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“Trying to determine the structure of a protein by UV spectroscopy was
like trying to determine the structure of a piano by listening to the sound

it made while being dropped down a flight of stairs.”

Francis Crick (1916-2004)



Abstract

Peroxisomes are organelles found in eukaryotic cells where several oxidative
processes take place. FEnzymes destined for the peroxisome generally
contain either a C-terminal or a N-terminal peroxisomal targeting signal,
named PTS1 and PTS2 respectively. These signals are cytosolically
recognized by their correspondent receptors PEX5 and PEXT prior to
being recruited at the surface of the peroxisomal membrane where the
complex docks onto PEX14. Then, enzymes are transported in a natively
folded fashion inside the organelle where they are released. Such general
mechanism also exist in the protozoan parasite Leishmania and in the
evolutionarily related trypanosomatids (including the medically relevant
parasites Trypanosoma brucei and Trypanosoma cruzi). However, in these
micro-organisms, other metabolic pathways, including glycolysis, are also
segregated in the organelle, which has been renamed the glycosome to better
reflect its purpose. Giving the fact that these parasites cause debilitating
diseases in human and in animals of veterinary importance, such unique
feature becomes attractive as a potential drug target.

To gain a better understanding about this transport and translocation
machinery that exist in Leishmania donovani, we have first looked at
the quaternary structure of the docking protein LAdPEX14, and the
implication of several domains on the protein using various biochemical and
biophysical techniques. Using gel permeation chromatography, analytical
ultracentrifugation and chemical cross-linking, we observed that LAPEX14
was forming large oligomeric structures of varying sized both in solution
and within the parasite. By domain mapping studies, we identified three
domains on LdPEX14, the LAPEX5 binding site, an hydrophobic region
and a predicted leucine zipper, to all being implicated in the formation of
such oligomer. Moreover, we investigated the structural changes that take
place on LAPEX14 upon binding LdAPEXS5.

Both isothermal titration calorimetry and fluorescence spectroscopy
revealed that the hydrophobic region of LAPEX14 became more exposed
to the solvent upon attachment to LAPEX5. Likewise, circular dichroism
studies demonstrated that a portion of LAPEX14 was losing some
secondary structure upon binding to LAPEX5, which was also linked
to the formation of a more compact complex based on analytical
ultracentrifugation experiments. We hypothesized that these structural
features and conformational changes could be link to the formation of pore
that will facilitate the translocation of proteins targeted to the glycosome.



Such oligmeric structure was also confirmed by immunoelectron microscopy
using parasite sections. LAPEX14 clusters adopted round, rosette-like
shapes of about 30-40 nm in diameter and were found mainly at the surface
of the glycosomal membrane. A lipidomic investigation of the glycosomal
membrane from Leishmania donovani revealed the presence of very long
chain polyunsaturated fatty acids, and of a relatively high proportion of the
negatively charged phospholipids phosphatidyl glycerol and phosphatidyl
inositol.  These phospholipids appeared to be essential for a proper
membrane attachment of LdPEX14. Domain mapping showed that the
hydrophobic region of LAPEX14, comprised between the amino acids 149
and 179, was essential for proper binding to liposomes mimicking the
glycosomal membrane phospholipid composition. Bioinformatics analysis
revealed that this region also contains a important cluster of basic residues
which we hypothesize could be involved in the initial membrane attachment.

A further investigation using fluorescence spectroscopy showed that this
region was sufficient for binding to liposomes mimicking the glycosomal
and was penetrating the lipid bilayer. By performing a dye leakage
assay from the liposomes, we observed that ldpex14 (120-200), a peptide
comprising the hydrophobic region of LAPEX14, was capable of perforating
the liposomes and cause a leakage of the encapsulated dye. Finally, using
density flotation assays with liposomes, we demonstrated that not only
LAdPEX14 was recruting LAPEX5 at the surface of the bilayer, but that
LAPEXS5, upon attachment, was adopting a conformation similar to integral
membrane proteins. This observation tends to suggest that LAPEX5 could
also be implicated in the pore formation for the translocation of glycosomal
enzymes.

The results presented in this PhD thesis shed the light on some
of the mechanistic details of the glycosomal translocation machinery
in Leishmania donovani, including the assembly of LAPEX14, the
conformational changes that take place upon attachment to LAPEX5, the
membrane binding capability of LAPEX14 and the role of its hydrophobic
region in attachment and possibly in the formation of a pore through the
glycosomal membrane.



Abrége

Le peroxysome est un organite des cellules eucaryotes ou plusieurs procédés
oxydatifs prennent place. Les enzymes destinés au peroxysome contiennent
un signal peptidique soit a leur terminal C ou N, nommés PTS1 ou
PTS2 respectivement. Ce signal est reconnu dans le cytoplasme par son
récepteur correspondant (PEX5-PTS1, PEX7-PTS2) avant d’étre dirigé
vers la surface du peroxysome ou le complexe PTS1-PEX5/PEX7-PTS2
s’arrime a PEX14. Ensuite, les enzymes sont transportés sous leur forme
native a l'intérieur de l'organite ou ils sont relachés de leur récepteur.
Ce mécanisme existe chez le parasite protozoaire Leishmania et chez les
autres trypanosomatides (incluant les parasites Trypanosoma brucei et
Trypanosoma cruzi). Cependant, chez ces micro-organismes, plusieurs
voies métaboliques, incluant la glycolyse, sont ségrégées dans 1'organite
(renommé le glycosome pour refléter la présence d’enzymes glycolytiques).
Puisque ces parasites causent de graves maladies chez I’humain, cet aspect
se présente comme une cible thérapeutique potentielle.

Afin d’obtenir une meilleure compréhension a propos du transport et
de la machinerie de translocation existant chez Leishmania donovani,
nous avons d’abord investigué 'implication des différents domaines de la
protéine d’arrimage LdPEX14 sur sa structure quaternaire, en utilisant
diverses techniques biochimiques et biophysiques. En faisant usage de la
chromatographie d’exclusion stérique, de l'ultracentrifugation analytique
et de la réticulation chimique, nous avons observé que LAPEX14 forme
de larges structures oligomériques de taille variable en solution et dans
le parasite. En excluant différents domaines sur LdPEX14, nous avons
identifiés trois domaines impliqués dans la formation de ces oligomeres:
(i) le site d’attachement a LAPEX5, (ii) une région hydrophobe et (iii)
une glissiere a leucine. De plus, nous avons recherché quels étaient les
changements structuraux prenant place sur LAPEX14 lors de I'attachement

a LAPEXS.

En utilisant la calorimétrie isotherme a titration et la spectroscopie de
fluorescence, nous avons découvert que la région hydrophobe de LAPEX14
devenait exposée au solvant lorsque LAPEX5 s’y attachait. De plus, des
études de dichroisme circulaire ont démontré qu’une portion de LdAPEX14
perdait une partie de sa structure secondaire lors de l'attachement a
LAPEXS5, ce qui fut aussi relié a la formation d’un complexe LAPEX14-
LAPEX5 plus compact, tel qu’illustré par ultracentrifugation analytique.
Nous avons donc supposé que ces propriétés structurelles et ces changements
de conformation seraient liés a la formation d’un pore qui faciliterait la
translocation des protéines dirigées vers le glycosome.



La structure oligomérique de LAPEX14 fut aussi confirmée par microscopie
immuno-€électronique en utilisant des sections de parasite. La protéine
LAdPEX14 s’assemblait en grappes formant des rosettes d’environ 30-40
nm de diametre, principalement a la surface extérieure de la membrane
du glycosome. Une étude lipidomique de la membrane du glycosome
de Leishmania donovani a révélé la présence élevée d’acides gras poly-
insaturés, ainsi qu’une proportion importante de phosphatidyl glycérol et
de phosphatidyl inositol, des phospholipides chargés négativement. Ces
derniers sembleraient essentiels pour l'attachement de LAPEX14 a la
membrane du glycosome. Nous avons ensuite démontré que la région
hydrophobe de LdPEX14, comprise entre les acides aminés 149 et 179,
était essentielle pour I'attachement a des liposomes imitant la membrane
du glycosome. Une analyse bio-informatique a d’ailleurs révélé la présence
de grappes d’acides aminés basiques que nous croyons impliqués dans
I’attachement initial a la membrane.

Une investigation plus poussée, utilisant la spectroscopie de fluorescence,
a montré que cette région était suffisante pour l'attachement a des
liposomes imitant la membrane du glycosome, et était de plus capable de
pénétrer cette membrane bicouche. En effectuant un test d’écoulement
de colorant fluorescent encapsulé dans les liposomes, nous avons observé
que ldpex14(120-200), un peptide comprenant la région hydrophobe de
LAPEX14, était capable de perforer les liposomes et causer un écoulement
du colorant fluorescent. Finalement, en utilisant des tests de flottaison
par densité différentielle avec des liposomes, nous avons démontré que
non seulement LAPEX14 est capable de recruter LAPEX5 a la surface
des liposomes, mais que LAPEXD5 finissaient par adopter une conformation
semblable a une protéine membranaire intégrale. Cette observation tend a
suggérer que LAPEXD5 pour elle aussi étre impliquée dans la formation d’un
pore pour la translocation d’enzymes destinés pour le glycosome.

Les résultats présentés dans cette these de doctorat portent un regard
sur plusieurs détails mécaniques de la machinerie de translocation des
protéines glycosomales chez Leishmania donovani, incluant ’assemblage
de LAPEX14, les changements conformationnels prenant place lors de
I'attachement a LAPEX5, la capacité de LAPEX14 a s’attacher a la
membrane du glycosome, ainsi que le role de sa région hydrophobe dans
I’attachement et dans la formation d’un pore a travers la membrane du

glycosome.
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interaction. This work takes ground from our previous work where we
observed the solvation of a predicted hydrophobic region on LAdPEX14
upon attachment with LAPEX5 (Cyr et al., 2008). Hypothesizing that this
region (comprised between amino acids 149 and 179 of LdPEX14) could
be important for attachment to the glycosomal phospholipid bilayer, we
show by immunoelectron microscopy that LAPEX14 is found at the surface
of the glycosomal membrane. Furthermore, using purified glycosomes,
our work takes a lipidomics approach to describe for the first time the
phospholipid and fatty acid composition of the L. donovani glycosomal
membrane. By using liposomes mimicking the glycosomal membrane of L.
donovani, this manuscript shows that the hydrophobic region of LAPEX14
is indeed essential for binding to the liposomes. Moreover, this region alone
appears to be capable of disturbing the lipid bilayer and cause leakage of
an encapsulated dye. Finally, we demonstrate that LdPEX14 bound to
liposomes is capable of recruiting LAPEX5 and makes the latter acting
as an integral membrane protein. It is thus tempting to propose that
this membrane-inserted LAPEX5 is also actively participating in a pore

formation at the glycosomal surface.
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1.1 Parasitology and the glycosome of

trypanosomatids

The parasitic lifestyle of various organisms is a good example of the great
variability in forms of life on the planet. These organisms tend to co-evolve
with their respective host and adopt specialized cellular organizations

favoured by their parasitic nature.

Such evolution can be illustrated in trypanosomatids where part of the
glycolytic pathway is compartmentalized in the peroxisome, also known
as the glycosome in trypanosomatids for this specific reason (Opperdoes
et al., 1977b, 1984). This organelle is home to a variety of metabolic
pathways, which include enzymes implicated in the oxidative metabolism
of carbohydrates, lipids, amino acids and purines, as well as synthesis of

certain lipids (Gualdrén-Lépez et al., 2012).

The unique nature of the glycosome in certain parasitic protozoa which
include Leishmania sp. and Trypanosoma sp. offer a great starting point
to develop therapeutic molecules which could fight the often deadly diseases
they infer, namely leishmaniasis, sleeping sickness and Chagas’ disease

(Renslo and McKerrow, 2006).
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On a broader perspective, the biophysical approach taken here to the study
of the glycosomal targeting and translocation mechanisms will permit not
only a better understanding of how folded proteins cross the glycosomal
membrane, but also a better knowledge about conformational changes in
large pore-forming proteins, their interactions with membrane bilayers and
with other protein binding partners involved in protein transport across

phospholipid bilayers.

1.2 Thesis objectives

The aim of this thesis is to biophysically characterize the role of the
Leishmania donovani peroxin 14 (LAPEX14) in the glycosomal targeting

and translocation mechanism, throught the following objectives:

e Investigate the quaternary structure of LAPEX14, the membrane

receptor.

e Describe the conformational changes taking place on LdPEX14 upon

binding to Leishmania donovani peroxin 5 (LAPEXS5).
e Identify the membrane binding region(s) of LAPEX14.

e Characterize the role of the membrane binding region(s) of LAPEX14

in the translocation of proteins across the membrane of the glycosome.
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2.1 Neglected tropical diseases

As of 2002, the World Health Organization (WHO), has estimated that one
billion people suffer from one or more neglected tropical diseases (NTD)
(Hotez et al., 2009) and about 534,000 deaths yearly are attributed to
these illnesses (Moran, 2005; Molyneux et al., 2005). These infections fall
into a category of diseases that receive much less media and governmental
attention than the Big Three Diseases (i.e. AIDS, tuberculosis and

malaria).

NTDs are geographically endemic in developing areas of the world that
include Africa, Asia and Latin America (Figure 2.1) where these diseases
spread particularly in rural and poor urban areas. Major diseases in
the NTD group include sleeping sickness, leishmaniasis, Chagas disease,
schistosomiasis, lymphatic filariasis, onchocerciasis, ascariasis, trachoma,
and leprosy (WHO Expert Committee on the Control of Leishmaniases,
2010).

Such diseases are also found to be poverty-promoting by impairing child
growth, intellectual development and by reducing the productivity of the
affected populations. Despite the socio-economic impact, pharmaceutical
corporations have devoted little research effort to help treat NTD. From
1975 to 1996, of the 1223 new medicines launched on the market, less than
1% targeted tropical diseases' (Pecoul et al., 1999; Trouiller and Olliaro,
1999).

LAs a research consortium from Médecins Sans Frontidre argues “tropical diseases have become
progressively neglected because of the insufficient return on investment that such drug development and
disease research financial efforts offer. ”(Trouiller et al., 2002)



Chapter 2. Literature Review 6

EI 1 discase I:' 4 discases
\:l 2 discases D 5 diseases
. 3 diseases . 6 discases

FIGURE 2.1: Geographic distribution and overlap of neglected

tropical diseases. Different colours represent the number of

NTD present in given countries. (Hotez et al., 2009; Molyneux
et al., 2005)

Although several public-private partnerships for drug development have
started in recent years, governments remain hesitant to finance such
initiatives, due to the precarious nature of these partnerships (Moran,
2005; Hotez et al., 2009; Hotez and Aksoy, 2011). Indeed, the drug
development process is risky and young projects may lack appropriate

experience, resulting in spending more public funds than necessary.

Consequently, there is an obvious and imperative requirement for the
input of further efforts in fundamental research for a better understanding
of the NTD biology, which will lead to the development of more
effective diagnostic tools, identification of potential drug targets and later

development of effective drugs.
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2.2 Leishmaniasis

Leishmaniasis, one of the diseases categorized as an NTD by the WHO,
is a disease caused by Leishmania sp., a protozoan parasite that is
transmitted to the mammalian host during feeding of the arthropod vector
Phlebotomus or Lutzomyia sp. (sand fly). The general disease was named
after the Scottish pathologist William Boog Leishman, who identified
the parasite in 1901 in a human spleen sample from a British soldier
serving in India (Leishman, 1903, 1904)%. Approximately at the same time,
Charles Donovan, another medical doctor working in India, observed similar
parasites (Ross, 1903). His name was used to designate the Leishmania

species involved in the visceral form of the disease.

Leishmaniasis is currently endemic in 88 countries, where 350 million people
are at risk. From a recent meta-analysis, it is estimated that between 0.9 to
1.6 million new cases of leishmaniasis occur each year (Alvar et al., 2012).
Moreover, it is estimated that about 59,000 people died from this disease in
2001, mainly from visceral leishmaniasis (Bern et al., 2008; Desjeux, 2004).
However, as authors of these studies insist, theses figures tend to be largely
underestimated, and that the numbers of cases of this disease may be ~4-40
times higher (Ostyn et al., 2011; Alvar et al., 2012; Vogel, 2012) depending
on the manifestation of the diseases and geographic location (Alvar et al.,

2012).

2The reader is invited to read the original 1903 and 1904 reports by Leishman in the British Medical
Journal where he provides the first description and illustration of Leishmania protozoa, biopsized from
the spleen of a British soldier deseased allegedly from an infection by the parasite.
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2.2.1 Disease manifestations

Three distinct forms of leishmaniasis have been described based on the
clinical symptoms and the Leishmania species involved. Among the
Leishmania genus, several species have been identified and characterized
based on their tropism (dermo-, muco- or viscero-) and the disease
manifestations they cause (Table 2.1). A phylogenetic analysis, based on
HSP70 sequences (Fraga et al., 2010), is illustrated in Figure 2.2. The
Viannia subgenus, which tend to develop mucocutaneous leishmaniasis
clearly cluster in a distinct clade from the Leishmania subgenus, of which
two groups diverge in both their HSP70 genomic sequence as well as in the
disease manifestations they cause. Likewise, the lizard-infecting Leishmania
Sequences from

(Sauroleishmania) tarentolae diverges from the latter.

Trypanosoma sp. were used as outgroups.

Clinical manifestations of leishmaniasis have been characterized into three

Subgenus: L. (Leishmania) L. (Leishmania) L. (Vianna) L. (Vianna)
Old World L. donovani L. major
L. infantum L. tropica
L. aethiopica
L. infantum
New World L. infantum L. infantum L. braziliensis L. braziliensis
L. mexicana L. guyanensis L. panamensis
L. amazonensis L. panamensis
L. venezuelensis L. shawi
L. pifanoi L. naffi
L. garnhami L. lainsoni
L. lindenbergi
L. peruviana
L. colombiensis
Principal tropism:  Viscerotropic Dermotropic Dermotropic Mucotropic

TABLE 2.1: Leishmania species of medical importance (Magill,
1995; WHO Expert Committee on the Control of Leishmaniases, 2010;
Schonian et al., 2010; Fraga et al., 2010)



Chapter 2. Literature Review 9

L.shawi
_:‘: L.panamensis
] l._.guyanensw Viannia Mucocutaneous
_‘:gﬁ . subspecies leishmaniasis
L.peruviana
L.braziliensis
L.lainsoni - =
L.mexicana = =
_:': L.garnhami
L.amazonensis Cutaneous
L.major leishmaniasis
_:: L.tropica Leishmania
L.aethiopica subspecies  _|
L.chagasi -
L.archibaldi Visceral
_:L.infantum leishmaniasis
L_tarentolae L.donovani 5 Sauroleishmania 5 Lizard-infecting
; subspecies species
T.rangeli -
T.cruzi
T.vivax Trypanosoma sp.
_:‘: T.congolense
T.brucei —

FiGure 2.2: Phylogenetic analysis of Leishmania species. The

HSP70 gene from the different recognized Leishmania species was

amplified, sequenced, and phylogenetically analyzed. The HSP70

sequences from Trypanosoma sp. were used as outgroups. (Fraga et al.,
2010; Schonian et al., 2010)

categories. Firstly, cutaneous leishmaniasis (CL) is represented by a skin
reaction following a sand fly bite, is caused mainly by the dermotropic L.
major and L. mexicana species. It is predominantly present mainly in parts
of Afghanistan, Brazil, Iran, Peru, Saudi Arabia and Syria (Hepburn, 2000;
Piscopo and Mallia, 2006; Murray et al., 2005).

Secondly, mucocutaneous leishmaniasis (MCL) is characterized by a
degeneration of mucosal membranes, primarily in the nose and mouth
region. This form of the disease can be fatal if untreated, as secondary
infections by opportunistic bacteria aggravate cases. This form of
leishmaniasis is prominently observed in Latin America where infections
with the mucotropic L. Viannia subgenus are common (Vergel et al., 2006;
Weigle and Saravia, 1996; Amato et al., 2008). Interestingly, a recent study

by Ives et al. have observed that occurrence of RNA virus (Leishmania
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RNA virus-1) infected Leishmania guyanensis parasites caused increased

metastasis and dissemination of the parasite to mucosa (Ives et al., 2011).

Thirdly, visceral leishmaniasis (VL) is the most aggressive form of
leishmaniasis (accounts for 70% of all deaths associated with leishmaniasis)
and is characterized by acute fever and swelling of the liver and the spleen.
L. donovani and L. infantum are the two main species, known to be
viscerotropic, involved in the disease (Table 2.1) which in India is known
as Kala azar, Dum-dum fever or black fever (Matlashewski et al., 2011;
Guerin et al., 2002). Over 90% of cases of this disease occur in rural regions
of India, Bangladesh, Nepal, Sudan and Brazil (Alvar et al., 2012; WHO

Expert Committee on the Control of Leishmaniases, 2010).

Initial symptoms of leishmaniasis are skin sores localized at the site
where the infected female sand fly took its blood meal, followed by fever,
night sweats and general fatigue. The parasite may later, depending
on the species, invades various macrophage-rich tissues (lymph nodes,
bone marrow, spleen, liver) and cause local, or systemic inflammation
characterized by splenomegaly, anaemia and liver malfunction. Such
outcomes further result in severe growth retardation in children, and
rapid deterioration in general health resulting in immuno-compromised

individuals (Murray, 2002; Murray et al., 2005).

2.2.2 Life cycle of Leishamania sp.

Leishmania has two definitive hosts: the sand fly and mammals. In the gut
of the sand fly, promastigotes (flagellated form, elongated cells) reproduce

and transform from a procyclic non-infectious stage to a metacyclic
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infectious stage. The metacyclic promastigotes form migrates from the sand
fly midgut to the pharyngeal valve and are regurgitated to a mammalian
host when the sand fly pierces the skin while taking a blood meal (Kamhawi,

2006).

Then, metacyclic promastigotes invade macrophages by receptor-mediated
phagocytosis. Indeed, Leishmania promastigotes display high abundance
the surface molecules, glycoprotein 63 (gp63) and the lipophosphoglycan
(LPG) (Chakrabarty et al., 1996; Russell and Talamas-Rohana, 1989)
are known to be involved in attachment to the complement receptor
type 3 (CR3) (Wilson and Pearson, 1988), to mannose/fucose receptors
(Wilson and Pearson, 1986) and to fibronectin receptors (Rizvi et al.,
1988) on macrophages. Such attachment triggers the phagocytosis of the
parasite and formation of a parasitophorous vacuole. Drastic changes in
pH and temperature then triggers the transformation of Leishmania into
its amastigote form (round cells with reduced, or absent flagella) which
later reproduces inside the parasitized cells. Further proliferation of the
parasite occurs by the release of amastigotes via cell burst followed by
another phagocytosis event in uninfected macrophages. In that case, several
low-affinity interactions that are species-dependant are responsible for the
attachment (Peters et al., 1995). Finally, the sand fly will take a blood meal
from an infected person, thus ingesting Leishmania amastigotes which will
retransform into promastigotes in the sand fly midgut (Kamhawi, 2006;

Gossage et al., 2003), and consequently restarting the cycle (Figure 2.3).
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Ficure 2.3: Life-cycle of Leishmania sp. The digenetic lifecycle of

Leishmania sp. involves both a female sand fly host and a mammalian

host. Transmission occurs when the female sand fly takes a blood meal

from a mammal (Ruiz Villarrea, 2009; WHO Expert Committee on the
Control of Leishmaniases, 2010).

2.2.3 Chemotherapeutic treatments

Current treatments available for visceral leishmaniasis involve the use of
drugs that are often toxic to the patient, require parenteral administration
and are frequently cost prohibitive for use in developing countries
(Matlashewski et al., 2011; Croft and Olliaro, 2011). Moreover, resistance
to the first line drugs such as pentavalent antimonial compounds exists
and alternatives are required (Ouellette et al., 2004; Croft et al., 2006;
Stuart et al., 2008). Chemotherapeutic agents currently used clinically for
treatments for visceral leishmaniasis and some of the side effects associated

with these drugs are summarized in Table 2.2.

More recently, it has become evident that visceral leishmaniasis is frequently

associated with human immunodeficient virus (HIV) infections. Indeed, in
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Drug Trade names Known issues

Pentavalent antimonials Pentostam, Glucantime Resistance, toxicity, quality of generics
Amphotericin B Fungizone Intravenous infusion, toxicity

Lipid-associated amphotericin B Ambisome Less toxic, cost prohibitive

Pentamidine Pentacrinate Second line treatment, toxicity, intravenous infusion
Miltefosine Impavido, Miltex Teratogenicity, resistance

Paromomycin Humatin Resistance, may be good for topical treatment
Sitamaquine (WR-6026) May cause methemoglobinaemia

TABLE 2.2: Current drug treatments commercially available for
visceral leishmaniasis (Croft et al., 2006; Guerin et al., 2002; Murray,
2002; Piscopo and Mallia, 2006; Singh et al., 2012)

Ethiopia and Sudan, co-infections are prevalent in 15 to 40% of VL cases
(Hailu et al., 2005; Alvar et al., 2008). Moreover, this situation is spreading
a more severe form of leishmaniasis to new geographical areas, mainly in
Southern Europe, where it is associated with intravenous drug usage (Garg
et al., 2007; Cruz et al., 2002). Leishmaniasis and acquired immunodeficient
syndrome (AIDS) work synergistically since they both infect and reproduce
in common cell targets (macrophages), and induce a depression of the
immune system, which in turn stimulates the replication of the AIDS virus
(Berhe et al., 1999; Piscopo and Mallia, 2006). Hopefully, according to a
study by Berhe et al. (Berhe et al., 1999), treatment of VL with adequate
medication result in lower viral load, and proper retroviral treatment tend

to prevent relapse of leishmaniasis (Berhe et al., 1999; Murray et al., 2005).

Another issue is the emergence of leishmaniasis in new areas, probably due
to drug resistance, global warming and immigration of people from endemic
regions. Moreover, cases of leishmaniasis in soldiers coming back from
military missions in the Middle East have been reported (Plourde et al.,
2012; Weina et al., 2004; van Thiel et al., 2010). Detection, diagnostic and
treatment of these cases is of paramount important in order to prevent the

spread of the disease, particularly through blood transfusions.
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2.3 Overview of kinetoplastid biology

Kinetoplastids are a group of protists that are believed to have diverged
early in evolution from the main eukaryotic lineage. They are flagellated
protozoa, of which many are obligate parasites to humans and animals. Two
subgroups have been identified: the Bodonidae and the Trypanosomatidae
(Simpson et al., 2006; Simpson and Roger, 2004; Simpson et al., 2004).
The first cluster of organisms contains both free-living species, feeding on
bacteria, and parasites of fish and snails; whereas the Trypanosomatidae are

all obligate parasites of invertebrates, vertebrates or plants (Figure 2.4).

Kinetoplastids are characterized by several biological traits: these include
the presence of kinetoplast organelles, unusual RNA editing, transcription
of long multicistronic mRNA molecules, and compartmentation of glycolysis
and other metabolic pathways (Figure 2.5) (de Souza, 2002; Hannaert et al.,

2003a; Simpson et al., 2003; Docampo et al., 2005; Clayton et al., 1995).

Kinetoplasts are part of the mitochondrion structure and consist of DNA
(kDNA) that is organized in a unique disk-shape fashion (Figure 2.5). The
network of kDNA is comprised of two patterns: a dozen of maxicircle
plasmids (20 to 40 kb) and a thousand of minicircle plasmids (0.7 to 2.5
kb) (Liu et al., 2005; Lukes et al., 2005). Maxicircles function similarly
to mitochondrial genomic DNA (mDNA) in higher eukaryotes, where most
genes responsible for respiration are encoded. However, these transcripts
are considered cryptic and require RNA editing guided by fragments of
the genes encoded in the minicircles (Liu et al., 2005; Pérez-Morga and

Englund, 1993).
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FIGURE 2.4: Evolutionary relationship analysis of kinetoplastids
species based on rRNA and protein phylogenies. (Simpson et al.,
2006)

The atypical RNA editing, a feature characteristic of kinetoplastids,
involves the insertion, or deletion, of uridine residues at specific sites of
coding regions. These create new initiation codons, new open reading
frames, stop codons and even frame shifts (Estévez and Simpson, 1999;
Hajduk et al., 1993; Simpson et al., 2003) from long multicistronic RNA
molecules (Alfonzo and Thiemann, 1997; Lukes et al., 2005). The other
peculiarity of kinetoplastids resides in the compartmentation of several
metabolic pathways in organelles called glycosomes, similar to peroxisomes

in other eukaryotes.
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Kinetoplastids also contain a small invagination in the plasma membrane,
located at the base of the flagellum (Figure 2.5), named the flagellar pocket.
This is currently the only documented site for exocytosis and endocytosis in
Trypanosoma sp. and Leishmania sp. (Field and Carrington, 2009). The
flagellar pocket appears to also be involved in cell division and immune
evasion via excretion and recycling of; variant surface glycoproteins (VSG)
in Trypanosoma brucei or major surface protease (MSP, also known as

gp63) in Leishmania (Overath et al., 1997).

Another particular physiological feature of kinetoplastids resides in the
presence of acidocalcisomes. As the name implies, these electron-dense,
acidic and calcium-rich organelles are implicated in storage of various
chemicals including the basic amino acids arginine and lysine, calcium,
polyphosphate, magnesium, zinc, potassium, inorganic pyrophosphate
sodium and iron (Docampo et al., 2005). Several ion transporters have
been localized to acidocalcisomes which have strengthen the hypothesis
that these organelles play a homeostasis role for the various molecules they
store (Docampo et al., 2005). Such homeostasis appears to play a role in

parasite virulence (reviewed by Docampo and Moreno (2011)).



Chapter 2. Literature Review 17

flagellum

glycosome
flagellar pocket

kinetoplast

Golgi stack
"I ——nucleus

endoplasmic
reticulum

acidocalcisome

mitochondrion

FIGURE 2.5: General diagram of a kinetoplastid (inspired from
Docampo et al. (2005) and Clayton et al. (1995))



Chapter 2. Literature Review 18

2.4 Role of glycosomes in trypanosomes

It was first discovered by Opperdoes and Borst, in 1977 (Opperdoes et al.,
1977b,a), that trypanosomes compartmentalize several glycolytic enzymes
in highly specialised microbodies, named glycosomes. These organelles,
present in all kinetoplastids, are evolutionarily related to the peroxisomes
of fungi and mammalian cells, and glyoxysomes of plants (Gualdrén-Lépez
et al., 2012). These microbodies are globular organelles with a diameter
of 0.2 to 0.3 um, are bound by a single phospholipids bilayer, do not
contain DNA material, and have a proteinaceous electron-dense matrix
(Sommer and Wang, 1994; Opperdoes et al., 1984). The estimated number
of glycosomes range from 10 (L. mexicana) to >200 in T. brucei (Tetley

and Vickerman, 1991; Opperdoes et al., 1984).

The glycosome compartmentalizes several essential metabolic functions
that include: glycolysis (Opperdoes, 1987; Opperdoes et al., 1977b),
pentose-phosphate pathway (Maugeri, 2003; Maugeri and Cazzulo, 2004),
purine salvage (Landfear et al., 2004; Hammond and Gutteridge, 1984),
pyrimidine biosynthesis (Hammond and Gutteridge, 1984), -oxidation of
fatty acids (Lee et al., 2007), ether-lipid biosynthesis (Heise and Opperdoes,
1997; Lux et al., 2000) and oxidant defence mechanisms (Dey and Datta,
1994). Interestingly, the medically important kinetoplastids that include
Leishmania and African and South American trypanosomes lack catalase,
a hallmark enzyme found in peroxisomes of most other eukaryotic species
(Adak and Datta, 2005; Opperdoes et al., 1984). Instead, a thiol-dependent
peroxidase activity involved in hydrogen peroxide metabolism is present
in these organisms (Miiller et al., 2003). It should be noted that not all

kinetoplastids are devoid of the enzyme catalase, as this activity has been
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detected in the insect parasite Crithidia (Soares and De Souza, 1988), the
plant parasite Phytomonas (Sanchez-Moreno et al., 1992) and in the fish
parasites Cryptobia (Ardelli et al., 2000) and Trypanoplasma (Opperdoes
et al., 1988).

2.4.1 Evolutionary aspects of the glycosome

It is now well accepted that glycosomes are the trypanosome analogues
to the peroxisome of other eukaryotes (Parsons, 2004). However, on the
origin of the organelle, scientists have not come to a consensus yet. On
one hand, it has been recently demonstrated by Hannaert et al. (Hannaert
et al., 2003b) that several peroxisomal targeting signal bearing enzymes
involved in glycolysis were more closely related to plant homologues than
to similar enzymes in other lower eukaryotes. It has been proposed that
photosynthesis may have been a metabolic function of earlier kinetoplastids.
In that sense, ancestors of trypanosomes and euglenoids, the Fuglenozoa,
would have had plastid organelles (chloroplasts in plants) that have been

lost in time by trypanosomes (scenario A in Figure 2.6).

On the other hand, it has been suggested that plant and prokaryote-
related genes may have been incorporated into the genome of earlier
trypanosomes by phagocytosis of bacteria, hence resulting in a lateral gene
transfer (Waller et al., 2004) (scenario B in Figure 2.6) and explaining the
presence of plant homologous enzymes. This would corroborate the theory
of Doolittle (Doolittle, 1998) who described a ratchet mechanism by which
genes from bacteria used as food could replace archaeal homologues in the

nuclear genome. Such a mechanism, however, is lacking the explanation for
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plastid traces found in glycosome of numerous trypanosomatids (Parsons,
2004). A combination of the two models is more likely to have happen
(Ginger et al., 2010a).

Very recently, Gualdrén-Lépez et al. (2012) nicely summarized the current
hypothesis on how glycosomes evolved from peroxisomes. It is now believed
that a common eukaryotic ancestor to Kinetoplastea and Diplonemida was
facing large nutritional changes which put pressure on glycolysis and/or
gluconeogenesis metabolic activities (Figure 2.7). Compartmentalization
inside an organelle therefore constituted the evolutionary driving force
and facilitated the adaptation to altering conditions. Furthermore,
the authors nicely conclude by proposing that “glycosomes played a
facilitating role in the development of parasitism in Kinetoplastea ”. This
remains to be verified using a technically challenging experimental setup:
trypanosomatids mutants lacking functional glycosomes (Gualdrén-Loépez

et al., 2012).

2.4.2 Energy metabolism and compartmentation of

glycolysis in the glycosome

Although several metabolic pathways are sequestered in the glycosome of
trypanosomes, the membrane of this organelle is believed to be poorly
permeable to most metabolites (Michels et al., 2000; Opperdoes, 1987) and
requires specialized transporter to move solutes across (Gualdron-Lépez
et al., 2012). Consequently, appropriate balance of both ADP/ATP and
NAD*/NADH are required. This has been illustrated by Hannaert et

al. (Hannaert et al., 2003a) using bloodstream form 7. brucei. In that
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FIGURE 2.6: Evolutionary hypothesis for the appearance of
glycosomes in trypanosomes (from Waller et al. (2004))

case, glycolysis is virtually the only metabolic activity taking place in
the glycosome and other important processes are suppressed (tricarboxylic
acid (TCA) cycle, electron transport chain). The enzymes converting
glucose to 3-phosphoglycerate are all residing inside the glycosome, whereas
phosphoglycerate mutase, enolase and pyruvate kinase are cytosolic. The
former enzyme activities lead to the consumption of 2 ATP molecules, which
are balanced by the activities of two kinases: phosphoglycerate kinase and
glycerol kinase (Figure 2.8). In a similar fashion, the NADH produced by
the conversion of glyceraldehyde-3-phosphate to 1,3-bisphosphoglycerate
is reoxidized by molecular oxygen, via a redox shuttle involving the
mitochondrion and glycerol-3-phosphate oxidase (Bakker et al., 1999; Blum,
1994; Guerra et al., 2006; Michels et al., 2006; Moyersoen et al., 2004;
Opperdoes, 1987).

On the other hand, procyclic form of 7. brucei (insect stage) and other
trypanosomes, including Leishmania sp. and T. cruzi, have a more complex
energy production and carbohydrate metabolism, where the mitochondrion

is extensively involved. Here, phosphoglycerate kinase is located in the
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ATP formation. (1) glucose transport; (2) hexokinase; (3) phos-
phoglucose isomerase (4) phosphofructokinase; (5) aldolase (6) triose-
phosphate isomerase; (7) glyceraldehyde-3-phosphate dehydrogenase;
(8) phosphoglycerate kinase; (9) phosphoglycerate mutase; (10) enolase;
(11) pyruvate kinase; (12) pyruvate transport; (13) glycerol-3-phosphate
dehydrogenase; (14) combined process of mitochondrial glycerol-3-
phosphate dehydrogenase and trypanosome alterative oxidases; (15)
glycerol kinase; (16) combined ATP utilization; (17) glycosomal
adenylate kinase; (18) cytosolic adenylate kinase.  Abbreviations:
Glc-6-P, glucose-6-phosphate; Fru-6-P, fructose-6-phosphate; Fru-1,6-P,
fructose-1,6-bisphosphate; DHAP, dihydroxyacetone phosphate; Glyc-
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et al. (2010) and Gualdrén-Loépez et al. (2012))
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cytosol®. As a consequence, in order to maintain a proper energy balance,
phosphoenolpyruvate carboxykinase and pyruvate phosphate dikinase are
localised inside the glycosome, which lead to the formation of succinate.
Likewise, the transformation of phosphoenol pyruvate inside the glycosome
takes advantage of the NAD-dependent enzyme malate dehydrogenase and
fumarate reductase, a NADH-dependent enzyme, in order to maintain the
balance (Bakker et al., 1999; Blum, 1994; Michels et al., 2006; Moyersoen
et al., 2004; Opperdoes, 1987). In this case, this situation leads to a
significant drop on the activity of glycerol-3-phosphate dehydrogenase, and

thus glycerol formation.

A similar mechanism is believed to take place in Leishmania and such
organization is illustrated in Figure 2.9 where the localization of the
different enzymes involved in glycolysis in Leishmania major, as determined
experimentally and by in silico genome analysis (Opperdoes and Szikora,

2006), are mapped.

2.4.3 Evolutionary advantage for compartmentation

of glycolysis in Trypanosomatids

From these observations, one may ask the following question: What is the
evolutionary advantage of compartmentalizing glycolysis in an organelle?
It was initially believed that segregation was necessary to sustain a high
glycolytic flux (Opperdoes, 1987), since enzymes in the glycosome are
present in relatively high concentrations (up to 340 mg/mL) (Sommer

and Wang, 1994). Therefore, this segregation within a microbody would

3Alt’,hough a glycosomal isoform has been identified and recently partially characterized (Adjé et al.,
1997; Kaushik et al., 2012). The exact location of the enzyme remains to be determined



Chapter 2. Literature Review 25

( )
ATP
L OO
ATP Gal- 1 -P sequence identified
[ P 24 2\ @O PTS2 identified
21 PTS1 identified
GIcN-6-P. Glc-6-P <—>Glcl P UDPgal
Hy0  NHg 2 L )
Fru-6-P
ATP
R )
AMP ADP Fumarate L
10 Fru-1,6-Pp H,0 - [
A0 @O NADH +H* NAD*
ATP ADP
DHAP 5 malate <€ > malate
NADH' ! NAD* ——2
16
K NADH -/ kco2
glycerol-3-P g 1,3-Py 19 @O
ADP 15 ATP
R OIS cog—/EEAnp
phosphoenol-
glycerol pyruvate
| J
ADP ATP
Glycosome w& -
gly 1,3-Py \ /
pyruvate pyruvate
(®O ADP 3 Hy0 L glutamate
ate 1 ()O [ee]'e™Y
Cytosol 3-P-gly BLOPY {~— o-oxoglutarate
12 alanine

FIGURE 2.9: Glycolysis in Leishmania major and localization
of involved enzymes by in silico genome analysis (see Opperdoes
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isomerase; (3) phosphofructokinase; (4) aldolase; (5) triosephosphate
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glycerate kinase; (8) glycerol-3-phosphate dehydrogenase; (9) glycerol
kinase; (10) adenylate kinase; (12) phosphoglycerate mutase; (13)
enolase; (14) pyruvate kinase; (15) phosphoenolpyruvate carboxykinase;
(16) malate dehydrogenase; (17) fumarate hydratase (see text
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6-P, glucosamine-6-phosphate; Glc-1-P, glucose-1-phosphate; Gal-1-P,
galactose-1-phosphate.
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overcome the diffusion of enzymes and substrates throughout the cell,
where a lower concentration would be found. This initial hypothesis is
now considered unlikely since: (a) high glycolytic fluxes are only found in
trypanosomatids that live in a high glucose milieu (e.g. T. brucei in the
bloodstream) (Michels and Hannaert, 1994), (b) yeast cells have a two-
fold higher glycolytic flux and do not depend on the compartmentation of
enzymes nor substrates (Bakker et al., 1995, 2000), (c) rate limiting step
in the glycolytic flux in the bloodstream form of 7. brucei was determined
to be due to catalytic activity of the individual enzymes (Hannaert et al.,

2003a; Bakker et al., 2010).

Therefore, another more plausible hypothesis was proposed. It was first
discovered by Nwagwu and Opperdoes (1982) that there is an important
lack of regulation during glycolysis in trypanosomes. Indeed, the authors
found that hexokinase and phosphofructokinase, enzymes that catalyze the
first reactions of glycolysis, are not inhibited by a feedback mechanism via
the reaction products (Kosow and Rose, 1970) nor by allosteric effectors
(Steitz et al., 1977) as observed in other eukaryotic organisms such as yeast.
Another type of regulation mechanism, the compartmentation of glycolysis,
was proven to be essential for survival of trypanosomes, since accumulation
of glycolytic intermediates would become deleterious (Moyersoen et al.,
2004; Teusink et al., 1998; Kessler and Parsons, 2005). A system biology
approach based on known metabolic flux data was built to understand the
role of compartmentalizing glycolysis in T. brucei (Bakker et al., 2000, 1999,
2010). This experiment suggested that in the absence of compartmentation,
toxic level of hexose phosphates would accumulate in parasites grown

in glucose. These models also predicted that such a build up would
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be prevented by distinct pools of adenine nucleotides in the cytosol and

glycosome.

Moreover, the ATP/ADP ratio in the glycosome, which is apparently low
(more ADP than ATP appear to be present), would control the activity
of hexokinase and phosphofructokinase in the glycosome. Therefore, the
lack of ATP decreases the turnover rate for these two enzymes which leads
to the maintenance of hexose phosphates concentrations within a narrow

range not toxic to the cell, thus avoiding the “Turbo”effect (Figure 2.10).
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FIGURE 2.10: “Turbo”design implication in glycolysis. (A)
Steps involving hexokinase and phosphofructose kinase result in a
constant reinvestment of ATP (from surplus), leading to accumulation of
intermediates, which do not act as feedback inhibitors in trypanosomes.
(B) Compartmentalization of adequate steps in glycolysis enables
proper control of ATP/ADP ratio, hence avoiding accumulation of
intermediates (Hannaert et al., 2003a; Bakker et al., 2010).
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All this may therefore explain the compartmentation of glycolysis in the
glycosome. Indeed, the sequestration of specific metabolic enzymes, in
addition to the impermeability of the glycosomal membrane, facilitates
the maintenance of appropriate balanced ATP/ADP and NAD*/NADH
ratios that will prevent the overproduction of hexose phosphates and
fructose-6-phosphate to toxic levels. The compartmentation enables
the regulation of glycolysis within an organelle which its membrane is
essentially impermeable for solutes (Bakker et al., 2000; Moyersoen et al.,
2004; Bakker et al., 2010; Ginger et al., 2010b). In contrast, such
compartmentation is not necessary in yeast and mammalian cells since both
hexokinase and phosphofructokinase are regulated by feedback inhibition
mechanisms (Teusink et al., 1998). Nevertheless, it remains unclear whether
a lack of regulation led to compartmentation or that compartmentation led
to a lack of regulation. The latter is likely to have happened (Gualdrén-

Lépez et al., 2012).

2.4.4 Compartmentation of the purine salvage path-

way to the glycosome

One of the most striking differences between trypanosomes and the insect
and mammalian hosts is the way organisms synthesize purines: the hosts
are capable of de movo synthesis, whereas the parasite is completely
reliant on the extracellular salvage of such compounds (Looker et al.,
1983; Opperdoes, 1987; Carter et al., 2008; Boitz et al., 2012). Via
specific transporters, nucleobases and nucleosides are imported inside
the parasite cells (Carter et al., 2001; Landfear, 2011; Landfear et al.,

2004).  From there, phosphoribosyltransferase (PRT) enzymes react
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with the purine bases to catalyze the addition of 5-phosphoribosyl-1-
pyrophosphate from the corresponding nucleotides (Michels et al., 2000).
The latter enzymes involved in this pathway have been extensively
characterized (hypoxanthine-guanine phosphoribosyl transferase (HGPRT)
(Allen et al., 1995b; Zarella-Boitz et al., 2004; Boitz and Ullman, 2006),
adenine phosphoribosyl transferase (APRT) (Allen et al., 1995a), inosine
monophosphate dehydrogenase (IMPDH) (Dobie et al., 2007) and xanthine
phosphoribosyl transferase (XPRT) (Jardim et al., 1999; Ullman et al.,
2010)). Many purine salvage enzymes (e.g. HGPRT and XPRT), typically
located in the cytosol of eukaryotes, have been localize in the glycosome
of trypanosomes (Figure 2.11) (Parsons et al., 2001; Boitz and Ullman,
2006; Boitz et al., 2012). Similarly, inosine monophosphate dehydrogenase
(IMPDH), which catalyze the addition of a hydroxyl group on the C-
2 of IMP to yield XMP, was localized in the glycosome of Leishmania
by immunofluorescence (Dobie et al., 2007). AMP deaminase has also
been proposed to be glycosomal since it displays a C-terminal (type 1)
peroxisomal targeting signal (Opperdoes and Szikora, 2006). It however
remains unknown why trypanosomes compartmentalize such enzymes in

their glycosomes.

A recent study by Boitz and Ullman (Boitz and Ullman, 2006) shed
further light on the global mechanism involved in purine acquisition in
Leishmania. They constructed a conditional Ahgprt/Axprt double knock-
out mutant that required both adenine and deoxycoformycin (inhibitor of
adenine aminohydrolase) for survival. Through this biochemical approach,
it has been possible to demonstrate that both HGPRT and XPRT were

essential for the proper functioning of the parasite’s purine salvage system,
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FIGURE 2.11: Compartmentation of the purine salvage pathway.
The gray circle represents the glycosomal membrane. Enzymes have
been localized based on experimental (red) or predicted (blue) data.
(HGPRT, hypoxanthine-guanine phosphoribosyltransferase; XPRT,
xanthine phosphoribosyltransferase; IMPDH, inosine monophosphate
dehydrogenase; GMPR, GMP reductase; GMPS, GMP synthase; APRT,
adenine phosphoribosyltransferase; AAH, adenine aminohydrolase;
AK, adenosine kinase; ADSS, adenylosuccinate synthetase; ASL,
adenylosuccinate lyase; AMPDA, AMP deaminase; GDA, guanine
deaminase; NH, nucleoside hydrolase) (from Boitz et al. (2012)).

for viability in culture media and for infectivity of macrophages. This also
showed that most purines are biochemically transformed to hypoxanthine
or xanthine (not to AMP by APRT) since absence of deoxycoformycin in
growth media resulted in a rapid arrest of growth. Therefore, this preference
by the parasite to convert adenine to hypoxanthine or xanthine over AMP
opens a novel route for vaccine development through usage of attenuated
Leishmania strains exhibiting this genotype. A further initial metabolic

flux evaluation has been recently elaborated by Boitz et al. (2012).
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2.5 Targeting and import of proteins to the

glycosome

The compartmentation of several vital enzymes in the glycosome, an
organelle lacking DNA material and protein translational mechanism
requires an effective protein transport system. In trypanosomes, like the
transport of peroxisomal proteins in other eukaryote cells, involves two
distinct targeting signals known as peroxisomal targeting signals (PTS)
(Holroyd and Erdmann, 2001). PTSI1 is characterized by a C-terminal
degenerative tripeptide: [STAGCN]-[RKH]-[LIVMAFY]* (Gould et al.,
1989; Opperdoes and Szikora, 2006), whereas PTS2 is located close to the
N-terminal region and bears a more complex, yet evolutionary conserved,
signal: [RK]-[LVIQ]-X,-[LVIHQ]-[LSGAK]-X-[HQ]-[LAF], where X denotes
any amino acid (Lazarow, 2006; Subramani et al., 2000; Kunze et al., 2011,

Petriv et al., 2004).

These PTS targeting sequences are recognized by two cytosolic receptors,
the peroxisomal targeting signal-1 receptor PEX5 which binds PTS1
proteins and the peroxisomal targeting signal-2 (PEXT7) which recognizes
the PTS2 topogenic signal. From there, the two cytosolic receptors dock to
peroxin 14 (PEX14), at the surface of the glycosome (Jardim et al., 2002),
in order to translocate their cargo inside the glycosome, as depicted in the
model below (Figure 2.12). The mechanism by which the cargoes penetrate

the glycosomal membrane remains to be elucidated.

4However, some researchers argue that better predictive results are obtained when a full dodecamer
is considered. This takes into account other amino acids found to interact with the TPRs of PEX5
(reviewed by Brocard and Hartig (Brocard and Hartig, 2006))
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glycosome cytosol

FIGURE 2.12: General model for the import of PTS1 and PTS2
proteins in the glycosome of trypanosomes. (1) PTS1 and PTS2
proteins are recruited by their respective cytosolic receptors; (2) the
complexes dock on LAPEX14; (3) the cargo proteins are translocated
through the glycosomal membrane into the lumen of the organelle; (4)
LAPEXS5 and LAPEXT are recycled back to the cytosol of the parasite.
(Jardim et al., 2000, 2002; Madrid and Jardim, 2005; Pilar et al., 2008).

2.5.1 PTS1 proteins transport in the glycosome of

trypanosomes

In Leishmania and other trypanosomatids, PTS1 proteins are synthesized in
the cytosol and bound as cargos to the receptor PEX5. This protein-protein
interaction is believed to be mediated by six to seven tetratricopeptide

repeats (TPR) (D’Andrea, 2003; Blatch and Léssle, 1999; Kajander et al.,
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2007; Hirano et al., 1990), located at the C-terminal portion of PEX5. This
domain is localized between the amino acids 324 and 58R8 in Leishmania

donovani (Jardim et al., 2000; Madrid et al., 2004).

Similarly, using crystallography data from the human PEX5 bound to a five
amino acids PTS1 peptide (YQSKL), Gatto et al. (2000) demonstrated that
six of these TPR were actually involved in the process while the seventh
was acting as an hinge to the clam-shaped structure. They also illustrated
that each TPR is forming a helix-turn-helix structure which exhibits, at
its surface, the asparagine residues responsible for the interaction with the
PTS1 signal (Asn378 with leucine, Asn524 with lysine and Asn497 with

serine) (Figure 2.13).

Recently, Sampathkumar et al. (2008), following an initial crystallographic
characterization of PEX5 from Trypanosoma brucei by Kumar et al.
(2001), were able to solve a high resolution structure of the complete
PTS1 binding region of ThbPEX5 in complex with various PTS1 peptides
derived from glycolytic enzymes localized to the glycosome of the parasite
(Sampathkumar et al., 2008). These solved structures were compared with
their human counterparts previously published (see Gatto et al. (2000);
Stanley and Wilmanns (2006); Stanley et al. (2007, 2006))

Additionally to the similar positioning of the atoms from the different PTS1
signals (Figure 2.14, panel B), the authors identified conserved asparagines
on ThPEX5 (N429, N538, N546, N573 and N580) that were implicated in
hydrogen bonding with the amino acids -1 and -2 of the PTS1 signal® (see

Figure 2.14, panel A for detailed molecular interactions). They also noted

SFor ease of understanding, the PTS1 tripeptide sequence positions will be numbered from the
C-terminus of the signal.



Chapter 2. Literature Review 34

Ficure 2.13: First PEX5-PTS1 crystal structure based on the
human protein. Schematic view of the PEX5-PTS1 complex based on

a crystal structure of the human PEXS5 interacting with the pentapeptide
YQSKL (Gatto et al., 2000).

that the side chain from the different amino acids present at position -3

of the PTS1 signal were only involved in protein-peptide interactions via

water molecules.

With all this in mind, one can summarize that the PTS1 binding mode
involves first the recognition of the carboxylate from the amino acid -1;

second, an hydrophobic interaction with the aliphatic chain from the side
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chain of the C-terminal residue; and third, several interactions, mainly
hydrogen bonds, between the conserved asparagine residues on PEX5 with

the side chains of the PTS1 signal (Sampathkumar et al., 2008).

Another feature noted from these studies was the presence of a hydrophobic
pocket at the entrance of the ThPEX5 PTS1 binding domain, named
the “double-Ala pocket”(A421 and A504), absent in the human PEX5
(the two alanines in the human PEX5 are substituted with a methionine
and a cysteine respectively) (Sampathkumar et al., 2008). It was then
hypothesized that this feature could be exploited for a rational drug design

which could inhibit a PEX5-PTS1 interaction Trypanosoma brucei®.

The quaternary structure of PEX5 remains a subject of debate as several
studies using phygenetically different PEX5 have suggested that this protein
may adopt a monomeric (Carvalho et al., 2006; Costa-Rodrigues et al.,
2005) or tetrameric form (Jardim et al., 2000; Madrid et al., 2004; Schliebs
et al., 1999) in solution. It appeared to be mediated by pH in the case
of Hansenula polymorpha (Wang et al., 2003) whereas for the Leishmania
donovani: PEXD5, upon binding its cargo, the protein transitions from a
tetrameric to a dimeric form, a structural characteristic which is believed
to enhance the affinity to the docking protein PEX14 present on the surface
of the glycosome (Figure 2.15) (Madrid et al., 2004).

Oppositely, PEX5 from yeast is known to interact with an intraperoxisomal
protein, PEXS, which is believed to cause a dissociation of the oligomer and

facilitate release of the PTS1 cargo (Wang et al., 2003). Evidence for the

6Only A421 is conserved in Leishmania donovani; a threonine is present at the second alanine
position. Therefore it is unlikely that a similar hydrophobic pocket be present in LdPEX5.
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FiGure 2.14: TbPEX5-PTS1 molecular interactions. A)

Stereoview of the interactions between TbPEX5 and a representative

PTS1 peptide. ThPEX5 and the peptide residues are shown in green

and yellow carbon atoms, respectively, with oxygen atoms in red and

nitrogen atoms in blue. B) Superposition of the alpha-carbons from the

five PTS1 peptides bound to ThPEX5, with different colouring for the
carbon atoms. (Sampathkumar et al., 2008)
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presence of such protein in trypanosomatids is still lacking (Galland and

Michels, 2010).

Scenario 1

LdPEX5 LdPTS1 protein

@ PTS1 binding domain t.

&= Coiled-coil motif

«— N-terminal region

FIGURE 2.15: Proposed models for the quaternary structure of
LdPEXS5. Two possible scenarios have been proposed for the assembly
of the tetrameric form of LAPEX5, where a dimer of dimers would
assemble and be stabilized by either (1) a coiled-coil motif located
between amino acids 269 and 291 or by (2) an N-terminal region (amino
acids 1-202). Addition of a PTS1 protein causes the complex to separate
into dimers (Madrid et al., 2004). These quaternary structure changes
are hypothesized to modulate the affinity for LAPEX14 on the surface
of the glycosome.
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2.5.2 PTS2 protein transport to peroxisomes and the

glycosomes of trypanosomes

Similarly to PTS1 proteins, several proteins containing a PTS2 signal
for proper trafficking to the glycosome of trypanosomes. This signal
is recognized by the cytosolic transporter PEXT. In Leishmania,
approximately 25% of the glycosomal proteins bear a PTS2 sequence, while
the remaining proteins exhibit a PTS1 signal” (Opperdoes and Szikora,
2006).

Structurally, PEX7 consists of six or seven 40 amino acid long tryptophan-
aspartate (WD40) repeats, that are likely responsible for making up the
binding pocket which recognizes the PTS2 motif on glycosomal proteins
(Figure 2.16, panels A and C) (Heiland and Erdmann, 2005; Moyersoen
et al., 2004; Schliebs and Kunau, 2006). These WD40 repeats form typically
four antiparallel [-sheets that assemble into a circularized [S-propeller
(Figure 2.16). Proteins containing WD40 repeats are implicated in a
wide variety of crucial cellular functions (transduction and transcription
regulation, cell cycle control, autophagy, apoptosis) that involve protein-

protein interactions (Smith et al., 1999; Xu and Min, 2011).

PEXT7 from Leishmania sp. contains numerous hydrophobic amino acids
which are predicted to be at the surface of the protein (Figure 2.16, panels
B and D) despite a clear localization of the majority of the protein to
the cytosol of the parasite. This has presented a great challenge where
initial attempts to purify recombinant Leishmania PEXT7 yielded in co-

purification with the bacterial chaperone GroEL (Pilar et al., 2008). Also,

TA few exceptions have been observed where proteins contained either both PTS1 and PTS2 signals,
or appeared to be transported via an internal peroxisomal targeting signal.
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it is only recently that our laboratory elaborated a protocol which was able

to circumvent this issue (Pilar et al., 2012).

It is now well accepted that PEX7 also associates tightly with both
PEX5 and PEX14 in Leishmania (Pilar et al., 2008) and Trypanosoma
(Galland et al., 2007), and that PEX5 is required for proper trafficking
of the PEX7-PTS2 complex to the glycosomal membrane. In contrast, in
yeast and fungal species, additional co-receptors PEX18/PEX20 or PEX21,
respectively are required (Sichting et al., 2003; Einwéchter et al., 2001;
Schliebs and Kunau, 2006; Dodt et al., 2001; Heiland and Erdmann, 2005)
as PEX5 lacks a PEXT7 binding domain. These co-receptors act as linkers

(for more details, see Schliebs and Kunau (2006)).

In a recent protein mapping study, Pilar et al. (2008) found that
Leishmania PEXT associates with LAPEX5 through an interacting domain
encompassing amino acids 111 to 181, which contrast with previously
predicted binding region in Trypanosoma brucei and conserved domain
in Leishmania sp.8. Likewise, in the case of PEX14 from Leishmania
donovani, the region between amino acids 120 to 148 in was also shown

to be essential for binding PEX7 (Pilar et al., 2008).

Another feature of trypanosomatid PEX7 proteins is the presence of a C-
terminal proline-rich extension that is absent in other eukaryotes (Galland
et al., 2007; Pilar et al., 2008). These segments may favour the formation of

an helical structure known as a poly-proline type II helix which is typically

8Schliebs et al. (Schliebs and Kunau, 2006) have used a PEX7 binding motif [KRH]-
[YVMIFLA]-[QSAKETNRDG]-[QSAKETNRDG]-S-[ETKRN]-F-[YVMIFL]-[QSAKETNRDG]-
[YVMIFL]-[YVMIFL]-[QSAKETNRDG]-[QSAKETNRDG]-[YVMIFL] which is found in all known
binding peroxins to PEXT7 (except PEX14), including Trypanosoma brucei. A search in the genome
database of Leishmania infantum and Leishmania major (http://www.tritrypdb.org) highlighted the
same conserved region, which was comprised between amino acids 198-211 and 204-217 respectively.
Such discrepancy was also noted in a review by Galland et al. (Galland and Michels, 2010).
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FIGURE 2.16: Topology of Leishmania major PEXT7. A)
Color highlights represent the WD40 repeat sequences. B) Surface
representation of an I-TASSER in silico model (Zhang et al., 2008;
Roy et al., 2010; Zhang, 2009; Wu et al., 2007) of Leishmania magjor
PEXT7. The orange color represent the hydrophobic residues present
at the surface of the modelled protein (Pilar et al., 2012). C) Ribbon
representation of the above I-TASSER model depicting the S-propeller
tertiary structure and the position of the different WD40 repeats.
D) Hydropathy plot based of the Kyte-Doolittle scale (Kyte and
Doolittle, 1982) illustrating the multiple hydrophobic peaks (in the pink
highlighted region).
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recognized by an SH3 class II domain found in Src and Grb2 proteins®
(Sparks et al., 1996; Cohen et al., 1995). One may hypothesize here that

this motif will likely be involved in the interaction with SH3 domains.

Recently, PEX13, a peroxisomal membrane protein which plays a
membrane-anchoring role for PEX14 and a cargo-release facilitator for
PEX5 and PEX7 (Gould et al., 1996; Mukai and Fujiki, 2006), has been
identified in trypanosomatids (Verplaetse et al., 2009; Brennand et al.,
2012). It has been shown by RNAi to be essential for the viability of
Trypanosoma brucei in vitro (Verplaetse et al., 2009). Moreover, this
protein contains a predicted SH3 domain which could be implicated in
an interaction with PEXT7 at the glycosomal surface. Such feature has not
been observed in plants (Mano et al., 2006) nor in yeast (Girzalsky et al.,
1999).

2.5.3 Interaction of PEX14 with PEX5 and PEX7

The current model for translocation of proteins into the glycosome of
Leishmania minimally involves an interaction between PEX7 and PEXS5,
and PEX14. A PTS-bearing proteins are predicted to first bind to
their respective receptors in the cytosol following their release from free
ribosomes. The complexes are thought to bind to the other PTS-receptor
complex to forms a PTS1-PEX5-PEX7-PTS2 quaternary complex that then
moves to the surface of the glycosome where it docks to PEX14 (Strasser
et al., 2012). Then, PTS-bearing proteins are translocated across the

glycosomal membrane to the glycosomal lumen. Finally, PEX5 and PEX7

9A good structural example can be visualized with the crystal structure 1SEM from the Protein
Database (Lim et al., 1994).


http://pdb.rcsb.org/pdb/explore/explore.do?structureId=1sem
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are recycled back to the cytosol (Pilar et al., 2008; Strasser et al., 2012)
by a mechanism that remains to be elucidated (Figure 2.12). The exact
localization of PEX5 and PEXTY is still debated. In Leishmania donovani,
only trace amounts of LAPEX5 was detected inside glycosomes (Jardim
et al., 2000), whereas LAPEX7 was found both in the cytosol and associated

with the glycosome (Pilar et al., 2008).

The role of PEX14 is vital to trypanosomes and was demonstrated by
Furuya et al. (2002) in a study showing that a lethal phenotype was created
by RNA silencing of Trypanosoma brucei PEX14. Interestingly, the lethal
phenotype appeared to be conditional and was toxic only when parasites
were cultivated in media containing glucose. The lack of ThPEX14 resulted
in mislocalization of the glycosomal phosphoglycerate kinase enzyme which

requires compartmentation for proper functioning.

A similar hypothesis emerged from our laboratory where several attempts
at creating PEX14 null mutants by deletion of the two Leishmania donovani
PEX14 alleles did not yield viable knock out strains, presumably due to the

lethal phenotype.

Likewise, peroxisomal malfunctioning mediated by knocking out the PEX14
gene in yeast did not cause such drastic phenotype, unless the micro-
organism was grown using fatty acids as the sole carbon source (lipid
metabolism takes place in the peroxisome of Saccharomyces cerevisiea).
A similar behaviour was observed in cultured mammalian cells, although it
is well accepted that peroxisomal disorders are lethal after several years in

multicellular organisms (Gould and Valle, 2000).
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Previously, it has been found that the N-terminal region of PEX14,
comprising the amino acids 23 to 63 (which includes a conserved PEX14
signature sequence across all eukaryotes: F-L-X;5-F-L-Xo-K-G-[ILV]-X3-
[DEQJ-[ILV]) is essential for binding to PEX5 (Madrid and Jardim, 2005;
Jardim et al., 2002). On the other hand, a central portion of PEX5 (amino
acids 290 to 323) was identified to be critical for association with PEX14
(Madrid and Jardim, 2005). This observation contrasts with previous
biochemical and structural studies showing that in other organisms the
PEX5-PEX14 interaction was mediated by one of three aromatic W-Xs-
[FY] pentapeptide repeats present in PEX5 (Figure 2.17, panel B) (Otera
et al., 2002; Urquhart et al., 2000; Neufeld et al., 2009; Su et al., 2009).

A

FIGURE 2.17: Structure of the PEX14 conserved domain. A)
Crystal structure of the rat PEX14 (PDB code 3FF5) where the protein
forms a dimer close to the interface where PEXS5 is predicted to interact.
In blue are the conserved phenylalanines and leucines believed to be part
of the PEX5 binding site (Su et al., 2009). B) NMR solution structure
of the human N-terminal portion of PEX14 (cyan) in complex with a
peptide comprising the first W-X3-F pentapeptide from PEX5 (orange)
(PDB code 2W84) (Neufeld et al., 2009).


http://pdb.rcsb.org/pdb/explore/explore.do?structureId=3FF5
http://pdb.rcsb.org/pdb/explore/explore.do?structureId=2W84
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Madrid and Jardim (2005) demonstrated, by site-directed mutagenesis of

the three pentapeptide motifs, that comparable affinities with Leishmania

donovani PEX14 could be retained when compared to the wild-type

LAPEXS5.

Moreover, these W-X3-[FY] pentapeptide repeats from

Leishmania donovani poorly align with the similar repeats present on PEX5

from yeast (Saccharomyces cerevisiae), nematode (Caenorhabditis elegans)

and mammal (Homo sapiens) (Figure 2.18).

Moreover, we have recently investigated the capability of LAPEX14 to bind

directly PEX7 in vitro (Pilar et al., 2008, 2012) and in vivo (Strasser et al.,

2012). LmPEX7 bound LdPEX14 with an apparent dissociation constant

of 43 nM (Strasser et al., 2012) and the interaction was mediated by a
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FiGUurRE 2.18: Protein sequence alignment of PEXS5. The

protein sequences of PEX5 from Saccharomyces cerevisiae (ScPEX5),

Caenorhabditis elegans (CePEX5) and Homo sapiens (HsPEX5) were

aligned with PEX5 from Leishmania donovani (LAPEX5) using

MUSCLE sequence alignment software (Edgar, 2004). The three W-X3-

[FY] pentapeptide repeats from Leishmania donovani are highlighted in
green (Madrid et al., 2004).
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domain located between the amino acids 120 and 148 of LAPEX14 (Pilar
et al., 2008; Strasser et al., 2012). Interestingly, no PEX14-PEXT7 direct
interactions have been reported in mammals, yeast and plants (Mukai and

Fujiki, 2006; Nito et al., 2002; Dodt et al., 2001).

2.5.4 LAPEX5-LdPEX7-LdPEX14 complex as a po-

tential drug target

Findings enumerated above illustrate significant differences between the
peroxisomal import machinery in yeast, plants and mammals, and the
glycosomal protein translocation system currently being investigated in
Leishmania, thus opening the door to the identification of potential drug
targets to fight leishmaniasis and other trypanosome-associated diseases
(Spithill et al., 2002; de Souza, 2002). Such differences include: (i)
the compartmentation of glycolysis, purine salvage and other essential
metabolic pathways in the glycosome (Galland and Michels, 2010; Boitz
et al., 2012), (ii) the poor protein sequence conservation between
Leishmania and human PEX5, PEX7 and PEX14 (Jardim et al., 2002,
2000; Pilar et al., 2008; Moyersoen et al., 2003), (iii) the unique LAPEX5-
LAPEX14 interacting interface which does not require the W-X;-[FY]
pentapeptide repeats essential in other species (Madrid and Jardim, 2005)
and (iv) the requirement for functional glycosomal import machinery in the

cell (Furuya et al., 2002; Galland et al., 2007; Verplaetse et al., 2009).
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2.6 Connecting statement

In addition to the therapeutic potential that can be developed by further
characterizing the glycosomal protein translocation machinery, it offers a
unique opportunity to study the biophysical fundamentals implicated in

the transport of folded proteins across membrane bilayers.

In the following chapter, a more in depth analysis of the quaternary
structure of PEX14 from Leishmania donovani will be investigated, with
respect to the importance of various domains present on the protein and the
role they play in the assembly of PEX14 oligomeric structures. Moreover,
structural changes taking place on PEX14 upon binding to PEX5 will be
described, using various biophysical methods including circular dichroism,

isothermal titration calorimetry and fluorescence spectroscopy.

This will enable a better comprehension of the central role that LAPEX14
plays in the glycosomal transport machinery and its implication in
the actual formation of a translocation pore through the glycosomal

membrane.
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3.1 Abstract

The import of PTS1 proteins into the glycosome or peroxisome requires
binding of a PTS1 laden PEX5 receptor to the membrane associated
protein PEX14 to facilitate translocation of PTS1 proteins into the
lumen of these organelles. Quaternary structure analysis of protozoan
parasite Leishmania donovani PEX14 (LAdPEX14) revealed that this
protein forms a homomeric complex with a size >670 kDa. Moreover,
deletion mapping indicated that disruption of LAPEX14 oligomerization
correlated with the elimination of the hydrophobic region and coiled-
coil motif present in LAdPEX14. Analysis of the LdPEX5:LdPEX14
interaction by isothermal titration calorimetry revealed a molar binding
stoichiometry of 1:4 (LAPEX5:LdPEX14) and an in solution dissociation
constant (K;) of ~74 nM. Calorimetry, intrinsic fluorescence and,
analytical ultracentrifugation experiments showed that binding of LAPEX5
resulted in a dramatic conformational change in the LAPEX14 oligomeric
complex that involved the reorganization of the hydrophobic segment in
LdPEX14. Finally, limited tryptic proteolysis assays established that in
the presence of LAPEX5, LAPEX14 became more susceptible to proteolytic
degradation consistent with this protein interaction triggering a significant
conformational change in the recombinant and native LAPEX14 structures.
These structural changes provide essential clues to how LAPEX14 functions

in the translocation of folded proteins across the glycosomal membrane
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3.2 Introduction

Leishmania and Trypanosoma protozoan parasites represent organisms
that branched off early from the eukaryotic cell lineage (Dacks and
Doolittle, 2001; Simpson et al., 2006; Douzery et al., 2004). Consequently,
these organisms have retained a myriad of unique metabolic, biochemical,
and structural features that are distinctive from other eukaryotic cells.
Prominent among these features is the glycosome, an organelle that is
distantly related to the peroxisomes in mammalian, yeast, fungi, and plant
cells (Michels et al., 2005; Opperdoes et al., 1977b; Opperdoes and Michels,
1993). The glycosome compartmentalizes a multitude of indispensable
metabolic and biosynthetic pathways that include glycolysis, purine salvage,
pyrimidine and ether-lipid biosynthesis, and [-oxidation of fatty acids
(Opperdoes and Michels, 1993; Fairlamb, 1989). Glycosomal function is
essential for parasite viability as mis-targeting of glycolytic enzymes to the
cytosol or disruption of glycosome biogenesis leads to a lethal phenotype
(Bakker et al., 2000; Furuya et al., 2002; Galland et al., 2007; Guerra-
Giraldez et al., 2002; Kessler and Parsons, 2005) making the glycosome
and glycosome biogenesis machinery attractive chemotherapeutic targets

(Parsons et al., 2001; Sommer and Wang, 1994).

Glycosomal and peroxisomal matrix proteins are post-translationally
trafficked from cytosolic ribosomes to these microbodies by utilizing
primarily one of two topogenic signals termed peroxisomal targeting signal
1 and 2 (PTS1 and PTS2) located at the C- or N-termini proteins,
respectively (Blattner et al., 1992; Gould et al., 1989; Lametschwandtner
et al., 1998; Purdue and Lazarow, 1994, 2001; Swinkels et al., 1991). In

Leishmania, newly synthesized proteins containing PTS1 or PTS2 signals
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are bound by the receptors peroxin 5 (LAPEX5) and peroxin 7 (LAPEXT),
respectively and these cargo-laden receptors traffic to the glycosome
surface where they bind to the membrane associated protein peroxin 14
(LAPEX14). This latter protein-protein interaction is paramount for the
translocation of proteins across the glycosomal and peroxisomal membrane
and for the biogenesis of these organelles. In Apex1j yeast and mammalian
mutant cell lines that lack a functional PEX14, the matrix PTS1 and
PTS2 proteins are mis-targeted into the cytosol (Albertini et al., 1997,
Komori et al., 1997; Salomons et al., 2000; Shimizu et al., 1999). In
trypanosomes knockdown of PEX14 using RNA interference caused mis-
targeting of glycosomal matrix proteins to the cytosol and resulted in a
lethal phenotype when parasites were cultivated in media containing glucose
or glycerol (Furuya et al., 2002; Kessler and Parsons, 2005; Moyersoen et al.,
2003).

PEX14 in fungi and mammalian interacts with PEX13 forming a
subcomplex known as the importomer (Agne et al., 2003; Azevedo and
Schliebs, 2006; Erdmann and Schliebs, 2005; Girzalsky et al., 1999;
Rayapuram and Subramani, 2006; Reguenga et al., 2001); whether a
comparable importomer complex exists in the protozoa Leishmania is not
clear since a PEX13 homolog has not yet been identified in this group of
organisms. Numerous studies in phylogenetically diverse organisms have
demonstrated that PEX14 is a membrane-associated protein, however the
nature of this interaction and the topology of PEX14 in the peroxisomal
and glycosomal membranes, as assessed by physiochemical techniques, seem
to vary. In mammalian cells, Hansenula polymorpha, Pichia pastoris,

and Trypanosoma brucei (Shimizu et al., 1999; Moyersoen et al., 2003;
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Fransen et al., 1998; Johnson et al., 2001; Komori et al., 1999; Oliveira
et al., 2002; Will et al., 1999) PEX14 is reported to be an integral
protein, whereas in Saccharomyces cerevisiae PEX14 association with the
peroxisomal membrane is more plastic and has been reported to behave
either as a peripheral or integral membrane protein (Albertini et al., 1997;
Brocard et al., 1997; Niederhoff et al., 2005). Using similar biochemical
approaches, the Leishmania PEX14 has been shown to be peripheral
membrane protein that associates tightly with the cytosolic surface of the

glycosomal membrane (Jardim et al., 2002).

Interestingly, despite the fact that PEX14 proteins exhibit <10% sequence
conservation across phylogeny (Jardim et al., 2002), this family of proteins
has retained three structural elements. These include an N-terminal 33
amino acid signature motif A-Xgo-F-L-Xg-P-X4-F-L-X-K-G-X5-1-X5-A that
contains a PEX5 binding motif (Purdue and Lazarow, 2001; Choe et al.,
2003), a hydrophobic region, and a coiled-coil motif (Albertini et al., 1997;
Will et al., 1999; Brocard et al., 1997; Jardim et al., 2002; Choe et al.,
2003). The hydrophobic region and the coiled-coil motif are believed to be
involved in the formation of PEX14 homomeric structures (Shimizu et al.,
1999; Oliveira et al., 2002; Fransen et al., 2002). However, little is known
about the structural changes induced in PEX14 upon binding its receptor,
PEX5. Here we reported the use of a number of biophysical techniques
that include size exclusion chromatography, analytical ultracentrifugation,
isothermal titration calorimetry, and limited proteolysis to examine the
LdPEX14 structural and conformational changes triggered in the LAPEX14
complex following LAPEX5 binding.
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3.3 Experimental procedures

3.3.1 Material

All restriction endonucleases and DNA modifying enzymes were purchased
from Invitrogen Life Technologies Inc. (Grand Island, NY) or New
England Biolabs (Beverly, MA). Horseradish peroxidase (HRP)-conjugated
secondary goat anti-rabbit IgG were purchased from Sigma-Aldrich (St.
Louis, MO). All other reagents were of the highest quality commercially

available.

3.3.2 Cell culture

L. donovani promastigotes were cultured in Dulbeccos modified Eagles-
Leishmania medium (DME-L) supplemented with hemin, xanthine, and

fetal bovine serum as described (Pilar et al., 2008).

3.3.3 LdPEX5 and LAdPEX14 expression and purifi-

cation

The ORFs encoding the full length LAPEX14 or mutant proteins
encompassing residues 1-321 (ldpex14 1-321), 1-254 (Idpex14 1-254), 1-
200 (Idpex14 1-200), 1-148 (Idpex14 1-148), or 1-120 (Idpex14 1-120) were
amplified by PCR and cloned into the Ncol /BamHI sites of the pET30b(+)
expression vector as previously described (Jardim et al., 2002; Madrid and
Jardim, 2005). The ORF for the ldpex14 fragment encompassing residues
1-75 (ldpex14 1-75) was amplified by PCR and cloned into the Ndel /Xhol
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sites of pET15b(+). The internal deletion mutants ldpex14 A149-179 and
ldpex14 A270-321 were generated by PCR mutagenesis using the template
pET30b(+)-Hisg/S-LAPEX14 and the primer pairs listed in Table 3.1.

Deletion  Primer sequence

A149-179 5-CTGGCTAATGAGCGGACGCAGACGACAGCG-3
5-CGCTGTCGTCTGCGTCCGCTCATTAGCCAG-3
A270-321 5-GAGCGGCAGACGAAGGAATTTCGTCGCAAG-3
5-CTTGCGACGAAATTCCTTCGTCTGCCGCTC-3

TABLE 3.1: Primers used to generate internal deletions in LdPEX14
gene

The LAPEX14 N-terminal truncations were generated as previously
described (Madrid and Jardim, 2005). Recombinant LdPEX14 proteins
expressed using pET30b(+4) contained an N-terminal hexahistidine and S-
tag. Proteins expressed using the pET15b(+) only contain a hexahistidine
affinity tag. LAPEX5 and ldpex5 203-391 were expressed in E. coli using

the pTYB12 expression vector (Madrid et al., 2004).

E. coli ER2566 cells transformed with pTYB12-LdPEXS5 or pTYB12-ldpex
203-391 (Madrid et al., 2004) were grown to an ODgoopm of 1.2 at 37°C
then shifted to 20°C for protein expression. Protein expression was induced
for 4 h with 0.5 mM isopropylthiogalactoside (IPTG). Cell pellets were re-
suspended in 20 ml of 40 mM Tris-HCI pH 8.0 containing an EDTA-free
protease inhibitor cocktail (Roche Applied Science, Laval, QC) and lysed by
French press. Lysates were clarified by centrifugation and the supernatant
was loaded onto a chitin column (1 x 3 ¢cm) and the column was washed
with 100 ml of 0.5 M NaCl in TB buffer. LdPEX5 and ldpex5 203-391

were cleaved by incubating the column matrix with 5 ml 50 mM DTT in
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TB buffer for 40 h at 4°C. Recombinant LdPEX14/ldpex14 proteins were
over-expressed in F. coli ER2566 strain and purified as previously described

(Jardim et al., 2002).

For analytical centrifugation and tryptic digest experiments the LdAPEX5-
LAdPEX14 complex was isolated from E. coli ER2566 cells co-transformed
with the pTYB12-LAPEX5 and pET30b-Hisg/S-LdPEX14. Clarified cells
lysates were applied onto a Ni**-NTA column (1 x 5 ¢cm) and the bound
proteins were eluted with 250 mM imidazole in 50 mM phosphate pH 7.5,
150 mM NaCl (PBS). The eluates were then applied to a chitin column (1
X 3 c¢m) to capture complexes containing the chitin-LdPEXS5 fusion protein.
The column was washed with 50 ml of 40 mM Tris-HC1 pH 8.0, 0.5 M NaCl
and the LAPEX5-LAPEX14 complex was eluted by incubating the column
matrix with 5.0 ml of 50 mM DTT in 40 mM Tris-HCI pH 8.0 for 40 h at
4°C. All recombinant proteins were concentrated and the buffer exchanged
for 40 mM Tris-HCI1 pH 8.0, 150 mM NaCl using a Biomax 5K NMWL
centrifugal filter unit (Millipore, Bedford, MA). Protein concentrations were

determined spectrophotometrically (Pace et al., 1995).

3.3.4 Site-directed mutagenesis

The three tryptophan residues (W246, W293, and W361) in ldpexb
203-391 were sequentially mutated to phenylalanine residues using PCR
QuikChange protocol to generated the ldpex5 203-391 W3F. The sequence
of this tryptophanless mutant was validated by DNA sequence analysis.
Intrinsic fluorescence analysis of ldpexb 203-391 W3F excited at 295

nm showed no notable fluorescence emission between 310 and 400 nm,



Chapter 3. Leishmania donovani Peroxin 1/ 95

diagnostic of this protein being devoid of a tryptophan residue. Binding
studies performed with ldpex5 203-391 W3F using either pull down or
ELISA assays (Schliebs et al., 1999; Gouveia et al., 2000) showed that this
mutant ldpex5 fragment exhibited LAPEX14 binding characteristics similar
to ldpexb 203-391 (data not shown).

3.3.5 Tryptic analysis of LAPEX14 and LdPEX14-

LdPEX5 complex

LAPEX14 (~100 pg) or LAPEX5-LAPEX14 (125 ug) complex in 100 pl of 50
mM Tris-HCI, pH 7.5, 150 mM NaCl (TBS) were incubated with 0.3 ug of
sequencing grade trypsin (Promega, Madison, WI) at 20°C. Alternatively,
purified glycosomes (50 ug of total protein) from wild type L. donovani
promastigotes (43) were incubated with recombinant LdAPEX5 or bovine
serum albumen (15 pg) and LAXPRT (50 pg) for 20 min at 20°C prior to
the addition of 0.3 ug of sequencing trypsin in 150 ul of TBS. Aliquots (10
ul) were removed at 0, 2, 5, 10, 15, 60, and 180 min and mixed with 4
ul of protease inhibitor cocktail (1 mini tablet/ml dH;O) to inactivate the
trypsin prior to addition SDS-PAGE sample buffer. Samples were resolved
on a 10% SDS-PAGE, transferred to PVDF membrane and stained with
Coomassie blue R250. Membranes were blocked with 3% skimmed milk
powder in PBS then probed with anti-Ni**NTA-HRP in PBS (1:2,000,
Qiagen, Mississauga, ON) and anti-LdPEX14 (1:16,000) and anti-rabbit
[gG-HRP (1:10,000).
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3.3.6 Quaternary Structure Analysis

Size exclusion chromatography (SEC) was performed on a Beckman-Coulter
system Gold equipped with a Superdex 200 column (GE HealthCare, Baie
dUrfé, QC) equilibrated with 50 mM phosphate pH 7.5, 150 mM NaCl,
5 mM pB-mercaptoethanol. Samples containing 50-200 p protein in buffer
containing 10 mM [-mercaptoethanol were injected and the column was
developed at 0.5 ml/min while monitoring the column effluent at 280
nm. Fractions (0.5 ml) were collected and proteins precipitated with
trichloroacetic acid for SDS-PAGE analysis. The Superdex 200 column was
calibrated using thryoglobulin (670 kDa), bovine IgG (158 kDa), ovalbumin
(44 kDa), equine myoglobin (17 kDa), and vitamin B12 (1.3 kDa) (Bio-Rad,
Hercules, CA).

3.3.7 Isothermal titration calorimetry (ITC)

ITC experiments were performed on a MicroCal VP-ITC calorimeter
(MicroCal, Northampton, MA). For the forward reaction a 292 M solution
of LAPEX14 was loaded into the syringe and titrated into an 8 uM solution
of LAPEX5 present in the ITC cell (1.42 ml). Alternatively the syringe
was loaded with a 1.0 mM solution of ldpex14 1-120 which was titrated
into a 29 uM solution of ldpex5 203-391 in the ITC cell. For the reverse
titrations the ITC syringe was loaded with a 149 M LAPEXS5 solution and
the I'TC cell was charged with a 40 uM LdPEX14 solution. Alternatively,
the syringe was loaded with 397 uM solution of ldpex5 203-391 was titrated
into a 145 puM ldpex14 1-120 solution in the ITC cell. All reactions were

performed at a constant temperature of 303 K and protein solutions were
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dialyzed against the same batch of 40 mM sodium phosphate, 120 mM
NaCl pH7.5, 2 mM [-mercaptoethanol buffer to minimize heat of dilution
effects. For all experiment, the contents of the cell were mixed at 300
rpm and an equilibration time of 6 min between injections was used. The
first injection used a 2 ul aliquot and the 20-30 subsequent injections were
performed using 10 pl volumes over a duration of 10 s. The experimental
titration curves were corrected for the heat of dilution, the initial 2 ul
injections were typically omitted from the data set, and the curve fitting
was performed using the MicroCal Origin software 7.0 assuming a one site
model. The binding constants (K; = 1/K,) and the enthalpy (AH) was
determined from the isotherm and the Gibbs free energy (AG) and entropy
(AS) was calculated using the equation AG = AH - TAS = - RT InK,.

3.3.8 Analytical ultracentrifugation

Sedimentation velocity experiments were performed in 40 mM Tris pH 7.5 at
20°C in a Beckman Optima XL-I (Fullerton, CA) analytical ultracentrifuge
using an An 55 AL aluminum rotor. Samples containing 250 pug/ml
LdPEX14 or LAPEX5-LAPEX14 (molar ratio of 1:4) were loaded into
double-sector cell with aluminum-filled Epon centerpieces. LdPEX14 and
LAPEX5-LAPEX14 complex were analyzed at rotor speeds of 26,000 and
30,000 rpm, respectively. UV scans were obtained at 230/280 nm and
analyzed by the van Holde-Weischet method (Van Holde and Weischet,
1978). The G/g (S) integral distribution attained with this method were
determined using the XL-I UltraScan II version 9.7 sedimentation data
analysis software (B. Demeler, The University of Texas Health Science

Center, San Antonio, TX).
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3.3.9 Fluorescence spectroscopy

Fluorescent measurements were performed on a Varian Cary Eclipse
spectrofluorometer (Palo Alto, CA) at 25°C using an excitation wavelength
of 295 nm. Emission spectra were recorded from 305 to 400 nm using a
scan rate of 120 nm/min with an excitation and emission slit widths of 5
nm. A solution of recombinant LAPEX14 (40 pg) in 40 mM Tris pH 8.0
was titrated with ldpex5 203-391 W3F to a final concentration of 0-40 pM.
Dilution effects were corrected by titrating LAPEX14 with buffer alone. For
the chemical denaturation experiment, guanidine hydrochloride (Gnd-HCI)
was added to a final concentration of 4.5 M in 20 uM of LAPEX14 in 40 mM
Tris pH 8.0. The mixture was then incubated at 4°C for 18 h. Fluorescence
spectra were collected under similar conditions than mentioned above,
except that the detector sensitivity was increased by ~15 % to compensate
for the lower protein concentration. For quenching experiments a 5
M acrylamide solution was titrated into a mixture containing 40 pM
LAPEX14, or LAPEX14-ldpex5 203-391 W3F mixture (40:10 uM) in 75

mM phosphate pH 7.1.

3.3.10 Circular Dichroism (CD)

Purified proteins were exhaustively dialyzed at 4°C against 10 mM
phosphate buffer pH 7.6 and the protein concentration measured by the
method of Pace et al. (Pace et al., 1995). CD measurements were performed
on a Jasco 810 spectropolarimeter at 20°C, using a cuvette with 0.1 cm
pathlength at a scan rate of 50 nm/min. Five spectra were collected and

averaged. For all samples, data were collected at wavelengths between 250
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nm and 185 nm. LdPEX14 was diluted in dialysis buffer to a concentration
of 3.1 uM, and ldpex5 203-391 was added to a final concentration of 0.8
1M to obtain a 4:1 molar ratio of LAPEX14:ldpex5 203-391.

3.3.11 Crosslinking studies

L. donovani promastigotes (5 x 10® cells/ml PBS) were permeabilized for
5 min at 20°C with 15 ug/ml of digitonin and aliquots (100 ul) were
incubated with increasing concentrations of glutaraldehyde (0-1.5 mM) for
20 min at 20°C. Cells were washed with 3 x 1.0 ml PBS to remove excess
crosslinking agent and the cell pellet was re-suspended in 100 ul of 2X SDS-
PAGE sample buffer containing 6 M urea. Purified recombinant LdAPEX14
(2 pg/50 ul PBS) was subjected to glutaraldehyde crosslinking using the
above conditions. Reaction mixtures were resolved on a 5-10% gradient
SDS-PAGE and the proteins were transferred to a PVDF membrane.
Western blots were probed with rabbit anti-LdPEX14 (1:10,000) (Jardim
et al., 2002) or rabbit anti-L. donovani adenine phosphoribosyltransferase
(LAAPRT) (1:1,000) antibodies. For crosslinking reactions with ldpex5
203-391, ldpex14 1-148, and ldpex14 1-120, proteins were reduced for 3 h at
20°C with 5 mM tris 2-carboxyethyl phosphine to reduce potential disulfide
bonds prior to crosslinking with glutaraldehyde (0-3.2 mM). Crosslinked
complexes were characterized by Western blots probed with anti-LAPEX5

and anti-LAPEX14 antisera.
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3.4 Results

3.4.1 LdPEX14 quaternary structure

Native LAPEX14 extracted from glycosomes was previously demonstrated
to migrate on a sucrose density gradient predominantly as a macromolecular
structure of ~800 kDal.  To further validate oligomeric structure
of LAPEX14 on the glycosome surface, chemical cross-linking was
used to trap these complexes.  Western blot analysis of digitonin-
permeabilized L. donovani promastigotes treated with glutaraldehyde
showed a concentration-dependent accumulation of a cross-linked complex
that SDS-PAGE was estimated to have an apparent mass of >250 kDa
(Figure 3.1). A comparable complex was also observed when the cross-
linking reaction was performed with zero length cross-linking agent ethyl
dimethylaminopropyl carbodiimide (data not shown). Western blots of
glutaraldehyde cross-linked reactions probed with antisera against adenine
phosphoribosyltransferase, a 26 kDa cytosolic protein (Allen et al., 1995b;
Zarella-Boitz et al., 2004), revealed a single immunoreactive band indicating
that nonspecific cross-linking was minimal (Figure 3.1 panel B). Similar
complexes were also detected with purified glycosomes (Jardim et al., 2002)

or recombinant LAPEX14 treated with glutaraldehyde (Figure 3.1 panel C).

Analysis of the LAPEX14 primary sequence showed three structural motifs
that are conserved among the PEX14 protein family. These include the
PEX5 binding domain (residues 23-70), a hydrophobic region (residues
149-179), and a coiled-coil motif (residues 270-321) (Albertini et al.,
1997; Komori et al., 1997; Brocard et al., 1997; Jardim et al., 2002; Itoh

'Madrid et al., in preparation
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Ficure 3.1: LdAPEX14 cross-linking. Digitonin permeabilized
L. donovani promastigotes re-suspended in PBS were treated with
increasing concentrations of glutaraldehyde (0-1.5 mM) for 20 min
at 20°C and the crosslinking reactions were resolved on a 5-10%
gradient SDS polyacrylamide gel. Proteins were transferred to a PVDF
membrane and probed with rabbit anti-LdPEX14 (1:10,000) (panel A)
and rabbit anti-L. donovani APRT antibodies (panel B) to identify
crosslinked forms of these protein. Recombinant LAPEX14 (2 pg/lane)
purified from E. coli was also treated with 0-1.5 mM glutaraldehyde and
the crosslinked products were examined by Western blot using rabbit
anti-LAPEX14 antibodies (panel C).

and Fujiki, 2006; Shimozawa et al., 2004). To elucidate the elements
required for LAdPEX14 oligomerization, a panel of ldpex14 truncation
and internal deletion mutants was expressed in E. coli (Figure 3.2 panel
A) and the quaternary structure examined by SEC. All of the ldpex14
proteins were readily purified from E. coli lysates using Ni?*-NTA affinity

chromatography as soluble proteins. No precipitation was observed even

after prolonged storage at 4°C or -80°C. Interestingly, SEC analysis of
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freshly purified full-length recombinant LdPEX14, ldpex14 A1-63, 1dpex14
A270-321, 1dpex14 A149-179, ldpex14 1-321, Idpex14-1-254, and ldpex14-1-
200 revealed that these proteins all eluted in the void volume of a Superdex
200 column suggesting the formation of oligomeric complexes with a size of
>670 kDa (Figure 3.3 panel A). Similar results were also observed when a
5-10-fold more dilute concentration of these proteins was injected onto the

gel permeation column.

Analysis of several of these mutant proteins by analytical ultracentrifuga-
tion confirmed the formation of large complexes of differing sizes (Figure 3.3
panel D). In low ionic strength buffers LAPEX14 assembled into structures
that varied in size from ~10 to 70 S, whereas ldpex14 A149-179 appeared
to form smaller structures ranging in size from 10 to 30 S (Figure 3.3
panel D). Surprisingly, in low ionic strength buffer Idpex14 1-254 migrated
as a relatively homogeneous complex of ~2-10 S. However, when the
sedimentation analysis of this protein was performed in buffer containing
150 mM NaCl, a marked increase in oligomerization occurred resulting in
structures with a size distribution of 2-90 S (data not shown). Similarly,
sedimentation velocity analysis of ldpex14 1-200 in low ionic strength
buffers showed that this protein was also heterodisperse and sedimented

with S values ranging from 10 to 170 S (Figure 3.3 panel D).

In contrast, truncation mutants lacking the hydrophobic region, which
include ldpex14 1-148, ldpex14 1-120, and ldpex14 1-75, migrated on the
Superdex 200 column with masses of ~50, 42, and 20 kDa, respectively,
consistent with these proteins forming a dimeric structure (Figure 3.2 and
3.3 panel B). For ldpex14 1-75, the dimer appears to be particularly stable

as indicated by the significant population of the dimeric species (~22



Chapter 3. Leishmania donovani Peroxin 1/

63

A Protein Theoretical

0 200 400 MW (kDa)
N H] Juz] | LdPEX14 52.9
Y
II& I H I l LZ I Idpex14 1-321 39.3
N
INEEEEN ldpex14 1-254 32,0
N
INEE ldpex14 1-200 26.6
INEEE Idpex14 1-148 20.7
TN Idpex14 1-120 17.1
1IN ldpex14 1-75 10.3
l]\/@ T | T1z ] ] ldpex14 (A1-63) 46.1
IN ] 1] ] Idpex14 (A270-321) 483
A4
1IN 1 [ Tiz] ] Idpex14 (A149-179) 48.2
NV

150 YDWRDVVIGAGAAMLSGFSAYKLFNRYSPYEFRR'®?

echhhhhhhhhhhhhhhhhhhhhhhhcccheeee

FIGURE 3.2: LdPEX14 primary structure. (A) The diagram
illustrates recombinant LdAPEX14 constructs used in this study. The
black and gray shaded boxes represents the hexahistidine and S-protein
tags, respectively, that were derived from the pET30b(+4) expression
vector. These tags were used for the affinity purification of the
recombinant proteins on Ni?f-NTA or S-protein affinity resins. The
boxes label denoted with an H or LZ correspond to the predicted
hydrophobic domain (residues 149-179) and the coiled-coiled motif
(residues 270-321) present in LAPEX14 (Jardim et al., 2002). Finally,
the hatched box corresponds to the PEX14 signature motif that is highly
conserved among PEX14 homologues. The theoretical molecular weights
for the constructs are also indicated. (B) The sequence encompasses
residues 149-173, the predicted hydrophobic region for LAPEX14. The
underlined sequences GXXXA and SXXS represent putative helix-
helix interaction motifs (Dawson et al., 2002; Kleiger et al., 2002).
Lowercase letters correspond to the secondary structure prediction
using the Hierarchical Neural Network algorithm (www.expasy.org), e
denotes residues in an extended strand, h denotes residues favoring helix
structure, and c represents residues favoring a random coil structure.
The double underline denotes the single tryptophan residue present in
LAdPEX14.
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FIGURE 3.3: Quaternary structure of LdPEX14. (A) The
quaternary structure of the full length Hisg/S-LdPEX14, Hisg/S-1dpex14
A-63, Hisg/S ldpex14 A270-321, Hisg/S ldpex14 A149-179, Hisg/S
ldpex14 1-321, Hisg/S ldpex14 1-254, and Hisg/S ldpex14 1-200 was
analyzed by injecting a 20 ul aliquot of a 5-10 mg/ml solution of freshly
purified protein onto a Superdex 200 size exclusion chromatography
column. The column was developed with 50 mM sodium phosphate,
150 mM NaCl, 5 mM pS-mercaptoethanol, pH 7.6 at a flowrate of
0.5 ml/min and proteins were detected by monitoring the column
effluent at 280 nm to detect proteins. (B) The quaternary structure
of Hisg/S-1dpex14 1-148, Hisg/S-ldpex14 1-120 and Hisg-ldpex14 1-75
was determined by using a Superdex 200 column as described above.
The Superdex 200 column was calibrated using a standard protein
mixture containing thryoglobulin (670 kDa), bovine IgG (158 kDa),
ovalbumin (44 kDa), equine myoglobin (17 kDa), and vitamin B12 (1.3
kDa). (C) SDS-PAGE analysis of affinity purified LAPEX14 and ldpex14
proteins used for gel permeation analysis. (D) To further examine the
quaternary structures, Hisg/S-LAPEX14 and select group of the deletion
mutants (Hisg/S ldpex14 A149-179, Hisg/S ldpex14 1-254, and Hisg/S
ldpex14 1-200) were analyzed by sedimentation velocity on analytical
ultracentrifugation at 20°C in 40 mM Tris pH 7.5 in a Beckman Optima
XL-I ultracentrifuge at a rotor speed of 26,000 rpm.
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kDa) by SDS-PAGE (Figure 3.3 panel C). It should be noted that the
wild type and mutant LdAPEX14 proteins all migrated with anomalously
higher molecular weight than theoretically predicted (Jardim et al., 2002).
Stabilization of the LAPEX14 homomeric structure probably involves
multiple protein-protein contacts because the mutants ldpex14 A149-179
and ldpex14 A270-321, which lack the hydrophobic domain or the coiled-
coil motif, still formed large complexes that were not disrupted by singly

deleting either of the elements (Figure 3.3 panel A and 3.3 panel D).

3.4.2 Isothermal Titration Calorimetry

Isothermal titration calorimetry (ITC) was employed to determine the
binding stoichiometry (N), binding affinity (K,), enthalpy (AH), entropy
(TAS), and the Gibbs free energy (AG) for the LAPEX5-LAPEX14
and ldpex5 203-391-1dpex14 1-120 interactions (Leavitt and Freire, 2001;
Velazquez-Campoy et al., 2000). Figure 3.4 illustrates the isothermograms
for representative reactions. Titration of LdPEX14 into a solution of
LAPEX5 showed that the LAPEX5-LAPEX14 interaction resulted in an
exothermic heat release that diminished as the level of free LAPEXS5 in
the ITC cell decreased (Figure 3.4 panel A). Integration heat release for
each injection was fit using the Microcal Origin 7.0 nonlinear regression
software to a one-site model that had a binding stoichiometry of 4.2:1
(LAPEX14:LdPEX5). The K, for the LAPEX5-LAPEX14 interaction was
512 nM (or 128 nM per LdPEX14 subunit). Similar titration experiments
performed with ldpex14 1-120 and Idpex5 203-391, fragments known to
a form stable interactions (Madrid and Jardim, 2005), gave a binding
stoichiometry of 4.1:1 (ldpex14 1-120:1dpex5 203-391) and a K, of 625
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nM (156 nM per ldpex14 1-120 subunit) (Figure 3.4 panel B). The AG
(~-36kJ/mol) for the binding reaction was derived from favorable negative
AH and positive TAS components (Table 3.2). In ligand binding reactions,
hydrogen bonding and van der Waal interactions are proposed to be
the major sources contributing to a negative AH, whereas desolvation
of hydrophobic surfaces, an event that increases the randomness of the
system, favours a positive AS (Leavitt and Freire, 2001; Sturtevant, 1977;
Connelly et al., 1994). Collectively, this suggests that the LAPEX5-
LdPEX14 interaction is stabilized by a combination of hydrogen bonding

and hydrophobic interactions.

Reverse titration experiments in which LAPEXS5 or ldpex5 203-391 was
titrated into a solution of LAPEX14 or ldpex14-(1-120), respectively, in
both cases gave a binding stoichiometry ~0.25:1 (LdPEX5:LdPEX14 or
ldpex5 203-391:1dpex14 1-120) (Figure 3.4 panel C and 3.4 panel D;
Table 3.2). These titrations, like the forward reaction, were exothermic
throughout and had a AG of approximately -40 kJ/mol (Table 3.2).
However, the favorable AG was primarily derived from a large negative
AH term (-90 to -99 kJ/mol), which offset the negative entropy change
(TAS) (Table 3.2). The unfavorable TAS suggests that interaction of
LAPEXS5 or ldpexb 203-391 with LAPEX14 or ldpex14 1-120 likely leads
to the solvation of a hydrophobic surface or a conformational change that
decreases the degrees of freedom in the system (Leavitt and Freire, 2001;
Sturtevant, 1977). Comparable K, values for the LAPEX5-LAPEX14 and
ldpex5 203-391-ldpex14 1-120 interactions were also obtained for these
reactions (Table 3.2). The solution phase binding affinities for the LAPEX5-

LdPEX14 interactions, measured by I'TC, are somewhat higher than values
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FIGURE 3.4: Isothermal titration calorimetry. The thermody-
namic parameters, dissociation binding constants, and the binding
stoichiometries for the LAPEX5-LAPEX14 interaction were determined
by titrating; (A) a 292 pM solution of LdPEX14 was titrated into
an 8 uM solution of LdPEX5; (B) a 1.0 mM solution of ldpex14 1-
120 was titrated into a 29 pM solution of ldpex5 203-391; (C) a 149
uM LAPEXS5 solution was titrated into a 40 uM LAPEX14; (D) a 397
uM solution of ldpexb 203-391 was titrated into 145 puM ldpex14 1-
120. All reactions were performed at 30°C in 40 mM sodium phosphate,
120 mM NaCl pH7.5, 2 mM (B-mercaptoethanol buffer. In each panel
the top portion of the figure represent the heat of reaction after
each 10 pl injection and the lower portion represents the integrated
heat of for each injection plotted as a function of the molar ratio of
LAPEX14:LdPEXS5, LAPEX5:LAPEX14, ldpex14 1-120:1dpex5 203-391,
or ldpex5 203:1dpex14 1-120. The solid line represents the best fit of the
data assuming a one site model.
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previously reported using an ELISA-based assay (Madrid and Jardim,
2005). This discrepancy is likely because of the cooperative nature or
avidity effects associated with interactions that may occur at liquid-solid

interphase (Shinohara et al., 1997).

SEC analysis of the ITC reaction mixtures revealed that the LdPEX5-
LAdPEX14 complex eluted in the column void volume suggesting that
LAPEX5 was recruited to the LAPEX14 complex (Figure 3.5 panel A).
The presence of LAPEXS5 in the void volume was confirmed by SDS-PAGE
(Figure 3.5 panel A). Previous studies demonstrated that LAPEX5 alone
migrated on an SEC column with an apparent molecular mass of ~270
kDa (Madrid et al., 2004), and indeed a small population of LAPEX5 alone
was detected in the ITC reaction mixtures (fractions 31-36 (Figure 3.5
panel A)). SEC analysis of the ldpex5 203-391-1dpex14 1-120 ITC reaction
mixture revealed a peak eluting with a mass of ~95 kDa that by SDS-PAGE
was found to contain both ldpex5 203-391 and ldpex14 1-120 (Figure 3.5
panel B) and is consistent with a hetero-oligomeric complex containing one

ldpex5 203-391 and four ldpex14 1-120, as predicted by I'TC.

To validate the structure of ldpex5 203-391-ldpex14 1-120 complex, a

Protein in the syringe  Protein in the cell K;  Stoichiometry AH TAS AG
nM N kJ/mol  kJ/mol kJ/mol
LdPEX14 LdPEX5 512 4.2:1 -17.6 26.4 -36.4
ldpex14 1-120 ldpex5 203-391 625 4.1:1 -16.7 19.3 -36.0
LAPEX5 LdPEX14 74 0.23:1 -90.0 -48.1 -41.9
ldpex5 203-391 ldpex14 1-120 166 0.23:1 -99.6 -60.3 -39.3

TABLE 3.2: Thermodynamic parameters for the LAPEX5-LdPEX14
interaction
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FIGURE 3.5: Analysis of the isothermal titration calorimetry
complexes. Complexes form in the ITC cell were analyzed by size
exclusion chromatography on Superdex 200 column equilibrated with
50 mM phosphate pH 7.5, 150 mM NaCl, 5 mM S-mercaptoethanol
and developed at a flowrate of 0.5 ml/min. A 20 pl aliquot from the
(A) LAPEX5:LdPEX14 or (B) ldpex5 203-391:1dpex14 1-120 titration
reactions was injected onto the column and 1.0 min fractions were
collected and analyzed by Coomassie blue or silver stained SDS-PAGE
(inset) to validate the protein composition of each peak. (C) To confirm
the quaternary structure of the Idpex5 203-391-ldpex14 1-120 complex
by crosslinking experiments. Ldpex14 1-120 (panel a), ldpex5 23-391
(panel b) or ldpex5 203-391-ldpex14 1-120 mixture (1:4 mole ratio)
(panel ¢) was treated with 0-3.2 mM glutaraldehyde for 20 min at 20°C.
Brackets designate the monomer (m) and dimer (d) forms of ldpex14
1-120 or the ldpex14 1-120:1dpex5 203-391 complex. Reaction mixtures
were analyzed by Western blot using anti-LdPEX14 or anti-LdPEX5
antibodies.
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glutaraldehyde cross-linking was performed. Treatment of ldpex14 1-
120 with increasing concentrations glutaraldehyde revealed a substantial
accumulation of an ~50 kDa species that confirmed previous SEC analysis
showing that the N-terminal region of LAPEX14 contained a dimerization
domain (Figure 3.3 panel B and Figure 3.5 panel C, panel a). In contrast,
only a monomeric species was detected for ldpex5 203-391 (Figure 3.5
panel C, panel b). This was rather surprising, because by SEC ldpexb
203-391 eluted with an apparent molecular mass of ~55 kDa suggesting
that this protein behaved as a dimer (data not shown). Western blot
analysis of ldpexb 203-391:ldpex14 1-120 (1:4) mixtures show that at
low glutaraldehyde concentrations the Idpex14 1-120 dimer is primarily
detected. However, at a glutaraldehyde concentration of 0.8 -3.2 mM,
an ~100-kDa hetero-oligomeric complex is detected (Figure 3.5 panel C,
panel c¢). The presence of the ~80- and 100-kDa doublets in the reactions
containing 0.4 and 0.8 mM of glutaraldehyde suggests that the ldpex14 1-
120 dimers may bind sequentially to ldpex5 203-391 (Figure 3.5 panel C,

panel c).

3.4.3 Fluorescence Measurements

A striking feature of the LAPEX5-LAPEX14 ITC isotherm (Figure 3.4
panel C) was the large AH change that occurred with low levels of
LAdPEX5. The absence of this dramatic heat loss when LAdPEX14 was
added to LAPEX5 (Figure 3.4 panel A) suggested that this heat loss may
be associated with a conformational change in the LAPEX14 oligomeric
complex triggered by binding of LAPEX5. Secondary structure analysis of

LAdPEX14 using the HNN algorithm revealed that the single tryptophan
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residue (Trp152) in LAPEX14 mapped to the N-terminus of a putative
a-helix formed by the hydrophobic domain (Figure 3.2 panel B). We
exploited the intrinsic fluorescence of Trp152 to follow structural changes
induced in LdPEX14 on binding LdPEX5. To eliminate fluorescence
contributions from LAPEXS5, ldpex5 203-391 W3F, a mutant fragment
in which the three tryptophan residues found within this region were
mutated to phenylalanines was used in these studies (Jardim et al., 2000).
Pull-down assays indicated that ldpexb 203-391 and ldpex5 203-391 W3F
exhibited similar LAPEX14 binding characteristics. Excitation of LdAPEX14
at 295 nm revealed that Trpl52 had an emission maximum (A,q.) at
332 nm, a wavelength diagnostic of a tryptophan located in a nonpolar
environment (Figure 3.6 panel A). Addition of ldpex5 203-391 W3F to
LdPEX14, however, induced a concentration-dependent increase in the
fluorescence intensity and a red-shift in the emission A, to 341 nm,
an alteration consistent with Trp152 shifting to a more exposed polar
environment (Figure 3.6 panel A). Correlating the wavelength change with
the molar ratio of ldpexb 203-391 W3F revealed a plateau in the shift
of the Trpl52 emission A,,.. at an ldpexd 203-391 W3F:LdPEX14 mole
ratio of 0.25:1. This binding stoichiometry is in agreement with the results
obtained by ITC. Denaturation of LdPEX14 with 4.5 M guanidinium
hydrochloride resulted in a shift in the 152 A, from 332 to 360 nm,
indicating that this tryptophan residue in native LdPEX14 was located
in nonpolar environment (Figure 3.6 panel B) (Eftink and Ghiron, 1981).
Stern-Volmer plots revealed a linear response with Stern-Volmer constant
of 54 M™! for LAPEX14-ldpex5 203-391 W3F indicating that Trp152
underwent dynamic quenching with acrylamide (Figure 3.6 panel C). A

lower Stern-Volmer constant of 3.8 M~! was measured for LAPEX14 alone,
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indicating that in the absence of ldpexb 203-391 W3F, Trpl52 was less
accessible to the quenching agent (Figure 3.6 panel C) (Eftink and Ghiron,
1981).
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FiGUuRE 3.6: Spectroscopy analysis of LAPEX14. (A) LdPEX14
structural changes induced by the binding of ldpex5 203-391 W3F were examined by intrinsic
fluorescence using an excitation wavelength of 295 nm and the emission spectra for LAPEX14
(40 pM) (solid black line) and ldpex5 203-391 W3F:LdPEX14 with molar ratios of 0.05:1
(dashed black line), 0.25:1 (solid grey line) or 1.15:1 (dashed grey line) were recorded from
305 to 400 nm. No significant fluorescence was observed with ldpex5 203-391 W3F alone. All
spectra were recorded in 75 mM phosphate pH 7.1. The inset show change in the emission
Amaz of Trpl52 as a result of titrating resulting in ldpex5 203-391 W3F (0-40 puM) into
a solution of LAPEX14 (40 uM). (B) The emission Ayqz for Trpl52 in native LAPEX14
(black line) was centered at 331 nm, however denaturation of LAPEX14 (grey line) with 4.5
M guanidinium hydrochloride resulted in a marked red shift in the emission Apqz to 360
consistent with Trp152 being fully exposed. (C) Acrylamide quenching of the tryptophan
residue in LAPEX14 alone (open squares, grey line) or ldpex5 203-391 W3F:LdPEX14
complex (10:40 puM) (filled squares, black line) was analyzed by a Stern-Volmer plot. The
plot was generated using an excitation of 295 nm and monitoring the change in fluorescence
intensity at 340 nm. (D) To evaluate the secondary structure changes induced in LAPEX14 on
binding ldpex5, far-UV CD were recorded for LAPEX14 alone (3.1 uM), ldpex5 203-391 alone
(0.8 uM), a mixture containing a 4:1 mole ratio of LAPEX14:ldpex5 203-391 (3.1:0.8 uM). To
estimate the conformation change associated with the protein-protein interaction the spectra
for LAPEX14 alone and ldpex5 203-391 alone were summed and compared to the recorded
spectrum of the LdAPEX14:ldpex5 203-391 complex (Greenfield, 2004). The difference CD
spectrum generated from the measured and calculated spectra for the LAPEX14:ldpex5 203-
391 complex is shown as an inset.
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3.4.4 CD Analysis

The effect of ldpex5 203-391-LdPEX14 interaction on the secondary
structure was examined by the method of Greenfield (Greenfield, 2004).
The far-UV CD difference spectrum generated by subtracting the calculated
spectra generated from the unmixed ldpexb 203-391 and LdAPEX14 spectra
from the CD spectrum obtained for the LdPEX14:1dpex5 203-391 (4:1)
complex revealed a maxima at ~215 nm consistent with an increase
in the random coil content of the complex (Figure 3.6 panel D, inset).
Interestingly, ldpex5 203-391 did not show a prominent circular dichroism
signal suggesting that this fragment has a relatively flexible conformation

(Figure 3.6 panel D).

3.4.5 Analysis of the LAPEX14 and LdPEX5-

LdPEX14 Complex

Sedimentation velocity analytical ultracentrifugation analysis of the
LdPEX14 and LAPEX5-LdPEX14 macromolecular complexes by the
method of van Holde-Weischet (Van Holde and Weischet, 1978), which
correlates the sedimentation coefficient of a protein species with its
abundances at the moving boundary, gave rise to curves with a positive
deflection (Figure 3.7). This relationship is diagnostic of a protein
forming heterogeneous oligomeric structures (Van Holde and Weischet,
1978). As demonstrated previously (Figure 3.3 panel D), LAPEX14 formed
disperse structures with sedimentation coefficients ranging from 17 to
52 S. Under similar conditions, the LAPEX5-LAPEX14 complexes also

exhibited a heterogeneous behavior, but the complexes had a more compact
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architecture with sedimentation coefficients ranging from ~6 to 19 S. These
results imply that binding LAPEX5 induced a conformational change in
LdPEX14 leading to the formation of a more ordered LAPEX5-LdPEX14

hetero-oligomeric complex (Figure 3.7) and support the ITC finding that

docking of LAPEXS5 to LAPEX14 induced a striking conformational change.
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FIGURE 3.7: Analytical ultracentrifugation analysis of Ld-
PEX14. Recombinant LAPEX14 (circles) or the LAPEX5:LdPEX14
complex (diamonds) were analyzed on a Beckman Optima XL-I
analytical ultracentrifuge using an An-55 Al aluminum rotor. LAPEX14
was analyzed using a rotor speed of 26,000 rpm and the complex
LAPEX5/LdPEX14 at a speed of 30,000 rpm. UV scans were collected
at 280 nm and analyzed by the van Holde-Weischet method (Van Holde
and Weischet, 1978).
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3.4.6 Limited Proteolysis

The LAPEX14 conformational changes were next examined using trypsin
limited proteolysis. Treatment of recombinant LdAPEX14 alone with trypsin
resulted in cleavage of this protein to an N-terminal ~40-kDa fragment
that was more resistant to further proteolysis even after a prolonged
incubation (3 h at 20°C) (Figure 3.8 panel A and 3.8 panel B). Protease-
resistant fragments have been reported for mammalian and S. cerevisiae
PEX14; however, these fragments were associated with insertion of PEX14
into the peroxisomal membrane (Albertini et al., 1997; Oliveira et al.,
2002; Will et al., 1999). Western blot analysis of the digests with
Ni?T-NTA-conjugated horseradish peroxidase (Ni*"-NTA-HRP or anti-
LAPEX14 antisera (Madrid and Jardim, 2005)) established that this ~40-
kDa proteolytic product corresponds to an N-terminal fragment (Figure 3.8
panel B and 3.8 panel C) exhibiting an electrophoretic mobility similar to
ldpex14 1-254 (Figure 3.3 panel C). Smaller N-terminal fragments ranging
from ~19 to 40 kDa were also observed within 15 min of digestion (Figure

3.8 panel C).
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Ficure 3.8: LAdPEXS5 induced conformational changes in the
LdPEX14 complexes monitored by limited proteolysis. Purified
LdPEX14 or LAdPEX14-LdPEX5 complex were incubated with trypsin
(1:300 mole ratio of trypsin:substrate) at 20°C and aliquots were removed
at time 0 (lane 1), 2 min (lane 2), 5 min (lane 3), 10 min (lane 4), 15
min (lane 5), 60 min (lane 6), and 180 min (lane 7) after the addition
of trypsin. Proteolysis was terminated by adding a large excess of a
protease inhibitor cocktail and samples were resolved on a 10% SDS-
PAGE. (A) Protein were transferred PVDF membrane stained with
Coomassie blue dye and then, (B) probed with Ni?t-NTA conjugated
horseradish peroxidase (Ni?*-NTA-HRP) (1:2,000) in PBS. Membranes
were stripped with 1% SDS, 5 mM EDTA to remove the Ni*t-NTA-
HRP and (C) probed with anti-LAPEX14 antibodies. (D) To evaluate
the conformational changes induced LAPEXS5, purified glycosomes were
incubates with the control protein BSA or recombinant LAPEXS5 in the
presence of an excess of LAXPRT and treated with trypsin as indicated
above. Native LAPEX14 digest produces were analyzed by Western blot.
(E) Chromatographic analysis of the LAPEX14 tryptic digest. LAPEX14
was digested for 4 h (LAPEX14:trypsin 200:1 molar ratio) and aliquot
was injected onto a Superdex 200 size exclusion column equilibrated with
50 mM phosphate pH 7.5, 150 mM NaCl, 5 mM S-mercaptoethanol to
assess the quaternary structure of trypsin resistant LAPEX14 core. The
grey trace is a 10 pl injection of intact LAPEX14 and the black trace is
a 10 pl injection of the reaction mixture after a 4 h digest. Peak A for
the black trace was collected and the protein composition of this peak
examined by Coomassie blue dye stained SDS-PAGE.

Formation of the LAPEX5-LAPEX14 (1:4 molar ratio) dramatically altered
the susceptibility of LAPEX14 to proteolytic degradation, as shown by the
Coomassie Blue-stained gels (Figure 3.8 panel A). Notably, no reactivity
was detected with Ni2*-NTA-HRP, suggesting that the proximal N-terminal
region of LAPEX14 became exposed resulting in rapid degradation of the
hexahistidine tag. Moreover, Western blots probed with anti-LdPEX14
antibodies confirmed that binding of LAPEX5 caused a conformational
change resulting in ~80% of LAPEX14 degradation to an ~19-kDa fragment
within 2 min. This fragment was further degraded, albeit at a significantly
much slower rate (Figure 3.8 panel C). Interestingly, the C-terminus of

LAdPEX14 was very prone to protease digestion, in the presence and absence



Chapter 3. Leishmania donovani Peroxin 1/ 78

of LAPEXS5 suggesting that this region may not be tightly folded, possibly
because of the high content of proline residues, which appears to be
particular to LAPEX14 (Jardim et al., 2002). The ~60-kDa protein that
accumulates in Figure 3.8 panel A corresponds to a proteolytic fragment
of LAPEX5 that because of its abundance weakly reacts with the HRP-
conjugated secondary antibody accounting for the 60-kDa immunoreactive
species in Figure 3.8 panel C. That this protein fragment was derived from

LAPEXS5 was confirmed by immunostaining with anti-LdPEX5 antibodies.

To evaluate if LAPEX5 triggered similar conformational changes in
LdPEX14 anchored to the glycosomal membrane, purified glycosomes
in the presence of an excess of recombinant LAdPEX5 or the control
protein bovine serum albumin (BSA) together with the PTS1 protein
LAXPRT (Jardim et al., 1999) were treated with trypsin. Digest mixtures
containing BSA revealed that native LAPEX14 was resistant to proteolytic
degradation, and ~50% of the parent protein remained intact even after
a 3-h incubation. Only an ~55-kDa anti-LdPEX14 immunoreactive
product was observed to accumulate (Figure 3.8 panel D). This 55-kDa
anti-LAPEX14 immunoreactive fragment is likely because of the partial
proteolytic degradation of LAPEX14 that occurred during glycosome
purification because only low levels of protease inhibitors were used in
these preparations (Figure 3.8 panel D). A comparable sized fragment was
also observed with the recombinant LAPEX14 (Figure 3.8 panel C). In the
presence of an LAPEX5-LAXPRT complex, however, >70 % of the native
LAPEX14 was degraded to an ~19-kDa fragment within 15 min (Figure
3.8 panel D). Because the anti-LdPEX14 antisera recognize an epitope

between residues 23 and 63 (Madrid and Jardim, 2005), it is clear that
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association with LAPEX5 renders the C-terminus of LAPEX14 extremely
susceptible to proteolysis. A similar observation has been reported for
mammalian PEX14 (Oliveira et al., 2002). Interestingly, the digest of native
LdPEX14, anchored to the glycosomal membrane, closely mimicked the

limited proteolysis patterns observed with the recombinant LdPEX14.

It is postulated that the ~40-kDa trypsin-resistant fragment observed with
LAdPEX14 complex is protected from further degradation by forming a
stable oligomeric complex, similar to the structures formed by ldpex14 1
200 or ldpex14 1-254. This contention is supported by the finding that
LAdPEX14 treated with trypsin retained a core structure that eluted on
a Superdex 200 column with a mass >670 kDa (Figure 3.8 panel E).
Western blot analysis of this core structure revealed that the ~45- and ~19-
kDa fragments cross-reacted with anti-LdPEX14 antibodies. It should be
stressed that the resistance of the ~40-kDa fragment to tryptic degradation
is attributed to protein folding because LAPEX14 contains 24 lysine and

arginine residues, trypsin cleavage sites, within the first 250 residues.
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3.5 Discussion

The membrane-associated protein PEX14 is a crucial component required
for the import of PTS1 and PTS2 proteins into glycosomes and peroxisomes
(Galland et al., 2007; Azevedo and Schliebs, 2006; Rayapuram and
Subramani, 2006; Jardim et al., 2002; Choe et al., 2003; Madrid and
Jardim, 2005; Dawson et al., 2002; Kleiger et al., 2002). In glycosome
biogenesis, the importance of PEX14 has been underscored by genetic
experiments demonstrating that knockdown of PEX14 in the kinetoplastid
parasite T. brucei results in a lethal phenotype (Furuya et al., 2002; Galland
et al., 2007; Moyersoen et al., 2003). Although a considerable amount of
knowledge regarding the protein complement involved in the assembly of
these microbody organelles has been amassed, far less is known about the
molecular dynamics associated with the docking of the PEX5 and PEX7
receptors to PEX14 and the subsequent translocation of folded nascent

polypeptides across the lipid bilayer membrane.

In situ cross-linking studies demonstrate that on the glycosomal surface,
LdPEX14 forms a homo-oligomeric complex that on sucrose density
gradients migrates with a density of ~800 kDa. Similar PEX14 oligomeric
structures that constitute the importomer complex have also been reported
in mammals and yeast (Shimizu et al., 1999; Azevedo and Schliebs, 2006;
Rayapuram and Subramani, 2006; Shimozawa et al., 2004). Recombinant
LAdPEX14 expressed in E. coli also formed comparable homomeric complex
and suggested that oligomerization did not appear to be contingent on
accessory proteins or chaperones unique to Leishmania. However, it is
unclear how these complexes participate in the import of folded proteins

across the glycosomal membrane.
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Functional domain mapping indicated that the hydrophobic domain,
which is predicted to adopt an a-helix configuration (Figure 3.2 panel
B), is important for stabilizing the LAPEX14 homomeric complex. In
LAPEX14, the hydrophobic domain contains a centrally located GXXXA
and SXXS motifs that by molecular modeling are predicted to be on the
same face of the a-helix, an architecture that would promote helix-helix
packing and oligomerization (Dawson et al., 2002; Kleiger et al., 2002).
Indeed, mutagenesis of the analogous GXXXG and AXXXA motifs in
the mammalian PEX14 caused disruption of oligomerization (Shimozawa
et al., 2004). In contrast to the mammalian PEX14, where deletion
of this hydrophobic segment abrogated oligomerization and resulted in
cytosolic targeting of the mutant protein, elimination of the LdPEX14
hydrophobic domain alone did not disrupt glycosomal targeting or homo-
oligomerization, although ldpex14 A149-179 was found to form smaller
complexes. The association of Idpex14 A149-179 with the glycosome,
in contrast to the mammalian PEX14 mutants lacking the analogous
hydrophobic domain (Itoh and Fujiki, 2006), was not surprising because
recent studies demonstrated that residues 1-23 of LdAPEX14 are the crucial
elements required for glycosomal membrane attachment. Whether ldpex14
A149-179 is biologically functional and capable of mediating protein import
into the glycosome is not clear however, because in kinetoplastids PEX14
appears to be essential for parasite viability (Furuya et al., 2002; Moyersoen
et al., 2003) and generation of Leishmania donovani Aldperl mutant
cell line required for these studies has been hampered by the absence
of RNA interference machinery or tight regulatable expression systems
(Robinson and Beverley, 2003). That the hydrophobic domain of LAPEX14

participates in a protein-protein or protein-membrane interaction may be
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inferred from the capacity of the ldpex14 1-200 to form large heterodisperse
oligomeric structures that are dependent on residues 149-200. It should be
noted that by analytical ultracentrifugation, ldpex14 A149-179 assembled

into structures that were smaller than LAPEX14.

In addition to the hydrophobic region, it is postulated that contacts
involving the N-terminal dimerization domain and the coiled-coil motif
located in the C-terminal portion of LAPEX14 contribute to stabilization
of the homomeric complex. This repeating geometry of intermolecular
contacts illustrated in Figure 3.9 would account for the heterodisperse
nature of the LAPEX14 complexes observed in sedimentation velocity
experiments and also for the oligomerization of the ldpex14 C-terminal

truncation mutants (Figure 3.9 panel B and 3.9 panel C).

A pivotal step in the import of PTS1 proteins into the glycosome involves
the docking of LAPEX5 to LdPEX14. Thermodynamic studies indicate
that this is not a simple bimolecular interaction as four molecules of
LAdPEX14 bind to one LAPEX5. Complexes isolated from peroxisomes
appeared to have comparable PEX5:PEX14 (1:5) binding stoichiometries
(Gouveia et al., 2000; Schliebs et al., 1999). Because the N-terminus
of LAPEX14 forms dimers, it is unlikely that LdAPEX14 monomers bind
to LAPEX5 in a sequential fashion, but rather we argue that the initial
association occurs at a LAPEX14 dimer that subsequently recruits a second
LAdPEX14 dimer to complete the interaction. This contention is supported
by the glutaraldehyde cross-linking experiments showing 1:2 (~80 kDa)
and 1:4 (~100 kDa) ldpexb 203-391:ldpex14 1-120 species (Figure 3.5
panel C). However, the possibility that two LAPEX14 dimers associate to

form a complete LAPEX5-binding site cannot be discounted. In contrast
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Ficure 3.9: LdPEX14 interacting domains. The diagram
illustrates the general architecture of (A) Hisg/S-LAdPEX14, (B) Hisg/S-
ldpex14 A149-179, and (C) Hisg/S-ldpex14 1-200 and the potential
interacting domains that mediate homo-oligomerization of this protein.
The black arrow represents the N-terminus and spans residues 1-23, a
region that has been demonstrated to be important for the anchoring
of LAPEX14 to the glycosome surface. The spheres represent residues
23-75, a region that contains the LAPEX5 binding domain and a
dimerization domain. The grey cylinders denote the hydrophobic
domain that forms an inter helix interaction that is stabilizes LdAPEX14
oligomerization. The stippled cylinders correspond to the coiled-coil
motif that is known to form protein-protein interactions.



Chapter 3. Leishmania donovani Peroxin 1/ 84

to PEX5-PEX14 complexes previously characterized from rat livers that
had an apparent molecular mass of 250 kDa (Gouveia et al., 2000), the
LAdPEX5:LAPEX14 structures appear to be substantially larger with an

apparent mass of >670 kDa.

Several lines of evidence suggest that LAPEX5 triggers marked con-
formational changes in LdPEX14. First, analytical ultracentrifugation
revealed that binding of LAPEX5 caused a rearrangement of the LAPEX14
leading to the formation of more compact complexes. Second, limited
proteolysis experiments intimate that binding of LdPEX5 or LAPEXS5-
PTS1 dramatically impacted the quaternary and tertiary structures of both
the soluble recombinant LdPEX14 and native LAPEX14 anchored to the
glycosome, a consequence that rendered these proteins highly susceptible
to proteolytic degradation. Third, intrinsic fluorescence measurement
using the single tryptophan residue, located immediately adjacent to
the hydrophobic domain of LAdPEX14, confirmed that association with
LAPEXS5 caused a conformational perturbation that shifted this tryptophan
from a nonpolar buried environment to a more polar and solvent-exposed
environment. It should be emphasized that in the absence of an LAPEX5-
PTS1 complex, LAPEX14 is attached to the glycosomal membrane via
an N-terminal domain that requires the first 23 amino acids. Given
these structural changes, it is tempting to suggest that docking of the
PTS1 receptor leads to the exposure of the hydrophobic domain, which
would interact and possibly insert into the glycosomal membrane to
form a potential pore-like structure that would facilitate the import of
PTS1 proteins into the glycosomal lumen. This speculation is supported

by the finding that the hydrophobic domain of mammalian PEX14 is
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required for membrane insertion (Itoh and Fujiki, 2006). Moreover, the
proposed architecture of LAPEX14 would be consistent with this protein
being directly involved in the formation of a potential structure that is
analogous to a transient pore that has been advanced for peroxisomal
protein translocation (Albertini et al., 1997; Erdmann and Schliebs, 2005;

Rayapuram and Subramani, 2006; Reguenga et al., 2001).
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3.7 Connecting statement

Here we have shown that PEX14 from Leishmania donovani forms
large oligomeric structures that remain soluble in solution despite the
hypothesized in vivo membrane-bound localization of the protein. Such
large oligomeric structures of varying size could be explained by the
necessity to facilitate the transport of natively folded proteins of different

molecular weight across the membrane of the glycosome.

We also observed that the binding process to LAPEX5 involved significant
conformational changes which included the solvation of an hydrophobic
domain, as well as the formation of a more compact quaternary structure.
Such observations led to the hypothesis that the hydrophobic domain of
LAdPEX14 could be implicated in both glycosomal membrane attachment

and pore formation.

In the following chapter, these hypotheses will be verified using various
biochemical and biophysical techniques. This will shed light further on the

involvement of LAPEX14 in the formation of a translocation pore
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4.1 Abstract

Leishmania parasites use a specialized trafficking and import system
to target proteins to the microbody organelle known as a glycosome.
Import of proteins containing a PTS1 signal sequence into the glycosome
matrix require the receptor peroxin 5 (LAPEX5) to be properly targeted
to glycosomes via LAPEX5-peroxin 14 (LAPEX14) docking complex.
Immunogold labeling confirmed that native LdPEX14 is localized on the
cytosolic face of the glycosomal membrane where it forms an oligomeric
rosette-like structure. Flotation centrifugation studies demonstrated that
recombinant LdPEX14 spontaneously binds through hydrophobic contacts
to large unilamellar vesicles (LUV) containing phosphatidylethanolamine
(55%), phosphatidylcholine (27%), phosphatidylglycerol (16%), and
phosphatidylinositol (2%), a composition mimicking the L. donovani
glycosomal membrane. However, no LUV binding was detected with the
mutant protein ldpex14 A149-179, indicating that the amphipathic region
spanning residues 149-179 was critical for anchoring LdPEX14 to the
glycosomal membrane. Robust LUV binding was observed with protein
ldpex14 (120-200). Intrinsic fluorescence and dye leakage assay revealed
that this association involved insertion of a segment containing Trp152
into the hydrophobic core of the lipid bilayer which was accompanied by
disruption and release of carboxyflourescein from LUVs and is consistent
with this protein forming a pore-like structure in the membrane. Flotation
experiments showed that in contrast to other eukaryotic PEX5 proteins,
LdPEX5 exhibits no membrane binding activity; however loading LUVs
with LdPEX14 facilitated the recruitment LdPEX5 or LAdPEX5-PTS1
complex. More importantly the docking of LAPEX5 to LAPEX14 induces
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structural changes that lead to the insertion of LAPEX5 into the LUV
lipid bilayer. These data suggest that LAPEX5 and LdPEX14 function
cooperatively in assembling a transient pore in the glycosomal membrane

required for import of protein into the matrix.
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4.2 Introduction

The human parasites Leishmania and Trypanosoma, are etiologic agents
that cause a spectrum of often fatal diseases known as leishmaniasis,
Chagas’ disease, and African sleeping sickness. These protozoan parasites
contain a unique microbody organelle called a glycosome that is distantly
related to peroxisomes of yeast, fungi, plants, and mammalian cells
(Opperdoes et al., 1977b; Parsons, 2004; Michels et al., 2005, 2006).
Glycosomes compartmentalize the enzymatic machinery required for a
number of vital metabolic and biosynthetic pathways that include;
glycolysis, pentose phosphate pathway, ether lipid biosynthesis, and purine
salvage (Parsons, 2004; Michels et al., 2005). Proper targeting of proteins
to the glycosome, in particular glycolytic enzymes, is crucial for parasite
viability . Proteins destined for the glycosome matrix typically contain one
of two major topogenic signal sequences designated peroxisomal targeting
signal 1 (PTS1) which consist of a C-terminal tripeptide with the archetype
sequence Ser-Lys-Leu (Gould et al., 1989; Keller et al., 1991; Blattner et al.,
1992) or peroxisomal targeting signal 2 (PTS2) which corresponds to an
N-terminal proximal nonapeptide with the consensus motif [RK]-[ILV]-X;5-
[HQJ-[LA] (PTS2) (Swinkels et al., 1991; Blattner et al., 1995) that are
bound by the cytosolic receptor proteins peroxin 5 (LAPEX5) and peroxin
7 (LPEXT), respectively with nanomolar affinity. These receptors also form
bimolecular LAPEX5-LPEXT complexes with stabilities that are modulated
by the binding of cargo proteins (Pilar et al., 2008; Strasser et al., 2012).
In kinetoplastid both receptors are necessary for glycosome biogenesis as
depletion of PEX5 or PEX7 by RNAi leads mistargeting of both PTS1

and PTS2 proteins (Galland et al., 2007) and is consistent with the recent
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observations showing that in addition to forming tight LAPEX5-LPEX7
interaction, the cargo loaded LAPEX5 and LPEX7 pre-assemble into a
heteromeric complex in the Leishmania cytosolic compartment and that
loss of either receptor impairs the trafficking or import of matrix proteins
into the glycosome (Pilar et al., 2008; Strasser et al., 2012). This contrasts
with findings obtained in mammalian and yeast Apexd or Apex7 mutant
cell lines where loss of a functional PEX5 or PEXT7 receptor results in the
mislocalization of only PTS1 or PTS2 proteins to the cytosol, respectively
(Grunau et al., 2009; Mukai and Fujiki, 2006; Matsumura et al., 2000).
Proteins lacking either of these topogenic sequences are imported into the
glycosomal /peroxisomal matrix by piggy-backing mechanism as part of a

folded heteromeric complex (Héusler et al., 1996; Walton, 1996).

The import of newly synthesized matrix proteins is dependent on four
major steps that are orchestrated by a several heteromeric complexes
located in the cytosolic compartment and glycosome/peroxisome membrane
surface. These events include (i) sorting/trafficking of nascent matrix
proteins by the receptors PEX5 and PEXT7 (ii) docking of the PEX5 and
PEXT loaded receptor complexes to docking/translocation machinery or
importomer complex situated and exposed to the cytosolic face of the
glycosome /peroxisome membrane (iii) translocation of the cargo proteins
across the organelle membrane, and finally (iv) recycling of the PEX5
and PEXT7 receptors back into the cytosol. Studies in mammals, yeast,
fungi, plants and kinetoplastid parasites have suggest multimeric ~800
kDa importomer complex which minimally contains the membrane proteins
PEX14 and PEX13 provides the initial docking site and a point of

convergence for the recruitment of the cargo loaded PEX5 and PEXT7
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receptors to the glycosome/peroxisome surface (Miyata and Fujiki, 2005).
Movement of PTS1 and PTS2 proteins across the glycosome/peroxisome
membrane requires recruitment of the RING subcomplex composed of
the subunits PEX2, PEX10, and PEX12 and has been implicated in
multiple functions which include; the translocation of matrix cargo proteins,
ubiquitin ligases that mono or polyubiquitinated PEX5 modifications that
direct the recycling of this receptor back into the cytosol or to proteasome
for degradation, respectively, and peroxisome formation (Okumoto et al.,
2000; Guerra-Giraldez et al., 2002; Platta et al., 2004; Kragt et al.,
2005; Krazy and Michels, 2006; Platta et al., 2009; Prestele et al., 2010).
Translocation of cargo proteins into the organellar lumen appears to
proceed via an energy independent mechanism; while the recycling of the
unloaded PEX5 and PEXTY receptors back into the cytosol is a ubiquitin
and ATP dependent step that requires the soluble AAA+ protein family
members PEX1 and PEX6 (Erdmann and Schliebs, 2005; Tamura et al.,
2006; Platta et al., 2007; Fujiki et al., 2008; Miyata et al., 2012; Grimm
et al., 2012).

Although considerable advances have been made in identifying the
machinery required for the trafficking and import of proteins into the
glycosome /peroxisome, little is known about the mechanisms that mediate
translocation of large protein complexes across the organelle membrane
without compromising the permeability barrier of these microbodies. The
amassing evidence supports the notion that the docking of the cargo loaded
PEXS5 receptor to PEX14 on the importomer complex is sufficient to induce
structural changes that drive insertion of the PTS1 receptor into the lipid

bilayer, where it associates with PEX14, and aids in formation of a tightly
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gated channel through which cargo proteins are postulated to pass (Gouveia
et al., 2003; Erdmann and Schliebs, 2005; Kerssen et al., 2006; Meinecke
et al., 2010). This model however, does not take into account PEX7 and
its interactions with PEX5 and PEX14 for the delivery of PTS2 proteins
into the glycosome/peroxisome lumen. Questions arising from the transient
pore model regarding organelle biogenesis include; (i) how PEX5, which has
no apparent transmembrane domain, inserts into and is stabilized within
the membrane, (ii) what are the mechanics that facilitate the reversible
penetration of the PEX5-PEX14 complex into the lipid bilayer to form
a pore, (iii) how is the diameter of the translocation pore altered to
accommodate the import of diverse array heteromeric cargo protein into
the glycosome/peroxisome lumen without the leakage of small molecular
metabolites into the cytosol, (iv) does PEX7, which shuttles through the
peroxisome/glycosome lumen (Nair et al., 2004; Pilar et al., 2008), also

translocates PTS2 cargo proteins via a transient pore?

To address questions regarding the architecture and function of the PEX5-
PEX14 transient pore we have exploited the recombinant Leishmania
glycosomal biogenesis proteins LdPEX14 and LAPEX5 which can be

expressed in F. coli.

In kinetoplastid parasites, PEX14 (Furuya et al., 2002; Jardim et al., 2002;
Moyersoen et al., 2003; Cyr et al., 2008) is key component required for
import of PTS1 and PTS2 protein into the glycosome (Moyersoen et al.,
2003; Kessler and Parsons, 2005; Haanstra et al., 2008). This protein has
been demonstrated to form tight interactions with LAPEX5 and LPEXT.
In mammals, Hansenula polymorpha, Pichia pastoris and Trypanosoma

brucei, PEX14 behaves as an integral membrane protein , whereas the
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Leishmania (Jardim et al., 2002) and Saccharomyces cerevisiae (Albertini
et al., 1997; Brocard et al., 1997; Niederhoff et al., 2005) PEX14 proteins
exhibit features more characteristic of a peripheral membrane protein that
is anchored to the cytosolic surface of the glycosome/peroxisome. In
addition to PEX14, the docking/translocation platform in mammals, yeast
and 7. brucei also contains PEX13, an intrinsic membrane protein that
associates with PEX14, PEX5, and PEXT7 and is thought to function in the
recycling of the unloaded PTS1 and PTS2 receptors back into the cytosolic
compartment (Verplaetse et al., 2009; Brennand et al., 2012; Girzalsky
et al., 1999; Elgersma et al., 1996; Gould et al., 1996). This role remains

to be characterized in Leishmanzia.

Recent investigations revealed that Leishmania donovani PEX14 (Ld-
PEX14) forms large homo-oligomeric structures in solution via the
interaction of three conserved domains including the L. donovani
PEX5 (LdPEX5) binding domain, a predicted coiled-coil domain and a
hydrophobic amino acids-rich region (Cyr et al., 2008). This feature
was also observed in other species (Brocard et al., 1997; Itoh and Fujiki,
2006; Oliveira et al., 2002). Data using recombinant L. donovani proteins
illustrated that significant conformational changes occurred upon binding
to LAPEX5 in the vicinity of the hydrophobic region of the protein
where this domain moved to an environment more exposed to the polar
environment, thus hypothesizing that such conformational change would
reflect a penetration of the hydrophobic region deeper in the lipid bilayer, in
the presence of such structure. Moreover, isothermal titration calorimetry
studies of the LAPEX14-LdPEX5 interaction demonstrated that upon

binding to LAPEX5, the solvation of a hydrophobic region from LAPEX14
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was occurring in solution. This led to the hypothesis that the LAPEX14
receptor would be potentially involved in the formation of a pore for the

translocation of PTS1 and PTS2 proteins (Cyr et al., 2008).

Here we demonstrate that the ubiquitous hydrophobic domain present in
PEX14 proteins is critical for not only facilitating the spontaneous binding
of LAPEX14 to large unilamellar vesicle (LUV) that mimic the L. donovani
glycosomal membrane phospholipid composition but also for mediating pore
formation in these model membranes. Moreover, we show that LdPEX5
also associate LUVs, however this event is dependent on membrane bound
LAPEX14 to promote the docking of the PTS1 receptor but to trigger
structural changes induce insertion of LAPEXS5 into the lipid bilayer. These
studies provide a molecular basis for understanding how the binding of
LAPEXS5 to LAPEX14 causes the LAPEX14 hydrophobic domain to insert
into the glycosomal membrane and form transient transmembrane pore

through which matrix proteins traverse.
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4.3 Material and Methods

4.3.1 Materials

All restriction endonucleases and DNA-modifying enzymes were purchased
from Invitrogen or New England Biolabs. Horseradish peroxidase (HRP)-
conjugated goat anti-rabbit IgG was purchased from GE Healthcare. HRP-
conjugated goat anti-mouse and donkey anti-guinea pig was purchased from
Sigma-Aldrich. Synthetic phospholipids and cholesterol (Chl) were supplied
by Avanti Polar Lipids. All other reagents were of the highest quality

commercially available.

4.3.2 Electron microscopy

L. donovani promastigotes (4 x 10®) in the logarithmic growth phase were
harvested, washed three times with 10 ml of PBS (50 mM phosphate pH
7.6, 150 mM NaCl) and the cell pellet was gently resuspended in 4%
paraformaldehyde in 250 mM Hepes pH 7.4 and incubated for 1 h at
20°C. Fixed cells were centrifuged at 2,500 rpm for 15 min at 4°C and
then gently resuspended in 8% paraformaldehyde in 250 M Hepes pH 7.4
and stored in this solution at 4°C until sectioning. Fixed parasite pellets
were infiltrated, frozen and sectioned as previously described. The sections
were immunolabelled with anti-LAPEX14 or anti-LPEXT7 antibodies (1:250
in PBS/1% fish gelatin), then with goat anti-rabbit IgG or donkey anti-
guinea pig IgG antibodies, and bound antibodies detected using 10 nm
protein A-gold particles before examination with a Philips CM120 Electron

Microscope under 80 kV.
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4.3.3 Negative Stain Electron Microscopy

Five ul of sample containing purified LAPEX14 at 0.5 mg/mL was applied to
negatively glow-discharged carbon-coated EM copper grids and incubated
for 1 min. The protein sample was blotted; 5 ul of 2% (w/v) uranyl acetate
was added for 1 min and removed. Micrographs for image analysis were

collected at 1.5 pm defocus on a FEI Tecnai 12.

4.3.4 Protein expression

The L. donovant PEX14 coding sequence and an internal deletion mutant
lacking the amino acids 149-179, ldpex14 A149-179, were amplified by PCR
from previously generated constructions and cloned into the Ndel/Xhol
sites of the pET30b(+4) expression vector (Novagen) to generate C-
terminal hexahistidine-tagged pET30-LdPEX14-Hisq and pET30-1dpex14
A149-179-Hisg, respectively. An LAPEX14 fragment encompassing amino
acids 120 - 200 was amplified by PCR and cloned into the Ndel/Xhol
sites of pET30b(+) to generate pET30b-1dpex14(120-200)-Hisg expression

construct.

LAPEX14/ldpex14 proteins were expressed in FE. coli strain ER2566
transformed with the expression constructs pET30-LdPEX14-Hisg, pET30-
ldpex14(A149-179)-Hisg or pET30b-ldpex14(120-200)-Hisg with 0.5 mM
isopropylthiogalactoside for 4 h at 20°C. Bacterial cell pellets (1.0 1 culture)
were resuspended in 20 ml of 40 mM Tris-HCI pH 8.0 and lysed with
three passes through a French Press. NaCl was added to the lysate to
a final concentration of 500 mM, and then clarified by centrifugation.

The supernatant was applied to 1.0 ml Ni**-NTA resin (Qiagen) column
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equilibrated with 40 mM Tris-HCl pH 8.0 containing 500 mM NaCl
(TBS500) and the column was sequentially washed with 100 ml of TBS500,
100 ml of TBS500 containing 10 mM imidazole, 100 ml of TBS500
containing 20 mM imidazole, and 50 ml of TBS500 containing 40 mM
imidazole. The purified protein was eluted with 15 ml of TBS500 containing
500 mM imidazole).

For purification of ldpex14 (120-200), the bacterial cell pellet from 1.0 1
culture, was resuspended in 20 ml TBS500 passed three times through
a French Press and the lysate was centrifuged at 12,000 rpm for 20
min at 4°C. The pellet containing ldpex14 (120-200) inclusion bodies was
resuspended in 20 ml TBS500 containing 8.0 M urea and then clarified by
centrifugation. The clarified lysate was loaded onto a 1.0 ml Ni**-NTA
resin (Qiagen) column then washed with 100 ml of TBS500 containing 8.0
M urea to remove unbound proteins. Ldpex14 (120-200) was eluted with
TBS containing 500 mM imidazole, 4.0 M urea, concentrated to 6.0 mg/ml
using Amicon Ultra filter 3K NMWL unit (Millipore), and dialyzed against
TBS containing 4.0 M urea and stored as aliquots at -80°C. Removal of

urea caused high concentration of ldpex14 (120-200) to precipitate.

LAPEXS5 and the L. donovani PTS1 protein hypoxanthine-guanine phos-
phoribosyltransferase (LAHGPRT) were purified as previously described
(Jardim et al., 2000; Allen et al, 1995b).  Purified proteins were
concentrated and buffer exchanged for 40 mM Tris-HCl pH 8.0 150 mM
NaCl (TBS150) using an Amicon Ultra filter 3K or 10K NMWL unit
(Millipore) and the protein concentration determined 280 nm using the
calculated extinction coefficient for each protein as previously described .

Proteins were then stored at -80°C.
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4.3.5 Glycosome isolation

Leishmania donovani promastigotes (~5 x 10'° cells) grown in DME-L
media containing 10% FBS were harvested and wash twice in 10 ml of cold
PBS and twice in 20 ml of hypotonic buffer (HB) (2 mM EGTA, 2 mM
DTT) prior to lysis by three passes through a French pressure cell (Thermo
Scientific) at 200 psi on medium range. Lysates were made isotonic by
adding 0.25 volumes of 100 mM Hepes-NaOH pH 7.4, 400 mM sucrose, 1.6
mM ATP, 1.6 mM EGTA and 3.2 mM DTT). Cellular debris was removed
by centrifugation at 5,000 x ¢ 10 min, 4°C and the supernatant centrifuged
at 45,000 x ¢ for 45 min and a crude organellar was recovered in the pellet.
The organelle pellet was resuspended in 1 ml of 25 mM Hepes-NaOH, pH
7.4, applied to the top of a 20-70% sucrose gradient in 25 mM Hepes-
NaOH pH 7.4 (w/v), and the organelles were resolved by centrifugation
at 55,000 x ¢ for 16 h at 4°C in a Beckman-Coulter SW28 rotor. The
gradient was fractionated (1.5 ml fractions) and analyzed by Western blot.
Fractions enriched for LAPEX14 and hexokinase were pooled, diluted with
two volumes of PBS and the organelles were recovered in the pellet by
centrifugation at 45,000 x ¢ for 1 h in a Beckman-Coulter SW41 rotor for 1 h
at 4°C. The organelle pellet was resuspended in 1.5 ml TBS150 and applied
to a linear 20-30% Optiprep gradient in TBS150 and the organelle were
resolved by at 125,000 x ¢ for 1 h at 4°C on a Beckman-Coulter SW41 rotor.
The gradients were fractionated (0.5 ml) and analyzed for the presence
of LAPEX14 (glycosome), hexokinase (glycosome), cytochrome oxidase IV
(mitochondria), and Bip (endoplasmic reticulum) by Western blot using
all primary antibodies at a dilution of 1:10,000. Fractions enriched for

glycosomes were pooled and used for phospholipid analysis.
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4.3.6 Lipid composition of the glycosomal membrane

Phospholipids were extracted from purified glycosomes using the
Folch protocol (Folch et al., 1957).  Phospholipids were separated
by two-dimensional thin layer chromatography (2D-TLC) using the
previously described method. Briefly, glycosomal phospholipids were
resolved on Silica-G TLC plates (EMD Chemicals) in the first
dimension using chloroform:methanol:ammonia:water (90:74:12:8) and in
the second dimension using chloroform:methanol:acetone:acetic acid:water
(40:15:15:12:8).  Phospholipids were visualized by charring with 2
M sulfuric acid and spots quantified by densitometry. A mixture
containing the standards, dioleylphosphatidic acid (DOPA), dioleylphos-
phatidylcholine (DOPC), dioleylphosphatidylethanolamine (DOPE), di-
oleylphosphatidylglycerol (DOPG), dioleylphosphatidylinositol (DOPI),
dioleylphosphatidylserine (DOPS), and bovine brain sphingomyelin, and
bovine phosphatidylinositol (PI) were resolved by 2D-TLC. Phospholipid
spots were scraped from digested with perchloric acid for 1 h at 150°C and

the inorganic phosphate quantified by the Bartlett method (Bartlett, 1959).

4.3.7 Mass spectrometry analysis

Samples were suspended in chloroform/methanol (1:2 v/v), and an
aliquot of total lipid extract was analyzed with a Micromass LCT mass
spectrometer equipped with nanoelectrospray source. Samples were loaded
into thin-wall nanoflow capillary tips (Waters) and analyzed by ES-MS in
both positive and negative ion modes using a capillary voltage of 0.9 kV and

cone voltages of 50 V. Analysis by ESI-MS-MS was conducted on a ABSciex
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4000 QTrap (linear ion trap). Samples were loaded into thin-wall nanoflow
capillary tips (Presearch) and analysed with capillary voltages between1.0-
1.5kV for both negative and positive ion modes, Tandem mass spectra
(MS-MS) was used with nitrogen as collision gas and various collision offset
energies to obtain various precursor and neutral loss scans both in positive
and negative ion mode and MS-MS daughter ions scans were conducted to

confirm identification.

Protein arrays were analyzed in a ProteinChip biology system reader
(PCS-4000) from Biorad Laboratories. Spots on a NP20 chip array
were pre-activated by applying 5 ul of dH,O and left to air-dry. Five
microliters of sample (0.5 pg/pl. protein) were applied per spot, air-
dried, and washed with the addition of 5ul of dH2O. The array was air-
dried and two applications of 1ul each of sinapinic acid (SPA) solution
(12.5 mg/ml in 0.5% trifluoroacetic acid, 50% acetonitrile) were added
to the spots. The spots were read at high-energy (HE) laser intensity
(4500nj). Data was collected up to m/z of 200,000. All spectra were
subjected to mass calibration based on the settings used to collect the
data, using external calibration standards (hirudin BHVK, 6964 Da; bovine
cytochromec, 12,230.9 Da; equine myoglobin, 16,951 Da; bovine RBC
carbonic anhydrase, 29,023 Da; S. cerevisiae enolase, 46,671 Da; bovine

albumin, 66,433 Da; and IgG, 147,300 Da).
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4.3.8 Fatty acid composition of the glycosome

phospholipids

For fatty acid analysis, glycosomal phospholipids were dissolved in
hexane containing the internal standard 1,2-diheptadecanoyl-sn-glycero-
3-phosphoethanolamine (C17-PE) (Avanti Polar Lipids) and sodium
methoxide was added and the methylation reaction incubated for 5
min at 20°C. Samples (1 pl) were injected onto a Varian CP-3800 gas
chromatograph system equipped with a flame ionization detector, and a
CP-Sil 88 capillary column (100 m x 0.25 mm, 0.20 m film thickness,
Varian). The injector and detector temperature were maintained at 260°C
with helium as the carrier gas while the oven temperature increased from
60°C to 230°C with a run time of 75 min. Methyl esters were identified by
comparing retention times the elution of a fatty acid methyl ester (FAME)
standard mixture (Nu-Chek Prep, MN, USA). Quantification of the FAMEs
from C10 to C22:6 were calculated relative to the amount of the internal

standard C17PE recovered using Galaxie software (Varian).

4.3.9 Liposome preparation

Individual phospholipids or mixtures of DOPE:DOPC (2:1), DOPC:DOPG;
(1:1), DOPE:DOPC (1:1), and DOPE:DOPC:DOPG:PI:cholesterol
(53:24:15:4:4), the latter of which resembles the composition of L. donovani
glycosomal membrane, were dissolved in chloroform and a thin film
prepared by evaporation under a nitrogen stream. Residual chloroform
was removed under vacuum for 16 h. Multilamellar vesicles were prepared

by re-suspending the lipid film in PBS at a concentration of 5 mg/ml.
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The suspension was then extruded through a 0.2 pum polycarbonate
membrane (Millipore) 20 times to generate large unilamellar vesicles (LUV)
with a diameter of 200 nm, which is comparable to the diameter of
glycosomes. Alternatively, rehydrated lipid films were sonicated with a
probe sonicator to generate small unilamellar vesicles (SUV) for circular

dichroism experiments.

4.3.10 LUV leakage assay

Thin films of the phospholipid mixture were re-suspended in PBS containing
200 mM 5(6)-carboxyfluorescein (CF) (SigmaAldrich) and then extruded
through a 0.2 pm polycarbonate membrane. CF loaded LUVs were purified
by gel filtration on Sephadex G-50 column (1 x 20 cm) equilibrated in
PBS. ldpex14 (120-200) was titrated into CF loaded LUVs and dye release
was monitored at an excitation wavelength of 492 nm and an emission
wavelength of 515 nm. The total CF content of the LUVs was determined

by addition of Triton X-100 to a final concentration of 0.1% v/v.

4.3.11 Sucrose density flotation centrifugation

LUVs were incubated with proteins (molar ratio of 500:1 phospho-
lipid:protein) in 300 pl of PBS for 40 min at 23°C, mixed with 1.2 ml
of 66% sucrose in PBS (w/v), transferred to a 5.2 ml ultracentrifuge tube
and overlaid with 3.0 ml of 40% sucrose in PBS, and 1.0 ml of PBS. Samples
were centrifuged at 75,000 x ¢ for 16 h at 4°C in a Beckman-Coulter
SW55 rotor. The gradient was fractionated (0.65 ml/fraction) and the

proteins precipitated with trichloroacetic acid (15%) prior to Western blot
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analysis. It should be noted that Western blots of the flotation experiments
show a notable amount of LAPEX14 degradation. This is likely due to
the predicted native disordered structure of LAPEX14 which renders this

protein highly susceptible to proteolytic degradation .

4.3.12 Alkaline carbonate extraction

LUVs loaded with the peroxin proteins LAPEX5, LdPEX14, or ldpex14
(120-200) were isolated by flotation and then treated sequentially with
500 mM NaCl, 100 mM Na,CO3 pH 11.5, or 100 mM Na,CO3 pH 11.5
containing 4.0 M urea at 0°C. Following each treatment samples were
separated into a supernatant and pellet fraction by centrifugation at 100,000
x ¢ for 30 min at 4°C in a TLA100.3 rotor on a Beckman-Coulter table
top ultracentrifuge. Proteins in the pellet and supernatant fractions were

precipitated with 15% TCA and then analyzed by Western blot.

4.3.13 Limited proteolysis

Protein complexes in solution or bound to LUVs were resuspended in
400 pl of PBS containing 1.0 mM CaCl; and 2.5 mM DTT then treated
with the arginine specific protease clostripain (Worthington Biochemical
Corp), at a substrate:protease ratio of 50:1. The reaction was incubated
at 0°C and 75 pl aliquots were removed at 0, 2, 5 30, and 60 min time
points. Digest mixtures were treated with 1.0 ml of ice-cold acetone
to precipitated proteins for Western blot analysis. Western blot were
quantified by densitometry and quantified using ImageJ software (Abramoff
et al., 2004).
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4.3.14 1dpex14 (120-200) oligomerization

Purified ldpex14 (120-200) was dialyzed against dH,O and the precipitate
protein was resuspended in 4.0 M urea in TBS at a concentration of 5
mg/ml and 5.0 pug of protein was resuspended in 20 pl of SDS-PAGE
sample buffer and then resolved on 12% Bis-Tris PAGE using a MES-
Tris (pH 7.25) running buffer with and without 0.5% SDS, or 0.02%
Coomassie Blue G250 dye (Hachmann and Amshey 2005; Swamy, Siegers et
al. 2006). Alternatively, ldpex14 (120-200) was incubated and loaded on to
DOPE:DOPC:DOPG:PI:Chl LUVs and the liposomes were solubilized with
0.5% of either CHAPS, octylglucoside, taurodeoxycholate, or SDS prior to
electrophoresis on Bis-Tris PAGE. Protein bands were visualized by silver

stain.

4.3.15 Fluorescence spectroscopy

Intrinsic fluorescence measurements were performed on a Varian Cary
Eclipse spectrofluorometer at 25°C using an excitation wavelength of 290
nm to record emission spectra from 305-400 nm at a scan rate of 120
nm,/min with slit widths of 5 nm. A 5 uM solution of ldpex14 (120-200)
in 40 mM Tris pH 8.0, 500 mM NaCl, was titrated with LUV to a final
concentration of 1.0 mM phospholipids. Solvent accessibility of tryptophan
residues was assessed by using acrylamide as the fluorescence quenching
reagent. ldpex14 (120-200) (5.0 uM in PBS) was titrated with acrylamide in

the presence or absence of LUVs containing a total of 1.0 mM phospholipids.
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4.3.16 Circular dichroism (CD) analysis

A stock solution of ldpex14 (120-200) (0.5 mM), in 4 M urea, 10 mM sodium
phosphate, 10 mM NaCl pH 7.5, was titrated with SDS and CD spectra
were recorded from 205 nm to 260 nm. Spectra were recorded at 23°C on a
JASCO 810 instrument using a 1 mm cuvette at a scan rate of 100 nm/min

and a bandwidth of 1 nm. Five spectra were collected and averaged.

4.3.17 Bioinformatics

A hydrophathy plot for LAPEX14 was generated using Kyte and Doolittle
algorithm (Kyte and Doolittle, 1982). The I-TASSER ab initio modeling
server (Zhang et al., 2008; Roy et al., 2010; Wu et al., 2007) was used to
generate a three dimensional model of ldpex14 (120-200). The disordered
probability of ldpex14 (120-200) was predicted using the DisEMBL
algorithm (Linding et al., 2003). The capacity of ldpex14 (120-200) to form
amphipathic helices was determined using the Heliquest program (Gautier

et al., 2008).
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4.4 Results

4.4.1 Native LAPEX14 in glycosomes

To further validate the subcellular location and orientation of LdPEX14
on the glycosome membrane we performed an immunoelectron microscopy
(IEM) analysis on sections prepared from whole L. donovani promastigotes.
IEM sections stained with anti-LAPEX14, a polyclonal sera that recognizes
an epitope(s) between residues 23-63 (Madrid and Jardim, 2005), showed
that ~70% of all glycosomes were stained and that 82% of the 10 nm
gold particles were associated with the glycosomal membrane, while 7%
appeared to localize to the glycosome matrix, and 11% showed nonspecific
staining (Figure 4.1, panels A and B). In ~30% of the stained glycosomes,
the gold particles associated to the membrane formed rosettes with a
gold particle-to-particle a diameter of ~30-40 nm (Figure 4.1, panel
B), which is consistent with previous reports showing that LAPEX14
formed an oligomeric structure on the glycosome surface. This ring-like
configuration detected by IEM analysis suggests that LdPEX14 in the
absence of cargo loaded LAPEX5 or LAPEX7 is capable of forming a
pre-pore structure without compromising the permeability barrier of the

glycosomal membrane.

Recombinant and native LAPEX14 extracted from glycosomes has been
shown to form complexes of ~600-900 kDa complex (Cyr et al.,
2008). To evaluate the topological structure of these complexes, the
recombinant LAPEX14 was examined by negative stained transmission

electron microscopy.  This analysis revealed that the most common
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FIGURE 4.1: Immunoelectron microscopy analysis of LAPEX14.
L. donovani promastigotes were fixed in paraformaldehyde, frozen
and sectioned. Sections were then immunolabelled with rabbit anti-
LdPEX14 sequentially followed by goat anti-rabbit IgG, or donkey anti-
guinea pig IgG and 10 nm protein A-gold particles. Specimens were
visualized under 80 kV using a Philips CM120 Electron Microscope.
Panels A and B show representative images of the distribution of
LdPEX14 on the glycosomal membrane.

structure detected in the recombinant protein preparations was a concave

bowel-like geometry (Figure 4.1, panel C).

4.4.2 Phospholipid composition of the Leishmania

glycosome membrane

To examine the interaction of LAPEX14 with the glycosome membrane, it
was necessary to determine the phospholipid composition of this organellar
membrane. Glycosomes isolated by sequential ultracentrifugation fraction
on a sucrose density gradient followed by an Optiprep density gradient
yielded a preparation that was ~60-fold enriched when anti-LdPEX14
antibodies were used to monitor the purification (Figure 4.2, panel A).
Western blot analysis using antibodies specific to the protein markers

cytochrome oxidase IV and BiP showed that the enriched glycosome
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preparation contained only minor traces of mitochondrial and endoplasmic

reticulum, respectively.

Analysis of the glycosome phospholipid composition by 2D-TLC showed
four major spots with a relative abundance of 50%, 30%, 15%, and 5%
(Figure 4.2, panel B). However, assignment of these spots using a standard
mixture of DOPC, DOPE, DOPS, DOPA, DOPG, and sphingomyelin was
not possible due to a poor correlation with the Rf values of the standards.
As an alternative strategy to identify the glycosome membrane, MALDI-
TOF mass spectrometry run in the positive and negative ion modes was
used. These analyses also showed the presence of four major classes of
phospholipids; phosphatidylethanolamine (PE), phosphatidylcholine (PC),
phosphatidylglycerol (PG) and phosphatidylinositol (PI) with a relative
abundance of 55 + 10%, 27 + 5%, 16 £+ 5%, and 2 + 2% respectively
(Table 4.1, Figure 4.2, panel C). In Leishmania and T'. cruzi the glycosomal
membrane had a 2:1 preponderance PE:PC, a composition distinctive
from that of T. brucei, rat, yeast, and Pichia glycosomal/peroxisomal
membranes where PC was the dominant lipid (Table 4.1). Notable levels
of the anionic phospholipids phosphatidylinositol (PI), phosphatidic acid
(PA), phosphatidaylserine (PS), or cardiolipin (CL) were detected in T.
brucei, T. cruzi, rat, yeast, and Pichia glycosomes/peroxisomes. In
contrast, the Leishmania glycosomal membrane contained high levels of
PG as the major anionic phospholipid (Table 4.1). No detectable levels of

cardiolipin were found in the Leishmania glycosomes.

Gas chromatography analysis of the Leishmania glycosomal phospholipids
revealed that C18 fatty acids where the predominant species accounting

for ~60% of the total fatty acids; with the unsaturated fatty acid C18:2
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FIGURE 4.2: Isolation and separation of phospholipid species
from L. donovan: glycosomal membrane. (A) Western
blots showing LdPEX14 enrichment following glycosome purification.
(B) 2D-TLC separation of phospholipids extracted from purified
glycosomes of L. donovani. Phospholipids were resolved with
chloroform:methanol:ammonia:water (90:74:12:8) in the first dimension
and with chloroform:methanol:acetone:acetic acid:water (40:15:15:12:8)
in the second dimension. Four major spots were observed following
development by charring with sulfuric acid. (C) Pie chart representing
the relative distribution of phospholipid head groups identified by mass

spectrometry.
Species PC PE PG PS PI PA CL SM Reference
P. pastoris 54 28 - 5 6 3 4 - (Wriessnegger et al., 2007)
R. norvegicus 61 30 - 3 5 - - - (Hardeman et al., 1990)
S. cerevisiae 48 23 - 4 16 2 7 - (Zinser et al., 1991)
T. bruces 61 13 - 7 19 - - - TK Smith, personal comm.
T. cruzi 14 61 - 23 - - - 2 (Quifiones et al., 2004)
L. donovani 27 55 16 - 2 - - - our study

TABLE 4.1: Phospholipid composition of the glycosoma-

1/peroxisomal membranes. PC, phosphatidylcholine; PE, phos-

phatidylethanolamine; PG, phosphatidylglycerol; PS, phosphatidylser-

ine; PI, phosphatidylinositol; PA, phosphatidic acid; CL, cardiolipin;
SM, sphingomyelin.
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being more that C18:1, C18:0, or C18:3 (Table 4.2). Leishmania glycosomal
membranes are also enriched for very long chain unsaturated C22:5 fatty
acids (14% of total fatty acids); which in whole L. donovani promastigotes
is a minor species . A notable amount of the shorter C16 fatty acid was

also detected in the glycosomal membrane (Table 4.2).

4.4.3 LAdPEX14 - membrane interaction

Biochemical and TEM studies supported the hypothesis that LAPEX14 was
anchored to the cytosolic face of the glycosome as a peripheral membrane
protein. To assess if recombinant LAPEX14 could spontaneously partition

and bind lipid bilayers, flotation experiments were performed using

Fatty acid % of total

C10:0 2.1
C12:0 1.7
C14:0 2.5
C16:0 6.1
C18:0 12.1
C18:1 234
C18:2 16.9

C18:3 (n-6) 5.9
C18:3 (n-3) 0.9

C20:0 1.5
C20:2 0.9
C22:0 0.5
C22:2 1.2
C22:4 3.8
C22:5 13.6
C24:0 2.8

TABLE 4.2: Fatty acid composition of the L. donovani glycosomal
membrane.
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LUVs that mimicked the L. donovani glycosomal membrane phospholipid
composition. Incubation of LdPEX14 with DOPE:DOPC:DOPG:PI:Chl
LUVs showed that ~50% this protein bound to these model lipid bilayers
and was recovered at the top of the sucrose gradient (Figure 4.3, panel A). In
the absence of LUVs, no LAPEX14 flotation was observed. Addition of 500
mM NaCl, a salt concentration that is typically used to dissociate proteins
that bind to membranes via electrostatic interactions, did not significantly
alter the capacity of LAPEX14 to bind DOPE:DOPC:DOPG:PI:Chl LUVs
and was diagnostic of the LAPEX14-membrane association being stabilized
by hydrophobic contacts (Table 4.1 and Figure 4.3, panel A). Interestingly,
incubation of LAPEX14 with LUVs at 0°C or 23°C prior to flotation revealed
that ~ 50-70% of the total LAPEX14 was recruited to the LUV membranes;
whereas at 37°C, quantitative binding of LAPEX14 to LUVs (Figure 4.3,
panel B) was observed. It is unclear, however, if the increased binding
was due to an altered membrane fluidity or conformational changes in the

LdPEX14 that enhance membrane binding.

To investigate the nature of the interactions stabilizing the association of
LdPEX14 with the lipid bilayer, binding studies were performed in the
presence of 500 mM NaCl. Fractionation of LUVs showed that large
proportion of LAPEX14 remained associated with the LUVs pellet fraction,
confirming previous observations showing that this protein-membrane
interaction was not dependent on electrostatic forces (Figure 4.3, panels
A and C). Similarly, treatment of loaded LUVs with alkaline carbonate
revealed that the preponderance of the LAPEX14 partitioned with the
membrane pellet, intimating that LAPEX14 binding was stabilized by

hydrophobic contacts with the nonpolar core of the lipid bilayer (Figure
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FIGURE 4.3: Interaction of LdPEX14 with lipid bilayers
mimicking the L. donovani glycosome. (A) To assess the
requirement of electrostatic interactions for LdPEX14 binding to
liposomes mimicking the phospholipid composition of the L. donovani
glycosomal membrane recombinant LdPEX14 was incubated at 20°C
with LUVs in buffers containing 150 or 500 mM NaCl prior to
flotation on a sucrose density gradient. (B) To examine the effect of
temperature on the LAPEX14 membrane binding, LUVs were incubated
with LAPEX14 at 0, 23 or 37°C for 40 min prior to flotation to resolve
membrane associated from unbound LdPEX14. Following flotation
gradients were fractionated from the top of the gradient and protein
precipitated for Western blot. (C) To investigate the forces stabilizing
the interaction of LAPEX14-lipid bilayers, LAPEX14 loaded LUVs were
sequentially extracted with 500 mM NaCl, 100 mM NaHCOj3 and 100
mM NaHCOs3 containing 4.0 M urea. Following each extraction step
the sample was fractionated into supernatant (S) and pellet (P) prior
to Western analysis to assess the partitioning of the LAPEX14 between
the two phases. (D) The association of LAPEX14 with the lipid bilayer
was examined using the protease clostripain treatment in the absence
(NL) or presence (L) of LUVs. Band intensities were quantified using
the ImagelJ software (Abramoff et al., 2004).
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4.3, panel C). A more stringent extraction of the LUVs pellet with 100 mM
alkaline carbonate containing 4.0 M urea resulted in an equal distribution
of LAPEX14 into the supernatant and membrane pellet fraction further the
conjecture that this interaction was stabilized by nonpolar contacts (Figure
4.3, panel C). These results are consistent with those previously reported
for native LAPEX14 bound to the glycosomal membrane (Jardim et al.,
2002).

To investigate if membrane binding altered the LdPEX14 structure, a
limited proteolytic analysis was performed using the arginine specific
endoproteinase clostripain. In the absence of LUVs LAPEX14 exhibited a
high susceptibility to protease cleavage and was complete degraded within
5 min (Figure 4.3, panel D), a result that is consistent with the native
disordered structure predicted for LdAPEX14. In contrast, the binding of
LdPEX14 to LUVs dramatically decrease the susceptibility of this peroxin
to proteolysis and resulted in ~50% of the full length LAPEX14 being
detected after a 30 min incubation. These data suggest that the recruitment
of LAPEX14 to membranes induces structural changes that make this

protein more resistant to proteolysis (Figure 4.3, panel D).

4.4.4 The hydrophobic region of LdPEX14 is re-

quired for membrane attachment

Hydropathy analysis of the LAPEX14 predict a putative transmembrane
domain spanning residues 153-169 (Figure 4.4, panel A), which is situated
downstream of the LAPEX5 and LPEXT binding sites (Figure 4.4, panel

B, solid line), and a region that is predicted to adopt an ordered structure
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(Figure 4.4, panel B, dashed line). Bioinformatic analysis of residues 120-
200 with the HELIQUEST, a program that use the hydrophobic moment
to predict amphipathic structures, indicated that residues 152-173 had
a high propensity to form an amphipathic helix (Figure 4.4, panel C),
structures known to have membrane binding activity. Ab initio modeling
of residues 140-180 using the I-TASSER algorithm indicate that residues
140-150 favour the formation of a short helix (Figure 4.4, panel D blue)
followed by a flexible random coil segment (residues 151-157, green) and
long, 18 amino acids, amphipathic helix spanning residues 158-175 that
contains a hydrophobic (red) and hydrophilic (yellow) face (Figure 4.4,

panel D).

To verify that the LAPEX14 hydrophobic region was required for membrane
association an internal deletion mutant lacking residues 149-179 (ldpex14
A149-179) was generated and the capacity of ldpex14 A149-179 to bind
LUVs was assessed by sucrose density flotation. In contrast to LAPEX14,
which exhibited robust association with DOPE:DOPC:DOPG:PI:Chl LUVs
(Figure 4.6, panel A), no ldpex14 A149-179 was detected in liposomes
recovered from the top of the gradient supporting our contention that
residues 149-179 were essential for membrane binding (Figure 4.6, panel A).
To demonstrate that this segment was necessary and sufficient for LAPEX14
to bind the lipid bilayer, a 10 kDa peptide encompassing residues 120-
200 (ldpex14 (120-200)) was expressed and assayed for membrane binding
activity. Surprisingly, ldpex14 (120-200) bound quantitatively to LUVs

(Figure 4.6, panel A).

To assess the capacity of various phospholipids to mediate LdPEX14

binding, vesicles composed of the single phospholipids DOPC, DOPE,
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FIGURE 4.4: Bioinformatic analysis of the LdPEX14 hy-
drophobic/amphipathic domain. (A) Amino acid sequence
of the predicted hydrophobic region from LdAPEX14.  Secondary
structure prediction was performed using the JUFO program
(http://meilerlab.org/index.php/servers) and E denotes extented
strands, H a-helix and C random coils. (B) Hydrophobicity (solid
line) , Kyte and Doolittle scale (Kyte and Doolittle, 1982) and
disorder probability (dashed line, DisSEMBL algorithm (Linding et al.,
2003)) plots of the predicted hydrophobic region from LAPEX14.
(C) Amphipatic character of the helix spanning residues 152-169 was
determined using HELIQUEST program (Gautier et al., 2008). (D) I-
TASSER in silico model (Zhang, 2008, 2009; Roy et al., 2010) of the
140-180 region from LAPEX14 suggested a tertiary structure containing
a short helix (blue) followed by a flexible coil (green) up to residue 157.
A long amphipathic helix can be found downstream where red and yellow
represents hydrophilic and hydrophobic residues respectively.

DOPA, DOPS, or DOPG or a mixture of DOPE and DOPC were evaluated
in flotation experiments. No LAPEX14 flotation was detected in the
absence of LUVs or with vesicles composed of only DOPC and DOPE or
mixtures of DOPE:DOPC (2:1) (Figure 4.5 panel A). In contrast, liposomes
composed of DOPC:DOPG (1:1) or DOPE:DOPG (1:1) or LUVs composed
solely of the anionic phospholipids DOPA, DOPG, and DOPS all exhibited
robust LAPEX14 binding activity (Figure 4.5 panel A and B), however
this interaction was not mediated by electrostatic contacts since binding
experiments performed in the presence of 500 mM NaCl had no notable

impact on the protein-membrane interaction. In contrast to full length
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FiIGURE 4.5: LdPEX14 requires anionic phospholipids for
membrane binding. Large unilamellar liposomes prepared from (A)
the single phospholipids DOPC, DOPE, DOPA, DOPG or DOPS or
(B) mixtures of DOPE:DOPC, DOPC:DOPG or DOPE:DOPG in 2:1
molar ratio, were incubated with 50 ug of LAPEX14 for 40 min prior
to submitting the resulting complex to differential density flotation.
Following the centrifugation, tubes were fractionated into 8 fractions
from top to bottom and assessed for the presence of LdPEX14 by
Western blot.
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LdPEX14 which required the presence of anionic phospholipids for binding
to the lipid bilayer, ldpex14 (120-200) was more promiscuous and bound
to both the anionic LUVs, DOPE:DOPC:DOPG:PI:Chl and zwitterionic
LUVs DOPE:DOPC (Figure 4.6 panel B). These data suggest that the PG
and PI detected in glycosomal membranes are important for mediating
insertion of native LdPEX14 into the cytosolic face of the glycosomal
membrane and that the requirement for anionic phospholipids appears to
be controlled by a region(s) in LAPEX14 other that the membrane binding

domain.

Previous studies have reported the presence of cholesterol and ergosterol
in glycosomal preparations, however whether these sterols are components
of the membrane or products of the sterol biosynthetic pathway housed
in the glycosome was unclear. To assess the impact of this sterol on
the membrane binding activity of LdPEX14, flotation experiments were
performed with LUV prepared with and without cholesterol. Interestingly,
no significant difference in LAPEX14 binding was detected for these two
different populations of LUVs which suggested that the presence of sterols
in the lipid bilayer did not significantly alter the recruitment of IdPEX14

into the lipid bilayer (Figure 4.8).

4.4.5 Insertion of the LAPEX14 hydrophobic region
into lipid bilayer
Treatment of ldpex14 (120-200) loaded LUVs with alkaline carbonate

showed that this peptide like the full length LAPEX14 remained largely

resistant to extraction with only ~50% of the protein partitioning into



Chapter 4. The hydrophobic region of LAPEX1} 120

A no liposomes with liposomes
TOP BOTTOM TOP BOTTOM
LdPEX14 =7 R
- - G o
Idpex14 A149-179 i !! : ey
- g‘* "3 7y w ‘ R
Idpex14 120-200 o L ————
B zwitterionic liposomes negative liposomes
TOP BOTTOM TOP BOTTOM
Idpex14 120-200 | &= | -

FIGURE 4.6: The LAPEX14 hydrophobic/amphipathic domain
is essential for membrane binding. (A) Liposomes binding
assays by differential density flotation performed on an internal
deletion of LAPEX14 (Idpex14 A149-179) which removed the predicted
hydrophobic region showed that this protein is only found at the
bottom of the centrifugation tube where it did not associate with
liposomes. In opposition, a fragment compassing the hydrophobic
region, ldpex14 120-200, almost exclusively bound to the liposomes.
Centrifugation tubes were fractionated into 8 fractions and proteins
were detected by Western blot using a rabbit polyclonal anti-LdPEX14
(LAPEX14 and ldpex14 A149-179) or a mouse monoclonal anti-
Hisg (ldpex14 120-200). (B) ldpex14 120-200 fragment was assayed
for binding capability with zwitterionic (DOPE:DOPC, 2:1 molar
ratio) or anionic (DOPE:DOPC:DOPG:PI:Chl, 53:24:15:4:4 molar ratio)
liposomes. Fractions were analyzed by Western blot using a mouse
monoclonal anti-Hisg.
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FIGURE 4.7: Interaction of ldpex14 120-200 with the lipid

bilayer. Floated liposomes loaded with ldpex14 (120-200) were serially

extracted with 500 mM NaCl, 100 mM NaHCOj3 and 100 mM NaHCOg

in 4M urea and the supernatant (S) and pellet (P) fraction at each step

were separated by ultracentrifugation and the partitioning of ldpex14

120-200 between the two fractions assessed by SDS-PAGE and Western
blot analysis.
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the supernatant fraction when membranes were extracted with alkaline
carbonate containing 4.0 M urea, a biophysical feature consistent with
the peptide-membrane interaction being stabilized by hydrophobic contacts

(Figure 4.7).

The intrinsic fluorescence properties of the single tryptophan residue
present in LAPEX14 (Trpl52) were used to investigate the interaction
of ldpex14 (120-200) with SDS micelles and SUV. Titration of ldpex14
(120-200) with SDS, a detergent that mimics the membrane environment,
induced a progressive blue shift in the emission maxima wavelength (A,,q.)
of Trp152 from 350 nm to 325 nm which reached a plateau at 2.0 mM,
the critical micelle concentration of SDS (Figure 4.9, panel B, inset). A
similar blue shift emission A,,,, was observed when ldpex14 (120-200)
with DOPE:DOPC:DOPG:PI:Chl SUVs with the maximum occurring at
phospholipid:protein ratio of 150:1 (Figure 4.9, panel A, inset). This
hypsochromic shifts in A, is diagnostic of tryptophan relocating into
a more nonpolar environment such as the hydrophobic core of the lipid
bilayer. This contention was validated using acrylamide, a quenching agent

that decrease the fluorescence intensity of tryptophan residues that are

TOP BOTTOM
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Ficure 4.8: Effect of cholesterol on the membrane binding

activity of LAPEX14. Differential density flotation assay of LdAPEX14

using liposomes mimicking the L. donovani glycosomal membrane were

produced in presence, and absence of 5% mol/mol of cholesterol. No
difference in the flotation pattern was observed.
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exposed to the bulk aqueous solvent. Stern-Volmer plots showed that
ldpex14 (120-200) in solution exhibits an upward trending curve that is
characteristic of quenching arising from dynamic and static components
that have Stern-Volmer quenching constants (K,) of 9.1 and 0.8 M1,
respectively (Figure 4.9, panel C). In contrast, ldpex14 (120-200) bound
to LUVs exhibited a linear response with dynamic K, quenching constant
of 3.2 M~!, a value diagnostic of Trp152 having penetrated into the lipid
bilayer and being less accessible to acrylamide quenching (Figure 4.9, panel
C). Attempts to monitor the insertion of Trp152 into the lipid bilayer with
the full length LAPEX14 was not possible since in the absence of membranes
this residue exhibits an emission A,,., at 328 nm which is consistent with
this tryptophan being sequestered in a hydrophobic environment (Cyr et al.,
2008).

Circular dichroism analysis of ldpex14 (120-200) revealed that in solution
this peptide adopted predominantly a disordered or random structure
(Figure 4.9, panel D, inset, solid line). However, in the presence of SDS
micelles, which mimic a membrane environment, the spectra for ldpex14
(120-200) exhibited an increase in the minima at 222 nm, a change in
molar ellipticity which reflects an increase in the a-helix content of the
protein (Figure 4.9, panel D). CD analysis, together with the fluorescence
spectroscopy, suggest that insertion of ldpex14 (120-200) in lipid bilayers

is accompanied by a conformational change promoting a-helix formation.

To assess if the insertion of ldpex14 (120-200) into LUVs disrupted
the membrane integrity, a carboxyfluorescein (CF) leakage assay
was performed. Addition of Ildpex14 (120-200) to CF loaded
DOPE:DOPC:DOPG:PI:Chl LUVs induced a concentration dependent
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FIGURE 4.9: Insertion of the ldpex14 (120-200) into lipid bilayer
triggers a-helix formation. (A) Intrinsic fluorescence of Trp152 from
ldpex14 120-200 exhibited a hypsochromic shift from 355 nm (inset,
black line) to 325 nm (inset, gray line), indicative of a change in
the environment of Trpl152 towards a more hydrophobic environment.
(B) Acrylamide quenching of the Trpl52 from ldpex14 120-200 was
performed. Strong dynamic and static quenching of tryptophan occurred
in the absence of liposomes (circles), whereas presence of liposomes
(squares) inhibited such effect drastically. (C) SDS was titrated into
a solution of ldpex14 120-200 and circular dichroism in the far UV
region was measured. A strong change in molar ellipticity at 222 nm
was observed as a function of SDS. As illustrated in the inset, both 1
mM (dashed line) and 16 mM (gray line) exhibited a strong secondary
structure change.
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leakage of CF with ~45% dye release of the total dye occurring when 2.0 pM
of ldpex14 (120-200) was added to the LUVs (Figure 4.10, panel A, squares).
Kinetic analysis showed that at 25°C, insertion of ldpex14 (120-200) into
lipid bilayer was rapid and caused maximal CF release within ~2 s (Figure
4.10, panel B). In contrast, addition of buffer or the soluble glycosomal
matrix protein LAHGPRT to CF loaded LUVs showed no appreciable dye
release confirming that ldpex14 (120-200) indeed was capable of forming a
pore-like structure in LUV membranes. Interestingly, full length LAPEX14
showed only minor ~12% dye release suggesting that despite binding LUV,
this proteins alone was not sufficient to alter membrane integrity and cause

release of CF (Figure 4.10, panel A, diamonds).

Assays performed with CF loaded DOPE:DOPC (2:1) LUVs showed that
ldpex14 (120-200) also triggered dye release from zwitterionic vesicles with
an efficiency comparable to that of DOPE:DOPC:DOPG:PIL:Chl LUVs
which suggests that the presence of anionic phospholipids is not essential
for insertion of this protein into the lipid bilayer (Figure 4.10, panel C).
These results further validate the flotation experiment showing the binding

of ldpex14 (120-200) to DOPE:DOPC liposomes (Figure 4.6, panel B).

4.4.6 Oligomerization of ldpex14 (120-200)

Dye leakage assays and CD analysis suggested that following the membrane
insertion ldpex14 (120-200) adopts a more ordered structure and potentially
assembles to form a pore structure. Analysis of affinity purified ldpex14
(120-200) resuspended in SDS-PAGE sample buffer and resolved on a

12% Bis-Tris polyacrylamide gel using MES running buffer containing
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FIGURE 4.10: Insertion of Idpex14 (120-200) into LUV
membranes induces dye leakage. (A) Proteins were titrated
into a solution of 5(6)-carboxyfluorescein-encapsulated liposomes and
fluorescence emission at 515nm was monitored (excitation at 492nm).
Little increase in fluorescence was observed upon addition of either
LdPEX14 (diamonds) or LAHGPRT (triangles). A similiar effect was
seen when corresponding volumes of buffer (circles) was added to control
for liposomes disruption due to pipetting. On the other hand, addition
of ldpex14 120-200 (squares) caused a drastic increase in fluorescence
emission, which reached ~45% of maximum fluorescence observed in
presence of detergent. (B) A kinetic experiment was performed where 2
uM of 1dpex14 120-200 was spiked into a solution of CF-loaded liposomes
at 4 seconds, followed by a complete disruption of the liposomes with
the addition of 0.1% v/v Triton X-100 at 9.5 seconds. Emission
fluorescence at 515 nm resulting for an excitation at 492 nm was
monitored continuously. (C) Similar titration experiment was performed
using liposomes composed of the zwitterionic phospholipids DOPE and
DOPC in a 2:1 molar ratio (black squares) and compared with a buffer
control (black circles).

0.5% SDS showed that this protein migrated as a ladder of bands that
increased in size by ~10-50 kDa in increments consistent with this protein
assembling into stable structures corresponding from monomer to tetramer,
and possibly higher order structures (Figure 4.11, panel A). To further
evaluate the oligomerization capacity of ldpex14 (120-200) in lipid bilayers,
DOPE:DOPC:DOPG:PI:Chl LUVs were loaded with this protein then
solubilized with 0.5% of the following detergents; sodium dodecylsul-
fate (SDS), 3-[(3-cholamidopropyl)-dimethylammoniol-1-propanesulfonate
(CHAPS), n-octyl-b-D-glucoside (OG), or taurodeoxycholate (TDOC) prior

to resolution on a Bis-Tris PAGE using a MES-Tris running buffer
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containing 0.02% Coomassie blue G250 dye (Swamy, Siegers et al. 2006)
or 0.5% SDS. ldpex14 (120-200) extracted from LUVs with CHAPS and
OG resolved on blue native gels migrated predominantly as a monomer
and trimer. Tetrameric and pentameric species were also observed with
these zwitterionic or non-ionic detergents (Figure 4.11, panel B). However,
LUVs solubilized with the anionic detergents taurodeoxycholate or SDS
migrated as monomer and trimer, although higher molecular weight species
that did not enter the resolving gel is apparent. In contrast, ldpex14 (120-
200) extracted with the four detergents and resolved using a running buffer
containing SDS migrated as monomer and dimeric species (Figure 4.11,

panel B)

SELDI-TOF mass spectroscopy analysis of ldpex14 (120-200) co-
crystallized with the matrix sinapinic acid showed a dominant species with
a mass of 10.4 kDa which corresponded to the monomeric form of ldpex14
(120-200). Surprisingly, high order species of mass 20.8, 31.0, 41.3, 51.6,
61.9, and 72.5 kDa, with diminishing signal intensities, were also detected
by SELDI-TOF. These species correspond to ldpex14 (120-200) oligomers
with a subunit composition ranging from dimer to heptamer (Figure 4.11,
panel C). Collectively, the electrophoretic and mass spectroscopy data
support the hypothesis that insertion of ldpex14 (120-200) into the lipid

bilayer promotes oligomerization and pore formation.

4.4.7 Assembly of the pre-import complex on LUVs

Flotation experiments confirmed that LdPEX14 formed a tight interaction

with LUVs membranes and exhibited biochemical features reminiscent of
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FIGURE 4.11: Oligomerization of ldpex14 (120-200). (A)
ldpex14 (120-200) migrated as a ladder of bands on a 12% Bis-Tris
polyacrylamide gel using MES buffer and 0.5% SDS in the running
buffer (m: monomer, d: dimer, tr: trimer, te: tetramer). Proteins were
detected by silver staining (B) ldpex14 (120-200) was assembled onto
liposomes, then solubilized using various detergents, and finally resolved
on a 12% Bis-Tris polyacrylamide gel using MES buffer and either 0.5%
SDS or 0.02% Coomassie G250 as carrier. (C) SELDI-TOF analysis of
ldpex14 (120-200) showing the presence of oligomers corresponding to
multiples of ~10 kDa, the molecular weight of ldpex14 (120-200) (i: 0-80
kDa, ii: 20-80 kDa and iii: 30-80 kDa).
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the association of native LdAPEX14 with the glycosomal membrane. We
next employed the LUV system to examine the docking of the PTS1-
LAPEX5 complex to membrane bound LAPEX14. Incubation of LAPEX5
with DOPE:DOPC:DOPG:PI:Chl LUVs showed that this receptor alone or
loaded with the PTS1 cargo protein LAHGPRT exhibited no appreciable
binding to liposomes (Figure 4.12, panels A and B), which contrasts with
previous reports for the mammalian and Saccharomyces PEX5 which found
to inserted in model membranes and the peroxisomal membranes. Similarly,
no binding of LAHGPRT to LUVs loaded with LdPEX14 was detected
(Figure 4.12, panel C); confirming that this PTS1 protein did not associate
with membrane anchored LdPEX14. However, addition of LAPEXS5 or the
LAPEX5-PTS1 trafficking complex to LUVs loaded with LAPEX14 resulted
in the recruitment of a major component of LAPEX5 to liposomes (Figure
4.12, panels D and E), an event that was mediated by the LdPEX14-
LAPEXS5 association. More importantly, the PTS1 protein was also found
to associate with the LUVs, suggestion the formation of a intermediate
pre-import complex that may form on the glycosome surface. That the
association of LAPEX5 with LUVs required the insertion of LAPEX14 into
the lipid bilayer was further validated by the finding that no LAPEX5 bound
to LUVs when ldpex14A149-179, a mutant form of LdPEX14 that lacks
membrane binding activity was added to the reaction mixture (Figure 4.12,

panel F).
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FiGURE 4.12: LdPEX14 recruitments LAPEX5 and LAHGPRT
to the LUV membrane. Differential density flotation assays were
performed by mixing 50g of each protein tested with 400g of a
phospholipid mixture mimicking the glycosomal membrane extruded
into 200nm liposomes. Combination of proteins were (A) LAPEX5
and LAHGPRT (PTS1 protein), individually assayed, (B) LAPEX5 and
LdHGPRT, (C) LAPEX14 and LdAHGPRT, (D) LAPEX14 and LdPEXS5,
(E) LdPEX14, LdPEX5 and LAdHGPRT and (F) ldpex14 A149-179
and LdPEX5. Following centrifugation, tubes were fractionated into
8 fractions and analyzed by SDS-PAGE and Western blot. Rabbit anti-
LAPEX14 (1:10000), rabbit anti-LdAPEX5 (1:10000) and rabbit anti-
LAHGPRT (1:2000) were used as primary antibodies to detect the
presence of their respective proteins.

4.4.8 Docking to LAPEX14 causes membrane inser-

tion of LAPEX5

To further investigate the structure of the PTS1-LdPEX5-LdPEX14
complex bound to the liposome membranes, we performed an alkaline
carbonate extraction. Treatment of LUVs loaded with LAdPEX14 or
LAdPEX5-LAPEX14 complexes showed that LAPEX14 remained associated
with the membrane pellet when treated with alkaline carbonate and
exhibited a 50:50 distribution between the supernatant and pellet when
treated with 4 M urea in alkaline carbonate (Figure 4.13, panel A),

biophysical characteristics comparable to those of LUVs containing
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LdPEX14 alone. A similar examination of the LAPEX5 distribution
showed that following treatment of LUVs with 500 mM NaCl or alkaline
carbonate the PTS1 receptor remained associated with the membrane
fraction and is consistent with this protein on docking to LdPEX14
undergoing a conformational change that promotes its insertion into the
lipid bilayer (Figure 4.13, panel B). Subjecting membranes to a more
stringent treatment with 4 M urea in alkaline carbonate only resulted in
extraction of ~50% of the protein into the supernatant fraction which is
indicative of the LAPEX5 association with the membrane is being stabilized
by hydrophobic interactions. Surprisingly, bioinformatic analysis of the
LAdPEX5 primary sequence failed to reveal any domain with putative

membrane active features.
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FicGure 4.13: LAPEXS5 is inserted inside the phospholipid
bilayer by LAPEX14 . Floated liposomes loaded with (A) LAPEX14,
or LdAPEX14 and LAPEX5 (B) were serially extracted with 500 mM
NaCl, 100 mM NaHCOj3 and 100 mM NaHCOg3 in 4M urea. The
supernatant (S) and pellet (P) fraction at each step were separated
by ultracentrifugation and the partitioning of LAPEX14 and LdPEX5
between the two fractions assessed by SDS-PAGE and Western blot
analysis.
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4.5 Discussion

Peroxin 14 has been demonstrated to be a vital component of the
docking/translocation machinery that mediates the efficient import of
nascent proteins into glycosome/peroxisome (Albertini et al., 1997; Fransen
et al., 1998; Johnson et al., 2001; Furuya et al., 2002). Previous reports
showing that LAPEX14 was a peripheral membrane protein to the cytosolic
face of the glycosome membrane (Jardim et al., 2002; Strasser et al.,
2012) were further validated in this study by immunelectron microscopy.
The finding that LdPEX14 anchored to the glycosome surface forming
rosette patterns is congruent with the suggestion that this protein form an
oligomeric structure with a ring or doughnut-like organization that would
be reminiscent of a pre-pore structure. Preliminary transmission electron
microscopy analysis of negatively stained LdPEX14 complex suggest that
this recombinant protein alone assembles into bowel-like structures with
a ~10-40 nm diameter. Yeast PEX5 and PEX14 have also been shown
to insert into planar lipid bilayer and generate a dynamically gated pore
(Meinecke et al., 2010); however the size of these transient pores were in
the order of up to 9nm, which is significantly smaller than those observed
for LAPEX14. Moreover, the capacity to tightly regulate the opening and
closing of these translocons is particularly crucial in kinetoplastid parasites
since leakage of intermediates from the glycosomal matrix is a toxic event
that results in parasite death (Furuya et al., 2002; Guerra-Giraldez et al.,
2002; Moyersoen et al., 2003; Haanstra et al., 2008).

These data are consistent with our findings that recombinant LdPEX14
spontaneously inserts into large unilamellar vesicles which have a diameter

similar to Leishmania glycosomes (Figure 4.1 panels A and B, I. Coppens
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personal communications) .  Although the binding of LdPEX14 and
ldpex14 (120-200) was principally stabilized by hydrophobic contacts with
the lipid core, the initial insertion of these proteins into membranes
was critically dependent on the incorporation of phosphatidylglycerol
into the bilayer. This was not surprising since the rat, Saccharomyces
cerevisiae, Pichia pastoris, Trypanosoma brucei, and Trypanosoma cruzi
glycosomes and peroxisomes membranes contain 8-29% of the anionic
phospholipids PS, PI, PA, or cardiolipin (CL) (Table 4.2). The Leishmania
glycosome membrane also contained a notable population of anionic
phospholipids with the predominant species being PG (16%), an acidic
phospholipid that was absent from the membrane of the microbody
organelles of the above organisms. Another unique feature shared by the
Leishmania and T. cruzi glycosomal membranes was the high proportion of
phosphatidylethanolamine, a lipid with a small head group that favours a
non-bilayer structure, and that like negatively charged lipids, is important
for mediating protein insertion and translocation across lipid bilayers, as
well as acting as chaperone to aid in folding of membrane proteins (Kusters
et al., 1994; Rietveld et al., 1995; van Klompenburg and de Kruijff, 1998).
This high content of PG and PE is relatively unusual for eukaryotic cell
membranes and is more evocative of the lipid composition found in the
inner membrane of E. coli (Raetz, 1978). The Leishmania glycosomes also
have an unusual fatty acid composition and contains an abundance of C:18
and C:22 polyunsaturated fatty acids providing a considerable degree of
fluidity to the bilayer which would facilitate pore opening and insertion of

proteins into the glycosomal membrane.

The spontaneous insertion of the full LdAPEX14, but not the deletion
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mutant ldpex14 A149-179, into the lipid bilayer mimicking the phospholipid
composition of the L. donovani glycosomal membrane confirms that the
hydrophobic region spanning residues 149-179, a segment that is conserved
amongst all PEX14 homlogues (Albertini et al., 1997; Komori et al., 1997;
Will et al., 1999; Furuya et al., 2002; Jardim et al., 2002) is essential for
membrane binding (Itoh and Fujiki, 2006). Hydrophobic moment analysis
of residues 149-179 predicts that this segment favours formation of an
amphipathic a-helix, a structural element known to have potent membrane

binding activity (Segrest et al., 1990; Cornell and Taneva, 2006).

The capacity of LAPEX14, which in solution assembles into large oligomers
(Figure 4.1, panel C and Cyr et al. (2008)) and to bind LUVs suggest
that this amphipathic helix is surface exposed. Intrinsic fluorescence
studies previously demonstrated that this domain on LdPEX14 is highly
mobile and becomes more solvent accessible on binding LAPEX5 (Cyr
et al., 2008). These observations support the conjecture that docking
of the LAPEX5-PTS1 complex to LAdPEX14 would promote a tighter
interaction or a possible rearrangement of this amphipathic helix in the
glycosomal membrane. Limited proteolysis experiments showed that
recruitment of LAPEX14 to LUVs alter the structure of LdPEX14,
probably by promoting its membrane insertion, and render this protein
more resistant to degradation. Likewise, studies with purified glycosomes
demonstrated that the native LAPEX14 conformation and its interaction
with the glycosomal membrane is dramatically modified, making it
more refractory to proteolysis on docking of PTS1-LAPEX5-LPEX7-PTS2
trafficking complex (Strasser et al., 2012). Carboxyfluorescein leakage

assays revealed that LAPEX14 did not disrupt the LUV membrane integrity
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and is consistent with the amphipathic helix attaching parallel to the
membrane, allowing the hydrophobic face of the helix to make contacts
with the nonpolar core lipid bilayer. That the lipid-protein interactions
stabilizing the association of LdPEX14 with the membrane was limited
to the outer leaflet in the absence of the receptor proteins LAPEX5 and
LPEXT7 may explain why LAPEX14 extraction from the LUV lipid bilayer
is facilitated by urea/alkaline carbonate solution but not by an alkaline

carbonate solution alone a typical feature of peripheral membrane proteins.

Subcellular fractionation, confocal microscopy (Jardim et al., 2002), and
immunoelectron microscopy have demonstrated that LdPEX14 is strictly
targeted to the glycosomal membrane and suggests that Leishmania
employ a selective mechanism to escort newly synthesized LdPEX14
to the glycosome and prevent nonspecific binding to other intracellular
membranes. This notion is supported by the finding that deletion of the first
53 amino acids is sufficient to abrogate targeting of these mutant ldpex14
proteins to the glycosome!. Bioinformatic analysis of LAPEX14 revealed
the presence of a putative LAPEX19 binding motif situated immediately
upstream of the LAPEX5 recognition sequence which may be involved in the
trafficking of LAPEX14 to the glycosome as previously suggested (Itoh and
Fujiki, 2006; Saveria et al., 2007). The possibility that LAPEX14 is targeted
to the glycosome by an alternative peroxisomal membrane targeting signal
(mPTS) consisting of a cluster of basic residues located adjacent to the
hydrophobic region as described in the membrane proteins; PEX3, PEX16,
PMP47, and PMP70 (Heiland and Erdmann, 2005) is another favourable
possibility since this type of motif is also present in LAPEX14, downstream

of the identified hydrophobic region, between residues 183 and 192, and

1Bamerjee and Jardim, unpublished observation
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that we have observed an initial requirement for anionic phospholipids in

order to achieve proper attachment to LUVs.

The binding of ldpex14 (120-200) to LUVs, in contrast to the full length
LAdPEX14, triggered the release of carboxyfluorescein through a pore
that was formed by ldpex14 (120-200) inserted into lipid bilayer. The
capacity for ldpex14 (120-200) to mediate this event was ascribed to
the oligomerization of this protein to form a pore. It is postulated
that the amphipathic helix of ldpex14 (120-200) initially binds parallel
to the membrane, however the increased flexibility allows this peptide to
penetrates through the lipid bilayer and oligomerize to form a pore structure
akin to that of barrel-stave model (Shai 1999). Formation of a pore via
this mechanism is supported by the fact that residues 151-173 of ldepx14
(120-200) have propensity to fold into a ~30 A long amphipathic helix
which is sufficient to span the membrane (Shai, 1999; Hildebrand et al.,
2004). In addition this helix contains a central pentameric GXXXA motif
that has been implicated in the homo-oligomerization of PEX14 and other
transmembrane proteins (Kleiger et al., 2002; Itoh and Fujiki, 2006; Cyr
et al., 2008).

In contrast to the yeast and mammalian PEX5, which spontaneously
insert into lipid bilayers (Gouveia et al., 2003; Kerssen et al., 2006), no
binding of LAPEX5 or PTS1 loaded LAPEX5 to glycosome membrane
mimicking LUVs was observed unless these liposomes vesicles were loaded
with LAPEX14. This finding is supported by earlier reports showing that
only trace amounts of LAPEX5 co-purify with glycosomes (Pilar et al., 2008;
Strasser et al., 2012) and suggests that the PTS1 receptor forms only a

transient interaction with the glycosome membrane during the assembly of
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the pre-importation complex. Interestingly, the recruitment of LdPEXS5 to
the LUVs indicates that N-terminus of LdAPEX14, containing the LdAPEX5
binding site (residues 23-63) (Madrid and Jardim, 2005), remains accessible

to the bulk solvent.

Our current model assumes that the LAPEX14 macromolecular complex
binds to the outer leaflet of the lipid bilayer and ensures that glycosome
integrity is retained; which is critical for parasite viability (Furuya et al.,
2002; Guerra-Giraldez et al., 2002; Haanstra et al., 2008). On docking
of the PTS1-LAPEX5 complex, it is postulated that LdPEX14 undergoes
a conformational change that causes the amphipathic helix to penetrate
the membrane (Cyr et al., 2008) and form a translocation pore which is
supported by the capacity of ldpex14 (120-200) to cause leakage of LUV-
encapsulated carboxyfluorescein. The re-orientation of the amphipathic
helix is potentially driven by the cluster of basic amino acids (residues 182-
193) located immediately downstream of this helix. This basic cluster is
reminiscent of the hydrophilic arginine and TAT cell penetrating peptides
(Madani et al., 2011) which readily transverse lipid bilayers. A similar
mechanism utilizing a basic loop has been proposed for insertion of; PMP47
(Dyer et al., 1996), PEX3 (Fujiki et al., 2006), and PEX16 (Heiland and
Erdmann, 2005; Matsuzono and Fujiki, 2006) in the peroxisomal membrane.
Dissociation of the empty LAPEX5 receptor from LAPEX14 induces a
conformational change in LAPEX14 which would cause the withdrawal of
the amphipathic helix to the outer leaflet of the bilayer and effectively
closing the import channel. This reversible movement of the amphipathic
helix in and out of the membrane would be favoured by the increased fluidity

of this membrane due the high content of unsaturated fatty acids. In this
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model, the cargo proteins passing through the channel would maintain the

glycosomal integrity and prevent leakage of metabolites into the cytosol.

Here we illustrate for the first time that LAdPEX14 adopts a 30-40
nm, rosette-like shape at the surface of glycosomes, consistent with the
oligomeric nature of LAPEX14. We also demonstrate that LdPEX14 is
capable of spontaneously inserting into glycosome mimetic membranes
despite the absence of putative protein chaperones (e.g. PEX19) and
anchors (e.g. PEX13) identified as being essential for proper targeting
to the peroxisome/glycosome in other systems (Banerjee et al., 2005; Itoh

and Fujiki, 2006; Saveria et al., 2007; Neufeld et al., 2009).

We also propose a mechanism by which the amphipathic helix (putative
transmembrane domain) of LAPEX14 may function in forming a large gated
pore on the glycosomal membrane. Despite proper recruitment of LAPEX5
and PTS1 cargo to the LUVs, no import of the PTS1 cargo proteins into
the LUVs was detected indicating that additional membrane components
likely corresponding to the Leishmania homologues PEX2/PEX10/PEX12
subcomplex (Chang et al., 1999; Okumoto et al., 2000; Otera et al., 2000;
Kerssen et al., 2006; Krazy and Michels, 2006; Platta et al., 2007; Saveria
et al., 2007); and PEX13 (Girzalsky et al., 1999; Gouveia et al., 2000; Otera
et al., 2002; Itoh and Fujiki, 2006; Williams and Distel, 2006; Zhang et al.,
2006; Verplaetse et al., 2009), peroxins that in other systems have been
shown to interact with PEX5 and PEX14, may be required to for assembly

of a functional pore and for protein import step.
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5.1 Summary

Neglected tropical diseases (NTDs) are found to be poverty-promoting
by impairing child growth, intellectual development and by reducing
the productivity of the affected populations. Leishmaniasis remains
an important tropical disease that affect millions of people, mainly in
developing areas of the world that include Africa, the Middle East, India

and Latin America (Alvar et al., 2012).

As of 2001, it is estimated that 59,000 people died annually from
leishmaniasis. However, these estimates tend to be largely underestimated
due to the lack of available diagnostic tools (Ostyn et al., 2011; Alvar
et al., 2012; Vogel, 2012). Moreover, leishmaniasis, like other NTDs,
lacks intense pharmaceutical research favourable to the development of
effective chemotherapeutic treatments required for the elimination of these
infections from endemic areas. These caveats underscore a need for
further fundamental research essential to better understand the biology

of Leishmania sp., the protozoan parasite causing leishmaniasis.

The digenetic parasitic lifestyle involving two different hosts (insect and
mammal), has required that Leishmania sp. evolves molecular mechanisms
that permit this parasite to rapidly adapt to different environments. This
includes the compartmentalization of glycolysis and other vital metabolic
pathways in the glycosome, an organelle that is evolutionarily related to

peroxisomes and glyoxysomes of other eukaryotes.

Glycosomes, aside from being recognized as an attractive chemotherapeutic
target for treating kinetoplastid infections, provide a unique system for

addressing fundamental biological questions regarding the evolution of



Chapter 5. Summary and conclusions 141

parasitic and nonparasitic kinetoplastid organisms. First, the evolutionary
aspect of the glycosome, especially with respect to the parasitic lifestyle
of Leishmania and other trypanosomatids presents challenges with respect
to the understanding of how and why the transport machinery evolved.
Second, the transport of folded, often oligomeric, proteins across a
membrane bilayer presents a great platform to study pore-forming proteins

and the dynamics involved in the formation of such structures.

The efforts highlighted in this thesis tackled mainly this second aspect,
via the investigation of the role of Leishmania donovani peroxin 14 in the
glycosomal import machinery. We have shown that LAPEX14 assembles
into large oligomeric structures of varying sizes, having sedimentation
coefficients ranging from ~10 to 70 S in solution. Similarly, as seen
by electron microscopy, recombinant LdPEX14 adopted a bowl-shaped
quaternary structure of varying diameter, ranging from ~ 20 to 40 nm.
Three distinct domains on LdAPEX14 were responsible for assembly and
stabilization of this macromolecular complex (see Figure 4.12), which
include a LAPEX5 binding region (residues 23-63), a hydrophobic domain
reminiscent of a transmembrane domain (residues 153-165) and a leucine

zipper (residues 270-321).

Elucidation of the LAPEX5:LdPEX14 binding stoichiometry using various
biophysical techniques demonstrated that each unit of LAPEXS5 binds
four molecules of LAPEX14. This protein-protein interaction resulted in
an exothermic heat release (AG ~-36 kJ/mol) which suggests that the
LAdPEX5-LAPEX14 interaction is stabilized by a combination of hydrogen
bonding and hydrophobic interactions. Moreover, LdPEX14 exposed an

hydrophobic region to the solvent upon binding to LdPEX5 in solution.
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This tertiary structure change is hypothesized to be linked to the formation
of a translocation pore across the membrane of the glycosome, and
correlates with the formation of a more compact LdPEX14:LdPEX5

quaternary structure which could facilitates its insertion into a lipid bilayer.

Immunoelectron microscopy imagery revealed that LAPEX14 protein
complexes were found to be associated with the exterior surface of the
glycosomal membrane where they assembled into rosette-like structures of
30-40 nm in diameter. An initial phospholipid analysis of the glycosomal
membrane of Leishmania donovani showed that fatty acids present in the
glycosomal membrane are generally highly unsaturated, which encourages
fluidity of the phospholipids packing and facilitates protein insertion and
pore formation. The phospholipid composition of the glycosomal membrane
also presented a great proportion of both phosphatidylethanolamine and of
negatively charged phospholipid headgroups. The relative proportions were
the following: 27% phosphatidylcholine, 55% phosphatidylethanolamine,

16% phosphatidylglycerol and 2% phosphatidylinositol.

Recombinant LdAPEX14 bound spontaneously to liposomes composed of
the phospholipids enumerated above. This membrane-protein interaction
was dependent on incorporation of negatively charged phospholipids into
the lipid bilayer (phosphatidylglycerol in this case). Furthermore, the
hydrophobic region of LAPEX14 was essential for attachment and insertion
of this protein into membranes mimicking the glycosomal membrane
phospholipid composition. Deletion of this regions spanning residues 149-

179 abrogated the binding.

The insertion of the hydrophobic region of LAPEX14 affected the

integrity of liposomes mimicking the glycosomal membrane phospholipid
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composition by forming a pore. Encapsulated fluorescent dye leaked out of
those liposomes following addition of a peptide spanning the hydrophobic
region of LAPEX14. LdPEX14 bound to liposomes recruited the LAPEXS5-
PTS1 protein complex, and upon attachment, LAPEX5 inserted in the
lipid bilayer and adopted a conformation reminiscent of integral membrane

proteins.

5.2 Conclusion

5.2.1 Model, revisited

In order to illustrate the findings reported in this thesis, the general
Leishmania glycosomal import mechanism presented in Figure 2.12 has

been updated in Figure 5.1.

It remains unclear whether LAPEX14 acts alone or in conjunction with
other glycosomal membrane proteins that aid in pore formation and
regulation of the pore opening and allow protein complexes to translocate
across the bilayer of the organelle. Nonetheless, the role of LAPEX14, and

particularly of its hydrophobic region, is undoubtedly critical in the process.

The model elaborated here will facilitate the further decipherment
of the various steps implicated in the targeting and translocation of
proteins destined to the glycosome of Leishmania donovani and other
trypanosomatids. Current research efforts are now put in place to link
the role of LAPEX7 and PTS2 proteins and their contributions to the

translocation process.
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cytosol

Ficure 5.1: Glycosomal translocation model in Leishmania.
Recent model for the import of PTS1 and PTS2 proteins in the
glycosome of Leishmania donovani based on previous data, and
improved from Figure 2.12 using the data presented in this thesis. (1)
Proteins destined for the glycosome are recruited by their corresponding
cytosolic receptor (PTS1-LAPEX5, PTS2-LAPEX7), and are carried
to the glycosome where (2) the complex dock on LAPEX14. (3)
Conformational changes occur where LdPEX14, LAPEX5 and LdPEX7
insert in the membrane and participate in the formation of a
translocation pore. PTS cargoes are brought inside the glycosome and
(4) are released in the lumen of the organelle. Following this, LAPEX5
and LAPEXT are recycled back into the cytosol. (5) The translocation
pore is closed and the cytosolic receptors LAPEX5 and LAPEXY7 restart
their recruiting activity. (Jardim et al., 2000, 2002; Madrid and Jardim,
2005; Pilar et al., 2008; Cyr et al., 2008; Pilar et al., 2012; Strasser et al.,
2012).



Chapter 5. Summary and conclusions 145

5.2.2 Putative new drug targets

Knowing that the specificity of LAPEX14 for glycosomal membrane appears
to be driven by the presence of phosphatidylglycerol, it could be interesting
to expand the research and look for this requirement in vivo by altering
the phospholipid composition of the glycosomal membrane via interrupting
the synthesis phosphatidylglycerol. Such mechanism represents a potential
drug target since no phosphatidylglycerol was detected in the glycosomal

membrane of other trypanosomatids.

Also, the presence of very long chain fatty acids that are highly unsaturated
suggest that elongase and desaturase machineries for very long unsaturated
fatty acids are active in trypanosomatids (Lee et al., 2007). Whether
their role in glycosome biogenesis is essential remains to be verified. A
brief search through the genome of Leishmania infantum' highlighted
the presence of 10 predicted desaturases and 16 predicted elongases.
Interestingly, one putative elongase (LinJ.05.1160) appears to contain a
PTS1 signal (-AKA), absent in Trypanosoma sp. homologues. The

localization of this enzyme remains to be verified.

Lyia TriTrypDB web site - http://www.tritrypdb.org



Bibliography

Abramoff, MD; Magalhaes, PJ; and Ram, SJ. “Image Processing with
Imagel”. Biophotonics International, 11(7):36-42, 2004.

Adak, S and Datta, AK. “Leishmania major encodes an unusual peroxidase
that is a close homologue of plant ascorbate peroxidase: a novel role of the
transmembrane domain.” Biochemical Journal, 390(2):465-474, 2005.

Adjé, CA; Opperdoes, FR; and Michels, PA. “Organization, sequence
and stage-specific expression of the phosphoglycerate kinase genes
of Leishmania mexicana mexicana.” Molecular and Biochemical
Parasitology, 90(1):155-168, 1997.

Agne, B; Meindl, NM; Niederhoff, K; Einwachter, H; Rehling, P;
Sickmann, A; Meyer, HE; Girzalsky, W; and Kunau, WH. “Pex8p:
an intraperoxisomal organizer of the peroxisomal import machinery.”
Molecular Cell, 11(3):635-646, 2003.

Albertini, M; Rehling, P; Erdmann, R; Girzalsky, W; Kiel, JA; Veenhuis,
M; and Kunau, WH. “Pex14p, a peroxisomal membrane protein binding
both receptors of the two PTS-dependent import pathways.”  Cell,
89(1):83-92, 1997.

Alfonzo, J and Thiemann, O. “The mechanism of U insertion/deletion
RNA editing in kinetoplastid mitochondria”. Nucleic Acids Research,
25(19):3571-3759, 1997.

Allen, T; Hwang, HY; Wilson, K; Hanson, S; Jardim, A; and Ullman, B.
“Cloning and expression of the adenine phosphoribosyltransferase gene
from Leishmania donovani.” Molecular and Biochemical Parasitology,
74(1):99-103, 1995a.

Allen, TE; Hwang, HY; Jardim, A; Olafson, R; and Ullman, B. “Cloning
and expression of the hypoxanthine-guanine phosphoribosyltransferase
from Leishmania donovani.” Molecular and Biochemical Parasitology,
73(1-2):133-143, 1995b.

146



Bibliography 147

Alvar, J; Aparicio, P; Aseffa, A; Den Boer, M; Canavate, C; Dedet,
JP; Gradoni, L; Ter Horst, R; Lépez-Vélez, R; and Moreno, J. “The
relationship between leishmaniasis and AIDS: the second 10 years.”
Clinical Microbiology Reviews, 21(2):334-59, 2008.

Alvar, J; Vélez, ID; Bern, C; Herrero, M; Desjeux, P; Cano, J; Jannin, J;
and den Boer, M. “Leishmaniasis Worldwide and Global Estimates of
Its Incidence.” PloS One, 7(5):e35671, 2012.

Amato, VS; Tuon, FF; Bacha, HA; Neto, VA; and Nicodemo, AC. “Mucosal
leishmaniasis . Current scenario and prospects for treatment.” Acta
Tropica, 105(1):1-9, 2008.

Ardelli, BF; Witt, JDS; and Woo, PTK. “Identification of glycosomes
and metabolic end products in pathogenic and nonpathogenic strains
of Cryptobia salmositica ( Kinetoplastida : Bodonidae )”. Diseases of
Aquatic Organisms, 42(1992):41-51, 2000.

Azevedo, JE and Schliebs, W. “Pex14p, more than just a docking protein.”
Biochimica et Biophysica Acta, 1763(12):1574-1584, 2006.

Bakker, BM; Krauth-Siegel, RL; Clayton, C; Matthews, K; Girolami, M,
Westerhoff, HV; Michels, PaM; Breitling, R; and Barrett, MP. “The
silicon trypanosome.” Parasitology, 137(9):1333-1341, 2010.

Bakker, BM; Mensonides, FI; Teusink, B; van Hoek, P; Michels, Pa; and
Westerhoff, HV. “Compartmentation protects trypanosomes from the

dangerous design of glycolysis.” Proceedings of the National Academy of
Sciences, 97(5):2087-2092, 2000.

Bakker, BM; Michels, Pa; Opperdoes, FR; and Westerhoff, HV. “What
controls glycolysis in bloodstream form Trypanosoma brucei?” Journal
of Biological Chemistry, 274(21):14551-14559, 1999.

Bakker, BM; Westerhoff, HV; and Michels, PA. “Regulation and control of
compartmentalized glycolysis in bloodstream form Trypanosoma brucei.”
Journal of Bioenergetics and Biomembranes, 27(5):513-525, 1995.

Banerjee, SK; Kessler, PS; Saveria, T; and Parsons, M. “Identification of
trypanosomatid PEX19: functional characterization reveals impact on
cell growth and glycosome size and number.” Molecular and Biochemical
Parasitology, 142(1):47-55, 2005.

Bartlett, GR. “Colorimetric assay methods for free and phosphorylated
glyceric acids.” Journal of Biological Chemistry, 234(3):469-471, 1959.



Bibliography 148

Berhe, N; Wolday, D; Hailu, A; Abraham, Y; Ali, A; Gebre-Michael, T;
Desjeux, P; Sonnerborg, A; Akuffo, H; Britton, S; Gebre-michael, T;
Desjeux, P; Sonnerborg, A; Akuffo, H; and Britton, S. “HIV viral load

and response to antileishmanial chemotherapy in co-infected patients”.
AIDS, 13(14):1921-1925, 1999.

Bern, C; Maguire, JH; and Alvar, J. “Complexities of assessing the disease
burden attributable to leishmaniasis.” PLoS Neglected Tropical Diseases,
2(10):e313, 2008.

Blatch, GL and Lassle, M. “The tetratricopeptide repeat: a structural
motif mediating protein-protein interactions.” BioEssays, 21(11):932—
939, 1999.

Blattner, J; Dorsam, H; and Clatyon, CE. “Function of N-terminal import
signals in trypanosome microbodies.” FEBS letters, 360(3):310-314,
1995.

Blattner, J; Swinkels, B; Dorsam, H; Prospero, T; Subramani, S; and
Clayton, C. “Glycosome assembly in trypanosomes: variations in the
acceptable degeneracy of a COOH-terminal microbody targeting signal.”
Journal of Cell Biology, 119(5):1129-1136, 1992.

2

Blum, JJ. “Energy metabolism in Leishmania.” Journal of Bioenergetics

and Biomembranes, 26(2):147-155, 1994.

Boitz, JM and Ullman, B. “A conditional mutant deficient in hypoxanthine-
guanine phosphoribosyltransferase and xanthine phosphoribosyltrans-
ferase validates the purine salvage pathway of Leishmania donovani.”
Journal of Biological Chemistry, 281(23):16084—16089, 2006.

Boitz, JM; Ullman, B; Jardim, A; and Carter, NS. “Purine salvage in
Leishmania: complex or simple by design?” Trends in Parasitology, in
press, 2012.

Brennand, A; Rigden, DJ; and Michels, PaM. “Trypanosomes contain
two highly different isoforms of peroxin PEX13 involved in glycosome
biogenesis.” FEBS Letters, in press, 2012.

Brocard, C and Hartig, A. “Peroxisome targeting signal 1: is it really a
simple tripeptide?” Biochimica et Biophysica Acta, 1763(12):1565-1573,
2006.

Brocard, C; Lametschwandtner, G; Koudelka, R; and Hartig, A. “Pex14p
is a member of the protein linkage map of Pexbp.” EMBO Journal,
16(18):5491-5500, 1997.



Bibliography 149

Carter, NS; Landfear, SM; and Ullman, B. “Nucleoside transporters of
parasitic protozoa.” Trends in Parasitology, 17(3):142-145, 2001.

Carter, NS; Yates, P; Arendt, CS; Boitz, JM; and Ullman, B. “Purine
and pyrimidine metabolism in Leishmania.” Advances in Fxperimental
Medicine and Biology, 625:141-154, 2008.

Carvalho, AF; Costa-Rodrigues, Ja; Correia, I; Costa Pessoa, Ja; Faria,
TQ; Martins, CL; Fransen, M; Sa-Miranda, C; and Azevedo, JE. “The
N-terminal half of the peroxisomal cycling receptor Pex5p is a natively
unfolded domain.” Journal of Molecular Biology, 356(4):864-875, 2006.

Chakrabarty, R; Mukherjee, S; Lu, H; McGwire, B; Chang, K; and Basu,
M. “Kinetics of entry of virulent and avirulent strains of Leishmania

donovani into macrophages: a possible role of virulence molecules (gp63
and LPG)”. Journal of Parasitology, 82(4):632-635, 1996.

Chang, CC; Warren, DS; Sacksteder, Ka; and Gould, SJ. “PEX12 interacts
with PEX5 and PEX10 and acts downstream of receptor docking in

peroxisomal matrix protein import.”  The Journal of Cell Biology,
147(4):761-774, 1999.

Choe, J; Moyersoen, J; Roach, C; Carter, TL; Fan, E; Michels, PaM,
and Hol, WGJ. “Analysis of the sequence motifs responsible for the
interactions of peroxins 14 and 5, which are involved in glycosome
biogenesis in Trypanosoma brucei.” Biochemistry, 42(37):10915-10922,
2003.

Clayton, C; Hausler, T; and Blattner, J. “Protein trafficking in
kinetoplastid protozoa.” Microbiological Reviews, 59(3):325-344, 1995.

Cohen, GB; Ren, R; and Baltimore, D. “Modular binding domains in signal
transduction proteins.” Cell, 80(2):237-248, 1995.

Connelly, PR; Aldape, RA; Bruzzese, FJ; Chambers, SP; Fitzgibbon,
MJ; Fleming, MA; Itoh, S; Livingston, DJ; Navia, MA; and Thomson,
JA. “Enthalpy of hydrogen bond formation in a protein-ligand binding
reaction.” Proceedings of the National Academy of Sciences, 91(5):1964—
1968, 1994.

Cornell, RB and Taneva, SG. “Amphipathic helices as mediators of
the membrane interaction of amphitropic proteins, and as modulators
of bilayer physical properties.” Clurrent Protein and Peptide Science,
7(6):539-552, 2006.

Costa-Rodrigues, Ja; Carvalho, AF; Fransen, M; Hambruch, E; Schliebs,
W; Sa-Miranda, C; and Azevedo, JE. “Pexbp, the peroxisomal cycling



Bibliography 150

receptor, is a monomeric non-globular protein.” Journal of Biological
Chemistry, 280(26):24404-24411, 2005.

Croft, SL and Olliaro, P. “Leishmaniasis chemotherapy—challenges and
opportunities.”  Clinical Microbiology and Infection, 17(10):1478-1483,
2011.

Croft, SL; Seifert, K; and Yardley, V. “Current scenario of drug
development for leishmaniasis”. Indian Journal of Medical Research,
123(3):399-410, 2006.

Cruz, I; Morales, MA; Noguer, I; Rodriguez, A; and Alvar, J.
“Leishmania in discarded syringes from intravenous drug users”. Lancet,
359(9312):1124-1125, 2002.

Cyr, N; Madrid, KP; Strasser, R; Aurousseau, M; Finn, R; Ausio, J;
and Jardim, A. “Leishmania donovani peroxin 14 undergoes a marked
conformational change following association with peroxin 5.” Journal of
Biological Chemistry, 283(46):31488-31499, 2008.

Dacks, JB and Doolittle, WF. “Reconstructing/deconstructing the earliest
eukaryotes: how comparative genomics can help.” Cell, 107(4):419-425,
2001.

D’Andrea, L. “TPR proteins: the versatile helix”. Trends in Biochemical
Sciences, 28(12):655-662, 2003.

Dawson, JP; Weinger, JS; and Engelman, DM. “Motifs of serine and
threonine can drive association of transmembrane helices.” Journal of
Molecular Biology, 316(3):799-805, 2002.

de Souza, W. “From the cell biology to the development of new
chemotherapeutic approaches against trypanosomatids: dreams and
reality.” Kinetoplastid Biology and Disease, 1(1):3, 2002.

Desjeux, P. “Leishmaniasis: current situation and new perspectives.” Com-
parative Immunology, Microbiology and Infectious Diseases, 27(5):305—
318, 2004.

Dey, R and Datta, SC. “Leishmanial glycosomes contain superoxide
dismutase.” Biochemical Journal, 301(2):317-319, 1994.

Dobie, F; Berg, A; Boitz, JM; and Jardim, A. “Kinetic characterization
of inosine monophosphate dehydrogenase of Leishmania donovani.”
Molecular and Biochemical Parasitology, 152(1):11-21, 2007.

Docampo, R; de Souza, W; Miranda, K; Rohloff, P; and Moreno, SNJ.
“Acidocalcisomes - conserved from bacteria to man.” Nature Reviews in
Microbiology, 3(3):251-261, 2005.



Bibliography 151

Docampo, R and Moreno, SNJ. “Acidocalcisomes.”  Cell Calcium,
50(2):113-119, 2011.

Dodt, G; Warren, D; Becker, E; Rehling, P; and Gould, SJ. “Domain
mapping of human PEX5 reveals functional and structural similarities
to Saccharomyces cerevisiae Pex18p and Pex21p.” Journal of Biological
Chemistry, 276(45):41769-41781, 2001.

Doolittle, WF. “You are what you eat: a gene transfer ratchet could account
for bacterial genes in eukaryotic nuclear genomes.” Trends in Genetics,
14(8):307-311, 1998.

Douzery, EJP; Snell, Ea; Bapteste, E; Delsuc, F; and Philippe, H. “The
timing of eukaryotic evolution: does a relaxed molecular clock reconcile

proteins and fossils?”  Proceedings of the National Academy of Sciences,
101(43):15386-15391, 2004.

Dyer, JM; McNew, Ja; and Goodman, JM. “The sorting sequence of the
peroxisomal integral membrane protein PMP47 is contained within a
short hydrophilic loop.” Journal of Cell Biology, 133(2):269-280, 1996.

Edgar, RC. “MUSCLE: multiple sequence alignment with high accuracy
and high throughput.” Nucleic Acids Research, 32(5):1792-1797, 2004.

Eftink, MR and Ghiron, CA. “Fluorescence quenching studies with
proteins.” Analytical Biochemistry, 114(2):199-227, 1981.

Einwachter, H; Sowinski, S; Kunau, WH; and Schliebs, W. “Yarrowia
lipolytica Pex20p, Saccharomyces cerevisiae Pex18p/Pex21p and mam-
malian Pex5pL fulfil a common function in the early steps of the
peroxisomal PTS2 import pathway.” EMBO Reports, 2(11):1035-1039,
2001.

Elgersma, Y; Kwast, L; Klein, A; Voorn-Brouwer, T; van den Berg, M;
Metzig, B; America, T; Tabak, HF; and Distel, B. “The SH3 domain
of the Saccharomyces cerevisiae peroxisomal membrane protein Pex13p
functions as a docking site for Pexbp, a mobile receptor for the import
PTS1-containing proteins.” Journal of Cell Biology, 135(1):97-109, 1996.

Erdmann, R and Schliebs, W. “Peroxisomal matrix protein import:
the transient pore model.” Nature Reviews in Molecular Cell Biology,
6(9):738-742, 2005.

Estévez, aM and Simpson, L. “Uridine insertion/deletion RNA editing in
trypanosome mitochondria-a review.” Gene, 240(2):247-260, 1999.

Fairlamb, AH. “Novel biochemical pathways in parasitic protozoa.”
Parasitology, 99:593-112, 1989.



Bibliography 152

Field, MC and Carrington, M. “The trypanosome flagellar pocket.” Nature
Reviews in Microbiology, 7(11):775-786, 20009.

Folch, J; Lees, M; and Sloane Stanley, GH. “A simple method for the
isolation and purification of total lipides from animal tissues.” Journal
of Biological Chemistry, 226(1):497-509, 1957.

Fraga, J; Montalvo, A; De Doncker, S; Dujardin, J; and Van der Auwera,
G. “Phylogeny of Leishmania species based on the heat-shock protein 70
gene”. Infection, Genetics and Evolution, 10(2):238-245, 2010.

Fransen, M; Brees, C; Ghys, K; Amery, L; Mannaerts, GP; Ladant, D;
and Van Veldhoven, PP. “Analysis of mammalian peroxin interactions
using a non-transcription-based bacterial two-hybrid assay.” Molecular
and Cellular Proteomics, 1(3):243-252, 2002.

Fransen, M; Terlecky, SR; and Subramani, S. “Identification of a human
PTS1 receptor docking protein directly required for peroxisomal protein
import.” Proceedings of the National Academy of Sciences, 95(14):8087—
8092, 1998.

Fujiki, Y; Matsuzono, Y; Matsuzaki, T; and Fransen, M. “Import of
peroxisomal membrane proteins: the interplay of Pex3p- and Pex19p-
mediated interactions.” Biochimica et Biophysica Acta, 1763(12):1639—
1646, 2006.

Fujiki, Y; Miyata, N; Matsumoto, N; and Tamura, S. “Dynamic and
functional assembly of the AAA peroxins, Pex1p and Pex6p, and their
membrane receptor Pex26p involved in shuttling of the PTS1 receptor

Pexbp in peroxisome biogenesis.”  Biochemical Society Transactions,
36(1):109-113, 2008.

Furuya, T; Kessler, P; Jardim, A; Schnaufer, A; Crudder, C; and Parsons,
M. “Glucose is toxic to glycosome-deficient trypanosomes.” Proceedings
of the National Academy of Sciences, 99(22):14177-14182, 2002.

Galland, N; Demeure, F; Hannaert, V; Verplaetse, E; Vertommen, D; Van
der Smissen, P; Courtoy, PJ; and Michels, PAM. “Characterization of
the role of the receptors PEX5 and PEXT7 in the import of proteins
into glycosomes of Trypanosoma brucei.” Biochimica et Biophysica Acta,
1773(4):521-535, 2007,

Galland, N and Michels, PaM. “Comparison of the peroxisomal matrix
protein import system of different organisms. Exploration of possibilities
for developing inhibitors of the import system of trypanosomatids
for anti-parasite chemotherapy.”  FEuropean Journal of Cell Biology,
89(9):621-37, 2010.



Bibliography 153

Garg, R; Trudel, N; and Tremblay, MJ. “Consequences of the natural
propensity of Leishmania and HIV-1 to target dendritic cells.” Trends
in Parasitology, 23(7):317-324, 2007.

Gatto, GJ; Geisbrecht, BV; Gould, SJ; and Berg, JM. “Peroxisomal
targeting signal-1 recognition by the TPR domains of human PEX5.”
Nature Structural Biology, 7(12):1091-1095, 2000.

Gautier, R; Douguet, D; Antonny, B; and Drin, G. “HELIQUEST: a
web server to screen sequences with specific alpha-helical properties.”
Bioinformatics, 24(18):2101-2102, 2008.

Ginger, ML; McFadden, GI; and Michels, PAM. “Rewiring and regulation
of cross-compartmentalized metabolism in protists.”  Philosophical
Transactions of the Royal Society B, 365(1541):831-845, 2010a.

Ginger, ML; McFadden, GI; and Michels, PAM. “The evolution
of organellar metabolism in unicellular eukaryotes.”  Philosophical
Transactions of the Royal Society B, 365(1541):693-698, 2010b.

Girzalsky, W; Rehling, P; Stein, K; Kipper, J; Blank, L; Kunau, WH;
and Erdmann, R. “Involvement of Pex13p in Pex14p localization
and peroxisomal targeting signal 2-dependent protein import into
peroxisomes.” Journal of Cell Biology, 144(6):1151-1162, 1999.

Gossage, SM; Rogers, ME; and Bates, PA. “Two separate growth phases
during the development of Leishmania in sand flies: implications for
understanding the life cycle.” International Journal for Parasitology,
33(10):1027-1034, 2003.

Gould, SJ; Kalish, JE; Morrell, JC; Bjorkman, J; Urquhart, aJ; and Crane,
DI. “Pex13p is an SH3 protein of the peroxisome membrane and a docking
factor for the predominantly cytoplasmic PTsl receptor.” The Journal
of Cell Biology, 135(1):85-95, 1996.

Gould, SJ; Keller, Ga; Hosken, N; Wilkinson, J; and Subramani, S. “A
conserved tripeptide sorts proteins to peroxisomes.” Journal of Cell
Biology, 108(5):1657-1664, 1989.

Gould, SJ and Valle, D. “Peroxisome biogenesis disorders: genetics and
cell biology.” Trends in Genetics, 16(8):340-345, 2000.

Gouveia, AM; Guimaraes, CP; Oliveira, ME; Sa-Miranda, C; and Azevedo,
JE. “Insertion of Pex5p into the peroxisomal membrane is cargo protein-
dependent.” Journal of Biological Chemistry, 278(7):4389-4392, 2003.



Bibliography 154

Gouveia, AM; Reguenga, C; Oliveira, ME; Sa-Miranda, C; and Azevedo,
JE. “Characterization of peroxisomal Pex5p from rat liver. Pex5p in the

Pex5p-Pex14p membrane complex is a transmembrane protein.” Journal
of Biological Chemistry, 275(42):32444-32451, 2000.

Greenfield, NJ. “Circular dichroism analysis for protein-protein
interactions.” Methods in Molecular Biology, 261:55-78, 2004.

Grimm, I; Saffian, D; Platta, HW; and Erdmann, R. “The AAA-type
ATPases Pex1p and Pex6p and their role in peroxisomal matrix protein

import in Saccharomyces cerevisiae.” Biochimica et Biophysica Acta,
1823(1):150-158, 2012.

Grunau, S; Schliebs, W; Linnepe, R; Neufeld, C; Cizmowski, C; Reinartz, B;
Meyer, HE; Warscheid, B; Girzalsky, W; and Erdmann, R. “Peroxisomal
Targeting of PTS2 Pre-Import Complexes in the Yeast Saccharomyces
cerevisiae” . Traffic, 10(4):451-460, 2009.

Gualdrén-Lépez, M; Brennand, A; Hannaert, V; Quinones, W; Céceres,
AJ; Bringaud, F; Concepcién, JL; and Michels, PaM. “When, how and
why glycolysis became compartmentalised in the Kinetoplastea. A new
look at an ancient organelle.” International Journal for Parasitology,
42(1):1-20, 2012.

Gualdron-Lépez, M; Vapola, MH; Miinalainen, 1J; Hiltunen, JK; Michels,
PAM; and Antonenkov, VD. “Channel-forming activities in the

glycosomal fraction from the bloodstream form of Trypanosoma brucei.”
PLoS One, 7(4):€34530, 2012.

Guerin, PJ; Olliaro, P; Sundar, S; Boelaert, M; Croft, SL; Desjeux, P;
Wasunna, MK; and Bryceson, ADM. “Visceral leishmaniasis: current
status of control, diagnosis, and treatment, and a proposed research and
development agenda.” Lancet Infectious Diseases, 2(8):494-501, 2002.

Guerra, DG; Decottignies, A; Bakker, BM; and Michels, PAM. “The
mitochondrial FAD-dependent glycerol-3-phosphate dehydrogenase of
Trypanosomatidae and the glycosomal redox balance of insect stages of

Trypanosoma brucei and Leishmania spp.” Molecular and Biochemical
Parasitology, 149(2):155-169, 2006.

Guerra-Giraldez, C; Quijada, L; and Clayton, CE. “Compartmentation
of enzymes in a microbody, the glycosome, is essential in Trypanosoma
brucei.” Journal of Cell Science, 115(13):2651-2658, 2002.

Haanstra, JR; van Tuijl, A; Kessler, P; Reijnders, W; Michels, PAM;
Westerhoff, HV; Parsons, M; and Bakker, BM. “Compartmentation
prevents a lethal turbo-explosion of glycolysis in trypanosomes.”



Bibliography 155

Proceedings of the National Academy of Sciences, 105(46):17718-17723,
2008.

Hailu, A; Musa, AM; Royce, C; and Wasunna, M. “Visceral leishmaniasis:
new health tools are needed.” PLoS Medicine, 2(7):e211, 2005.

Hajduk, S; Harris, M; and Pollard, V. “RNA editing in kinetoplastid
mitochondria”. FASEB journal, 7:154-163, 1993.

Hammond, DJ and Gutteridge, WE. “Purine and pyrimidine metabolism
in the Trypanosomatidae.”  Molecular and Biochemical Parasitology,
13(3):243-61, 1984.

Hannaert, V; Bringaud, F; Opperdoes, FR; and Michels, PA. “Evolution
of energy metabolism and its compartmentation in Kinetoplastida.”
Kinetoplastid Biology and Disease, 2(1):11, 2003a.

Hannaert, V; Saavedra, E; Duffieux, F; Szikora, JP; Rigden, DJ; Michels,
PaM; and Opperdoes, FR. “Plant-like traits associated with metabolism
of Trypanosoma parasites.” Proceedings of the National Academy of
Sciences, 100(3):1067-1071, 2003b.

Hardeman, D; Versantvoort, C; van den Brink, JM; and van den Bosch, H.
“Studies on peroxisomal membranes.” Biochimica et Biophysica Acta,
1027(2):149-154, 1990.

Hausler, T; Stierhof, YD; Wirtz, E; and Clayton, C. “Import of a DHFR
hybrid protein into glycosomes in vivo is not inhibited by the folate-
analogue aminopterin.” Journal of Cell Biology, 132(3):311-324, 1996.

Heiland, T and Erdmann, R. “Biogenesis of peroxisomes. Topogenesis
of the peroxisomal membrane and matrix proteins.” FEBS Journal,
272(10):2362-2372, 2005.

Heise, N and Opperdoes, FR. “The dihydroxyacetonephosphate pathway
for biosynthesis of ether lipids in Leishmania mezicana promastigotes.”
Molecular and Biochemical Parasitology, 89(1):61-72, 1997.

Hepburn, NC. “Cutaneous leishmaniasis”. Clinical and Fxperimental
Dermatology, 25(4):363-370, 2000.

Hildebrand, PW; Preissner, R; and Frommel, C. “Structural features of
transmembrane helices.” FEBS Letters, 559(1-3):145-151, 2004.

Hirano, T; Kinoshita, N; Morikawa, K; and Yanagida, M. “Snap helix with
knob and hole: essential repeats in S. pombe nuclear protein nuc2+.”
Cell, 60(2):319-328, 1990.



Bibliography 156

Holroyd, C and Erdmann, R. “Protein translocation machineries of
peroxisomes.” FEBS Letters, 501(1):6-10, 2001.

Hotez, PJ and Aksoy, S. “An interfaith dialogue on the neglected tropical
diseases.” PLoS Neglected Tropical Diseases, 5(12):€1240, 2011.

Hotez, PJ; Fenwick, A; Savioli, L; and Molyneux, DH. “Rescuing the
bottom billion through control of neglected tropical diseases.” Lancet,
373(9674):1570-1575, 2009.

Itoh, R and Fujiki, Y. “Functional domains and dynamic assembly of the
peroxin Pex14p, the entry site of matrix proteins.” Journal of Biological
Chemistry, 281(15):10196-10205, 2006.

Ives, A; Ronet, C; Prevel, F; Ruzzante, G; Fuertes-Marraco, S; Schutz, F;
Zangger, H; Revaz-Breton, M; Lye, LF; Hickerson, SM; Beverley, SM;
Acha-Orbea, H; Launois, P; Fasel, N; and Masina, S. “Leishmania RNA
virus controls the severity of mucocutaneous leishmaniasis.” Science,
331(6018):775-778, 2011.

Jardim, A; Bergeson, SE; Shih, S; Carter, N; Lucas, RW; Merlin,
G; Myler, PJ; Stuart, K; Ullman, B; and Se, V. “Xanthine
phosphoribosyltransferase from Leishmania donovani. Molecular cloning,

biochemical characterization, and genetic analysis.” Journal of Biological
Chemistry, 274(48):34403-34410, 1999.

Jardim, A; Liu, W; Zheleznova, E; and Ullman, B. “Peroxisomal targeting
signal-1 receptor protein PEX5 from Leishmania donovani. Molecular,
biochemical, and immunocytochemical characterization.” Journal of
Biological Chemistry, 275(18):13637-13644, 2000.

Jardim, A; Rager, N; Liu, W; and Ullman, B. “Peroxisomal targeting
protein 14 (PEX14) from Leishmania donovani. Molecular, biochemical,
and immunocytochemical characterization.” Molecular and Biochemical
Parasitology, 124(1-2):51-62, 2002.

Johnson, MA; Snyder, WB; Cereghino, JL; Veenhuis, M; Subramani, S;
and Cregg, JM. “Pichia pastoris Pex14p, a phosphorylated peroxisomal
membrane protein, is part of a PTS-receptor docking complex and
interacts with many peroxins.” Yeast, 18(7):621-641, 2001.

Kajander, T; Cortajarena, AL; Mochrie, S; and Regan, L. “Structure and
stability of designed TPR protein superhelices: unusual crystal packing
and implications for natural TPR proteins.” Acta Crystallographica D,
63(7):800-811, 2007.

Kamhawi, S. “Phlebotomine sand flies and Leishmania parasites: friends
or foes?” Trends in Parasitology, 22(9):439-445, 2006.



Bibliography 157

Kaushik, S; Krishnarjuna, B; Raghothama, S; Aggarwal, S; Raghunathan,
V; and Ganjiwale, A. “Theoretical and in vitro studies of a C-terminal
peptide from PGKC of Leishmania mexicana mexicana.” Molecular and
biochemical parasitology, in press, 2012.

Keller, Ga; Krisans, S; Gould, SJ; Sommer, JM; Wang, CC; Schliebs, W;
Kunau, W; Brody, S; and Subramani, S. “Evolutionary conservation
of a microbody targeting signal that targets proteins to peroxisomes,

glyoxysomes, and glycosomes.” Journal of Cell Biology, 114(5):893-904,
1991.

Kerssen, D; Hambruch, E; Klaas, W; Platta, HW; de Kruijff, B; Erdmann,
R; Kunau, WH; and Schliebs, W. “Membrane association of the cycling

peroxisome import receptor Pexbp.” Journal of Biological Chemistry,
281(37):27003-27015, 2006.

Kessler, PS and Parsons, M. “Probing the role of compartmentation
of glycolysis in procyclic form Trypanosoma brucei: RNA interference
studies of PEX14, hexokinase, and phosphofructokinase.” Journal of
Biological Chemistry, 280(10):9030-9036, 2005.

Kleiger, G; Grothe, R; Mallick, P; and Eisenberg, D. “GXXXG
and AXXXA: common alpha-helical interaction motifs in proteins,
particularly in extremophiles.” Biochemistry, 41(19):5990-5997, 2002.

Komori, M; Kiel, Ja; and Veenhuis, M. “The peroxisomal membrane protein
Pex14p of Hansenula polymorpha is phosphorylated in vivo.” FEBS
Letters, 457(3):397-399, 1999.

Komori, M; Rasmussen, SW; Kiel, JA; Baerends, RJ; Cregg, JM; van Der
Klei, 1J; and Veenhuis, M. “The Hansenula polymorpha PEX14 gene
encodes a novel peroxisomal membrane protein essential for peroxisome
biogenesis.” EMBO Journal, 16(1):44-53, 1997.

Kosow, DP and Rose, TA. “Product inhibition of the hexokinases.” Journal
of Biological Chemistry, 245(1):198-204, 1970.

Kragt, A; Voorn-Brouwer, T; van den Berg, M; and Distel, B.
“The Saccharomyces cerevisiae peroxisomal import receptor Pex5p is

monoubiquitinated in wild type cells.” Journal of Biological Chemistry,
280(9):7867-7874, 2005.

Krazy, H and Michels, PAM. “Identification and characterization of three
peroxins—PEX6, PEX10 and PEX12-involved in glycosome biogenesis
in Trypanosoma brucei.” Biochimica et Biophysica Acta, 1763(1):6-17,
2006.



Bibliography 158

Kumar, A; Roach, C; Hirsh, IS; Turley, S; DeWalque, S; Michels, PA;
and Hol, WG. “An unexpected extended conformation for the third

TPR motif of the peroxin PEX5 from Trypanosoma brucei.” Journal of
Molecular Biology, 307(1):271-282, 2001.

Kunze, M; Neuberger, G; Maurer-Stroh, S; Ma, J; Eck, T; Braverman, N;
Schmid, Ja; Eisenhaber, F; and Berger, J. “Structural requirements for

interaction of peroxisomal targeting signal 2 and its receptor PEXT7.”
Journal of Biological Chemistry, 286(52):45048-45062, 2011.

Kusters, R; Breukink, E; Gallusser, A; Kuhn, A; and de Kruijff, B. “A
dual role for phosphatidylglycerol in protein translocation across the
Escherichia coli inner membrane.” Journal of Biological Chemistry,
269(2):1560-1563, 1994.

Kyte, J and Doolittle, RF. “A simple method for displaying the hydropathic
character of a protein.” Journal of Molecular Biology, 157(1):105-132,
1982.

Lametschwandtner, G; Brocard, C; Fransen, M; Van Veldhoven, P; Berger,
J; and Hartig, A. “The difference in recognition of terminal tripeptides
as peroxisomal targeting signal 1 between yeast and human is due to
different affinities of their receptor Pex5p to the cognate signal and to
residues adjacent to it.” Journal of Biological Chemistry, 273(50):33635—
33643, 1998.

Landfear, SM. “Nutrient transport and pathogenesis in selected parasitic
protozoa.” Eukaryotic Cell, 10(4):483-493, 2011.

Landfear, SM; Ullman, B; Carter, NS; and Sanchez, MA. “Nucleoside and
nucleobase transporters in parasitic protozoa.” Eukaryotic Cell, 3(2):245—
254, 2004.

Lazarow, PB. “The import receptor Pex7p and the PTS2 targeting
sequence.” Biochimica et Biophysica Acta, 1763(12):1599-1604, 2006.

Leavitt, S and Freire, E. “Direct measurement of protein binding energetics
by isothermal titration calorimetry.” Current Opinion in Structural
Biology, 11(5):560-566, 2001.

Lee, S; Stephens, J; and Englund, P. “A fatty-acid synthesis mechanism
specialized for parasitism”. Nature Reviews in Microbiology, 5(4):287—

297, 2007.

Leishman, WB. “On the possibility of the occurence of trypanosomiasis in
India”. British Medical Journal, 1(2213):1252-1254, 1903.



Bibliography 159

Leishman, WB. “Note on the Nature of the Parasitic Bodies found in
Tropical Splenomegaly.” British Medical Journal, 1(2249):303, 1904.

Lim, WA; Richards, FM; and Fox, RO. “Structural determinants of peptide-
binding orientation and of sequence specificity in SH3 domains.” Nature,
372(6504):375-9, 1994.

Linding, R; Jensen, LJ; Diella, F; Bork, P; Gibson, TJ; and Russell, RB.
“Protein disorder prediction: implications for structural proteomics.”
Structure, 11(11):1453-1459, 2003.

Liu, B; Liu, Y; Motyka, SA; Agbo, EEC; and Englund, PT. “Fellowship of
the rings: the replication of kinetoplast DNA.” Trends in Parasitology,
21(8):363-369, 2005.

Looker, DL; Berens, RL; and Marr, JJ. “Purine metabolism in Leishmania
donovani amastigotes and promastigotes.” Molecular and Biochemical
Parasitology, 9(1):15-28, 1983.

Lukes, J; Hashimi, H; and Zikova, A. “Unexplained complexity of the
mitochondrial genome and transcriptome in kinetoplastid flagellates.”
Current Genetics, 48(5):277-299, 2005.

Lux, H; Heise, N; Klenner, T; Hart, D; and Opperdoes, FR. “Ether-lipid
(alkyl-phospholipid) metabolism and the mechanism of action of ether—

lipid analogues in Leishmania.” Molecular and Biochemical Parasitology,
111(1):1-14, 2000.

Madani, F; Lindberg, S; Langel, U; Futaki, S; and Graslund, A.
“Mechanisms of cellular uptake of cell-penetrating peptides.” Journal
of Biophysics, 2011:1-11, 2011.

Madrid, KP; De Crescenzo, G; Wang, S; and Jardim, A. “Modulation of
the Leishmania donovani peroxin 5 quaternary structure by peroxisomal
targeting signal 1 ligands.” Molecular and Cellular Biology, 24(17):7331—
7344, 2004.

Madrid, KP and Jardim, A. “Peroxin 5-peroxin 14 association in
the protozoan Leishmania donovani involves a mnovel protein-protein
interaction motif.” Biochemical Journal, 391(1):105-114, 2005.

Magill, AJ. “Epidemiology of the leishmaniases.” Dermatologic Clinics,
13(3):505-523, 1995.

Mano, S; Nakamori, C; Nito, K; Kondo, M; and Nishimura, M. “The
Arabidopsis pex12 and pex13 mutants are defective in both PTS1- and
PTS2-dependent protein transport to peroxisomes.” The Plant Journal,
47(4):604-618, 2006.



Bibliography 160

Matlashewski, G; Arana, B; Kroeger, A; Battacharya, S; Sundar, S; Das, P;
Sinha, PK; Rijal, S; Mondal, D; Zilberstein, D; and Alvar, J. “Visceral
leishmaniasis: elimination with existing interventions.” Lancet Infectious
Diseases, 11(4):322-325, 2011.

Matsumura, T; Otera, H; and Fujiki, Y. “Disruption of the interaction of
the longer isoform of Pexbp, Pex5pL, with Pex7p abolishes peroxisome
targeting signal type 2 protein import in mammals. Study with a novel
Pexb5-impaired Chinese hamster ovary cell mutant.” Journal of Biological
Chemistry, 275(28):21715-21721, 2000.

Matsuzono, Y and Fujiki, Y. “In vitro transport of membrane proteins
to peroxisomes by shuttling receptor Pex19p.” Journal of Biological
Chemistry, 281(1):36-42, 2006.

Maugeri, D. “Pentose phosphate metabolism in Leishmania mexicana”.
Molecular and Biochemical Parasitology, 130(2):117-125, 2003.

Maugeri, Da and Cazzulo, JJ. “The pentose phosphate pathway in
Trypanosoma cruzi.” FEMS Microbiology Letters, 234(1):117-123, 2004.

Meinecke, M; Cizmowski, C; Schliebs, W; Kriiger, V; Beck, S; Wagner, R;
and Erdmann, R. “The peroxisomal importomer constitutes a large and
highly dynamic pore.” Nature Cell Biology, 12(3):273-277, 2010.

Michels, PaM; Bringaud, F; Herman, M; and Hannaert, V. “Metabolic
functions of glycosomes in trypanosomatids.” Biochimica et Biophysica
Acta, 1763(12):1463-1477, 2006.

Michels, PAM and Hannaert, V. “The evolution of kinetoplastid
glycosomes.” Journal of Bioenergetics and Biomembranes, 26(2):213~
219, 1994.

Michels, PAM; Hannaert, V; and Bringaud, F. “Metabolic aspects of
glycosomes in trypanosomatidae - new data and views.” Parasitology
Today, 16(11):482-489, 2000.

Michels, PAM; Moyersoen, J; Krazy, H; Galland, N; Herman, M; and
Hannaert, V. “Peroxisomes, glyoxysomes and glycosomes.” Molecular
Membrane Biology, 22(1-2):133-45, 2005.

Miyata, N and Fujiki, Y. “Shuttling mechanism of peroxisome targeting
signal type 1 receptor Pex5: ATP-independent import and ATP-
dependent export.” Molecular and Cellular Biology, 25(24):10822-10832,
2005.



Bibliography 161

Miyata, N; Okumoto, K; Mukai, S; Noguchi, M; and Fujiki, Y.
“AWP1/ZFANDG functions in Pex5 export by interacting with cys-
monoubiquitinated Pex5 and Pex6 AAA ATPase.” Traffic, 13(1):168—
183, 2012.

Molyneux, DH; Hotez, PJ; and Fenwick, A. “” Rapid-impact interventions”:
how a policy of integrated control for Africa’s neglected tropical diseases
could benefit the poor.” PLoS Medicine, 2(11):e336, 2005.

Moran, M. “A Breakthrough in R&D for Neglected Diseases: New Ways
to Get the Drugs We Need”. PLoS Medicine, 2(9):e302, 2005.

Moyersoen, J; Choe, J; Fan, E; Hol, WGJ; and Michels, PAM. “Biogenesis
of peroxisomes and glycosomes: trypanosomatid glycosome assembly is a
promising new drug target.” FEMS Microbiology Reviews, 28(5):603-643,
2004.

Moyersoen, J; Choe, J; Kumar, A; Voncken, FGJ; Hol, WGJ; and Michels,
PaM. “Characterization of Trypanosoma brucer PEX14 and its role
in the import of glycosomal matrix proteins”. FEuropean Journal of
Biochemistry, 270(9):2059-2067, 2003.

Mukai, S and Fujiki, Y. “Molecular mechanisms of import of peroxisome-
targeting signal type 2 (PTS2) proteins by PTS2 receptor Pex7p and
PTS1 receptor Pex5pL..” Journal of Biological Chemistry, 281(49):37311—
37320, 2006.

Miiller, S; Liebau, E; Walter, RD; and Krauth-Siegel, R. “Thiol-based redox
metabolism of protozoan parasites”. Trends in Parasitology, 19(7):320-
328, 2003.

Murray, H. “Kala-Azar - Progress against a neglected disease”. New
England Journal of Medicine, 347(22):1793-1794, 2002.

Murray, HW; Berman, JD; Davies, CR; and Saravia, NG. “Advances in
leishmaniasis.” Lancet, 366(9496):1561-1577, 2005.

Nair, DM; Purdue, PE; and Lazarow, PB. “Pex7p translocates in and out
of peroxisomes in Saccharomyces cerevisiae.” Journal of Cell Biology,
167(4):599-604, 2004.

Neufeld, C; Filipp, FV; Simon, B; Neuhaus, A; Schiiller, N; David, C;
Kooshapur, H; Madl, T; Erdmann, R; Schliebs, W; Wilmanns, M; and
Sattler, M. “Structural basis for competitive interactions of Pex14 with
the import receptors Pex5 and Pex19.” EMBO Journal, 28(6):745-754,
2009.



Bibliography 162

Niederhoff, K; Meindl-Beinker, NM; Kerssen, D; Perband, U; Schafer, A;
Schliebs, W; and Kunau, WH. “Yeast Pex14p possesses two functionally
distinct Pex5p and one Pex7p binding sites.” Journal of Biological
Chemistry, 280(42):35571-35578, 2005.

Nito, K; Hayashi, M; and Nishimura, M.  “Direct interaction and
determination of binding domains among peroxisomal import factors in
Arabidopsis thaliana.” Plant and Cell Physiology, 43(4):355-366, 2002.

Nwagwu, M and Opperdoes, FR. “Regulation of glycolysis in Trypanosoma
brucei: hexokinase and phosphofructokinase activity.” Acta Tropica,
39(1):61-72, 1982.

Okumoto, K; Abe, I; and Fujiki, Y. “Molecular anatomy of the peroxin
Pex12p: ring finger domain is essential for Pex12p function and interacts
with the peroxisome-targeting signal type 1-receptor Pexbp and a ring
peroxin, Pex10p.” Journal of Biological Chemistry, 275(33):25700-25710,
2000.

Oliveira, MEM; Reguenga, C; Gouveia, AMM; Guimaraes, CP; Schliebs,
W; Kunau, WH; Silva, MT; Sa-Miranda, C; and Azevedo, JE.
“Mammalian Pex14p: membrane topology and characterisation of the
Pex14p-Pex14p interaction.”  Biochimica et Biophysica Acta, 1567(1-
2):13-22, 2002.

Opperdoes, FR. “Compartmentation of carbohydrate metabolism in
trypanosomes.” Annual Review of Microbiology, 41:127-151, 1987.

Opperdoes, FR; Baudhuin, P; Coppens, I; De Roe, C; Edwards,
SW; Weijers, PJ; and Misset, O. “Purification, morphometric
analysis, and characterization of the glycosomes (microbodies) of the

protozoan hemoflagellate Trypanosoma brucei.” Journal of Cell Biology,
98(4):1178-1784, 1984.

Opperdoes, FR; Borst, P; Bakker, S; and Leene, W. “Localization
of glycerol-3-phosphate oxidase in the mitochondrion and particulate
NAD+-linked glycerol-3-phosphate dehydrogenase in the microbodies of
the bloodstream form to Trypanosoma brucei.” FEBS Journal, 76(1):29-
39, 1977a.

Opperdoes, FR; Borst, P; and Spits, H. “Particle-bound enzymes in
the bloodstream form of Trypanosoma brucei.” FEuropean Journal of
Biochemistry, 76(1):21-28, 1977b.

Opperdoes, FR and Michels, Pa. “The glycosomes of the Kinetoplastida.”
Biochimie, 75(3-4):231-234, 1993.



Bibliography 163

Opperdoes, FR; Nohynkova, E; Van Schaftingen, E; Lambeir, aM; Veenhuis,
M; and Van Roy, J. “Demonstration of glycosomes (microbodies) in the
Bodonid flagellate Trypanoplasma borelli (Protozoa, Kinetoplastida).”
Molecular and Biochemical Parasitology, 30(2):155-163, 1988.

Opperdoes, FR and Szikora, JP. “In silico prediction of the glycosomal
enzymes of Leishmania major and trypanosomes.”  Molecular and
Biochemical Parasitology, 147(2):193-206, 2006.

Ostyn, B; Gidwani, K; Khanal, B; Picado, A; Chappuis, F; Singh, SP;
Rijal, S; Sundar, S; and Boelaert, M. “Incidence of symptomatic and
asymptomatic Leishmania donovani infections in high-endemic foci in

India and Nepal: a prospective study.” PLoS Neglected Tropical Diseases,
5(10):e1284, 2011.

Otera, H; Harano, T; Honsho, M; Ghaedi, K; Mukai, S; Tanaka, A;
Kawai, A; Shimizu, N; and Fujiki, Y. “The mammalian peroxin Pex5pL,
the longer isoform of the mobile peroxisome targeting signal (PTS)
type 1 transporter, translocates the Pex7p.PTS2 protein complex into

peroxisomes via its initial docking site, Pex14p.” Journal of Biological
Chemistry, 275(28):21703-21714, 2000.

Otera, H; Setoguchi, K; Hamasaki, M; Kumashiro, T; Shimizu, N; and
Fujiki, Y.  “Peroxisomal targeting signal receptor Pex5p interacts
with cargoes and import machinery components in a spatiotemporally
differentiated manner: conserved Pex5p WXXXF/Y motifs are critical
for matrix protein import.” Molecular and Cellular Biology, 22(6):1639—
1655, 2002.

Ouellette, M; Drummelsmith, J; and Papadopoulou, B. “Leishmaniasis:
drugs in the clinic, resistance and new developments.” Drug Resistance
Updates, 7(4-5):257-266, 2004.

Overath, P; Stierhof, YD; and Wiese, M. “Endocytosis and secretion in
trypanosomatid parasites - Tumultuous traffic in a pocket.” Trends in
Cell Biology, 7(1):27-33, 1997.

Pace, CN; Vajdos, F; Fee, L; Grimsley, G; and Gray, T. “How to measure
and predict the molar absorption coefficient of a protein.”  Protein
Science, 4(11):2411-2423, 1995.

Parsons, M. “Glycosomes: parasites and the divergence of peroxisomal
purpose.” Molecular Microbiology, 53(3):717-724, 2004.

Parsons, M; Furuya, T; Pal, S; and Kessler, P. “Biogenesis and function of
peroxisomes and glycosomes.” Molecular and Biochemical Parasitology,
115(1):19-28, 2001.



Bibliography 164

Pecoul, B; Chirac, P; Trouiller, P; and Pinel, J. “Access to Essential
Drugs in Poor Countries”. Journal of the American Medical Association,
281(4):361-367, 1999.

Pérez-Morga, D and Englund, P. “The structure of replicating kinetoplast
DNA networks”. Journal of Cell Biology, 123(5):1069-1079, 1993.

Peters, C; Aebischer, T; Stierhof, Yd; Fuchs, M; and Overath, P. “The role
of macrophage receptors in adhesion and uptake of Leishmania mezxicana
amastigotes”. Journal of Cell Science, 3724:3715-3724, 1995.

Petriv, OI; Tang, L; Titorenko, VI; and Rachubinski, Ra. “A new definition
for the consensus sequence of the peroxisome targeting signal type 2.”
Journal of Molecular Biology, 341(1):119-134, 2004.

Pilar, AVC; Madrid, KP; and Jardim, A. “Interaction of Leishmania
PTS2 receptor peroxin 7 with the glycosomal protein import machinery.”
Molecular and Biochemical Parasitology, 158(1):72-81, 2008.

Pilar, AVC; McLean, J; Cyr, N; Hojjat, H; Kottarampatel, AH; Strasser,
R; and Jardim, A. “Analysis of the Leishmania Peroxin 7 Interactions
with Peroxin 5, Peroxin 14 and PTS2 Ligands”. submutted for publication,
2012.

Piscopo, TV and Mallia, AC. “Leishmaniasis.” Postgraduate Medical
Journal, 82(972):649-657, 2006.

Platta, HW; El Magraoui, F; Baumer, BE; Schlee, D; Girzalsky, W;
and Erdmann, R. “Pex2 and pex12 function as protein-ubiquitin
ligases in peroxisomal protein import.” Molecular and Cellular Biology,
29(20):5505-5516, 2009.

Platta, HW; El Magraoui, F; Schlee, D; Grunau, S; Girzalsky, W; and
Erdmann, R. “Ubiquitination of the peroxisomal import receptor Pex5p
is required for its recycling.” The Journal of cell biology, 177(2):197-204,
2007.

Platta, HW; Girzalsky, W; and Erdmann, R. “Ubiquitination of the
peroxisomal import receptor Pex5p.” Biochemical Journal, 384(1):37—
45, 2004.

Plourde, M; Coelho, A; Keynan, Y; Larios, OE; Ndao, M; Ruest, A;
Roy, G; Rubinstein, E; and Ouellette, M. “Genetic polymorphisms and
drug susceptibility in four isolates of Leishmania tropica obtained from
Canadian soldiers returning from Afghanistan.” PLoS Neglected Tropical
Diseases, 6(1):e1463, 2012.



Bibliography 165

Prestele, J; Hierl, G; Scherling, C; Hetkamp, S; Schwechheimer, C; Isono,
E; Weckwerth, W; Wanner, G; and Gietl, C. “Different functions
of the C3HC4 zinc RING finger peroxins PEX10, PEX2, and PEX12
in peroxisome formation and matrix protein import.” Proceedings of
the National Academy of Sciences of the United States of America,
107(33):14915-14920, 2010.

Purdue, PE and Lazarow, PB. “Peroxisomal biogenesis: multiple pathways
of protein import.” Journal of Biological Chemistry, 269(48):30065—
30068, 1994.

Purdue, PE and Lazarow, PB. “Peroxisome biogenesis.” Annual Review of
Cell and Developmental Biology, 17:701-752, 2001.

Quinones, W; Urbina, JA; Dubourdieu, M; and Luis Concepcién, J. “The
glycosome membrane of Trypanosoma cruzi epimastigotes: protein and
lipid composition.” Experimental Parasitology, 106(3-4):135-149, 2004.

Raetz, CR. “Enzymology, genetics, and regulation of membrane
phospholipid synthesis in Escherichia coli.” Microbiological Reviews,
42(3):614-659, 1978.

Rayapuram, N and Subramani, S. “The importomer-a peroxisomal
membrane complex involved in protein translocation into the peroxisome
matrix.” Biochimica et Biophysica Acta, 1763(12):1613-1619, 2006.

Reguenga, C; Oliveira, ME; Gouveia, aM; Sa-Miranda, C; and Azevedo,
JE. “Characterization of the mammalian peroxisomal import machinery:
Pex2p, Pex5p, Pex12p, and Pex14p are subunits of the same protein
assembly.” Journal of Biological Chemistry, 276(32):29935-29942, 2001.

Renslo, AR and McKerrow, JH. “Drug discovery and development for
neglected parasitic diseases.” Nature Chemical Biology, 2(12):701-710,
2006.

Rietveld, AG; Koorengevel, MC; and de Kruijff, B. “Non-bilayer lipids are
required for efficient protein transport across the plasma membrane of
Escherichia coli.” The EMBO Journal, 14(22):5506-55013, 1995.

Rizvi, F; Ouaissi, M; and Marty, B. “The major surface protein
of leishmania promastigotes is a fibronectinlike molecule”. Furopean
Journal of Immunology, 18(3):473-476, 1988.

Robinson, Ka and Beverley, SM. “Improvements in transfection efficiency
and tests of RNA interference (RNAi) approaches in the protozoan
parasite Leishmania”. Molecular and Biochemical Parasitology,
128(2):217-228, 2003.



Bibliography 166

Ross, R. “Further notes on Leishman’s bodies”. British Medical Journal,
2(2239):1401, 1903.

Roy, A; Kucukural, A; and Zhang, Y. “I-TASSER: a unified platform for
automated protein structure and function prediction.” Nature Protocols,

5(4):725-738, 2010.
Ruiz Villarrea, M. “File:Leishmaniasis life cycle diagram en.svg”. 2009.

Russell, DG and Talamas-Rohana, P. “Leishmania and the macrophage: a
marriage of inconvenience”. Immunology Today, 10(10):328-333, 1989.

Salomons, FA:; Kiel, JA; Faber, KN; Veenhuis, M; and van der Klei,
[J.  “Overproduction of Pex5p stimulates import of alcohol oxidase
and dihydroxyacetone synthase in a Hansenula polymorpha Pex14 null
mutant.” Journal of Biological Chemistry, 275(17):12603-12611, 2000.

Sampathkumar, P; Roach, C; Michels, PAM; and Hol, WGJ. “Structural
insights into the recognition of peroxisomal targeting signal 1 by
Trypanosoma brucei peroxin 5.” Journal of Molecular Biology,

381(4):867-880, 2008.

Sanchez-Moreno, M; Lasztity, D; Coppens, I; and Opperdoes, FR.
“Characterization of carbohydrate metabolism and demonstration of
glycosomes in a Phytomonas sp. isolated from Euphorbia characias.”
Molecular and Biochemical Parasitology, 54(2):185-199, 1992.

Saveria, T; Halbach, A; Erdmann, R; Volkmer-Engert, R; Landgraf, C;
Rottensteiner, H; and Parsons, M. “Conservation of PEX19-binding
motifs required for protein targeting to mammalian peroxisomal and
trypanosome glycosomal membranes.” Fukaryotic Cell, 6(8):1439-1449,
2007.

Schliebs, W and Kunau, WH. “PTS2 co-receptors: diverse proteins with
common features.” Biochimica et Biophysica Acta, 1763(12):1605-1612,
2006.

Schliebs, W: Saidowsky, J; Agianian, B; Dodt, G; Herberg, FW; and
Kunau, WH. “Recombinant human peroxisomal targeting signal receptor
PEXS5. Structural basis for interaction of PEX5 with PEX14.” Journal
of Biological Chemistry, 274(9):5666-5673, 1999.

Schonian, G; Mauricio, I; and Cupolillo, E. “Is it time to revise the
nomenclature of Leishmania 7" Trends in Parasitology, 26(10):466-469,
2010.

Segrest, JP; De Loof, H; Dohlman, JG; Brouillette, CG; and Anantharama-
iah, GM. “Amphipathic helix motif: classes and properties.” Proteins,
8(2):103-117, 1990.



Bibliography 167

Shai, Y. “Mechanism of the binding, insertion and destabilization of
phospholipid bilayer membranes by alpha-helical antimicrobial and cell
non-selective membrane-lytic peptides.” Biochimica et Biophysica Acta,
1462(1-2):55-70, 1999.

Shimizu, N; Itoh, R; Hirono, Y; Otera, H; Ghaedi, K; Tateishi, K; Tamura,
S; Okumoto, K; Harano, T; Mukai, S; and Fujiki, Y. “The peroxin
Pex14p. ¢cDNA cloning by functional complementation on a Chinese
hamster ovary cell mutant, characterization, and functional analysis.”
Journal of Biological Chemistry, 274(18):12593-12604, 1999.

Shimozawa, N; Tsukamoto, T; Nagase, T; Takemoto, Y; Koyama, N;
Suzuki, Y; Komori, M; Osumi, T; Jeannette, G; Wanders, RJa; and
Kondo, N. “Identification of a new complementation group of the
peroxisome biogenesis disorders and PEX14 as the mutated gene.”
Human Mutation, 23(6):552-558, 2004.

Shinohara, Y; Hasegawa, Y; Kaku, H; and Shibuya, N. “Elucidation of the
mechanism enhancing the avidity of lectin with oligosaccharides on the
solid phase surface.” Glycobiology, 7(8):1201-1208, 1997.

Sichting, M; Schell-Steven, A; Prokisch, H; Erdmann, R; and Rottensteiner,
H. “Pex7p and Pex20p of Neurospora crassa function together in PTS2-
dependent protein import into peroxisomes.” Molecular Biology of the
Cell, 14(2):810-821, 2003.

Simpson, AG and Roger, AJ. “Protein phylogenies robustly resolve the
deep-level relationships within Euglenozoa”. Molecular Phylogenetics and
FEvolution, 30(1):201-212, 2004.

Simpson, AGB; Gill, EE; Callahan, Ha; Litaker, RW; and Roger,
AJ. “Early evolution within kinetoplastids (euglenozoa), and the late
emergence of trypanosomatids.” Protist, 155(4):407-422, 2004.

Simpson, AGB; Stevens, JR; and Lukes, J. “The evolution and diversity of
kinetoplastid flagellates.” Trends in Parasitology, 22(4):168-174, 2006.

Simpson, L; Sbicego, S; and Aphasizhev R. “Uridine insertion/deletion
RNA editing in trypanosome mitochondria: A complex business”. RNA,
9(3):265-276, 2003.

Singh, N; Kumar, M; and Singh, RK. “Leishmaniasis: current status of
available drugs and new potential drug targets.” Asian Pacific Journal
of Tropical Medicine, 5(6):485-497, 2012.

Smith, TF; Gaitatzes, C; Saxena, K; and Neer, EJ. “The WD repeat:
a common architecture for diverse functions.” Trends in Biochemical
Sciences, 24(5):181-185, 1999.



Bibliography 168

Soares, MJ and De Souza, W. “Cytoplasmic organelles of trypanosomatids:
a cytochemical and stereological study.” Journal of Submicroscopic
Cytology and Pathology, 20(2):349-361, 1988.

Sommer, JM and Wang, CC. “Targeting proteins to the glycosomes of
African trypanosomes.” Annual Review of Microbiology, 48:105-138,
1994.

Sparks, AB; Rider, JE; Hoffman, NG; Fowlkes, DM; Quillam, LA; and Kay,
BK. “Distinct ligand preferences of Src homology 3 domains from Src,
Yes, Abl, Cortactin, pb3bp2, PLCgamma, Crk, and Grb2.” Proceedings
of the National Academy of Sciences, 93(4):1540-1544, 1996.

Spithill, TW; Chadee, K; Jardim, AP; Prichard, RK; and Ribeiro,
P.  “Confronting parasites from Canada.” Trends in Parasitology,
18(12):519-21, 2002.

Stanley, WA; Filipp, FV; Kursula, P; Schiiller, N; Erdmann, R; Schliebs, W;
Sattler, M; and Wilmanns, M. “Recognition of a functional peroxisome
type 1 target by the dynamic import receptor pexbp.” Molecular Cell,
24(5):653-663, 2006.

Stanley, Wa; Pursiainen, NV; Garman, EF; Juffer, AH; Wilmanns, M; and
Kursula, P. “A previously unobserved conformation for the human Pex5p

receptor suggests roles for intrinsic flexibility and rigid domain motions
in ligand binding.” BMC' Structural Biology, 7(C):24, 2007.

Stanley, WA and Wilmanns, M. “Dynamic architecture of the peroxisomal
import receptor Pexbp.” Biochimica et Biophysica Acta, 1763(12):1592—
1598, 2006.

Steitz, TA; Anderson, WF; Fletterick, RJ; and Anderson, CM. “High
resolution crystal structures of yeast hexokinase complexes with
substrates, activators, and inhibitors. Evidence for an allosteric control
site.” Journal of Biological Chemistry, 252(13):4494-4500, 1977.

Strasser, R; Pilar, AVC; Cyr, N; and Jardim, A. “Dynamics of Leishmania
donovani peroxin 5 and peroxin 7 in protein trafficking and docking to
the peroxine 14 complex on the glycosome”. submitted for publication,
2012.

Stuart, K; Brun, R; Croft, S; Fairlamb, A; Girtler, RE; McKerrow, J;
Reed, S; and Tarleton, R. “Kinetoplastids: related protozoan pathogens,
different diseases.” Journal of Clinical Investigation, 118(4):1301-1310,
2008.



Bibliography 169

Sturtevant, JM. “Heat capacity and entropy changes in processes involving
proteins.” Proceedings of the National Academy of Sciences, 74(6):2236—
2240, 1977.

Su, JR; Takeda, K; Tamura, S; Fujiki, Y; and Miki, K. “Crystal structure
of the conserved N-terminal domain of the peroxisomal matrix protein

import receptor, Pex14p.”  Proceedings of the National Academy of
Sciences, 106(2):417-421, 2009.

Subramani, S; Koller, A; and Snyder, WB. “Import of peroxisomal matrix
and membrane proteins”. Annual Review of Biochemistry, 69:399-418,
2000.

Swinkels, BW; Gould, SJ; Bodnar, aG; Rachubinski, Ra; and Subramani,
S. “A novel, cleavable peroxisomal targeting signal at the amino-terminus
of the rat 3-ketoacyl-CoA thiolase.” EMBO Journal, 10(11):3255-3262,
1991.

Tamura, S; Yasutake, S; Matsumoto, N; and Fujiki, Y. “Dynamic
and functional assembly of the AAA peroxins, Pexlp and Pex6p, and
their membrane receptor Pex26p.” Journal of Biological Chemistry,
281(38):27693-27704, 2006.

Tetley, L and Vickerman, K. “The glycosomes of trypanosomes: number
and distribution as revealed by electron spectroscopic imaging and 3-D
reconstruction”. Journal of Microscopy, 162(1):83-90, 1991.

Teusink, B; Walsh, MC; van Dam, K; and Westerhoff, HV. “The danger of
metabolic pathways with turbo design.” Trends in Biochemical Sciences,
23(5):162-169, 1998.

Trouiller, P and Olliaro, P. “Drug development output: what proportion
for tropical diseases?” Lancet, 354(9173):164, 1999.

Trouiller, P; Olliaro, P; Torreele, E; Orbinski, J; Laing, R; and Ford,
N. “Drug development for neglected diseases: a deficient market and
a public-health policy failure.” Lancet, 359(9324):2188-2194, 2002.

Ullman, B; Cyr, N; Choi, K; and Jardim, A. “Acidic residues in the
purine binding site govern the 6-oxopurine specificity of the Leishmania
donovani xanthine phosphoribosyltransferase.” The International
Journal of Biochemistry and Cell Biology, 42(2):253-62, 2010.

Urquhart, AJ; Kennedy, D; Gould, SJ; and Crane, DI. “Interaction
of Pex5p, the type 1 peroxisome targeting signal receptor, with the
peroxisomal membrane proteins Pex14p and Pex13p.”  Journal of
Biological Chemistry, 275(6):4127-4136, 2000.



Bibliography 170

Van Holde, KE and Weischet, WO. “Boundary analysis of sedimentation-
velocity experiments with monodisperse and paucidisperse solutes”.
Biopolymers, 17(6):1387-1403, 1978.

van Klompenburg, W and de Kruijff, B. “The role of anionic lipids in
protein insertion and translocation in bacterial membranes.” The Journal
of Membrane Biology, 162(1):1-7, 1998.

van Thiel, PP; Leenstra, T; de Vries, HJ; van der Sluis, A; van Gool, T;
Krull, AC; van Vugt, M; de Vries, PJ; Zeegelaar, JE; Bart, A; van der
Meide, WF'; Schallig, HDFH; Faber, WR; and Kager, Pa. “Cutaneous
leishmaniasis (Leishmania major infection) in Dutch troops deployed in
northern Afghanistan: epidemiology, clinical aspects, and treatment.”
American Journal of Tropical Medicine and Hygiene, 83(6):1295-1300,
2010.

Velazquez-Campoy, A; Todd, MJ; and Freire, E. “HIV-1 protease
inhibitors: enthalpic versus entropic optimization of the binding affinity.”
Biochemistry, 39(9):2201-2207, 2000.

Vergel, C; Palacios, R; Cadena, H; Posso, CJ; Valderrama, L; Perez,
M; Walker, J; Travi, BL; and Saravia, NG. “Evidence for leishmania
(viannia) parasites in the skin and blood of patients before and after
treatment.” Journal of Infectious Diseases, 194(4):503-511, 2006.

Verplaetse, E; Rigden, DJ; and Michels, PaM. “Identification,
characterization and essentiality of the unusual peroxin 13 from
Trypanosoma brucei.” Biochimica et Biophysica Acta, 1793(3):516-527,
2009.

Vogel, G. “Global health. How do you count the dead?” Science,
336(6087):1372-1374, 2012.

Waller, RF; McConville, MJ; and McFadden, GI. “More plastids in human
parasites?” Trends in Parasitology, 20(2):54-57, 2004.

Walton, PA. “Import of stably-folded proteins into peroxisomes.” Annals
of the New York Academy of Sciences, 804:76-85, 1996.

Wang, D; Visser, NV; Veenhuis, M; and van der Klei, IJ. “Physical
interactions of the peroxisomal targeting signal 1 receptor pexbp,

studied by fluorescence correlation spectroscopy.” Journal of Biological
Chemistry, 278(44):43340-43345, 2003.

Weigle, K and Saravia, NG. “Natural history, clinical evolution, and
the host-parasite interaction in New World cutaneous Leishmaniasis.”
Clinics in Dermatology, 14(5):433-450, 1996.



Bibliography 171

Weina, PJ; Neafie, RC; Wortmann, G; Polhemus, M; and Aronson, NE.
“Old world leishmaniasis: an emerging infection among deployed US
military and civilian workers.” Clinical Infectious Diseases, 39(11):1674—
1680, 2004.

WHO Expert Committee on the Control of Leishmaniases. “Control of the
leishmaniasis: report of a meeting of the WHO Expert Committee on
the Control of Leishmaniases”. Technical Report March, World Health
Organization, Geneva, Switzerland, 2010.

Will, GK; Soukupova, M; Hong, X; Erdmann, KS; Kiel, JA; Dodt, G;
Kunau, WH; and Erdmann, R. “Identification and characterization of
the human orthologue of yeast Pex14p.” Molecular and Cellular Biology,
19(3):2265-2277, 1999.

Williams, CP and Distel, B. “Pex13p: docking or cargo handling protein?”
Biochimica et Biophysica Acta, 1763(12):1585-1591, 2006.

Wilson, M and Pearson, R. “Evidence that Leishmania donovani utilizes
a mannose receptor on human mononuclear phagocytes to establish
intracellular parasitism”. Journal of Immunology, 136(12):4681-4688,
1986.

Wilson, ME and Pearson, RD. “Roles of CR3 and Mannose Receptors
in the Attachment and Ingestion of Leishmania donovani by Human
Mononuclear Phagocytes”. Infection and Immunity, 56(2):363-369, 1988.

Wriessnegger, T; Giibitz, G; Leitner, E; Ingolic, E; Cregg, J; de la Cruz, BJ;
and Daum, G. “Lipid composition of peroxisomes from the yeast Pichia
pastoris grown on different carbon sources.” Biochimica et Biophysica

Acta, 1771(4):455-461, 2007.

Wu, S; Skolnick, J; and Zhang, Y. “Ab initio modeling of small proteins
by iterative TASSER simulations”. BMC' Biology, 5(1):17, 2007.

Xu, C and Min, J. “Structure and function of WD40 domain proteins.”
Protein and Cell, 2(3):202-214, 2011.

Zarella-Boitz, JM; Rager, N; Jardim, A; and Ullman, B. “Subcellular
localization of adenine and xanthine phosphoribosyltransferases in
Leishmania  donovani”. Molecular and Biochemical Parasitology,
134(1):43-51, 2004.

Zhang, X; Chen, Z; Li, M; Wen, Y; Song, Y; and Li, J. “Construction of
ivermectin producer by domain swaps of avermectin polyketide synthase
in Streptomyces avermitilis”. Applied Microbiology and Biotechnology,
72(5):986-994, 2006.



Bibliography 172

Zhang, X; Settembre, E; Xu, C; Dormitzer, PR; Bellamy, R; Harrison, SC;
and Grigorieff, N. “Near-atomic resolution using electron cryomicroscopy
and single-particle reconstruction.” Proceedings of the National Academy
of Sciences, 105(6):1867-1872, 2008.

Zhang, Y. “I-TASSER server for protein 3D structure prediction.” BMC
Bioinformatics, 9:40, 2008.

Zhang, Y. “I-TASSER: fully automated protein structure prediction in
CASPS8.” Proteins, 77(9):100-113, 2009.

Zinser, E; Sperka-Gottlieb, CD; Fasch, EV; Kohlwein, SD; Paltauf, F; and
Daum, G. “Phospholipid synthesis and lipid composition of subcellular
membranes in the unicellular eukaryote Saccharomyces cerevisiae.”
Journal of Bacteriology, 173(6):2026-2034, 1991.



	Declaration of Authorship
	Abstract
	Abrégé
	Acknowledgements
	List of Figures
	List of Tables
	Abbreviations
	Statement of Originality
	Contribution of Authors
	1 General introduction
	1.1 Parasitology and the glycosome of trypanosomatids
	1.2 Thesis objectives

	2 Literature Review
	2.1 Neglected tropical diseases
	2.2 Leishmaniasis
	2.2.1 Disease manifestations
	2.2.2 Life cycle of Leishamania sp.
	2.2.3 Chemotherapeutic treatments

	2.3 Overview of kinetoplastid biology
	2.4 Role of glycosomes in trypanosomes
	2.4.1 Evolutionary aspects of the glycosome
	2.4.2 Energy metabolism and compartmentation of glycolysis in the glycosome
	2.4.3 Evolutionary advantage for compartmentation of glycolysis in Trypanosomatids
	2.4.4 Compartmentation of the purine salvage pathway to the glycosome

	2.5 Targeting and import of proteins to the glycosome
	2.5.1 PTS1 proteins transport in the glycosome of trypanosomes
	2.5.2 PTS2 protein transport to peroxisomes and the glycosomes of trypanosomes
	2.5.3 Interaction of PEX14 with PEX5 and PEX7
	2.5.4 LdPEX5-LdPEX7-LdPEX14 complex as a potential drug target

	2.6 Connecting statement

	3 The Leishmania donovani Peroxin 14 undergoes a marked conformational change following association with Peroxin 5
	3.1 Abstract
	3.2 Introduction
	3.3 Experimental procedures
	3.3.1 Material
	3.3.2 Cell culture
	3.3.3 LdPEX5 and LdPEX14 expression and purification
	3.3.4 Site-directed mutagenesis
	3.3.5 Tryptic analysis of LdPEX14 and LdPEX14-LdPEX5 complex
	3.3.6 Quaternary Structure Analysis
	3.3.7 Isothermal titration calorimetry (ITC)
	3.3.8 Analytical ultracentrifugation
	3.3.9 Fluorescence spectroscopy
	3.3.10 Circular Dichroism (CD)
	3.3.11 Crosslinking studies

	3.4 Results
	3.4.1 LdPEX14 quaternary structure
	3.4.2 Isothermal Titration Calorimetry
	3.4.3 Fluorescence Measurements
	3.4.4 CD Analysis
	3.4.5 Analysis of the LdPEX14 and LdPEX5-LdPEX14 Complex
	3.4.6 Limited Proteolysis

	3.5 Discussion
	3.6 Chapter-Related Acknowledgements
	3.7 Connecting statement

	4 The Hydrophobic Region of the Leishmania donovani Peroxin 14 is Required for Glycosome Membrane Anchoring and Mediating Membrane Insertion of the Leishmania donovani Peroxin 5-PTS1 Trafficking Complex
	4.1 Abstract
	4.2 Introduction
	4.3 Material and Methods
	4.3.1 Materials
	4.3.2 Electron microscopy
	4.3.3 Negative Stain Electron Microscopy
	4.3.4 Protein expression
	4.3.5 Glycosome isolation
	4.3.6 Lipid composition of the glycosomal membrane
	4.3.7 Mass spectrometry analysis
	4.3.8 Fatty acid composition of the glycosome phospholipids
	4.3.9 Liposome preparation
	4.3.10 LUV leakage assay
	4.3.11 Sucrose density flotation centrifugation
	4.3.12 Alkaline carbonate extraction
	4.3.13 Limited proteolysis
	4.3.14 ldpex14 (120-200) oligomerization
	4.3.15 Fluorescence spectroscopy
	4.3.16 Circular dichroism (CD) analysis
	4.3.17 Bioinformatics

	4.4 Results
	4.4.1 Native LdPEX14 in glycosomes
	4.4.2 Phospholipid composition of the Leishmania glycosome membrane
	4.4.3 LdPEX14 - membrane interaction
	4.4.4 The hydrophobic region of LdPEX14 is required for membrane attachment
	4.4.5 Insertion of the LdPEX14 hydrophobic region into lipid bilayer
	4.4.6 Oligomerization of ldpex14 (120-200)
	4.4.7 Assembly of the pre-import complex on LUVs
	4.4.8 Docking to LdPEX14 causes membrane insertion of LdPEX5

	4.5 Discussion
	4.6 Chapter-Related Acknowledgements

	5 Summary and conclusions
	5.1 Summary
	5.2 Conclusion
	5.2.1 Model, revisited
	5.2.2 Putative new drug targets


	Bibliography

