPFLPNHPVI SLKRNEDACPVGTVSAAPWGESSSI LPI SWAYT KMVIGGKGLKQAT
TVRPHLAPFLPNSTYGPAVG- - GSQAFGQVSQAGNGSASI ATI SYAFMVMLGSHGLKTCT

* - *kkkk k- Kk * k% * * k- k% * k- . * - % * k * .

QVAI LNANY! ASRL QDAFPVLYTGRDGRVAHECI LDI RPLKEETG SELDI AKRLI DYGF
ETAI LNANYMAKRLETHYRI LFRGARGYVGHEFI LDTRPFKKSANI EAVDVAKRL QDYGF
EYAVLNANYL KKRL EEHYTI CF LDHSQFCAHEFI LDI RPF KKTAHI DAEDVAKRLI DYGF

* ***** ** * %k *k* ** * * *kkk *kk%x

310
357
341

370
417
401

425
473
461

484
530
517

544
590
577

604
650
637

664
710
697

724
770
757

782
830
815

842
890
875

186
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187

HAPTMSFPVAGT LMVEPTESESKVEL DRFI DAMLAI RAEI DQVKAGVYWPL EDNPLVNAPH 902
HAPTMVSWPVAGT LMVEPTESEDKAEL DRFCDAM S| RQEI ADI EEGRI DPRVNPLKMSPH 950
HAPTLAFPVEGTLM EPTESESKRELDRLADALI SI RREI /—\AVERGDQDKDNNVLTNAPH 935

**** ok Kk **** ****** * **** ** e kk k%

- | QGSELVAEWAHPYSREVAVFPAGVA- - - DKYWPTVKRLDDVYGDRNLFCSCVPI SEYQ- 957
SLTCVTSSHWDRPY SREVAAFPL PFVKPENKFWPTI ARI DDl YGDQHLVCTCPPMEVYES 1010
TAKCVT. ADEV\NRPYSRQ.AAYPTRHQYR— EKFWPSVGRVDNT YGDRNLMCSCAPLEFY- - 992

* -**** -k -* ** . * * *** -* * * * *

PFSEQKRASS 1020

Figure 7.6 Alignment of P-protein sequences

ClustalW alignment of L. major P-protein (LmP-protein) (see Table 3.1) with homologues in E. coli
(EcP-protein) (accession number AAC75941) and H. sapiens (HsP-protein) (accession number
NP_000161). The alignment indicates identical residues (*), conserved residues (:) and
homologous residues (.).Red residues indicate conserved amino acids within different motifs that
fulfil various roles within P-proteins. Green residues are those amino acids that are not conserved
in L. major, but which are strictly conserved in other species.
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Hs_E2k L SRSHCVPGVQHSL SAFQKGNCPL GRHSL PGVSL CQGPGYPNSRKVVI NNSVFSVRFFRT 60
LmE2k oo FRR- - - - VSTRVLP- - TACSAAHNLN- - - - - - - - - - - - LRFCG-- 24
EC_E2K  mmmemmmmeemeeoeeo- S - m e e 2
Hs_E2k TTVCKYDLVTVKTPAFAEPVTEGDVR- VEKAVGDTVAEDEVVCEI ETDKTLVQVPSPANG 119
LmE2K - LSI NVPTI AESI STCKVWNWKKVGDAVAEDEVI CQ ESDKLNVDVRAPANG 76
Ec_E2k  -------- VDI L VPDL PESVADATVATWHKKPGDAVVRDEVL VEI ETDKVWVLEVPASADG 54
** . * * * ***.***: :** * * ***
Hs_E2k M EALFVPDGGKVEGGT PLFTLRKTGAAPAKAKPAEAPAAAAPKAE- - - - - - - - - - - Pl A 168
Lm E2k VI TKI NFEEGADVEVGAQL STMKEGPAPAAAAPKAAEVKL DAPKAE- - - - - - - - - - - PPK 125
Ec_E2k | LDAVLEDEGTTVTSRQ LGRLREGNSAGKETSAKSEEKASTPAQRQOASLEEQNNDALS 114
‘e . - % * * A . . -k
Hs_E2k AAVPPRAAPI PTQWPPVPSP- - - - - - - - - - - - - - - SQPPSSK- PVSAVKPTAVPPLAEPG 212
Lm E2k AAAPAASAPA- - - APAAPAA- - - - - - - - oo oo - - AAKPAMH- TI AGADPRTKS- - - - - - 160
Ec_E2k PAI RRLLAEHNLDASAI KGTGVGGRL TREDVEKHLAKAPAKESAPAAAAPAAQPALAAR- 173
* * . * . * .
Hs_E2k AGKGLHSEHREKMNRVRQCI AQRLKEAQNTVPMLTI FNEI DVSNI QKMRARHKEAFLKKH 272
LmE2K - VRI SSMRRRI ADRLKASONTCAMLTTFNEI DMTPLFQLRDKYKDEFHKRH 210
Ec_E2k  ------ SEKRVPMI'RL RKRVAERL L EAKNSTAM_TTFNEVNWPI I\/DL RKQY GEAFEKRH 227
. :* * % * .*** *** : * * *
Hs_E2k NL KL GFMSASVKASAFAL QEQPVVNAVI DDI TKEVWYRDYI DI SVAVATPQGLVVPVI RN 332
Lm E2k DVKLGLMSPFVKASAI ALKDVPI VNASFG- - KDTI DYHEFVDI Al AVATPRGLVVPVI RD 268
Ec_E2k G RLGFMSFYVKAVWEALKRYPEVNASI D- - GDDWYHNYFDVSMAVSTPRG.VTPVLRD 285
-:** * % * k% . ** * kk %k . . : .'.-*:::** ** *** ** *
Hs_E2k VEAMNYADI EQTI TELGEKARKNEFAI EDVDGGTFTI SNGGVFGSLFEHPLS- TPLSAI L 391
Lm E2k VONNLANI ETAI ADYAARARI NKLTMAEMTGGTFTI SNGGVFGSWMGTPI | NPPHSAI L 328
Ec_E2k VDTLGNADI EKKI KELAVKGRDGKLTVEDLTGGNFTI TNGGVFGSL IVSTPI I NPPQSAI L 345
. * * % * . rLF o ** *** *kkkkk*k : .* * Kk k%
Hs_E2k GVHG FDKPVAI GGKVEVRPMWYVALTYDHRLI DGREAVTFLRKI KAAVEDPRVLLFDL- 450
Lm E2k GVHAI KKKPW/VGNEI KI RDI MAVALTYDHRLI DGSDAVTFLVKVKNLI EDPARWLDLS 388
Ec_E2k GVHAI KDRPI\/AVN(Q\/EI L PMWLALSYDHRL | DGRESVGFLVTI KELLEDPTRLLL DV- 404

*** * . * -** *kkkhkkkk*k ek k% - % sk kK

Figure 7.7 Alignment of E2k protein sequences

ClustalW alignment of L. major E2k (LmEZ2k) (see Table 3.1) with homologues in E. coli (ECE2K)
(accession number AAA23898) and H. sapiens (HsE2k) (accession number NP_000161). The
alignment indicates identical residues (*), conserved residues (;) and homologous residues (.).Red
residues indicate conserved amino acids within different motifs that fulfil various roles within E1k
enzymes. Green residues are those that are conserved in E1k proteins found in other species but
not in LmE1Kk.
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MARVCARRAQNVAPWAGL EARWT AL QEVPGT PRVT SRSGPAPARRNSVTTGYGGVRAL CG
---------- MAASWR- - - - - - - - - - - LGCDPRLLRYLVGFPGRRS- - - - - VGLVKGALG
----------------------------------------------------- M_RCRAV
- MAI ElI KVPDI GADEVEI TEI LVKVGDKVEAEQSLI TVEGDKASMEVPSPQAG VKEI KV
----------------------------------------------------- MVRRTLL
WIPSSGATPRNRLLLQLLGSPGRRYYSLPPHQKVPLPSLSPTMQAGT - - - - - = = = = = - - -
WBVSRGANVRWFHSTQALRGD- - - - - - - - - Pl KI LMPSLSPTMEEGN- - - - == - == - - - -
SKLATLAALRFLTI TP-- - - - - o m o e m oo - | PMPALSPTMVEKGK- - - - = = == - = - - -
SVGDKTQTGALI M FDSADGAADAAPAQAEEKKEAAPAAAPAAAAAKDVNVPDI GSDEVE
WLVNFEP- - - - - e e mmee e VFMPALSPSMETGT- - - - - === - - - - -
* . . ko

I ARNEKKEGDKI NEGDL| AEVETDKATVGFE- SLEECYMAKI LVAEGTRDVPI GAI I CI' T
I VKW.KKEGEAVSAGDAL CEI ETDKAVVTLD- ASDDG LAKI VWEEGSKNI RLGSLI GLI
| TEWCKQPGDFI RPGDTFCNI ETDKAVVSYDNATEEGFFARVI TSPG- EETVWGQTVCLI
VTEI LVKVGDKVEAEQSL | TVEGDKASMEVP- APFAGTVKEI KVNVGDKVSTGSLI MWFE
VVEWKKKI GELVKESDVFCTI QT DKAVVDYTNTFESGYLAKI YCGNGQSAPVAKTI AVW
. ek P . * % % . . * .
VGKPEDI EAFKNYTLDSSAAPTPQAAPAPTPAATAS- - PPTPSAQAPGSSYPPHMOVLLP
VEEGE---------- DWKHVEI PKDVGPPPPVSKPS- - EPRPSPE- PQ SI PVKKEHI PG
VDEKEGVHS- - - - - - DEVKNVKPEAEEAPAAAAEEA- - PAAPAATTPVAAAPVAAS- - - -
VAGEAGAAAP- - - - - AAKQEAAPAAAPAPAAGVKEVNVPDI GGDEVEVTEVWKVGDKVA
SDAADVSKAD- - - - EYTPEGEVPAAEAEAPTAAAVAAAPAAGGASSKAPEGVTCEPVFMP
*

AL SPTMIMGTVQRWEKKVGEKL SEGDL LAEI ETDKATI GFEVQEEGYLAKI LVPEGTRDV
TLRFRLSPAARNI LEKHS- - - - - = = = = = < e o ee e ee oo LDASQGTATG
GDRVKASPYARKMAAEKN- - - - = = = = < = =« 2 o e o oce o oee e VSLRG KGT
AEQSLI TVEGDKASNEVPAPFAG: - - - = = =« == === == c e o e o VVKEL KVNVGDKVK
ALSPSVETGTWEWKKKI G = - - = = = = = = <= 2« o m e om e ee e

PLGTPLCI | VEKEADI SAFADYRPTEVTDLKPQVPPPTPPPVAAVPPTPQPLAPTPSAPC
PRG - - - - | FTKEDALKLVQLKQTGKI TESRPTPAP- - - - - - TATPTAPSPLQAT- - - - -
G ----- VGRI TSKDVAAAVASGTASSAAEVAAP- - - - - - - AKTAATAALAAP- - - - -
TGSLI M FEVEGAAPAAAPAKQEAAAPAPAAKAEAP- - - - - - AAAPAAKAEGKSEFAEND
-------- ELVKESDVFCTI QTDKAVWDYTNTFESG - - < = = = == == === sz oo e e o -

PATPAGPKGRVFVSPLAKKLAVEKG DL TQVKGTGPDGRI TKKDI DSFVPSKVAPAPAAY
--------------------------------- SGPS------==---==-----YPRPV

VPPTGPGMVAP- - - - - - - - - - VPTGVFTDI Pl SNI RRVI AQRLMQSK- QTI PHYYLSI DVN
| PPVSTPGQP- - - - == - - - - NAVGTFTEI PASNI RRVI AKRLTESK- STVPHAYATADCD
AKPAAAKGTP- - - = - - - - - - PANPNFTDI PVTTVRSVI AKRLHQSKNLEI PHYYLFDDCR
APAATGGG PGM.PWPKVDFSKFGE! EEVEL GRI QKI SGANL SRNW VM PHVTHFDKTD
-------------------------------- YLAKI YOGNGQSAPVAKTI AVMVSDAAD

MGEVLLVRKELN- - - KI LEGRSKI SVNDFI | KASALACLKVPEANSSVWM - DTVI RQNHV
LGAVLKVRQDL- - - - - - VKDDI KVSVNDFI | KAAAVTLKQVPDVNVSWD- - GEGPKQLPF
VDNMLALI KQLN- - - AKGNGEYKI TVNDYI VKAVARANTLVPEVNSSWY- - GDFI RQYAT
| TELEAFRKQONEEAAKRKLDVKI TPVVFI MKAVAAAL EQVPRFNSSL SEDGORL TLKKY
VEKVANYYPEDA- - - - - VGGPPASAADPSAAAAAAASARPAPSAASAKH: - - - - - - YGGS
. . . . * x  - * .

VDVSVAVSTPAGLI TPI VFNAHI KGVETI ANDVVSLATKAREGKLQPHEFQG- - GTFTI S
| DI SVAVATDKGLLTPI | KDAAAKG QEI ADSVKAL SKKARDGKLLPEEYQG- - GSFSI S
VDVSVAVATPTGLI TPI | RNAQAKGLVEI SKETKALAKKARDGTLQPSEFQG- - GTCSVS
I NI GVAVDTPNGLVWPVFKDVNKKG | ELSRELMTT SKKARDGKLTAGEMQG- - GCFTI S
LDAAVAASGPS- - - ------ VARl AAGLETSTLAG APSGKGCRFLKSDFSGQPGFDYND
.. * % . .. . * . . * *
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60
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72
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96
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224
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144
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144

284
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344
250
213
324
191

404
259

374

453
308
263
433
219

508
360
318
493
267

566
418
376
551
318
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Hs_E2p NLGVFG KNFSAI | NPPQAC! LAI GASEDKLVPADNEKG - - FDVAS- - - - MMBVTLSCD 619
Hs_E3BP NLGVFG DEFTAVI NPPQACI LAVGRFRPVLKLTEDEEGNAKLQQRQ- - - - LI TVTMSSD 474
Lm E2p NLGATG PGFTAI | NPPQAM LAVGSAKPRAEI VKSEETG- EFEMICGRVENVVSFSASFD 435
Ec_E2p SI GGLGTTHFAPI VNAPEVAI L GVSKSAVEPVWNGKEFVP- - - - - - - - - RLMLPI SLSFD 602
Lm E2pL TTPARAMQOQKAAPAAAADEASKTAAKSAAPAAVSGEDI YN- - - - - - - - - - - - VWWLKPGPVY 366
Hs_E2p HRVVDGAVGAQW. AEFRKYLEKPI TMLL 647
Hs_E3BP SRVVDDELATRFLKSFKANLENPI RLA- 501
Lm E2p HRI VDGAL GAKWFOQHFHDAMENPLSLLL 463
Ec_E2p HRVI DGADGARFI TI | NNTLSDI RRLVM 630
Lm E2pL KSVSDTAL LKKL MHT MHVPKPKL KKAAE 394

* .

Figure 7.8 Alignment of E2p and E3BP protein sequen  ces

ClustalW alignment of L. major E2p (LmE2p) and L. major E2p-like (LmE2pL) (see Table 3.1) with:
E. coli E2p (EcE2p) (accession number AAC73226); H. sapiens E2p (HSE2p) (accession number
NP_001922); H. sapiens E3BP (HSE3BP) (accession number NP_001128496). The alignment
indicates identical residues (*), conserved residues (:) and homologous residues (.).Red residues
indicate conserved motifs within E2p and E3BP enzymes. Green residues are those that are
conserved in E1p proteins but not in E3BP or LmE2pL.

Hs_E2b - - TPAVRRLAMENNI KLSEVVGSGKD- GRI LKEDI LNYLEKQTGA 42
Rn_E2b - - TPAVRRLAMENNI KLSEVVGSGKD- GRI LKEDI LNFLEKQTGA 42
Bs_E2b - - MPSVRKYAREKGVDI RLVQGTGKN- GRVLKEDI DAFLAGGAKP 42
Ec_E2p - - TPLI RRLAREFGVNLAKVKGIGRK- GRI LREDVQAYVKEAI KR 42
Hs_E2p FVSPLAKKLAVEKG DLTQVKGTGPD- GRI TKKDI DSFVP- - SKV 42
MM E2p FVSPLAKKLAAEKG DLTQVKGTGPE- GRI | KKDI DSFVP- - SKA 42
Sc_E2p - - SPLAKTI ALEKG SLKDVHGTGPR- GRI TKADI ESYLEKSSKQ 42
Lm E2p KASPYARKMAAEKNVSLRG KGTGGEGVGRI TSKDVAAAVASGT- - 43
Ec_E2k - - SPAl RRLLAEHNL DASAI KGTGVG- GRLTREDVEKHLAKAPAK 42
Hs_E3BP RLSPAARNI LEKHSLDASQGTATGPR- Gl FTKEDALKLVQLKQ- - 42
Lm E2b - EECELTRLMEVRG- SLKDVVKERSK- GKAKLSFMPFFLKAASI A 42
Lm E2k - - LGLMSPFVKASAI ALKDVPI VNASFGKDTI D- YHEFVDI Al AV 42
Lm E2pL - - PSVMETGTVWWEWKKKI GELVKESDVFC- TI QTDKAVVDYTNTFE 42

Figure 7.9 Alignment of the E1/E3 binding sequences found within E2p and E3BP proteins,
respectively

ClustalW alignment of the E1/E3 binding domains of LmE2p, LmE2pL, HsE2p, HSE3BP, ECE2p
(see Figure 7.8), LmE2b, HsE2b, RnE2b (see Figure 7.10), LmE2k, ECE2k (see Figure 7.7) and: B.
stearothermophilus E2p (BsE2p) (accession number CAA37630); M. musculus E2p (MmE2p)
(accession number NP_663589); S. cerevisiae E2p (ScE2p) (accession number NP_014328). Red
residues are those in H. sapiens E3 that interact with E3BP. Replacement of Pro with a less
constraining residue (blue residue), along with a positively charged residue instead of lle (blue
residue), is thought to permit E1 binding as well as E3 binding (Ciszak et al., 2006). Green residues
represent those from L. major E2 proteins that do not conform to the consensus, but which could
perform similar functions. For example, the Val in LmE2p does not align well with Pro and Lys
residues due to insertion of two Gly residues, but could be homologous to the Val observed in
EcE2k. LmE2b and LmEZ2k potentially fulfil E1 and E3 binding since they possess both Ser and Lys
residues, instead of Lys and Arg.
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Hs_E2b MAAVRMLRTWERNAGKL I CVRYFQT CGNVHVLKPNYVCFFGYPSFKYSHPHHFLKTTAAL 60
Rn_E2b MAAARVL GTVWERNAVRL TCVRYFQTYNNVHI LKPQHVCSVGYPLLKSSQPRHSLRTAAVL 60
Lm E2b MRSARCMWRR- - - - - - - - Cl GAAAGAATVAHAS- - - - - - - GWPYTASR- - RHLFATTCAP 43
* . * . * - * * .« % . % . * -
Hs_E2b RGOVWQFKLSDI GEG REVTVKEWYVKEGDTVSQFDSI CEVQSDKASVTI TSRYDGVI KK 120
Rn_E2b QCAVWWQFKLSDI GEG REVTI KEWYVKEGDTVSQFDSI CEVQSDKASVTI TSRYDGVI KR 120
Lm E2b LGRCI PYRLADI GEG TEVQVLGVCVKAGDTI NEFDPI CEVQSDKATVDI TSRYTGVVKA 103
: * kkkkkk k% *k kk k- .:** ********* * kkkkk ** *
Hs_E2b LYYNLDDI AYVGKPLVDI ETEALKDSEEDVVET- - - - - PAVSHD- - - EHTHCQEI K- - - - - 167
Rn_E2b LYYNLDDI AYVGKPLI DI ETEALKDSEEDVVET- - - - - PAVAHD- - - EHTHCEI K- - - - - 167
Lm E2b VYL Q:’GATAKVGSVM_ DI VP EGADDAPEAASPSRSAPPPSSAPDSAPQATYSAS KPSSDA 163
* % * sk Kk * * *
Hs_E2b - GRKTLATPAVRRLAMENNI KLSEVVGSGKDGRI LKEDI LNYLEKQTGAI LPPSPKVEI M 226
Rn_E2b - GQKTLATPAVRRLAVENNI KLSEVVGSGKDCGRI LKEDI LNFLEKQTGAI LPPSPKSEI T 226
Lm E2b SAGKVLATPATRYLAREHKL DLAHVPAT GKGGRVTKEDVL Q: I\/DAG\/BAAAAPSPPSTAS 223
. * ***** * k% * T '.* -:** ** *** * .***
Hs_E2b PPPPKPKDMTVPI LVSKPPVFTGKDKTEPI KGFQKAMVKTMSAALKI PHFGYCDEI DLTE 286
Rn_E2b PPPPQPRDRPFPTPVSKPPVFLGKDRTEPVTGFQKAMVKTMSAALKI PHFGYCDEVDLTE 286
Lm E2b SAATAPPG- --- TWSGLQT EAG- DTVI\/PI TGVRRGM\/KTI\/SQAASI PTFTFSEECELTR 278
. . . : .--.*******.***:..*:**
Hs_E2b LVKLREELKPI AFARG- - - | KLSFMPFFLKAASLGLLQFPI LNASVDENCONI TYKASHN 343
Rn_E2b LVKLREELKPVALARG: - - | KLSFMPFFLKAASL GLLQFPI LNASVDENCQSI TYKASHN 343
Lm E2b LI\/EVRGSLKDWKERSKGKAKLSFNPFFLKAASI ALQHHPDI NAHCPVDCSALVRKAAHN 338
** -** s . khkkkkhkkhkkkhxk- -* :-* :** : . s ** * %
Hs_E2b I G AMDTEQGLI VPNVKNVQ CSI FDI ATELNRLOKLGSVSQLSTTDLTGGTFTLSNI GS 403
Rn_E2b | G AMDTERGLI VPNVKNVQVRSVFEI AVELNRLQKLGSLGQLSTTDLTGGTFTLSNI GS 403
Lm E2b | GFAMDTPNGLI VPVVKHVERKSI LDI ANDI\/Q\/LI ERG(SNKLTTQDMI'GGT FTLSNI GV 398
** *k k% .***** ** * *:::** . * * * kkkkkhkkkkkk*x
Hs_E2b | GGTFAKPVI MPPEVAI GALGSI KAI PRENQKGEVYKAQ MNVSWSADHRVI DGATMSRF 463
Rn_E2b | GGTYAKPVI LPPEVAI GALGAI KAL PRFDQKGDVYKAQ MNVSWSADHRVI DGATMSRF 463
Lm E2b | GATVTTPVLLPPQVAI GAl GRLQKLPRFDANGSL YAANLI CVSFTADHRVI DGASMVRF 458
**-* :-**::**:*****:* :***: :*.:* * **::*********:* * %
Hs_E2b SNLWKSYLENPAFMLLDLK 482
Rn_E2b SNLWKSYLENPAFMLLDLK 482
Lm E2b ANTYKQ_LEHPENM_VDLR 477

* ** * ** **

Figure 7.10 Alignment of E2b protein sequences

ClustalW alignment of L. major E2b (LmE2b) (see Table 3.1) with homologues in H. sapiens
(HsE2b) (accession number NP_001909) and R. norvegicus (RnE2b) (accession number
NP_445764). The alignment indicates identical residues (*), conserved residues (:) and
homologous residues (.). Red residues indicate conserved amino acids within different motifs that
fulfil various roles within E2b enzymes.
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Hs_H-protein MAL RWRSVRAL L CTL RAVPL PAAPCPPRPWQL GVGAVRTL RTGPAL L SVRKFTEKHEW 60
Rn_H-protein VBLRVWRSVRAVAL QPAL SPWP- - PCPPRPVRRALAAVRSL RTGSAL L SVRKFTEKHEW 58
LmHprotein ----- MR- - RAFASVP- - - - - <<= sz ao oo o VAAAAYLRG- - - - YATKHFTDSHEW 31
:* **' "*. * % ..::** '****

Hs_H-protein TTENG GTVG SNFAQEAL GDVWYCSL PEVGTKLNKQDEFGAL ESVKAASEL YSPLSGEV 120
Rn_H protein TAKDG GTVG SNFAQEAL GDVWYCSL PEVGTKLKKQEEFGGLESVKAASEL YSPLSGEV 118
Lm H protein NQCEDE| TI G SSYAQENL GDVVYVSLPQVGDTVKEKDVI GEVESVKATSNVYSPVDGTV 91

. * * k% % :*** * k kk ok ok *** * * .::::: -* :***** * - :*** .* *
Hs_H-protein TEI NEALAENPGLVNKSCYEDGW. | KMTLSNPSEL DEL MSEEAYEKY! KSI EE 173
Rn_Hprotein TEVNEAL PENPGLVNKSMYEDGW. | KMTLSDPSEL DEL MSEEAYEKYVKSN- - 169
Lm Hprotein SAVNENL KDEPGLVNGEPEEKGIL| KVKCSE! P- - KGLMDEAAYKKFLE: - - - 138

s kkx  x --***** * * ***** ** * ** * ..

Figure 7.11 Alignment of H-protein sequences

ClustalW alignment of L. major H-protein (LmH-protein) (see Table 3.1) with homologues in H.
sapiens (HsH-protein) (accession number NP_004474) and R. norvegicus (RnH-protein)
(accession number CAB56621). The alignment indicates identical residues (*), conserved residues
(:) and homologous residues (.).Red residues indicate conserved amino acids within different
motifs that fulfil various roles within H-protein. Green residues are those that are conserved in H-
protein motifs in other species but not in LmH-protein.
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---------------------------- MBASL KKTAL HL FHLAQQAKMDAFAGYHVPI S

---------------------------- MBASL KKTAL HL FHLAQQAKMDAFAGYHVPI S

MORAVSWARL GFRL QAFPPAL CRPL SCAQEVL RRTPL YDFHL AHGGKMVAFAGASL PVQ

------------------------------- MAQQTPL YEQHTL CGARMDFHGWWVPLH
Ce Kk k. * -k * k.

ko

YGRLGVLKEHLYTREVAG FDVSHVGQYEVRGADRERFLEHVTPVDLQRI R- AGHGALTM
YGRLGVLKEHLYTREVAG FDVSHVGQYEVRGADRERFLEHVTPVDLQRI R- AGHGALTM
Y- RDSHTDSHL HTRQHCSL FDVSHMLQTKI LGSDRVKLMESLWGDI AELR- PNQGTLSL
Y- - GSQ DEHHAVRTDAGIVF DVSHMTI VDLRGSRTREFLRYLLANDVAKLTKSGKALYSG

. *****

LTNAQGG KDDCI VTKVAD- HLFL VL NAGCKEKDVAHVESVL RESAMKGADVQL VPLDRS
LTNAQGG KDDCI VTKVAD- HLFL VL NAGCKEKDVAHVESVL RESAMKGADVQL VPLDRS
FTNEAGG LDDLI VTNTSEGHL YVVSNAGCWEKDL AL MQDKVREL QNQGRDVGLEVLDNA
NLNASGG/I DDLI VYYFTEDFFRLWNSATREKDLSW TQHAEPFG EI T---- VRDDLS

* ** ** k% -k * ***

LI ALQGPQAAAI LSE- FMDDVPGMGFMQCRQRVNI KGVEVQVTRCGYTGEDGFEL SVSNT
LI ALQGPQAAAI L SE- FVMDDVPGMGFMQCRQRVNI KGVEVQVTRCGY T GEDGFEL SVSNT
LLALQGPTAAQVL QAGVADDL RKL PFMT SAVMVEVFGVSGCRVTRCGYTGEDGVE! SVPVA
M AVQGPNAQAKAAT- LFNDAQ?QAVEGI\/KPFFGVQAG]_ FI ATTGYTGEAGYEI ALPNE

--* **x k% % *kkkk K *

DI VALVELLMSR- KAEM GLGARDSLRLEAGLNL YGHELTEDI NPVAARFMAYI SKRRVA
DI VALVELLMSR- KAEM GLGARDSLRLEAGLNL YGHELTEDI NPVAARFMAYI SKRRVA
GAVHLATAI LKNPEVKLAGLAARDSL RLEAGL CL YGCNDI DEHTTPVEGSL SWI'L GKRRRA
KAAD:V\RALVEA GVKPCGLGARDTLRLEAGWNL YGQEIVDETI SPL/—\ANNGJ\TI AVEP- A

** *** ****** *** .. *

EGGFI GYEPI KYLRDNASKGAVPRLRVGLVSTGPVAREKT- - - VI EVG&EPVGEVTSCCP
EGGFI GYEPI KYLRDNASKGAVPRLRVGLVSTGPVAREKT- - - VI EVGGKPVGEVT SCCP
ANVDFPGAKVI VPQ - - - LKGRVQRRRVGL MCEGAPMRAHSP- - | LNVEGTKI GTVTSCCP
DRI]:I GREALEVQ?— -- EHGTEKLVGLVMI'EKG\/LRNELPVRFTDA@NQ—EGI | TSGTF

* sk kk

SPCLKKNI Al GYL DREL AKDGVKVDL WRGRRVAAVWTPPFVPARYYRKPPVKGTEERR
SPCLKKNI Al GYL DREL AKDGVKVDL WRGRRVAAVWTPPFVPARYYRKPK- - - - - - - -
SPSLKKNVAMGYVPCEYSRPGTI M. L VEVRRKQOVAVVSKMPFVPTNYYTLK- - - - - - - - -

SPTLGYSI ALAR\/PEGI G --ETA VQ RNREI\/PVKVTKPVFVRNGKAVA ----------
** * - k. * %
TPTI KNI AS

Figure 7.12 Alignment of T-protein sequences
ClustalW alignment of L. major T-protein-A and -B (LmT-protein-A and -B) (see Table 3.1) with
homologues in H. sapiens (HsT-protein) (accession number NP_000472) and E. coli (EcT-protein)
(accession number AAC75943). The alignment indicates identical residues (*), conserved residues
(:) and homologous residues (.).Red residues indicate conserved motifs within T-proteins. Green
residues are those that are conserved in bacterial T-proteins but not in HsT-protein or LmT-protein-

A/B.
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VTTLSGPRSNTHTFPHFTHT- - - - QAHTSMFRRNI AHLAS- YDVTVI GGGPGGYVAAI KA 55
MQSVBRVYCSLAKRGHFNRI SHGL QGL SAVPLRTYADQP! DADVTVI GSGPGGYVAAI KA 60
----------------------------------- MBTEl KTQUVWVLGAGPAGYSAAFRC 25

sk ke k kk kk Kkko. o

AQLGLKTACI EKRGALGGTCLNVGCI PSKALLHATHL YHDAH- ANFAQYGLRGGENVTMD
AQLGFKTVCI EKNETLGGTCLNVGCI PSKALLNNSHYYHVAHGKDFASRG EMSE- VRLN
ADLGLETVI VERYNTLGGVCLNVGCI PSKALLHVAKVI EEAK- - ALAEHG VFCE- PKTD

* ** -k -k -*** ************* Ca] -k * *

VSAMQACQKGKGVKALTGGVEYLFKKNKVTYYKGEGSFVNPNT I KVKGL DGKEETL ESKKT
LDKMVEQKSTAVKALTGGE AHL FKONKVVHVNGYGKI TGKNQVTATKADGGTQVI DTKNI
| DKI RTV\KEKVI NQ_TGG_AGMAKGRKV KVVNGL GKFTGANTL EVEGENGKT Vi NF DNA

**** * % -k *

| VATGSEPTEL PFLPFDEKVVMSSTGAL DL DHVPKKM WGGGVI CLELGSVWARL GAEV
LI ATGSEVTPFPA TI DEDTI VSSTGAL SLKKVPEKMWI GAGVI GVEL GSVWORL GADV

I 1 AAGSRPI Q_PFI PHEDPRI WDSTDALELKEVPERLLVMEGE | GLEMGTVYHALGSQ

--* ** . ** ** * ** ---* * * ** * * * **

TVVEFASRCAAT- TDADVSKAL TDAL VKHEKMKI MITNTKVVSGTNNGSS- VTI EVEDKDG
TAVEFLGHVGGVGA DVElI SKNFQRI LOKQG- FKFKLNTKVTGATKKSDGKI DVSI EAASG
DVVEI\/FDQ\/I PA- ADKDI VKVFTKRI SKKF- - NLI\/LETKVTAVEAKEDG- | YVTI\/EGKKA

. ***

- KHQTLEADAL L CSVGRRPHTTGLNAEAI NLQVE- RGFI CI NDHFETNVPNVYAI GDVVN
GKAEVI TCDVLLVCI GRRPFTKNLGLEELG ELDPRGRI PVNTRFQTKI PNI YAl GCDVWA
- PAEPQ?YDAVLVAI G?VPN(':KNLDAG(AGVEVDDRG:I R\/DKQ_RTN\/PHI FAI GDI VG

* % .. **x % .. *---**** *

KGPMLAHKAEEEGVACAEI LAGKPGHVNYSVI PGVI YTNPEVAQVGETEEQVKKRG DYK
- GPMLAHKAEDEG | CVEGVAGGAVHI DYNCVPSVI YTHPEVAW/GKSEEQLKEEGQ EYK
- QPMLAHKGVHEGHVAAEVI AGKKHYFDPKVI PSI AYTEPEVAWGLTEKEAKEKG SYE

****** * * * k% . * . ** kkkk k*k k.o * ** *

VGKFPFSANSRAKAVGTEDGFVKVVTDKKTDRI LGVQ VCTAAGEM AEPTLAMEYGASS
VGKFPFAANSRAKTNADT DGWKI LGOKSTDRVL GAHI LGPGAGEMVNEAALALEYGASC
TATFPWAASGRAI ASDCADG\/ITKLI FDKESHRVI GGAI VGT NGGELLCGEl GLAI EMGCDA

** - % * k. * k- .. -k - * ok ** . * ** * *

EDL GRTCHAHPTMSEAVKEACMVAC- FAQTI NF- - - - - - - - -
EDI ARVCHAHPTLSEAFREANLAASFGKSI NF- - - - - - - - -
EDI ALTI HAHPTLHESVGLA- - AEVFEGSI TDLPNPKAKKK

* k- *kkk k- * * * * - %

Figure 7.13 Alignment of LipDH protein sequences
ClustalW alignment of L. major LipDH (LmLipDH) (see Table 3.1) with homologues in H. sapiens

(HsLipDH) (accession number NP_000099) and E. coli (EcLipDH) (accession number AAC73227).
The alignment indicates identical residues (*), conserved residues (:) and homologous residues (.).
Red residues indicate conserved motifs within LipDH proteins.
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Figure 7.14 Alignment of the ATPase/kinase domains

- ELFKNAMRATMEHHANR- - - - - - - - GVYPPI QVHVTLGN- - EDLTVKMSDRGGGVPLRK
- ELFKNAMRATVESHESS- - - - - - - - LI LPPI KVMVAL GE- - EDLSI KMSDRGGGVPLRK
- ELFKNSMRATVELYEDRK- - - - - - - EGYPAVKTLVTLGK- - EDLSI KI SDLGGGVPLRK
- ELFKNAMRATVEHQENQ - - - - - - - PSLTPI EVI WLGK- - EDLTI KI SDRGGGVPLRI

PELLKNAMRATMESHLDTP- - - - - - - YNVPDWVI TI ANND- - VDLI | RI SDRGGGE AHKD
L EL MKNAFRATVDSHVKRNDVGWT CADIVPPVR\/LI NLQEGT EHAC!I CI SDEGVIGMTDEA

* * * * * % * . **k % *

| DRLFNYMYSTAPR- - - - PRV- - - - - - - - - - ETSRAVPLAGFGYCLPI SRLYAQYFQGDL
| ERLFSYMYSTAPT----PQP---------- GTG GTPLAGFGYGLPI SRLYAKYFQGDL
| DRLFNYMYSTAPR- - - - PSL---------- EPTRAAPLAGFGYCLPI SRLYARYFQGDL
| DRLFSYTYSTAPT----PVM - -------- DNSRNAPLAGFGYCLPI SRLYAKYFQGDL

L DRVMDYHFTTAEASTCQDPRI SPLFGHL DVHSGAQSGPMHGFCGFGLPTSRAYAEYL GGSL
LTMAMAYSYTSVSK— --- PAL QLGESG- ERCASTAPSPLAGYGYGL PI\/BRVYA@LGGDL

* * * *k*k k% **

KLYSLEGYGTDAVI YI KALSTDSI ERL PVYNKAAVWKHYNTNHEADDVCVPSREPKDMI TF
QLFSVEGFGTDAV! YLKAL STDSVERL PVYNKSAVWRHYQTI Q=AGDV\CVPSTEPKNTSTY
KLYSMEGVGTDAVI YL KAL SSESFERL PVFNKSAVWRHYKT TPEADDVSNPSSEPRDASKY
NLYSLSGYGTDAI | YLKALSSESI EKLPVFNKSAFKHYQVBSEADDVCI PSREPKNLAKE
QLQSLQA GTDVYLRLRHI DG - = - - - - - - s o
LLQTVEGYGTRAYYYI KI ADAGP- - - - - - [0 ==y

. * k%

RSA-
RVS-
KAKQ
VAM

potential L. major a-KADH kinase, LmjF20.0280
ClustalW alignment of LmjF20.0280 (see Table 3.1) with: H. sapiens PDK-1 (HsPDK-1) (accession
number NP_002601); H. sapiens PDK-2 (HsPDK-2) (accession number NP_002602); H. sapiens

PDK-3 (HsPDK-3) (accession number NP_005382); H. sapiens PDK-4 (HsPDK-4) (accession

number NP_002603); H. sapiens BCKDK (HsBCKDK) (accession number NP_005872). The
alignment indicates identical residues (*), conserved residues (;) and homologous residues (.). Red
residues indicate conserved motifs within PDK and BCKDK proteins. Orange residues are those

required for binding of PDK proteins to the E2p lipoyl-domain 2 (L2) of the PDH complex.
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Hs_PDK- 1 - ELFKNAMRATMVEHHANR- GVYPPI QVHVTLG- - NEDL TVKMSDRGGGVPLRKI DRLFN- 55
Hs_PDK- 2 - ELFKNAVRATVESHESS- LI LPPI KVWALG- - EEDLSI KMSDRGGGVPLRKI ERLFS- 55
Hs_PDK- 3 - ELFKNSMRATVEL YEDRKEGYPAVKTLVTLG- - KEDLSI KI SDLGGGVPLRKI DRLFN- 56
Hs_PDK- 4 - ELFKNAVRATVEHQENQ- PSLTPI EVI WLG- - KEDLTI KI SDRGGGVPLRI | DRLFS- 55
Hs_BCKDK PELLKNAVRATMESHLDTPYNVPDWVI TI ANN- - DVDLI | RI SDRGGGE AHKDLDRVMD- 57
Lnj F24. 0010 CAMLEDAVSANVDRQERTGKECTKI EVTLAQAPTNKRFVLRI SDTAGGMILRQASMQLSC 60
...... * .. . . PN * % . . .
Hs_PDK- 1 - YMYSTAPR- - - - PRV- - - - - - - - - - ETSRAVPLAGFGYGLPI SRLYAQYFQGDLKLYSL 100
Hs_PDK- 2 - YMYSTAPT- - - - PQP- - - - - - - - - - GTG GTPLAGFGYGLPI SRLYAKYFQGDLQLFSM 99
Hs_PDK- 3 - YMYSTAPR- - --PSL---------- EPTRAAPLAGFGYGLPI SRLYARYFQGDLKLYSM 101
Hs_PDK- 4 -YTYSTAPT----PVM - -------- DNSRNAPLAGFGYCGLPI SRLYAKYFQGDLNLYSL 100
Hs_BCKDK - YHFTTAEASTQDPRI SPLFGHL DMHSGAQSGPMHGFGFGLPTSRAYAEYLGGSLQLQSL 116
Lnj F24. 0010 WLYRNI QG- - -------------- HNQDTI STWISSPI RLPYAYNAARVI GGNI TLASI 104
: * Kk . * . * - * k-
Hs_PDK- 1 EGYGTDAVI Yl KALSTDSI ERLPVYNKAAWKHYNTNHEADDV\CVPSREPKDMITFRSA- 158
Hs_PDK- 2 EGFGTDAVI YLKALSTDSVERL PVYNKSAWRHYQTI QEAGDV\CVPSTEPKNTSTYRVS- 157
Hs_PDK- 3 EGVGTDAVI YLKAL SSESFERL PVFNKSAWRHYKT TPEADDVSNPSSEPRDASKYKAKQ 160
Hs_PDK- 4 SGYGTDAI | YLKALSSESI EKLPVFNKSAFKHYQVBSEADDVICI PSREPKNLAKEVAM: 158
Hs_BCKDK Q& GIDVYLRLRHI DG - - - - - - - - REESFRI - - ------cmmmmmmm e 139

Lnj F24. 0010 EGYGTDRQLYLPSTGLAGVSL- - - - = - = = = = = w = e me e oee e e 125

* kk %k

Figure 7.15 Alignment of the ATPase/kinase domains of known PDH kinase proteins with a
potential L. major a-KADH kinase, LmjF24.0010

ClustalW alignment of LmjF24.0010 (see Table 3.1) with: H. sapiens PDK-1 (HsPDK-1) (accession
number NP_002601); H. sapiens PDK-2 (HsPDK-2) (accession number NP_002602); H. sapiens
PDK-3 (HsPDK-3) (accession number NP_005382); H. sapiens PDK-4 (HsPDK-4) (accession
number NP_002603); H. sapiens BCKDK (HsBCKDK) (accession number NP_005872). The
alignment indicates identical residues (*), conserved residues (:) and homologous residues (.). Red
residues indicate conserved motifs within PDK and BCKDK proteins. Green residues are those that
are strictly conserved in PDK and BCKDK proteins but not in LmjF24.0010. Orange residues are
those required for binding of PDK proteins to the E2p lipoyl-domain 2 (L2) of the PDH complex.
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