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Abstract

Cutancous leishmaniasis in Ethiopia is primarily caused by Leishmania aethiopica and rarely
by L. tropica and L. major. There is no rapid differential diagnostic method for these species.
The intracellular survival mechanism of Leishmania parasites is not well understood although
one of the mechanisms may be production of antioxidant enzymes such as peroxidoxins.
Peroxidoxin genes have been isolated from various Leishmania species but not from
L. aethiopica. Our objective was to identify and characterize peroxidoxin genes from

L. aethiopica.

In this study, we identified two peroxidoxin genes (Pxnl and Pxn2) from L. aethiopica by
PCR. Sequence analysis of the two genes showed that there is a high nucleotide sequence
homology between L. aethiopica and other Leishmania species. Southern blot hybridization
analysis showed peroxidoxins of L. aethiopica genes exist as muitigene family. RT-PCR
demonstrated that pxnl is predominantly expressed in amastigotes and stationary phase
promastigotes, suggesting its importance for infectivity and intracellular survival. Pxn2 is
constitutively expressed in the different stages of the parasite. Northern blot analysis and
RT-PCR showed that the overall expression of all peroxidoxin genes in L. aethiopica is
higher in the amastigotes than in the promastigotes, suggesting that peroxidoxins are
important for intracellular survival. Peroxidoxin genes appear fo be important virulence
factors and thus may be potential targets for drug development against leishmaniasis.The
genes can be explored further as potential candidate vaccines and molecular diagnostic tools.
We suggest that further research be conducted on peroxidoxins to evaluate their potential as

diagnostics, vaccine candidates and drug targets,

Key words: Intracellular survival, L. aethiopica, peroxidoxin genes



1. Introduction

1.1 Leishmaniasis

Leishmaniasis is a complex disease caused by protozoan parasites of the genus Leishmania of
the order kinetoplastida, family trypanosomatidae. Human infection is caused by about 21 of
30 species that infect mammals. These include the subgenus Leishmania (L. donovasi,
L. infantum, L. chagasi, L. mexicana, L. amazonensis, L. venezuelensis, L. tropica, L. major,
L. aethiopica) and the subgenus Viamnia (L. (V.) braziliensis, L. (V.) guyanensis,

L. (V.) panamensis, and L. (V.) peruviana).

The Leishmania parasite occurs in two developmental forms: the amastigote and the
promastigote. The amastigote is the intracellular form that lives in macrophage
phagolysosome of the vertebrate host, Amastigotes are spherical, aflagellated and nonmotile.
The promastigote is the extracellular form that occurs in the sandfly vector and in vitro
culture. Promastigotes are elongated, flageflated and motile. They assume two forms:
procyclic logarithmic (noninfective and dividing) and metacyclic stationary (infective and

nondividing) promastigotes (Sacks and Perkins, 1984).

1.1.1 Epidemiology and geographic distribution

The disease is prevalent in tropical and subtropical regions. According to WHO,
leishmaniasis is prevalent in 88 countries (16 developed, 72 developing countries) in five
continents (Figure 1) (www.who.int/health tropics leishmaniasis.htm), being highly prevalent

to North Aftrica, the Middle East, parts of Europe and parts of Central and South America
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(Roberts ef al., 2000). Tt is absent from Australia, South East Asia and the South Pacific. It
has infected 12 million people. Two million new cases and 57, 000 deaths are estimated to

occur each year,

The number of cases of leishmaniasis is increasing, mainly due to 1) environmental changes
that increase the chance of human exposure to sandflies 2) the movement of susceptible
populations into endemic areas and 3) HIV co-infection, especially in urban areas.
HIV-leishmaniasis co-infection has been reported to occur in 33 countries worldwide
(www.who.int/health_tropics leishmaniasis.htm). AIDS results in the reactivation of

asymptomatic or previously healed Leisiimania infections.

Figure 1, A map showing the worldwide distribution of leishmaniasis, Source: Davies et af, 2003,

1.1.2 Clinical manifestations

Clinically, there are two major types of leishmaniasis: visceral and cutaneous leishmaniasis.
The type of leishmaniasis is determined by the Leishmania species, the geographic location

and immune responses of the host.



Visceral leishmaniasis (VL), also called kala-azar, is most commonly caused by Leishmania
donovani in India and Africa, L. infantum in the Mediterranean region, L. chagasi in Central
and South America and occasionally by other Leishmania species (Berman, 1 997). Ninety
percent of all VL cases occur in Bangladesh, Brazil, India, Nepal and Sudan. VL is the most
severe form of leishmaniasis. Death occurs within 2-3 years after infection if left untreated in
almost all cases. The disease attacks reticuloendothelial cells of the visceral organs such as
liver, spleen, lymph nodes and bone marrow. It is characterized by fever, weight loss,

swelling of spleen and liver, and anemia.

Cutaneous leishmaniasis (CL), which is the most common form, represents 50-75% ofall
new cases. CL is primarily caused by L. mexicana complex and L. braziliensis complex
(Grimaldi et al., 1989) in the New World, and by L. major, L. tropica and L. aethiopica in the
Old World (Berman, 1997). The disease attacks the mononuclear phagocytes of the skin. It
presents itself as one or more skin lesions at the site of the sandfly bite on the exposed parts
of the body. CL generally heals spontaneously within 3 to 6 months, leaving a scar on the
skin. CL is manifested in three forms: localized cutaneous leishmaniasis (LCL), diffuse
cutancous leishmaniasis (DCL) and mucocutaneous leishmaniasis (MCL). In 1.CL, the
lesions are localized to certain parts of the body whereas in DCL lesions spread throughout
the body. DCL is caused by L. mexicana, L. amazonensis and L. aethiopica. DCL never heals
spontaneously and relapses after treatment. Ninety percent of the global CL cases occur in

Afghanistan, Brazil, Tran, Peru, Saudi Arabia and Syria,

Mucocutaneous leishmaniasis (MCL) causes disfiguring of nasal cavity and throat. It may

appear even years after the initial skin ulcer has healed. Like DCL, MCL never heals
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spontancously. It is common in Central and South America, where it is caused by
L. braziliensis (Pearson et al., 2000). Ninety percent of MCL cases occur in Bolivia, Brazil

and Peru.

1.1.3 Hosts

The invertcbrate hosts are the sandflies of the genus Phlebotomus in the Old World and
Lutzomyia in the New World (Pearson ef ¢l., 2000). About 30 species of sandflies are known

fo be vectors of leishmaniasis (www.who.int/inf-fs/en/factl 16.himl). Most leishmaniases are

zoonotic diseases, being mainly sylvatic. The vertebrate hosts are primarily mammals
(Roberts and Janovy, 1996), including canids and rodents, which serve as natural reservoirs
(Ashford and Bettini, 1987). Humans are infected only accidentally when exposed to the

natural transmission cycle. Humans are the only reservoir hosts in anthroponotic forms,

1.1.4 Life cycle and Transmission

Leishmaniasis is transmitted by the bite of female sandflies, which take blood meal
containing amastigotes from an infected vertebrate host. The amastigotes are transformed into
the noninfective procyclic promastigotes that multiply in the midgut and migrate to the
pharynx and the buccal cavity of the sandfly. The pharynx is heavily infected between the 6™
and 9™ day of ingestion of an infected blood meal. At this stage, the promastigotes are
infective (metacyclic). During the bite of the infected sandfly vector the metacyclic
promastigotes are injected into the skin of vertebrates, taken up into local macrophages by

receptor-mediated phagocytosis, They end up in phagolysosomes, where they are transformed



into amastigotes that survive and multiply in the hostile acidic phagolysosomes (PH 4.5-5).

The macrophages eventually burst and release the amastigotes, ready to infect new

macrophages, They can then be taken up by sandfly with a blood meal during a second bite,

completing the cycle (Figure 2).

Sandfly Stages

e Sandfly (akes a blood meal
{injocts promastizote stage
info the skin)

Divide in midgul and
nvigrate to proboscis

'

W
0 Amasligotes 1ransfom into
promastigole stage in mkigut

e Ing astlen of
parasitized celf

Sandlly lakes 4 blood meat
{ingests macrephages infected

A:-. Infeclive Stage with amaskgoles)
A= Diagnostic Stage

Figure 2. The life cycle of Leishmania parasite,

Source: hitp://www.dpd.cde.gov/dpdx/html/leishmaniasis. htm

1.1.5 Diagnosis

Laboratory diagnosis is accomplished by parasitological,

Human Stages

2]

Promastigotes ate
phagooytized by
macrophages

X

Promastigotes ransiofm
Into amastigates inside
mactophiages A

Amastigotes mulliply in cells
{including macrophages) of

'\ , various tissues A

immunologic and molecular

diagnostic methods. Parasitological diagnosis employs microscopy for the demonstration of
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amastigotes in G iemsa-stained s mears of relevant tissues. The parasite (promastigotes) can
also be isolated in culture in Novy-MacNeal-Nicolle (NNN) medium. Immunodiagnostic
methods include serological tests to detect antibody or antigen. ELISA or TFA methods for
antibody detection are of less value in CL diagnosis. Molecular diagnostic methods that
include the gold standard isoenzyme gel electrophoresis and PCR, and monoclonal antibodies
are differential diagnostic methods for species differentiation (Vega-Lopez, 2003).
Histopathology is another diagnostic method that demonstrates amastigotes in hematoxylin-
eosin stained biopsies. It is less sensitive than other methods. In Ethiopia, there is a need to
develop a PCR-based diagnosis that differentiates among Leishmania species that cause

Ethiopian CL.
1.1.6 Treatment

The drugs currently available for use against leishmaniasis include the pentavalent
antimonials such as sodium stibogtuconate (pentostam) and N-methylglucamine antimoniate
(glucantime), pentamidine, amphotericin B and its lipid formulation AmBisome (Berman,
1997). The antimonials have been used as first line drugs for about 50 years; however, their
disadvantages include toxicity, variable efficacy against VL and CL, long course of therapy
and emergence of resistance strains, patticularly in India (Croft and Coombs, 2003; Sundar,
2001). In Ethiopia, relapses were reported after treatment with antimonials (Berhe ef al.,
1994). Amphotericin B is a second line drug that has been used when the antimonials fail.
But, its use is limited by toxicity, high cost and difficulty to administer. The development of
lipid-based formulations of amphotericin B has reduced toxicity and increased tolerance and

therapeutic efficacy (Veerareddy and Vobalaboina, 2004). Three lipid formulations are now



available: liposomal amphotericin B (AmBisome), amphotericin B lipid complex and
amphotericin B colloidal dispersion. Pentamidine is also a second line drug that is less
frequently used due to its toxicity. The aminoglycoside paromomycin (aminosidine) and
other drugs for VL are in clinical trials (Croft and Coombs, 2003). Thus, less toxic drugs that
are effective and can be administered orally are needed. Recently, a promising new drug, oral

miltefosine, was registered in India in 2002 for use against VL (Davies ef al., 2003),

1,1.7 Prevention and control

Leishmaniasis can be controlled by drugs, vaccines and vector control. The drugs available
and their limitations are discussed above. The most effective ones are generally the most
toxic. There is no effective vaccine ready for use against leishmaniasis (Handman, 2001);
Experimental vaccines are still under development. Vaccination with promastigotes is
promising, but not yet ready. Thus, there is a need for the development of new drugs and
vaccines, which necessitates identification of targets for candidate vaccines and drugs. Vector

control is possible through the use insecticides and bednets (Davies et al., 2003).

1.2 Leishmaniais in Ethiopia

All forms of leishmaniasis occur in Bthiopia. Visceral leishmaniasis due to L. donovani
occurs in lowlands and semi-desert areas of the country such as the Segen valley around
Konso (Lindtjorn and Olafsson, 1983; Ayele and Ali, 1984; Hailu, 1990), Gambella (Hailu et
al., 1996), Humera and Metema (Mengesha and Abuhoy, 1978), and low lands of Algena,
Nakfa, Afabet, Teseney and Genale river Basin and West of Moyale (Ayele and Ali, 1984).

The main sandfly vectors of VL in Ethiopia are P. martini, P. orientalis and P. celiae (Gebre-
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Michael and Lane, 1996; Balkew ef al., 2002). Although the overall prevalence is not known
in the country, a study conducted in 10 villages near the Segen valley, South Ethiopia, 10
years ago showed that VL prevalence and incidence was 3.1% and 1.9%, respectively (Ali
and Ashford, 1994).

Cutaneous leishmaniasis commonly occurs in the highlands of Ethiopia. Ashford ef af (1973)
found LCL in three separated highland areas (Kutaber, Ocholo and Aleku), where hyraxes are
the most important reservoir hosts. The disease is also found in other highland areas such as
Debresina, Sebeta, Tulukuche, Goba and A digrat ( Ayele, 1982) and the Sidamo highlands
(Lindtjorn, 1981), DCL is common in areas where LCL occurs (Bryceson and Leithead,
1966). Ethiopian CL is generally caused by the endemic species, L. aethiopica (Bryceson and
Thomas, 1966; Bray ef al., 1973; Sarojini ef al., 1984) and rarely by L. tropica and L. major
(Desjeux, 1991), whose vector is P, dubscqi (Gebre-Michel et al., 1993). Like that of VL, the
overall prevalence of CL in Ethiopia is not well studied, but in Ocholo, an endemic village
near Arba Minch, the prevalence of CL with active lesion and scars was 10.7% and 34.4%,
respectively in 1973 (Ashford et al., 1973). A study conducted in the same village 19 years
later, in 1992, confirmed endemicity with prevalence of 3.6% active lesions and 34.3% scars
(Mengistu ef al., 1992). In this study, they showed that the prevalence of active lesion was
higher (8.5%) in the age group 0-10. Mucocutaneous leishmaniasis is also found in Ethiopia

in areas where other types of CL occur (Bryceson and Thomas, 1966; Barnetson et al., 1978).

1.2.1 Leishmania aethiopica

Leishmania aethiopica causes a spectrum of disease ranging from the self-healing LCL to
the non-self healing DCL. 1t is found in the highlands of Ethiopia and Kenya, Saudi Arabia
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and Yemen (Ashford and Bettini, 1987; Pearson and Sousa, 1996; Morsy ef al., 1997). The
known natural vertebrate hosts of L. aethiopica include three species of hyraxes (Procavia
capensis, Heterohyrax brucei and Dendrohyrax arboreus), the giant rat (Cricetomys
gambianus), and man (Ashford and Bettini, 1987). The parasite is transmitted by two closely
related sandfly species, Phlebotomous longipes and P. pedifer, both of which occur at high
altitudes, between 1700 m and 2700 m ( Ashford and Bettini, 1987), V ery recently, a new
sandfly vector (P. sergenti) for L. aethiopica has been discovered in the upper Awash valley

(Gebre-Michael ef al., 2004)

Molecular genetics of L. aethiopica and its mechanism of intracellular survival and drug
resistance are not known. In addition, there is no rapid d ifferential diagnhostic method that
distinguishes among L. aethiopica, L. tropica and L, major, all of which occur in Ethiopia to
variable degree. Ongoing global efforts to develop diagnostic, drug and vaccine targets for
leishmaniasis are difficult for using L. aethiopica because there is no animal model for
experimental infection. Attempts have been initiated in Ethiopia to identify and characterize
genes from L. aethiopica and compare these with those in other Leishmania species.
Therefore, the identification and characterization of genes would help to understand
mechanism of infracellular survival and pathogenesis, and to identify targets for diagnostics,
candidate vaccines and drugs against leishmaniasis. Moreover, the understanding of
molecular genetics (gene expression and regulation) and molecular basis of drug resistance in
L. aethiopica and other Leishmania species is a crucial step towards identifying target

molecules for diagnostics, drugs and vaccines.



1.3  Molecular genetics of Leishmania

1.3.1 The genome of Leishmania

Hybridization studies have shown that the haploid genome of Leishmania is about 35 Mb in
size and is distributed over 36 chromosomes which range in size from 0.35 to about 3 Mb
(Wincker ef al., 1996; The Leishmania Genome Network, 1998). This study also showed that
the 36 chromosomes are conscrved among the Old World species of Leishmania (L. major,
L. infantum, L. tropica and L. aethiopica). The New World Leishmania species L. mexicana
complex and L. braziliensis complex have 34 and 35 chromosomes, respectively (Britto ez
al., 1998). The Leishmania chromosomes exhibit size polymorphism such that each strain of
a given species has a distinctive molecular karyotype (Lighthall and Gianni, 1992). The
chromosome size variation ranges from 10- 20% between different strains and/or species
(Ivens and Blackwell, 1999). Even homologous chromosomes vary in size both among
species and within strains of the same species (Swindle and Tait, 1996; Wincker ef al., 1996,

Britto et al., 1998).

The Leishmania genome is distributed between two organelles: in the nucleus as
chromosomal and episomal DNA, accounting for greater than 80% of the genome, and in the
kinetoplast as extrachromosomal circular DNA molecules called kinentoplast DNA (kDNA),
consisting of 10-30% of the total cellular DNA. The kDNA is organized into a network of
several thousand interlocked DNA circles, which are of two types: several thousand small

minicircles and a few larger maxicircles (Englund ef al., 1996).
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1.3.2 Leishmania gene organization

The Leishmania contains about 8600 genes, which are organized into large polycistronic units
of adjacent genes on the same DNA strand (Myler ef al., 1999; Myler et al., 2000; Myler and
Stuatt, 2000) and are synthenic (Wincker ef al., 1996; Britto et al., 1998). This information is
based on the L. major genome. The genes occur as a single pair or in multiple copies in
tandem arrays (Swindle and Tait, 1996). No introns have been identified within any
Leishmania protein coding genes (Myler et al., 2000). The Leishmania genome has 58-60%

GC content (Stiles, 1999).

1.3.3 Gene expression in Leishmania

The mechanism of gene expression in Leishmania and other trypanosomatids is different
from that of higher cukaryotes. In higher eukaryotes each gene is under the control of its own
promoter and is transcribed as monocistronic messenger RNA, but in Leishmania and other
trypanosomatids, g enes are usually found grouped together in tandem arrays (polycistronic
transcription units) which are under the control of a single promoter and are co-transcribed to
produce polycistronic precursor RNAs (Graham, 1995). Another difference is that
trypanosomatid genes are devoid of introns and they do not therefore require cis-splicing to
produce mature messenger RNAs. Individual mature mRNAs (monocistronic transcripts) are
produced from polycistronic transcripts by a process called trans-splicing and

polyadenylation (Teixeira, 1998; Monnerat ef al., 2004 ) (Figure 3).
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Figure 3. Transcription of gene a) higher eukaryotes b) trypanosomatids. Source: Graham, 1995,

1.3.4 Regulation of gene expression in Leishmania

12

In higher eukaryotes, where each gene is under the control of its own promoter,
transcriptional regulation is the most common mechanism of regulation of gene expression.
By contrast, in trypanosomatids, because of polycistronic organization of genes,
transcriptional regulation of gene expression is not possible as this would lead to expression
at the same level of all genes in the polycistronic transcriptional unit by their common
promoter (Graham, 1995). But experimental evidences have shown that these genes are not
expressed at the same level, and their expression is primarily post-transcriptionally regulated,
possibly during RNA maturation processes, trans-splicing, and polyadenylation (Swindle and
Teixeira, 1998; Monnerat et «l., 2004). Many genes in Leishmania e.g.
genes, histone genes, cysteine protease and SOD genes are differentially

the different stages of the parasite by stage-specific modulation of mRNA




abundance (Omara-Opyene and Gedamu, 1997; Bart and Gedamu, 2001; Papageorgiou and
Soteriadou, 2 002; P lewes et «l., 2003), which is mediated by sequences located in the 3

untranslated region and in intercistronic regions (Brooks et al., 2001; Boucher ef af., 2002).

1.4  Molecular aspects of Leishimania-macrophage interactions

1.4.1 Macrophage defense mechanisms

Leishmania p arasites live within phagolysosomes of macrophages in the vertebrate host as
amastigotes. The interaction between macrophages and amastigotes determines the outcome
of infection with Leishmania. The host uses various defense mechanisms to eliminate
amastigotes. These include oxidative burst, production of reactive nitrogen species,

acidification of phagolysosomes and digestion by hydrolytic enzymes.

When Leishmania parasites are engulfed by macrophages, the NAD(P)H oxidase in the
plasma membrane of the macrophage is activated. This enzyme transfers reducing
equivalents from NAD(P)H to molecular oxygen, resulting in a large increase in oxygen
consumption (= oxidative or respiratory burst), which produces increased amount of reactive
oxygen species (ROS). The primary ROS include superoxide anions ('O;), hydrogen
peroxide (H20;) and hydroxyl radicals (OH). They can interact with cellular targets to
produce secondary and tertiary ROS, such as hydroperoxides (ROOH) and lipid peroxides.
The accumulation of ROS results in oxidative stress and consequently intraceilular killing of
the parasites (Murray, 1981; Murray et al, 1983). This is called oxidative killing (Hughes,

1988). Superoxide is formed according to the following reaction:
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NADPH -2¢'+20, 4 NADP'+H +20;
Oy +Fe* 50y + Fe®*
H,0,+0, ——» 20, +2H'
Hydroxyl radical is the most biologically reactive species and can be produced according to
the following reactions:
Oy + H0, 5 'OH + O + OH
'Oy + HOCl —» 'OH + O, + C1~
H;0; + Fe&*' ——» "OH + O -+ Fe'*
20NOO "+ 2H * 2 OH + NO, + NO;*
Hydrogen peroxide is produced as follows:
20,7+ 2H ——» H0, + 0,
Macrophages, upon activation, also produce reactive nitrogen species (RNS) such as nitric
oxide (NO) and peroxynitrite (ONOQ"), which are capable of killing intracellular parasites
(Green et al., 1989; Liew ef al., 1990, Barr and Gedamu, 2003). This is a nonoxidative killing
and may be called nitrosative killing. Nitric oxide is produced from a terminal guanidine
nitrogen atom of  L-arginine (Marletta e al., 1988). NO causes loss of iron from critical
target enzymes of parasites (James and Hibbs, 1990). Nitric oxide and superoxide radical
react to produce peroxynitrite ( Bekman and Coppenol, 1996), which is more reactive than

nitric oxide.
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The reactive oxygen species and reactive nitrogen species have been implicated in inducing
oxidation of proteins, chain breaks in polysaccharides, peroxidation of lipids and stfand
breaks and base modifications in nucleic acids (Chae er al., 1994b). This would lead to

intracellular killing of the parasites.

1.4.2 Mechanisms of survival of Leishmania within macrophages

The Leishmania parasite, on its side, has evolved various mechanisms to evade the
mactophage defense responses and continues to survive and multiply in the hostile
phagolysosomes (Bogdan ef al., 1990; Bogdan and Rollinghoff, 1998, 1999; Alexander et al.,
1999; Brandonisio ef al,, 2000; Cunningham, 2002; Handman and Bullen, 2002; Zambarno-
Villa et al., 2002). These include inhibition of phagolysosome fusion, inhibition of hydrolytic
enzymes, inhibition of cytokine production, prevention of apoptosis, inhibition of oxidative
burst, inhibition of nitric oxide production, scavenging and detoxification of reactive oxygen

species and reactive nitrogen species.
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It has been shown that L. donovani amastigotes can inhibit phagosome-endosome fusion by
using their lipophosphoglycan (LPG), a cell surface glycoprotein (Roberts and Janovy, 1996;

Desjardins and Descoteaux, 1997, Descoteaux and Turco, 1999).

In order to survive in phagolysosomes, Leishmania amastigotes have to either withstand or
inhibit host hydrolytic enzymes (Descoteaux and Turco, 1999). LPG may enable Leishmania
to resist degradation by the hydrolytic enzymes (Descoteaux and Turco, 1999). In addition,
the glycoprotein 63 protease, which s hows o ptimum activity under the acidic condition o f

phagolysosomes, has been shown to degrade lysosomal enzymes (Cunningham, 2002).

L. donovani has been shown to prevent apoptosis of infected macrophages (Moore and
Matlashewski, 1994), which results in their extended survival. Thus, by preventing apoptosis

the parasites enhance their survival within macrophages.

Amastigotes of L. amazonensis have been found to degrade MHC class Il molecules of their
host (Souza-Leao et al., 1995). This impairs antigen presentation by MHC molecules and
thus promotes intramacrophagal survival of the parasites,

Thl cells are responsible for protection against Leishmania parasite infection. These parasites
have been found to inhibit production of IL-12 (Carrera ef al., 1996; Weinheber et al., 1998),
which drives Thl (CD4+) responses and induces INF-y production from both natural killer
cells and T cells (Alexander ef al., 1999). INF-y activates macrophages to produce NO.

Leishmania is highly susceptible to killing by INF-y activated macrophages. Therefore, this
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ability t o suppress production of IL.-12 may provide intracellular survival advantage to the

parasite (Zambrano-Villa ef al., 2002).

Leishmania parasites have been shown to inhibit oxidative burst of mouse macrophages
(Buchmuller-Rouiller and Mauel, 1987). Leishmania promastigotes and amastigotes contain
an acid p hosphatase on their surface that has been shown to inhibit oxidative burst of the
macrophages. LPG and Gp63 have been associated with inhibition/suppression of oxidative

burst (Descoteaux and Turco, 1999),

Leishmania possess enzymatic, defense mechanisms against macrophage oxidants, The
enzymatic defense is due to antioxidant enzymes such as superoxide dismutase and
peroxidoxins, which bring about reduction and detoxification of reactive oxygen species and
reactive nitrogen species, preventing or limiting cellular damages caused by the oxidants,
Superoxide dismutase (SOD) is a very important antioxidant enzyme in cell cytoplasm
(copper-zinc enzyme) and in mitochondria (manganese enzyme). It catalyzes the dismutation
of superoxide anion according to the following reaction:
207 + 2H" _SQD ,, 0; + O,

SOD gene has been isolated from varvious Leishmania species, including Leishmania
aethiopica (Paramchuk et al, 1997; Genetu, 2003) and was found to be the first line
antioxidant against superoxide (Paramchuk et al., 1997). It has been shown that SOD is
important for survival of L. chagasi and L. tropica in macrophages (Ghosh et al., 2003;

Plewes et al., 2003)
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1.5 Peroxidoxins

Peroxidoxins are a recently discovered family of antioxidant enzymes (peroxidases)
(Hofmann et al., 2002). They were first isolated from the yeast Saccharomyces cerevisiae
(Kim et al, 1988). At that time they were d esignated as thiol-specific antioxidants (TSA)
because they were shown to protect yeast cells from oxidative damage, caused by a system
generating reactive oxygen species, in the presence of a thiol compound dithithretiol (DTT),
but not in the presence of ascorbate, a non-thiol molecule. Later, their specific physiological
roles were shown to be reduction of peroxides and they were renamed peroxidoxins or
peroxiredoxins. Since then, peroxidoxins have been identified from organisms of all

- kingdoms, including bacteria, protozoa, helminths, plants and mammals.

Unlike the well-known antioxidant enzymes such as catalase, superoxide dismutase and
glutathione p eroxidase, p eroxidoxins d o not ¢ ontain tightly bound metal ions or prosthetic
groups such as haeme or flavin (Kim et al., 1988); nor do they show activities of these

antioxidant enzymes.

1.5.1 Types of peroxidoxins

Based on the number of their cysteine residues, peroxidoxins are classified into two
sub-groups: 1 -cys p eroxidoxins and 2 -cys p eroxidoxins. The 1-cys peroxidoxins have only
one conserved cysteine residue that occurs in the N-terminus. The cysteine residue is
surrounded by the amino acid sequence PVCT that is unique to this sub-group. The 2-cys

peroxidoxins are characterized by having two conserved cysteine residues in the N-terminus
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(generally near residue 50) and C-terminus (generally near residue 170). Most peroxidoxins
identified to date belong to this group. The N-terminus conserved cysteine is surrounded by
the unique amino acid sequence FVCP (Chae ef al., 1994b). In addition to these two types,
peroxidoxins with three cysteine residues have been recently discovered in bacteria (Hillas et

al., 2000; Reynolds ef al., 2002).

1.5.2 Function of peroxidoxins

The major function of peroxidoxins is their antioxidant (peroxidase) activity, which is
dependent on thiol compounds (Kim e? al., 1988). Their peroxidase activity is due to their
ability to reduce and detoxify reactive oxygen species such as hydrogen peroxides (Chae et
al.,, 1994a; Netto et al., 1996; McGonigle et al., 1998; Seo ef al., 2000; Wilkinson ef ai.,
2000; Barr and Gedamu, 2001, 2003; Castro et al., 2002), hydroxyl radicals (Barr and
Gedamu, 2 001), hydroperoxides ( e.g. CuOOH, t-BOOH) (Bryk et al., 2000; Hillas et al,,
2000; Flohe et al., 2002; Barr and Gedamu, 2003) and reactive nitrogen species such as
peroxynitrites (Bryk ef al., 2000; Master ef al., 2002; Barr and Gedamu, 2003), protecting

cells from damages induced by these species.

1.5.3 Peroxidoxins of Leishmania

Peroxidoxins have been identified and characterized from several species of Leishmania,
including L eishmania m ajor (Levick ef al., 1998; Webb et al., 1998), Leishmania chagasi
(Barr and Gedamu, 2001), Leishmania donovani (Barr and Gedamu, 2001; Flohe ef al., 2002)

and Leshmania infantum (Castro ef al., 2002). They all are 2-cys peroxidoxins {cys 52 and
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cys 173) and have antioxidant activity that is dependent on a thiol compound called
tryparedoxin. T he p eroxidoxin i solated from L. magjor is encoded by a multiple copy gene
tandemly arranged on chromosome 15. The enzyme protects the parasite from H,O,, but it
cannot reduce organic hydroperoxide. In this regard, it is similar to peroxidoxin 2 from
L. chagasi (Bart and Gedamu, 2003) and Plasmodium falciparum (Kawazu et al., 2000,

Kinajksi ef al., 2001).

In L. chagasi and L. donovani, three differentially expressed 2-cys peroxidoxins (Pxnl, Pxn2,
Pxn3) have been identified and characterized by Barr and Gedamu (2001). They showed that
pxn2 and pxn3 are predominantly expressed in the promastigote stage of the parasite whereas
pxnl is predominantly expressed in the amastigote stage. Pxnl is capable of detoxifying, alkyl
hydroperoxides, hydroxyl radicals, peroxynitrites and nitric oxide whereas pxn2 detoxifies

only H;O; (Barr and Gedamu, 2003).

The peroxidoxin (tryparedoxin peroxidase) of L. donovani shows high similarity to pxn2 of
L. major (Flohe ef al., 2002). This enzyme efficiently reduces H;0, and has broad substrate
specificity for hydroperoxides. It reacts and moderately reduces t-BOOH, CuQOH, and is
marginally active with linoleic acid hydroperoxide and phophatidyl choline hydroperoxide. In
this respect, it differs from peroxidoxin of L. major that acts poorly on t-BOOH and not at all

on CuOCH.

In L. infantum, two peroxidoxins have been identified, with identity of only 50% (Castro et
ai., 2002). One is localized to the cytoplasm and is encoded by a multiple copy gene. Its

similarity to L. donovani tryparedoxin peroxidase and L. major pxn2 is 99% and 94%,
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respectively. It is 99.5% similar to pxnl gene of L. chagasi. The other is found in
mitochondria and is encoded by a single copy gene and it is 96.5% similar to L. major pxn2.
Both have been found to be constitutively expressed at protein level. Although the two
enzymes are found in different organelles, they have complementary antioxidant activities in

protecting the parasites against oxidative stress,

1.5.4 Peroxidoxins as vaccine candidates and drug targets

Several studies in murine models have clearly demonstrated that peroxidoxin of Leishimania
has immunogenic properties and thus can be exploited for its potential as candidate vaccine
against Leishmania. In one of the studies, L. major peroxidoxin 2 was evaluated for its
potential as a subunit protein vaccine (Webb et al., 1998). Briefly, immunization of
susceptible BALB/¢c mice with recombinant protein plus interleukin-12 conferred partial
protection against cutaneous leishmaniasis. In addition to this, peripheral blood mononuclear
cells (PBMC) from mucosal leishmaniasis patients showed strong peroxidoxin-specific
proliferative responscs (Webb ef al,, 1998). PBMC from visceral leishmaniasis patients also
responded to this protein although the frequency and the level o f proliferation w ere lower
(Webb ef al., 1998).

In another study, the immunogenicity of L. major peroxidoxin 2 as a DNA vaccine was
studied in mouse experiments (Campos-Neto ef al., 2002), in which the vaccine provided
solid protection against infection with virulent L. major. The vaccine was capable of inducing

strong cellular (CD8+, CD4+ T cells) and antibody-mediated (IgG2a) immune responses.
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Very recently, the vaccine potential of L. major peroxidoxin 2, in fusion with other two
L. major proteins, has been cvaluated in BALB/c mice that are susceptible to L. major
infection (Coler ef al., 2002). This study showed that the fusion protein vaccine designated
leish 111F, provided long-lasting protection against infection with L. major and
L. amazonensis. The polyprotein vaccine induced gamma interferon production and 1gG2a

response,

Peroxidoxins may also be potential drug targets. Many researchers of peroxidoxins have
suggested that enzymes of thiol metabolism such as peroxidoxins may be potential drug
targets against pathogenic bacteria and parasitic protozoa, for which effective chemotherapies
are not available (Hillas ef al., 2000; Barr and Gedamu, 2001; Son ef a/., 2001; Kawazu et al.,
2001; Castro et al,, 2002; Flohe et al., 2002, Wilkinson et al., 2000). In particular, the
potential of peroxidoxins has to be exploited in the development of effective drugs against

trypanosomatids,

To date, no work has been done to determine the presence and role of peroxidoxins in
Leishmania aethiopica. Our work aimed at identifying and characterizing these genes from
L. aethiopica. We hypothesize that L. aethiopica, like other Leishmania species, possesses
peroxidoxin genes that have antioxidant activity and play an important role in the intracellular
survival of the parasite. We also hypothesized that peroxidoxins of L. aethiopica show high

sequence homology to those of other Leishmania species.
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2. Objectives of the study

21 General objectives

- To identify and characterize peroxidoxin genes from Leishmania aethiopica
2.2  Specific objectives
1. To identify peroxidoxin gene(s) from Leishmania aethiopica
2. To sequence of the coding region and compare the degree of homology with
peroxidoxin genes of other Leishmania species
3. To determine peroxidoxin gene organization
4. To determine the expression pattern of the genes in the promastigote and

amastigote stages of the parasite
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3. Materials and methods

3.1 Parasite culture

Skin scrapings and a 4 mm biopsy were taken from the edges of lesion of two localized
cutaneous leishmaniasis patients visiting ALERT hospital in Addis Ababa. Samples were
taken from patients upon their informed consent. In order to culture promastigotes, the skin
scrapings were inoculated onto Novy-MacNeal-Nicolle (NNN) medium and incubated at 26
°C. NNN medium is a biphasic blood agar base medium prepared from sheep blood and
supplemented with Locke’s overiay solution (WHO, 1990). The isolates were designated as
1093/02 and 1185/02. Five days later, promastigotes of the isolate were subcultured in a
liquid medium containing RPMI 1640 medium (Sigma), 10% heat-inactivated fetal calf
serum (Sigma), 2 mM glutamine, 100 units/m! penicillin and 100 pg/ml streptomycin
{(GIBCO BRI, Scotland) and were grown to logarithmic phase or stationary phase, as
required for subsequent e xperiments. T he p romastigotes of the isolated 1093/02 were split
into three parts: one part was used for isoenzyme typing, the second part was for nucleic acids
isolation and/or infection of THP-1 cells and the third part was preserved in liquid nitrogen
for further work. It was shown by isoenzyme typing that the isolate 1093/02 belongs to

L. aethiopica {(Genetu, 2003). The isolate 1185/02 was not typed.

3.2 DNA isolation

Genomic DNA was isolated from the promastigotes by the phenol-chloroform extraction and
ethanol precipitation method (Sambrook and Russel, 2 000). Briefly, 1 07/m! promastigotes

were pelleted by centrifugation ( Beckman Coulter, Allgera 6R ¢ entrifuge, USA) at 3000
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rpm and the pellet was washed twice in PBS at 2000 rpm and transferred to 1.5 ml Eppendorf
tube. Parasites were tysed in lysis buffer (10 mM Tris-Cl, PH 8.3, 50 mM EDTA, 1% SDS).
The lysate was then incubated with RNase A (to a final concentration of 100 pg/ml) at 37 °C
for 1 hour to destroy contaminating RNA and further incubated overnight with proteinase K
(to a final concentration of 100 pug/ml) at 42 °C to remove proteins that would interfere with
further analysis of the DNA. The DNA was extracted by adding equal volume of
phenol:chloroform:isoamy! alcohol (25:24:1) and spinning in a microcentrifuge at 12, 000 g
for 5 minutes, The aqueous (upper) phase containing DNA was carefully removed and
transferred to a new Eppendorf tube to which 0.7 volume of isopropanol was added and
incubated at -20 °C for 30 minutes. This was spun in a microcentrifuge at 12, 000 g for 15
minutes to pellet the DNA. The supernatant was discarded and the pellet was washed in 1 ml

70% ethanol, after which it was spun at 12, 000 g for 5 minutes, The precipitaie was then
dissolved in Tris-EDTA buffer (10 mM Tris-HCI, 1 mM EDTA, pH 8.0}, quantified in

spectrophotometer at 260 nm and stored at =20 °C for further analysis, The DNA was used as

a template for PCR and Southern blot analysis.

3.3  Polymerase Chain Reaction (PCR)

The coding regions of two peroxidoxin genes (pxnl and pxn2) of L. aethiopica were
amplified by PCR from genomic DNA isolated from the promastigotes of the isolate 1093/02.
The following primers were used to amplify the coding region of pxnl: sense primer (primer
1): 5’-ACCAGGGATCCATGTCCTGCGGTGACGCC-3” and antisense primer (primer 2):

5’-ACATCGGATCCTTACTTATTGTGATCGACCTTCAGGCC-3°,
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The pxn2 was amplified using the above sense primer and a different antisense primer
(primer 3): 5’-CCGGGATCCGAATTCAGATCTTTACTGTTTGCTGAAGTACC-3’. The
primers have a BamH I site (underlined) and were previously used to amplify the coding
regions of L. chagasi or L. donovani peroxidoxin genes (Barr and Gedamu, 2001). These
primers were selected hoping that the peroxidoxin gene from L. aethiopica would exhibit

high sequence homology that of L, chagasi or L. donovani that they could anneal to the gene,

The PCR reaction mixture contained 0.5 pg genomic DNA, 5 pmoles of forward and reverse
primers, puReTaq™ Ready-To-Go PCR Bead (Amersham Biosciences, USA), which
contains 2.5 units Taq DNA polymerase, 10 mM Tris-HCl, 50 mM KCI, 1.5 mM MgCl,, 200
pm dNTPs and stabilizers including bovine serum albumin. The contents of the bead gave the
respective concentrations when sterile distilled water was added to the mixture to a final
volume of 25 pl. The reaction was carried out in a master cycler (Eppendorf), with the
cycling conditions: 94 °C for 5 min; 30 cycles of 94 °C for 1 min, 40 °C for 2 min, 72 °C for 2
min; 72 °C for 10 min. The PCR products was verified by using internal primers: sense
primer (primer 4) sequence: 5’-TATCGGATCCTCTCGACTTCACGTTTGTGCCC-3" and
primer 5: 5-TCCAGGATCCAGTTAGCGGGGCACACCTCACCGTG-3"). This is an
antisense primer designed based on the highly conserved region of peroxidoxin genes of
L. chagasi and L. donovani species (Barr and Gedamu, 2001). The components of this PCR
were as listed above, with the following cycling conditions: 94 °C for 5 min; 30 cycles of 94
°C for 1 min, 50 °C for 1 min, 72 °C for 1 min; 72 °C for 10 minutes. The PCR product was

further confirmed DNA by sequencing. The PCR product was used as a probe in Northern
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blot hybridization to determine the expression pattern of peroxidoxin genes in the two stages

of the parasite.

34  Sequencing the coding regions of peroxidoxin genes

The PCR products were sent to and sequenced at the University of Calgary, The DNA
Sequencing Facility, Alberta, Canada. The sequence data was analyzed in Ethiopia. The base
sequence of the coding region of L. aethiopica peroxidoxin was compared to that of
L. major, L. tropica, L. chagasi, L. donovani and L. infantum to determine the degree of
sequence homology. This was done using Vector NTI software (version 6). The coding
regions of peroxidoxins of L. aethiopica were translated into protein, and amino acid
sequences were compared to peroxidoxin proteins of other Leishmania species using the
same software. Dendrograms were constructed using MEGA 3 software by Neighbor Joining

(NJ} method (Saitou and Nei, 1987).

3.5  Southern blot hybridization

Labeling of probe, prehybridization, hybridization and immunological detection were carried
out using DIG High Prime DNA Labeling and Detection Starter kit I (Roche, Germany)

according to manufacturer’s instructions.

3.5.1 Probe preparation

DIG-labeled probes were prepared with DIG-High Prime solution (provided in the kit) by

random primed labeling method. The solution contained random primers, digoxigenin-dUTP,
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dNTPs, Klenow DNA polymerase and 5 x reaction buffers, The PCR product was isolated
from low-melting point agarose following standard procedures (Sambrook and Russel, 2000)
and quantified in spectrophotometer at 260 nm. One microgram of the purified PCR product
was mixed with aufoclaved double distilled water to a final volume of 16 pl and denatured in
a boiling water bath for 10 minutes. Then, 4 ul DIG-High Prime solution was added to the
denatured DNA and the mixture was incubated at 37 °C for 20 hours, during which synthesis

and labeling was accomplished.

Labeling efficiency was determined by making a series of dilutions of the labeled DNA and
DIG-labeled control DNA starting from 1 ng/pl and applying to a positively charged nylon
membrane, which was subjected to immunological detection. According to the manufacturer
of the kit, the visibility of the 0.1 pg/ul dilution is indicative of high labeling efficiency and

the probe was used at a concentration of 25 ng/ml in hybridization solution.

3.5.2 Genomic DNA blotting and hybridization

Genomic DNA (4 ng) of promastigotes was digested with the restriction enzyme EcoR I and
BamH IH following standard procedures (Sambrook and Russel, 2000). The digested DNA
was run on 0. 8% agarose gel at 100 volts. After electrophoresis, the photograph of the gel
was taken and the DNA on the gel was allowed to transfer to a positively charged nylon
membrane (Roche, Germany) overnight by upward alkali (0.4 N NAOH) transfer method
following standard protocols (Sambrook and Russel, 2000). The membrane was rinsed in

neutralization buffer (1.5 M NaCl, 0.5 M Tris-HCl, 0.001 M EDTA). The DNA was then
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fixed permanently to the nylon membrane by exposing to UV light (254 nm) for Sminutes.
Following DNA fixation, the membrane was prehybridized with a hybridization solution,
provided in the above-mentioned kit, in a shaking water bath at 68 °C for 30 minutes. The
membrane was hybridized with a DIG-labeled DNA probe (25 ng/ml in 3 ml of hybridization
solution) in hybridization incubator in a roller bottle overnight at 42 °C, after which
stringency washes were done with decreasing salt concentration and increasing temperature.
The first was done twice with 2x SSC (sodium chloride/sodium citrate) at room temperature
for 5 minutes and then twice with 0.5x SSC at 68 °C for 15 minutes. Following stringency
washes, immunological detection of hybrid DNA was carried out at room temperature as
follows: the membrane was incubated for 30 minutes in 1x blocking solution (provided in the
kit), incubated for 30 minutes in antibody sotution (anti-digoxigenin antibody conjugated to
alkaline phosphatase), washed twice for 15 minutes in washing buffer (0.1 M Tris-HCl, 0.15
M NaCli, PH 7.5), equilibrated for 5 minutes in detection buffer (0.1 M Tris-HCI, 0.1 M
NaCl, PH 9.5) and finally incubated overnight in freshly prepared colour substrate solution
containing nitroblue tetrazolium chloride (NBT) and 5-bromo-4-chloro-3-indolyl-phosphate
(BCIP), which react with alkaline phosphatase and bring about a color change. After color
development, the reaction was stopped by washing the membrane with sterile Tris-EDTA
buffer (0.1 M Tris-HCI, 1mM EDTA, PH 8) for 5 minutes. Finally, the result was

photographed.

3.6 Infection of THP1 cells

The macrophage cell lines THP1 cells (American Cell Culture Collection) were used as an in

vitro model for the infection of L. aethiopica (Ogukolade ef al., 1990; Mohamed ef al., 1992)
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and L. donovani (Dasgupta ef al., 2003). These cells were cultured in RPMI 1640 medium
supplemented with 10% heat-inactivated bovine calf serum (Sigma, Germany), 2 mM
glutamine, 100 units/ml penicillin and 100 pg/mi streptomycin (all three are from Gibco
BRL, Scotland) at 37 °C in 5% CO, incubator. The cells were pelleted by centrifugation
(Beckman Coulter, Allgera 6R centrifuge, USA) at 1500 rpm for 10 minutes at room
temperature. The pellet was then washed twice with RPMI 1640 at 1500 rpm for 10 minutes
at 4 °C. The pellet was suspended in RPMI 1640 and cell concentration was adjusted fo 2 x

10° cells/ml.

The THP-1 cells were checked for viability by trypan blue exclusion and d ifferentiated to
macrophages by treatment with retinoic acid ata final concentration of 10 "® M, The cells
were incubated with this concentration of retinoic acid at 37 °C in 5% CO, incubator for 5
days. The differentiated cells were washed three times with RPMI 1640 and checked for
viability by trypan blue exclusion, after which they were mixed with stationary phase
promastigotes at 1: 20 cell to parasite ratio and incubated in fresh medium at 37 °C in 5%
CO; incubator for 24 hours. Verification of infection was done as follows: the cells were
washed three times with RPMI 1 640 at 6 00 rpm to remove unphagotisized promastigotes,

cytocentrifgued, fixed with absolute methanol and stained with Wright stain.

3.7 RNA isolation

In order to analyze the expression pattern of L. aethiopica peroxidoxin genes, total RNA was

isolated from promastigotes and amastigotes using TRIzol™ reagent (Invitrogen, USA)

30



according to the manufacturer’s instructions. Briefly, the parasites were pelleted at 3000 rpm
in Beckman Coulter centrifuge and washed in 1x PBS (phosphate-buffered saline) at 2000
rpm. The pellet was resuspended in 1 ml TRIzol™ reagent and transferred to 1.5 ml
Eppendorf tube and incubated at room temperature for 5 minutes. Chloroform (200 pl) was
added to the suspension, shaken vigorously and left at room temperature for 3 minutes, after
which it was microcentrifuged at 12,000 g at 4 °C for 15 minutes. Aqueous phase was
transferred to a new tube, 500 pl isopropanol was added, mixed and incubated at room
temperature for 10 minutes, after which it was microcentrifuged at 12, 000 g for 10 minutes
at 4 °C. The pellet was washed in 1 ml 70% ethanol by spinning at 7, 500 g for 5 minutes.
The pellet was then air-dried, resuspended in RNase free water and stored at —80 °C, The
integrity of the RNA was checked by running 4 pg of the sample on 1.2% denaturing
formaldehyde agarose gel before storage. In order to get amastigotes and isolate RNA from
them, the macrophage cell lines THP-1 cells were infected with stationary phase
promastigotes. Stationary phase promastigotes were obtained by inoculating a liquid medium
with 10%ml parasites and harvesting them on day 6 or day 7. At this stage the parasites were
nondividing and can be distinguished form the dividing logarithmic phase promastigotes
(Zarley et al., 1991), To determine the expression pattern of peroxidoxin genes, RNA was
then analyzed by Northern blot hybridization (Sambrook and Russel, 2000) and RT-PCR.

Thus the RNA was used as a template in Northern botting and in cDNA synthesis.

3.8 Complementary DNA (cDNA) synthesis

cDNA was synthesized using Omniscript Reverse Transcriptase (RT) kit {(Qiagen, Germany)

following manufacturer’s procedures. Briefly, a reaction mixture (20 pl) of 1x RT buffer,
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dNTP mix (0.5 mM each dNTP), 10 units RNase inhibitor, 1 uM oligo-dT primer, 4 units
Omniscript Reverse Transcriptase, 2 pg RNA and RNase free water was incubated at 37 °C
for 1 hour, after which the reaction mixture was heated at 93 °C for 5 minufes to inactivate
Omniscript reverse transcriptase that would interfere with further analysis of the ¢cDNA
(subsequent PCR). (All reaction reagents were components of the kit except RNase inhibitor
and oligo-dT primer which were purchased from Promega, USA). This was followed by rapid
chilling on ice. The cDNA was then quantified using a spectrophotometer at 260 nm and

stored at —20 ° C for further use as a template for PCR.,

3.9  Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR)

Three different P CR e xperiments were ¢ onducted as d escribed in section 3.3 to d etermine
expression pattern of peroxidoxin 1, peroxidoxin2 and all peroxidoxins in the different stages
of L. aethiopica. But the template nsed was ¢cDNA of amastigotes or promastigotes, not
genomic DNA, according to the individual experiments. The first was carried out using
internal primers (primer 4 and primer 5) to determine the overall expression level of all
peroxidoxin genes present in L. aethiopica. The second was performed using primer 1 and
primer 2 to determine expression pattern of peroxidoxin 1 and the third was conducted using
primer 1 and primer 3 to determine expression pattern of peroxidoxin 2. The house-keeping
a~tubulin gene of Leishmania was used as a loading control. The PCR product was run on
1.5% agarose gel and the intensity of bands corresponding to amastigotes and promastigotes

were compared.
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3.10 Northern blot hybridization

RNA samples from the promastigote, infected macrophages and uninfected THP1 cells were
run on 1.2% denaturing formaldehyde agarose gel and transferred to a positively charged
nylon membrane by upward capillary transfer method using 20x SSC as a transfer buffer, All
solutions and water used here were made RNAse free by treating them with
diethylpyrocarbonate to a final concentration of 0.1%. Hybridization and immunological

detection were carried out as described for Southern blot hybridization.
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4, Results

4.1  Identification of two peroxidoxin genes from L. aetltiopica

In this study, we identified the coding regions of two peroxidoxin genes (pxnl and pxn2)
from genomic DNA of L. aethiopica (isolate 1093/02) promastigotes by PCR. Pxnl was
amplified using primer 1 and primer 2 whereas pxn2 was amplified using primer 1 and primer
3 (Figure 5). Sequence analysis of the PCR products showed that the coding region of the
pxnl is 570 base pairs (Figure 6a; Figure 7a) while that of pxn2 is 600 base pairs (Figure 6b;
Figure 7b). The PCR products were verified by 1) comparing the PCR products of
peroxidoxin genes from other Leishmania species on agarose gel, 2) PCR using internal
primers (primer 4 and primer 5) (Figute 5) which amplified from the internal region (Figure
6¢c) and 3) sequencing their respective products. We have also analyzed the PCR products of
the coding regions of peroxidoxin genes from two clinical isolates (designated 1185/02 and
1400/02) (Figure 6a, lane 3 and 4; Figure 6b, lane 3) taken from Ethiopian LCL patients and
from L. tropica (Figure 6a, lane 5; Figure 6b, lane 4). These genes were sequenced and
compared to those of L. aethiopica (see appendix C and E). This is the first report of

peroxidoxin genes sequence from L. aethiopica, but also from L. fropica.

primer 5  primer 2 or 3

primer 1 primer 4
Figure 5. The coding region of peroxidoxin gene and primers used in PCR. The middle region represents the

internal region of the coding region,
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1234 56
1234567

b)

570 bp 600 bp

1234567 89101112

400 bp

Figure 6. PCR product a) Pxnl from genomic DNAs. | kb plus DNA ladder (lane 1), 1093/02 (L. aethiopica)
(lane 2), 1185/02 (lane 3), 1400/02 (lane 4}, L. tropica (lane 3), L. chagasi (lane 6} b) Pxn2 from
genomic DNAs. | kb plus DNA ladder (lane 1), 1093/02 (L. aethiopica) (lane 2}, 1185/02 {lane 3),
L. tropica (lane 4), L. chagasi (lane 5) ¢) Internal region of Pxnl (lane 2-7) and pxn2 (lane 8-12)
from PCR products of pxnl and pxn2, respectively. 1 kb plus DNA ladder (lanel), 1093/02
(L. aethiopica) (lane 2), 1185/02 (lane 3), 1400/02 (lane 4), L. tropica (lane 5), L. chagasi (lane 6),
Negative control (lane 7), 1093/02 (lane 8), 1185/02 (lane 9), L. tropica (lane 10), L, chagasi (lane

11), Negative control (lane 12),
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4.2  Sequence analysis of coding regions of peroxidoxin genes

The PCR products containing the coding regions of the two peroxidoxin genes (pxnl and
pxn2) were sequenced at University of Calgary, DNA sequencing facility, Alberta, Canada.
The nucleotide sequences of pxnl and pxn2, together with the amino acids they encode, are
given in Figure 7, Like other Leistmania genes, the coding region DNA sequence is rich in

G/C, which is 64.5% and 62.8% for pxnl and pxn2, respectively.

M 8 R 6 D A X I W 8 P A P P
1 ATG TCC CGC GGT GAC GCC AAG ATC AAC TCT CCC GCG CCG CCC
F E E VvV A L M P N 6 S F K K
43  TTC GAG GAG GTG GCG CTC ATG CCC AAC GGC AGC TTC AAG ARG
I § L S8 A Y K G X W V VvV L F
85 ATC AGC CTC TCC GCC TAC AAG GGC AAG TGG GTC GTG CTIC TTC
F Y P L Db F s F Vv [¢] P T E I
127  TTC TAC CCG CTC GAC TTC AGC TTC GTG TGC CCG ACA GAG ATC
I ¢ ¥ 8 D S8 VvV S8 R F N E L N
169 ATC CAG TTC TCC GAC AGC GTG AGT CGC TTC ARC GAG CTC AAC
¢ £E VvV L A € S8 M D S E Y A H
211  TGC GAG GTC CTC GCG TGC TCG ATG GAC AGC GAG TAC GCG CAC
L ¢ W T L @ b R K K 6 & L &
253 CTG CAG TGG ACG CTG CAG GAC CGC BAG AAG GGC GGC CTC GGG
A M A I P M L A D K T K C I
295  GCC ATG GCG ATC CCA ATG CTG GCC GAC AAG ACC ARG TGC ATC
A R & Y 66 V I, E E § © G V A
337 GCT CGT TCC TAC GGC GTG CTG GAG GAG AGC CAG GGC GTG GCC
Y R ¢ L F I I D P H G M V R
379 TAC CGC GGT CTC TTC ATC ATC GAC CCC CAT GGC ATG GTG CGT
g I T V N D M P VvV G R N V E
421  CAG ATC ACC GTC AAC GAC ATG CCG GTG GGC CGC AAC GTG GAG
E v L R L .. % A F ¢ F V E K
463 GAG GTT CTG CGC CTG CTG GAG GCT TTT CAG TTC GTG GAG AAG
H ¢ E Vv I[c] P A N W K K G D P
505 CAC GGC GAG GTG TGC CCC GCG AAC TGG AAA AAG GGC GAC CCT
G L K VvV D H N K *
547  GGC CTG AAG GTC GAT CAC AAT BAG TAA
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b)

43

85
127
169
211
253
295
337
379
421
463
505
547

589

Figure 7. The nucleotide and amino acid sequences of pxn! (a) and pxn2 (b). The two conserved cysteine
residues at positions 52 and 173 are in rectangular boxes. Symbols of amino acids are given in
Appendix F.

The sequences representing the two genes were compared to each other, to peroxidoxins of
the clinical isolate 1185/02 and to those of other Leishmania species, including L. tropica,
L. mgjor, L. chagasi, L. donovani and L. infantum, using Vector NTI software. The similarity
between pxnl and pxn2 of L. aethiopica (isolate 1093/02) is 91.3%. Pxn2 contains 27 more
nucleotides at its 3’ end, which are absent from pxnl. Pxnl showed the highest identity

(99.5%) to the clinical isolate 1185/02, suggesting that L. aethiopica (1093/02) is nearly
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identical to the clinical isolate 1185/02 (Figure 8; Appendix C). The dendrogram in Figure 9
also shows very close relationship between the isolates 1093/02 and 1185/02. Thus, it is very

likely that these two isolates belong to the same species (i.e. L. aethiopica).

We also found a very high degree of nucleotide sequence similarity between peroxidoxins of
L. aethiopica and those of Leishmania species (Figure 8). Excluding the clinical isolate
1185/02, pxnl showed the highest identity to L. tropica pxnl (98.8%), L. chagasi pxnl
(96.9%) and L. donovani pxnl (96.9%). Nucleotide sequence similarity between

L. aethiopica pxnl and those of other organisms is given in Table 1.

Table 1 Identi.ty between L. aethiopica pxnl gene and peroxidoxin genes of other
organisms

Organism Gene Accession number | Identity
L. tropica Peroxidoxin 1 Not submitted = 98.8%
L. chagasi Peroxidoxin 1 AF205887 96.9%
L. donovani Peroxidoxin 1 AF134161 96.9%
L. major Peroxidoxin 2 AF069386 89.7%
L. chagasi Peroxidoxin 2 AF312397 89.5%
L. chagasi Peroxidoxin 3 AF312398 89.5%
L. infantum Cytosolic peroxiredoxin AY058210.1 89.3%
Crithidia fasiculata | Tryparedoxin peroxidase AF055914 79.8%
Trypanosoma cruzi | Tryparedoxin peroxidase AF106856 70.8%

* We have sequenced pxnl and pxn2 from L. tropica . But, we have not yet submitted the sequences to the

gene bank,
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Like pxnl, pxn2 also exhibited the highest identity (99%) to clinical isolate 1185/02,
followed by L. tropica pxn2 (98.5%), L. major pxn2 (97.3%) and L. chagasi pxn2 (97%). The

identity between pxn2 of L. aethiopica and peroxidoxins of other organisms is given in Table

2,

Table 2 Identity between L. aethiopica pxn2 gene and peroxidoxin genes of other

organisms
Organism Gene Accession number | Identity
L. tropica Peroxidoxin 2 Not submitted 98.5%
L. major Peroxidoxin 2 AF069386 97.3%
L. chagasi Peroxidoxin 2 AF312397 97%
L. chagasi Peroxidoxin 3 AF312398 96.5%
L. infantum Cytosolic peroxiredoxin AY058210.1 96.5%
L. chagasi Peroxidoxin 1 AF205887 89%
L. donovani Peroxidoxin 1 AF134161 89%
Trypanosoma cruzi | Tryparedoxin peroxidase AF106856 76.3%
Crithidia fasiculata | Tryparedoxin peroxidase AF055914 73.6%

Nucleotide sequence alignment of peroxidoxin genes showed that little divergence exists
between peroxidoxin genes of L. aethiopica and those of other Leishmania species (Figure

8). Nucleotide sequence alignment of peroxidoxins of different species is given in Appendix

A,
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CAGATCACCGTCAACGACATGCCGGTGGGCCGCAACGTGGAGGAGGTTCTGCGCCTGCTGGAGGCTTTTC
491 560
Al

C
AGTTCGTGGAGAAGCACGGCGAGGTGTGCCCCGCGAACTGGAAGAAGGGCGCCCCCACGATGAAGCCGGA
561 600

ACCGRBiGCGTCTGTCGAGGGGTACTTCAGCAAACAGTAA
CCGAAGGCGTCTGTCGAGGGGTACTTCAGCAA CAGTAA

Tigure 8. Nucleotide sequence alignment of peroxidoxins of Leishmania species.
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Figure 9. Dendrogram of peroxidoxins constructed based on nucleotide sequence alignment (a) Leisfinania

species (b) Leishimania and other organisms. Note that 1093 is L. aethiopica.

4.3  Peroxidoxin protein sequence analysis

In order to predict the proteins encoded by the open reading frames of pxnl and pxn2 genes,
the nucleotide sequences of the corresponding genes were translated into amino acid
sequences by using Vector NTI sofiware (Figure 7). We found that each one of the open

reading frames encode for a single polypeptide. Pxnl and pxn2 encode for a protein
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containing 190 and 199 amino acids, respectively. The molecular weight and isoelectric point
of pxnl profein is 21.29 kD and 6.49, respectively whereas those of pxn2 are 22.137 kD and
5.98, respectively as predicted using the same software. The two predicted proteins differ
mainly in their primary structure, especially in the carboxyl terminus region. Pxn2 contains 9
more amino acids at carboxyl terminus, which are absent in pxnl. Amino acid sequence
alignment using the same software revealed that 88.4% similarity exists between pxnl and

pxn2 proteins.

Predicting the amino acid sequence also helped us perform protein database search for
homologous proteins to peroxidoxin proteins of L. aethiopica from other organisms. BLAST
search for homologous proteins in protein database revealed that pxnl and pxn2 proteins
belong to the peroxidoxin protein family, which are found in organisms of all kingdoms,
including humans (Chae et al, 1994b). The BLAST search also revealed that very high

similarity exists between peroxidoxin proteins of L. aethiopica and other Leishmania species.

The degree of pxnl protein sequence similarity to those of Leishmania species shows a
similar pattern of homology as obtained using the nucleotide sequence. It is clear form Table
3 that pxnl protein shows the highest identity to L. tropica pxnl (97.4%), followed by
L. chagasi pxnl (94.7%), and L. donovani pxnl (94.7%). It also exhibited high similarity to
those of other organisms (Table 3). Pxn2 protein exhibits the highest identity to L. tropica
pxn2 (95.5%) and peroxidoxin protein of L. major (94.5%), followed by peroxidoxin 2 and
peroxidoxin 3 of L. chagasi, to both of which it shows 93% identity. Pxn2 similarity to

peroxidoxin proteins of other organisms is given in Table 4.
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Table 3. Identity between L. aethiopica pxnl protein and protein homologues of other

organisms

Organism Protein Accession number | Identity
L. tropica Peroxidoxin 1 Not submitted 97.4%
L. chagasi Peroxidoxin 1 AAG40074.1 94.7%
L. donovani Peroxidoxin 1 AAKB2654.1 94.7%
L. major Peroxidoxin 2 AACT9432.1 84.9%
L. chagasi Peroxidoxin 2 AAK69586.1 85.4%
L. chagasi Peroxidoxin 3 AAK69587.1 85.4%
L. infantum TSA protein AAKS8478.1 85.4%
Crithidia fasiculata Tryparedoxin peroxidase AACT72300.1 73.7%
Trypanosoma brucei Tryparedoxin peroxidase AAG45225.1 68.3%
Shistosoma mansoni Thioredoxin peroxidase AAD17299.1 60%
Ratus norvegicus Peroxiredoxin 1 NP 476455.1 56.8%
Homo sapiens Peroxiredoxin 1 XP 001393.2 56.8%
Diroflaria immitis Thioredoxin peroxidase AAC38831.1 55.5%
Onchocerca volvulus Peroxidoxin 2 AAC32810.1 55%
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Table 4. Identity between L. aethiopica pxn2 protein and protein homologues of other

organisms

Organism Protein Accession number | Identity
L. tropica Peroxidoxin 2 Not submitted 95.5%
L. major Peroxidoxin 2 AACT9432.1 94.5%
L. chagasi Peroxidoxin 2 AAK69586.1 94%
L. infantum TSA protein AAKS58478.1 94%
L. chagasi Peroxidoxin 3 AAKG69587.1 93.5%
L. chagasi Peroxidoxin 1 AAG40074.1 84.4%
L. donovani Peroxidoxin 1 AAKS82654.1 84.4%
Crithidia fasiculata Tryparedoxin peroxidase AAC72300.1 69.8%
Trypanosoma brucei Tryparedoxin peroxidase AAG45225.1 68.8%
Shistosoma mansoni Thioredoxin peroxidase AADI17299.1 64%
Onchocerca volvulus Thioredoxin peroxidase AAC48312.1 61.3%
Homo sapiens Peroxiredoxin 1 XP 001393.2 60.5%
Ratus norvegicus Peroxiredoxin 1 NP 476455.1 60%
Onchocerca volvulus Peroxidoxin 2 AAC32810.1 59.7%
Diroflaria immitis Thioredoxin peroxidase AAC38831.1 58.2%
Homno sapiens Peroxidoxin 2 AAH03022.1 56.3%

Protein sequence alignment (Figure 10) shows pxnl and pxn2 contain two conserved motifs,

which are characteristic features of all 2-cys peroxidoxins (McGonigle et al., 1998). The two
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motifs comprise the active site of peroxidoxin enzymes (Wood et al., 2003). The first, which
contains the amino acid sequence EVCP, is located in the amino terminus whereas the
second, which contains FVCP is found in the carboxyl terminus of the polypeptide. Bach of
the two motifs contains a highly conserved cysteine residue, making up a total of two highly
conserved ¢ ysteine residues in p eroxidoxin p rotein. T he first ¢ onserved ¢ ysteine residue is
located in the first motif at position 52 and the second conserved cysteine residue is located in
the second motif at position 173, like those of other Leishmania species. The presence of the
two conserved motifs containing two conserved cystiene residues clearly shows that
peroxidoxins of L. aethiopica belong to 2-cyc peroxidoxin, Peroxidoxin protein sequence

alignment of different species is given in Appendix D.
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Figure 10. Sequence alignment of peroxidoxin protein Leisfmania species. The two conserved motifs are in
boxes.

Evolutionary relationships among peroxidoxins of Leishmania species as well as between

Leishmania species and other organisms was determined by drawing a dendrogram using
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MEGA 3 software by Neighbor Joining (NJ) method (Saitou and Nei, 1987). The
construction of the dendrogram was based on both nucleotide sequence (Figure 9) and amino
acid sequence (Figure 11) similarity. However, both of them gave similar evolutionary
relationships. These two figures show that L. aethiopica pxnl is nearly identical to pxnl of
the isolate 1185/02. The same is also true for pxn2. This strongly suggests that both belong to
the same species. When we come to comparison among different species, L. aethiopica pxnl
and L. tropica are very closely related. In addition, L. aethiopica pxn2, L. major pxn2 and

L. tropica pxn2 are very closely related.
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Figure 11. Dendrograms of peroxidoxins constructed based on aming acid sequence. (a) Leis/unania species

(b) Leishmania and other organisms, Note that 1093 is L. aethiopica.

4.4  Peroxidoxin gene organization

In order to determine organization of peroxidoxin genes existing in L. gethiopica, Southern
blot analysis was carried out on genomic DNA of L. aethiopica promastigotes using
restriction enzymes that were seclected from information obtained from the restriction
mapping of the nucleotide sequence of both pxnl and pxn2 of L. aethiopica. The genomic

DNA was digested singly with EcoR I and Hind III, both of which have no internal restriction
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site in the coding regions of pxnl and pxn2, These enzymes were selected to avoid complex

restriction patterns that would arise when enzymes that cut within the gene are used.

Southern blot hybridization analysis showed that EcoR I digest of genomic DNA blotted on
nylon membrane with a non-radioactive digoxigenin-labeled probe gave multiple hybridizing
bands (Figure 12, lane 2). This result indicates that peroxidoxins of L. aeth‘iopica occur as
multigene family. Digestion of genomic DNA with Hind III produced one hybridizing band,
which contains all the peroxidoxin genes (Figure 12, lane 3), suggesting that all peroxidoxins

of L. aethiopica are clustered in a single band.

Skb —— |

2 ke |
1.65 kb ——

Figure 12. Southern blot hybridization. 1kb plus DNA ladder (lane 1), 4 ug of L. aethiopica genomic DNA
digested with EcoR I (lane 2} and Hind III (fane 3).

4.5 Expression pattern of peroxidoxin genes

Using Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR), we determined the level
of expression of peroxidoxin genes in the different developmental stages (logarithmic and
stationary phase promastigotes and amastigote) of the parasite. Although we have identified

only two peroxidoxin genes by PCR, more than two peroxidoxin genes exist in L. aethiopica
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as revealed by Southern blot hybridization analysis. Here, we not only studied the expression
pattern of the two genes identified, but also the overall expression of all the available
peroxidoxin genes in L. a ethiopica. F or this purpose, three d ifferent R T-PCR e xperiments
were conducted, In order to determine the overall expression level of all peroxidoxin genes,
the first RT-PCR experiment was performed using internal primers with equal
concentrations of cDNAs from the relevant stages of the parasite. These primers were
selected for this particular study because they could anneal to all peroxidoxin genes of
L. aethiopica as they were designed based on very highly conserved regions of peroxidoxins
of other trypanosomatids (Barr and Gedamu, 2001), The RT-PCR produects were run on
agarose gel and showed different intensity of bands corresponding to the different
developmental stages of the parasite (Figure 13). Interestingly, we found that the band of the
RT-PCR product amplified from ¢cDNA of the amastigote stage (Figure 13a, lane 4) is more
intense than those amplified from the ¢DNA of the logarithmic and stationary phase
promastigotes (Figure 13a, lane 2 and 3). The band derived from ¢cDNA of the stationary
promastigotes (Figure 13a, lane 3) is more intense than that of logarithmic phase
promastigote (Figure 13a, lane 2). In short, the intensity of bands increases as one goes form
the logarithmic through s tationary p hases o f promastigotes to the intracellular amastigotes.
No band was observed for cDNA from uninfected THP1 cells, which was used as a negative

control for cDNA infected THP1 cells.
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Figure 13. RT-PCR product. &) Peroxidoxin internal region. [ kb plus DNA ladder (lane 1), logarithmic phase
promastigote (lane 2), stationary phase promastigote (lane 3), amastigote from infected THP! cells
(lane 4), uninfected THP1 cells (lane 5), negative control (lane 6) b) o-tubulin gene. 1 kb plus
DNA ladder (lane 1), logarithmic phase promastigote (lane 2), stationary phase promastigote (lane
3), amastigote from infected THP 1 cells (fane 4), uninfected THPI cells (lane 5), negative control

(lane 6)

The house-keeping Leishmania o-tubulin gene was used as a loading control. The o-tubulin
gene was amplified from ¢cDNA using c-tubulin gene primers and the PCR product was run
on agarose gel (Figure 13b). Gels containing RT-PCR products were photographed by UV-
Sense Transilluminator Camera (UVP Laboratory Products, London) and the bands were
analysed using LabWorks Image Acquisition and Analysis Software (UVP Laboratory
Products, London). The maximum OD values of the bands were measured. The OD values
for peroxidoxin gene RT-PCR product were divided by those of a-tubulin gene to normalize
loading error and the ratios were compared between different stages of the parasite (Table 5).
The ratios are directly proportional to expression level. The table shows that the highest ratio

corresponds to the most intense band (amastigote) for peroxidoxin PCR product whereas the

53



lowest ratio cortesponds to the least intense band (logarithmic phase promastigote),
suggesting that the expression level of peroxidoxin changes accordingly. In other words, this
result indicates that the overall level of expression of peroxidoxin genes of L. aethiopica
increases as the parasite transforms from logarithmic phase promastigote to stationary phase

promastigote and reaches its highest level in the amastigote stage.

Table 5. Comparisons of OD values of internal region of peroxidoxin gene and o-tubulin

gene. The ratios (column 4) are directly proportional to level of expression.

Parasite stage Pxn band OD | o~tubulin band OD OD ratios
{Pxn to o-butin)
Logarithmic phase 1789.5 32479 0.55
Stationary phase 2439.9 3246.3 0.75
Amastigote 2593 3300.5 0.79

To assess the expression of each of the two amplified genes (pxnl and pxn2), we performed
RT-PCR using the pair of primers used to amplify these genes from genomic DNA of
L. aethiopica (Figure 5). The second RT-PCR experiment was thus performed to determine
expression level of pxnl and it employed primer 1 and primer 2 (Figure 5). We found an
RT-PCR product, which gave a more intense band with ¢cDNA from the amastigote (Figure
14a, lane 4) than with ¢cDNAs from the logarithmic and stationary phase promastigotes were

used (Figure 14a, lane 1 and 2).
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Figure 14. RT-PCR product. a) Peroxidoxin 1. 1 kb plus DNA ladder (lane 1}, logarithmic phase promastigote
(lane 2), stationary phase promastigote (lane 3), amastigote from infected THP1 cells (lane 4),
uninfected THP1 cells (lane 5), negative control (lane 6) b) a-tubulin gene. 1 kb plus DNA ladder
(lane 1), logarithmic phase promastigote (lane 2), stationary phase promastigote {lane 3),
amastigote from infected THPI cells (lane 4), uninfected THP1 cells (lane 5), negative control

(lane 6)

The stationary phase ¢cDNA produced a more intense band than the logarithmic phase
promastigote ¢cDNA. In short, the intensity of bands increases as one goes from the
logarithmic phase promastigote through the stationary phase promastigote to the intracellular
amastigote.  o-tubulin gene was used as a loading control as described above. Ratios of the
OD values of pxnl to that of a-tubulin are given in Table 6. The ratios are directly
proportional to the level of expression. This result indicates that pxnl is predominantly
expressed in the amastigote stage, followed by stationary phase promastigote. Pxnl level of
expression in amastigotes is about eight times higher than its expression in the logarithmic

phase promastigote, and three times higher than its expression in the stationary phasc
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promastigote. The expression of pxnl in the stationary phase promastigote is about three

times higher than its expression in the logarithmic phase promastigote.

Table 6. Comparisons of OD values of pxnl gene and a-tubulin gene, The ratios (column 4)

are directly proportional to level of expression.

Parasite stage Pxnl band OD | g-tubulin band OD | OD ratios
(Pxnl to o-tubulin)
Logarithmic phase 230.1 2530.1 0.09
Stationary phase 662.9 2552 0.26
Amastigote 1952.3 2649.9 0.74

A third RT-PCR was carried out to determine expression pattern of pxn2 gene and it
employed primer 1 and primer 3 (Figure 5). A slightly more intense band was observed for
c¢DNA from the logarithmic phase (Figure 15a, lane 2) than the one form the stationary phase

promastigote (Figure 15a, lane 3).
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Figure 15. RT-PCR product. a) Peroxidoxin 2. 1 kb plus DNA ladder (lane 1), logarithmic phase promastigote
(lane 2), stationary phase promastigote (lane 3), amastigote from infected THP1 cells (lane 4),
uninfected THP1 cells (lane 5), negative conirol (lane 6} b) o-tubulin gene. 1 kb plus DNA
ladder (lane 1), logarithmic phase promastigote (lane 2), stationary phase promastigote (lane 3),
amastigote from infected THP1 cells (lane 4), uninfected THP1 cells (lane 5), negative control

(lane 6)

Compared to the amastigote phase the stationary phase promastigote produced a slightly
more intense band. In short, band intensity shows some decrease when the logarithmic phase
promastigote and the stationary phase promastigote are compared to the intracellular
amastigote (Figure 15). Because this is a very small difference, it may be considered that the
intensity of the bands is more or less equal. The house-keeping o-tubulin gene was used as a
loading control és described above, Ratios of the OD values of pxn2 to that of u-tubulin are
given in Table 7. This table shows that ratios obtained are nearly equal, indicating that pxn2
expression is more or less the same in the different stages of the parasite. There is no
sufficient evidence to conclude that pxn2 is expressed differentially. Thus, the gene appears

to be constitutively expressed throughout the life of the parasite.
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Table 7. Comparisons of OD values of pxn2 gene and o-tubulin gene. The ratios (column

4) are directly proportional to level of expression.

Parasite stage Pxn2 band OD | a-tubulin band OD | OD ratios

(Pxn2 to c-tubulin)

Logarithmic phase 2476.8 3247.9 0.67
Stationary phase 2053.6 3248.3 0.63
Amastigote 2017.3 3300.5 0.61

4.6. Northern blot hybridization analysis

The first RT-PCR experiment was verified by carrying out Northern blot hybridization
analysis using digoxigenin-labeled probes derived form the internal region of peroxidoxin of
L. aethiopica. Northern blot analysis of total RNA run on 1.2% formaldehyde agarose gel
(Figure 16b) produced a single hybridizing band (transcript) in both promastigote and
amastigote stages of the parasite. The band corresponding to the amastigote is more intense

than that of the promastigote (Figure 16a).
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Figure 16, a) Northern blot hybridization, 0.24-9.5 kb RNA ladder (lane 1), promastigote (lane 2), infected
THPlcells (fane 3) and uninfected THP1 cells (lane 4) b) Denaturing formaldehyde agarose gel
electrophoresis total RNA used for Northern blotting. 0.24-9.5 kb RNA ladder (lane 1),
promastigote (lane 2), infected THP 1 cells (lane 3), Uninfected THP1 cells (lane 4)
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5, Discussion

Peroxidoxin genes have been isolated from various Leishimania species (Levick et al., 1998;
Webb et al., 1998; Barr and Gedamu, 2001; Castro ef al., 2002; Flohe ef al., 2002) and have
been shown to play an important role for intracellular survival, through detoxification of host
oxidants generated by macrophages in an attempt to eliminate the parasite (Batr and Gedamu
2001, 2003). In this study, consistent with our hypothesis, we demonstrate the existence of
peroxidoxin genes in L. aethiopica, suggesting that L. aethiopica uses peroxidoxins as
antioxidant enzymes that may protect the parasite from oxidative damage by oxidants of
macrophages. That the genes are similar to those of L. chagasi is probably indicative of
similarity in function. In L. chagasi peroxidoxins have been shown to detoxify ROS (H,0,,
ROOH, OH") and RNS (NO, ONOO") (Barr and Gedamu, 2003). Based on this finding and
the very high similarity that exists between peroxidoxin genes o fthe two species, we can
speculate that L. aethiopica may detoxify these reactive species. Our finding that, like other
Leishmania species, L. aethiopica and L. tropica possess peroxidoxin genes further confirms
that these genes are conserved in all Leis/mmania species (Levick er al., 1998; Webb et al.,

1998; Barr and Gedamu, 2001; Castro et al., 2002; Flohe ef «l., 2002).

Previous studies have shown that high nucleotide sequence similarity exists between known
peroxidoxin genes of Leislmania species (Castro ef al,, 2002; Flohe et al., 2002). Our finding
that very high similarity exists between peroxidoxins of L. aethiopica and other Leishmania
species is in agreement with these studies. The high similarity suggests that these genes have
a common ancestral gene in the frypanosomatids. It can also be speculated that high sequence

similarity may predict high similarity in sttucture, function, and mechanism of action of the
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enzymes in the different species. The existing slight difference may provide some degree of
difference in the specific function of peroxidoxins in different Leishmania species. In other
words, peroxidoxins of different Leisimania species may have both overlapping and
nonoverlapping functions. For example, while peroxidoxins of both L. chagasi and L. major
detoxify H,0,, indicating overlapping function, only that of L. chagasi, not L. major, is
capable of detoxifying alkyl hydroperoxides (Levick ef al., 1998; B arr and Gedamu 2 001,
2003). Furthermore, the high similavity of peroxidoxin genes is also indicative of the
existence of conserved epitopes in all Leisimania species. Thus, peroxidoxins appear to be
important sources of conserved epitopes, which might be potential immunogens in the

development of vaccine against leishmaniasis.

As mentioned earlier, in Ethiopia where CL is caused by three species of Leishmania
(L. aethiopica, L. major and L. tropica), there is no rapid diagnostic tool that differentiates
between these species. B ased o n nucleotide sequence d ivergence, primers can be designed
and/or restriction sites could be analyzed to develop species-specific PCR/PCR-RFLP
diagnostic methods, respectively. However, the divergence in peroxidoxin nucleotide
sequences of these three species is very low that it may be difficult to use the coding region
as a target for diagnostics. Nevertheless, the 3’ untransiated regions (UTRs) of pxnl and pxn2
showed greater divergence in peroxidoxin genes of other Leishmania species (Barr and
Gedamu, 2001), suggesting that this may be the case for those species causing CL in
Ethiopia. Thus, analysis of the 3’ UTRs might help to design species-specific primers to
develop a PCR based diagnostic test that may differentiate between L. aethiopica, L. major
and L. fropica isolates from cutaneous leishmaniasis patients in Ethiopia, avoiding the

laborious techniques of isognzyme typing. Properly validated, such PCR can directly confirm
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L. aethiopica infection in clinical samples from lesions, providing a rapid diagnostic

alternative to culture and histology.

Our finding that peroxidoxin genes of L. aethiopica occur in multigene family is in agreement
with previous studies on gene organization of peroxidoxin genes of other Leishmania species
(Levick ef al., 1998; Webb et al., 1998; Barr and Gedamu, 2001; Castro ef al., 2002). This
suggests that the gene products of L. aethiopica and other Leishmania species could be
expressed at different stages o fthe parasite d evelopment to play a role in its survival and

potentially as a virulence factor.

Expression of pxni and pxn2 at mRNA level was analyzed in the logarithmic and stationary
phase promastigotes as well as in the amastigote stage of the parasite. Barr and Gedamu
(2001) reported that peroxidoxin genes are differentially expressed in different stages of
L. chagasi. They demonstrated that pxnl mRNA is predominantly expressed in the
amastigote stage whereas pxn2 is predominantly expressed in the promastigote stage of the
parasite. In agreement with this study and our hypothesis, we found differential expression of
peroxidoxin 1 but in contrary constitutive expression of peroxidoxin 2 in the different

developmental stages of L. aethiopica.

The higher level of pxnl mRNA expression in the stationary phase promastigotes than in the
logarithmic promastigotes suggests that pxnl is more important for the stationary phase. In
terms of virulence, one difference between logarithmic phase promastigote and stationary
phase promastigote is that the latter is infective while the former is not. Since pxnl is

expressed abundantly in the infective stage, it may be involved in infectivity of L. aethiopica.
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During transformation from logarithmic to stationary phase promastigotes, the parasite
undergoes physiological and biochemical changes that prepares it for infectivity. These
changes occur during this process because many genes should be turned off or their
expression level reduced while at the same time other genes are turned on or their expression
level increased. Our study and other studies (Bair and Gedamu, 2001) suggest that the

expression of pxnl increases during this transformation process.

The higher level of pxnl mRNA expression in the intraceltular amastigote stage suggests that
pxnl might be important for intracellular survival of the most likely involving a variety of
other genes as well. In the host macrophage, the parasite encounters host oxidants (ROS and
RNS) and the genes may provide a survival advantage by detoxifying reactive oxygen species
and reactive nitrogen species, as indicated in previous studies (Barr and Gedamu, 2003). In
short, pxnl may enhance intracellular survival of the parasites by protecting them from
oxidative stress. In addition, pxnl may have some role in the infectivity of amastigotes.
Amastigotes replicate in macrophages until macrophages burst and release them to infect
more healthy macrophages. Amastigotes are generally more infective than stationary phase
promastigotes (Chang and Chaudhuri, 1990). The highest level of pxnl expression in
amastigotes as compared to stationary phase promastigotes also suggests its probable
importance for amastigote infectivity. Furthermore, differential expression of pxnl may
explain the previous finding that stationary phase promastigotes are more resistant to
hydrogen peroxide, t-BOOH and ONOO'™ than logarithmic phase promastigotes (Barr and
Gedamu, 2003). It may be speculated that the higher level of pxnl in the stationary phase
promastigotes makes them more resistant to the above oxidants than logarithmic phase

promastigotes.
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In short, expression analysis of pxnl mRNA indicates that pxnl is probably a virulence
factor. Such proteins are potential targets for the development of antileishmanial
chemotherapeutic agents. Specific inhibitors of pxnl synthesis or activity may render the
parasite 1) noninfective, preventing infection of macrophages and/or 2) susceptible to attack
by host reactive oxygen species and reactive nitrogen species, inhibiting its
intramacrophageal survival. There are differences in the mechanism of action between human
and trypanosomatids peroxidoxins, which may be targets for specific inhibitors (Rhee ef al.,

2001)

Our finding that pxn2 is expressed constitutively in the different stages of L. aethiopica is
consistent with previous reports on the expression pattern of L. major (Levick et al., 1998), to
which pxn2 protein o f L. aethiopica showed the highest similarity. But it is in contrast to
pxn2 of L. chagasi and L. donovani, which is differentially expressed, with predominant
expression in the promastigote stage of the parasites. Our result suggests that pxn2 is almost

equally important for all stages of the parasite.

We indicated that peroxidoxins of L. aethiopica exist as a multigene family, among which
two are pxnl and pxn2 and others are yet to be identified. Our result that the overall level of
expression of peroxidoxin genes is higher in the amastigotes suggests that they may be
important for intracellular survival. This higher level of overall expression in the amastigote
stage may be due to abundant expression in this stage of pxnl as our result showed that pxn2

does not make a significant difference in abundance in the different stages of the parasite.
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6. Conclusion

We conclude that peroxidoxin genes are present in L. aethiopica in a multigene family and
we identified and characterized two peroxidoxin genes, pxnl and pxn2. Peroxidoxin genes
may play similar functions (i.e. provide antioxidant activity against host oxidants) in all
Leishmania species, High nucleotide and amino acid sequence homology exists between
L. aethiopica and other Leishmania species. Although divergence in the nucleotide sequence
of the coding region of peroxidoxin genes among the different Leishimania species that cause
cutaneous leishmaniasis in Ethiopia is very low, alternatively, the 3° UTRs of these genes can
be exploited for developing differential molecular diagnostic tools. Peroxidoxin expression is
either differential or constitutive. Pxnl genes are differentially expressed, with higher level in
amastigote stage followed by the stationary phase promastigotes, suggesting that peroxidoxin
genes may be involved in intracellular survival and infectivity and of L. aethiopica. For this
reason, they appear to be important targets for drug development against leishmaniasis, for
which effective, less foxic and short course drugs are needed urgently. Drugs that target
peroxidoxins can be used against all L eishmania s pecies since the amino acid sequence is
highly conserved among Leishmania species, Pxn2 is constitutively expressed in the different
stages of the parasite, suggesting that it may be equally important for all stages of the
parasite. Peroxidoxins may also be exploited as potential vaccine candidates as they are very

similar among Leishmania species.
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7. Recommendations

As we need a rapid differential diagnostic tool that differentiates among [. aethiopica,
L. tropica and L. major for clinical management and epidemiological survey and control of
cutaneous leishmaniasis in Ethiopia, the potential of peroxidoxin nucleotide sequence,
specially the 3’ UTRs, as a diagnostic tool has to be tested using PCR or PCR-RFLP or both.
For this purpose, the 3° UTRs can be identified by RACE and be sequenced. Furthermore, a
virulent protein can only be used as a drug target if its mechanism of action or synthesis is
well understood. Thus, we recommend that research on peroxidoxins has to continue to
provide a better knowledge on the mechanism of action or synthesis for their future use as
drug targets. We also recommed that immunogenicity of peroxidoxin proteins be tested to
establish future vaccine development. For this purpose, it is possible to use the already
available purified L. chagasi peroxidoxin proteins (pxnl and pxn2), as their amino acid
sequence of peroxidoxins is highly conserved among Leishmania species. The absolute
importance of peroxidoxin genes for infectivity and intraceltular survival of Leishmania has
to be confirmed by conducting further experiments involving gene knock out and

re-introduction studies.
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9. Appendices

Appendix A, Nucleotide sequence alignment of peroxidoxins of Leishmania and other
organisms

1093 pxnl (1)
1093 pzrn2 (1)
1185 pznl (1)

1185 pxn2 (1) !
C. faciculata Tryp {1) ATGTCOTGCGGTECCGCEANGTTGARCCACE GCGCGTGAGTTCGAC y
F. hepatica Prxn (1) ATGTTGC;;GCCTMTATGC GGCCCGAAT&‘I‘TTCT‘
H. sapiensg prxznl {1) TCAGS, ﬁ
H. gapiens Prxn2 {1}
L. chagasi pxnl {1}
L. chagasi pxn2 (1} A
L. chagasi pxn3 (1) |
L. donovani pxnl {1)
L. infantum Prxn {1)
L. major pxn2 {1)
L. tropica pxnl (1)
L. tropica pxn2 {1) ATGTCCT
T. aquaticus Prxn {1) ATGTGTTT' TTGGGARAARAGTRGAAC AT CCGTGCCCAAG GTAT-—
T. cruzi TryP (1) BFGTCETGCGEAGACGCARAC CTCAACCACCGG {
Consensus (1)

1083 pxnl {63)
10923 pxn2 {63)
1185 pxnl {63)
1185 pxnz {63)
C. faciculata Tryp {63)
. F. hepatica Prxn {49)
H. sapiens prxnl {(63)
H., sapiens Prxn2z  {61)
L. chagasi pxnl {63)
L. chagasi pxn2 [63)
L. chagasi pxn3 (63)
L. donovani pxnl (63) ¢
L, infantum Prxn {63}
L. major pxn2 {63} GG
L. tropica pxnl (63)
L. tropica pxn2 (63) {
T. aquaticus Prxn (49)
T. eruzi TryP (63)
\ Consensus {63)

1093 pxnl (125)

1093 pxn2 {125}

1185 pxnl ({125)

1185 pxn2 (125)

€. faciculata Tryp {125)
F. hepatica Prxn {110)
H. saplens prxnl (125)
H. sapiens Prxn2 (122)
L. chagasi pxnl (125)

L. chagasi pxn2 (125)

L. chagasi pxn3 (125)

! L. donovani prnl ({125)
L. infantum Prxn (125)
L. major pn2 {125)

L. tropica pxnl (125)

L. tropica pxn2 (125)

T. aguaticus Prxn (110)
T. ecruzi TryP (125) i ¢
Consensus (125) TCTTCTACCCGCTCGACTTCACCTTCGTGTGCCCGACAGAGATCATCGCGTTCTCCGACAGC
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1093 pxnl

1093 pxn2

1185 pxnl

1185 pxn2

C. faciculata Tryp
F. hepatica Prxn
H. sapiens prxnl
H. sapiens Prxn2
L. chagazi pxnl

L. chagasi pxn2

L. chagasi pxn3

L. donovani pxnl
L. infantum Prxn
L. majoxr pxn2

L. tropica pxnl

L. tropica pxn2

T. agquaticus Prxn
T. cruzi TryP
Consensus

1093 pxni

1093 pxn2

1185 pxnl

1185 pxn2

¢. faciculata Tryp
F. hepatica Prxn
H. sapiens prxnl
H. sapiens Prxn2
L. chagasi pxnl

L. chagasi pxn2

L. chagasi pxn3

L. donovani pxnil

L. infantum Prxn
L. major pxn2

L. tropica pxnl

L. tropica pxn2

T. aguaticus Prxn

T. cruzi TryP
Congensus

1093 pxnl
1093 pxun2

1185 pxnl

1185 pxn2

C. faciculata Tryp
F. hepatica Prxn
H. sapiens prxnl
H. sapiens Prxn2
L., chagasi pxnl

L. chagasi pxn2

L. chagasi pxn3

L. donovani pxnl

L. infantum Prxn
L, major pxn2

L. tropica pxnil

L. tropica pxn2

P. aguaticus Prxn
T. cxruzi TryP
Consensus

1093 pxnl

1093 pxn2

1185 pxnl

1185 pxn2

C. faciculata Tryp
F. hepatica Prxn
H. sapiens prxnl
H. sapiens Prxn2
L. chagasi pxnl

L. chagasi pxn2

(187) GIGACICEE

(187)

(187} C
(187} {

(187}
{172)
{187
(184)
{187)
{(187)
(187)
(187)
(187)
(187
{187)
{(187)
{172)
(187)
(187)

(249)
(249)
(249)

(249} 1

{249)
(234)
(249)
(246)
{249)
{(249)
{249)
(249)
{249)
{(249)
(249)
{249}
{234)
(249}
(249)

(311)
{311}
{311}
(311)
{311)
(296)
{311)
(307)
(311)
{311)
(311}
{311)
(311}
(311}
{311}
{311)
{287)
{311)
{311}

(364)
(364)
(364)
{364)
(364)
(349)
(364)
(369}
(364)
{364)

TACGCGACG?T?ﬁﬁA AAGTTGGCGTG AAGTGTA, GGTTTC ACCGAT CACATTATAC
GTGAAGGAGTTUTCTGACATTGGLTECGACCTGLITGECTECTCCATEEACAGCEAGTACTS

249 310

311

/ ATTC 'TGATB&GGGTATTCT
GBAAATAATGGAAA ATTGC CCOAAGTGT AAGGATGATGACAGTAATTA

ARACRGGECGTGGCCTACCELEGTCTCTTGATCATCGACCCCARTEGCATEGTGCGCCAGAT
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L. chagasi
L. donovani
L. infantum

L. major

L., tropica

L. tropica

T. agquaticus Prxn
T. cruzi Try?P
Consensus

pxn3
pxnl
Prxn
pxnZ2
pxnl
pxnZ

1093 pxnl

1093 pxn2

1185 pxnl

1185 pxn2

€. faciculata Tryp
F. hepatica Prxn
H. sapiens prxnl
H. saplens Prxn2
L., chagasi pxnl

L. chagasi pxn2

L. chagasi pxn3

L. donovani pxnl
L. infantum Prxn
L. major pxn2

L. tropica pxnl

L. tropilca pxnZ

T. agquaticus Prxn
T. cruzi TryP
Consensus

1093 pxnl

1093 pxn2

1185 pxnl

1185 pxnz

C. faciculata Tryp
F. hepatica Prxn
H. sapiens prxnl
H. sapiens Prxn2
L. chagasi pxnl

L. chagasi pxn2

L. chagasi pxn3

L. donovani pxnl
L. infantum Prxn
L. major pxn2

L. tropica pzxnl

L. tropica pxn2

T. aguaticus Prxn
T. cruzi TryP
Congensus

1093 pxni

1093 pxn2

1185 pxnl

1185 pxn2

C. faciculata Tryp
F. hepatica Prxn
H. sapiens prxnl
H. sapiens Prxn2
L. chagasi pxnl

L. chagasi pxn2

L. chagasi pxn3

L. donovani pxnl
L. infantum Prxn
L. major pxn2

L. tropica pxnl

L, tropica pxn2

T. aguaticus Prxn

T. cruzi TryP
Consensus

(364)
(364)
{364}

(3¢4) :. {

{364} |
(364}

(340)
(364)
(373)

(4286)
(426)
{426)
{(426)
{426)
{411)
{426)
{430)
{426)

GKGGBTGGCGTGGCGTACCGTGQCC?TT CAT
AA CAGGGCGTGGCCTACCGCGGTCTCTTCATCATCGACCCCAATGGCATGGTGCG CAGAT
435

496
CGTG-GAGGAGGTITCTEOGCCTGCTGGRGECT

CA CCTCA CGACATGCCGGTGGG CGCAGLETE-GAGGAGSTTCTGCECCTS
c ACGTC -G dGTCG

ACC
{426) ¢

{426}
{4286)

(426) ©

(4286)
(426)
(426)
{402)
(4206)
(435)

(487)
(487)
(487
{487)
{487)

(472) *

{487)
(430)
(487
(487)
{487)
(487)
(487)

(487) 1

(487)

(487}

{463)
(487}
(497)

{546)
{546)
(548)
{546)
{546)
{531)
{546)
{430)
{546)
{546)
{546}
(548)
(546)
(546}
{546}
{546}
(518}
(546)
{559}

CTGGAAGA GG:GAﬁGC
‘ QCCTAAAAGGAA

T CCCGCCAACTGGBAQCCCGGTGACAA

TTTCAGTTCGT GGAGAAGCACGGCGAGGTGTGCCCCGCGAACTGGAAGAAGGGCG cce

559

[ GGTCGATCACA%TAAG AR
ca GATGAAGCCGGRGCCGAAGGCGTCTGTCGAGGGG' & CAGCAAACRGTAA——

i £
GBCGATGAR_CCGGRT\CCGBAAAGTCCAAGGAGTACTTTGGTGCTGTCGCG%AG——
ACGATGAAGCCGGA CC AA G GTC GA T CT C AGT
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Appendix B. Amino acid sequence alignment of peroxidoxin of Leishmania and other

organisms

1093 pxnl (1

1093 pxn2 {1)
1185 pxnl {1) MSCGDAKINS]
1185 pxrn2 {1) MSCGDAKINS;
C. fasiculata TryP (1} MSCGARKLNH
F. hepatica prxn {1} :_
H. sapiens prxnl {1) MSSGHNAKIGH,
H, sapiens prxn2 {1) HASGNARIGK]
L. chagasi pxnl (1) MSCGDBKINC
1. chagasi pxn2 (1) HMSCGDAKINC PEEEVQLUPNGSFKKISJ
L. chagasi pxn3 {1) HSCGDAKINC FEE\ZALMPNGSEKKIS
L. denovani pxnl {1} MSCGDAKINC ;
L. Infantum Przn {1}
L. major pxn2 {1}
L, tropica pxnl (1)
L. tropica pxn2 {1)
T. cruzi TryP (1} (GRY] '
Censensus {1) HSCGDAKIN PAPPE‘EEVALHPNGSFKKISLSAYKGKWVVLFFYPLDFTFVCPTE

56 110

1093 pxnl {56) 8 I y I

1093 pxn2 {56)

1185 pxnl (56)

1185 pxn2 {56)

C. fasiculata TryP {56)

F. hepatica prxn (51)

H. sapiens prxnl (56}

H. sapiens prxn2 (55)

L. chagasi pxnl {56)

L. chagasi pxn2 {56}

L. chagasi pxn3 {56)

L. donovani pxnl {56)

L, infantum Prxn {56) 5]

L. major pxn2 {56} VIAFSDSVSRFNELNCE#LAC

L. tropica pxnl (56) IIQFSDSVSRFNELNCEVLAC

L. tropica pxn2 (56) IIAFSDNUSRFNELNCEVLAC

T, cruzi TryP (56) ICQFSDRUKEFSDIGCEVLAC 1

Consensus (56) IIAFSD VSRFNELNCE‘JLACSMDSEYAHLQ%'!TLQDRKKGGLGAHAI PHLADKTK

165

EESQGVAYBGLFI IDPHGI IVRQITVN DMPVGRN \'EEVLRLLE?&FQF
P : v

KHH
SoPR
DVTR
DKTK
ADKTK
JKTK
, ADKTK
SEYA}{ Qa'}TLQDRKKGG ;AIH-\IPMLAE KTK

GTHATBMLADKTK
iAMAIanAnKTK

1093 pxnl (111}

1693 pxn2 (111}

1185 pxnl ({111)

1185 pxn2 (111)

¢. fasiculata TryP (111)
F. hepatica prxn (106)
H. sapiens prznl (111)
H, sapiens przn2 (110}
L. chagasi pxnl (111}
L. chagasi pxn2 (111)
&, chagasi pxn3 (111)
L. donovani pxnl (111}
L, infantum Prxn (111}
L. major pxn2 (111}

L. tropica pxnl (111)
L. tropica pxn2 (111) ; : D A
T, cruzi TryP (111} CIMKSYG‘-’B[\EEDGVAYRGLFIIDPKQNL7,_ 'TVR _LPVGEDVDEALRLVKHFQF
Consensus (111} S3IARSYGVLEE QGVAYRGLFILDP GHVRQITVND]!PVGRNVEEVLRLLEAFQF

cguﬁEQVLBQLEAFQF
EVLRLLERFOF
NVEEVLRILEAFQF
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1083 pxnl
1093 pxn2

1185 pxnl
1185 pxn2

C. fasiculata TryP

F.
H.
H.

L.

L.

L.
L.
L.

L.
L.

hepatica prxn
sapiens prxnl
gapiens prxn2
chagasi pxnl

chagasi pxn2

chagasi pxn3

donovani pxal
infantum Prxn
L. major pxn2
tropica pxnl

tropica pxn2

T. cruzi TryP
Consensus

(166)
(168)
(186)
{166)
(166)
{161)
{166}
(165}
(166}
(166)
{166)
{166)
{168)
{166)
{166)
(166)
{166)
{(166)

KKGAPTHKpngASVEGgFSKQ
VERHGEVCPAN( KKGAPT&KPQ?KASVEGYFSKL
PANIKKGDPGLKVDHNK- - - --
VEKHGEVCBAN KKGAPTHKPQPKASVEGY SKO
' GAPTMKPﬂPKASVEGgFSKQ

VEKHGEVCPANWKKGAPTHKPDP S E Y s
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Appendix C. Nucleotide sequence alignment of peroxidoxin genes of Leishmania species

that
cause cutancous leishmaniasis in Ethiopia
a} pxnl
1 70
1093 pxnl {1) ﬁTGTCCCGCGGTGHCGCCAEGATCAACTCTCCCGCGCCGCCCTTCGBGGBGGTGGCGCTCBTGCCCAACG
1185 pxnl (1) ATGTCCTGCGGTGRCGCGARGATCAAS! e
L. tropica pxnl (1) TGACCTGCGGGGRAGCCAAGATCCACTCT CCGCGCCGC CTTCGAGGBGGTGG,GCTCATG_ CAACG
Consensus (1} ATGTCCTGCGGTGACGCCAAGATCAACTCTCCCGCGCCGCCCTTCGAGGAGGTGGCGCTCATGCCCAACG
71 1490
1093 pxnl (71) FTCTACCCOCTCGA
1185 pxnl (71}
L. tropica pxnl (71} ;
Congensus {71) GCAGCTTCAAGAAGATCAGCCTCTCCGCCTACAAGGGCAAGTGGGTCGTGCTCTTCTTCTACCCGCTCGA
141 210
1093 pxnl {141) CTTCAGCTTCGTGTGCCCGRCAGAGATCRTCCAGTTCTCCGRCRGCGTGRGTCGCTTCHACGRGCTCRRC
1185 pxnl {141}
L. tropica pxnl (141)
Consensus (141}
1093 pxnl {211)
1185 pxnl {211)
L. tropica pxnl (211)
Consensus {211} TGCGAGGTCCTCGCGTGCTCGATGGACAGCGAGTACGCGCACCTGCAGTGGACGCTGCAGGACCGCAAGA
281 350
1093 pxnl {2B1) Af TACGE
1185 pxnl {281)
L. tropica pxnl {2B1) A%/
Congensus {281} AGGGCGGCCTCGGGGCCATGGCGATCCCAATGCTGG
351
1093 pxnl  (351) CGTGCTGGAGGAGAGCCAGGGCGTGGCCTRCCGCGGTCTCTlCBTCATCGACCCCCETGGCATGGTGCGT
1185 pxnl (351}
L. tropica pxnl (351)
Consensus  (351)
1093 pxnl  (421)
1185 pxnl (421} ¢
L. tropica pxnl (421)
Consensus  {(421)
1093 pxnl {491)
1185 pxnl {491)
L. tropica pxnl (491)
Consensus (491)
1093 pxnl (561)
1185 pxnl (561}
L. tropica pxnl (561}
Consensus (561)
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b) pxn2

1093 pxn2

1185 pxn2

L. major pxn2
L. tropica pxn2
Consensus

1093 pxn2

1185 pxn2

L. major pxn2
L. tropica pxn2
Consensus

1093 pxn2

1185 pxn2

L. major pxn2
L. tropica pxn2
Consensus

1093 pxn2

1185 pzn2

L. major pxn2
L. tropica pxrn2
Consensus

1093 pxn2

1185 pxn2

L. major pxn2
L. tropica pxn2
Congensusg

1093 pxn2

1185 pxn2

L. major pxn2
L. tropica pxnZ
Consensus

1093 pxn2

1185 pxn2

L, major pxn2
L. tropica pxn2
Consensus

1093 pxn2

1185 pxn2

L. major pxn2
L. tropica pxn2
Consensus

1093 pxn2

1185 pxn2

L. major pxn2
L. tropica pxn2
Consensus

1093 pxnZ2

1185 pxn2

L. major pxnZ
L. tropica pxn2
Consensus

(1)
(1)
(1)
(1)
(1)

(61)
{61)
(61)
{61)
(61)

(121}
(121)
{121)
{121)
(121)

(181)
(181)
{1813
(181)
{181)

{241)
(241)
(241)
(241)
(241)

{(301)
{301}
{301)
{301)
(301)

{361)

241 ) o - 300

(361) GA

{361)
(361)
{361}

(421}

(421}
(421)
{421)

(481)
(481)
{481)
{481)
(481)

(541}

CAGATCACCGTCAACGACATGCCGGTGGGCCGCAGCGTGGAGGAGGTTCTGCGCCTGCTG
540

541 - - 600

GCCCOCACEATGARGCCUGARCCEAANGCGTCTCTCGAGGGETACTTCAGCARACAGTAR
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Appendix D. Amino acid sequence alignment of peroxidoxin proteins of Lieshmaia species

that cause cutaneous leishmaniasis

a) pxnl
L. tropica pxnl {1}
1185 pxnl (1) LNSPA]
1093 pxnl (1) MSRGDAKINSE \
Consensus (1) MSCGDAKINSPAPPFREVALMPNGSFKKISLSAYKGKWVVLEFYPLDFSFVCD

71
L. tropica pxni  {71) CE
1185 pxnl (71)
1093 pxnl {71} !
Consensus {71) CEVLACSMDSEYAHLQWTLQDRKKGGLGAMAIPMLADKTKCIARSYGVLEESQGVAYRGLF
141 190
L. tropica pxnl (141) DITEN VOLNE
1185 pxnl (141) HNE
1093 pxnl (141) QITVHDHPVGRNVEEVLRLLEAFQFVEKHGEVCPANWKKGDPGLKVDHNK
Consensus (141} QITVNDMPVGRNVEEVLRLLEAFQFVEKHGEVCPANWKKGDPGLKVDHNK

b) pxn2
L. tropica pxn2 {1)
L. major pxn2 (1)
1185 pxn2 (1)
1093 pxn2 (1)
Consensus (1)

L. &ropica pxn2 {71)
L. major pxn2 (71}
1185 pxn2 (71} € SHE 4 TEQ! 5

1093 pxn2 (71) MOSEYAHLOWTE SRR PJARSXGVLEESQGV g
Consensus (71) CEVLACSMDSEYAHLQWTLQDRKKGGLGAMAIPMLADKTKSIARSYGVLEESQGVAYRGLFIIDPHGMVR

L., tropica pxn2 ({141)
L. major pxn2 (141}
1185 pxn2 {141}

1093 pxn2 {141} 2
Congensus {141) QITVNDMPVGRSVEEVLRLLEAFQFVEKHGEVCP

KKGAPTHKPEPKASVEGYFSKQ
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Appendix E. Nucleotide sequences pxn! and pxn2 of L. fropica and the amino acids they

encode

b) L. tropica pxnl

1 ATG ACC TGC GGG GAA GUC AAG ATC CAC TCT CCC GCG CC@ CCC
43 TTC GAG GAG GTG GCG CTC ATG CCC AAC GGC AGC TTC AAG AAG
85 ATC AGC CTC TCC GCC TAC AAG GGC AAG TGG GTC GTG CTC TTC

127 TTC TAC CCG CTC GAC TTC AGC TTC GTG TGC CCG ACA GAG ATC
169 ATC CAG TTC TCC GAC AGC GTG AGT CGC TTC AAC GAG CTC AAC
211 TGC GAG GTC CTC @GCG TGC TCG ATG GAC AGC GAG TAC GCG CAC
L Q W T L Q D R K K G G L G
253 CTG CAG TGG ACG CTG CAG GAC CGC AAG AAG GGC GGC CTC GGG
295 GCC ATG GCG ATC CCA ATG CTG GCC GAC AAG ACC AAG TGC ATC
337 GCT CGT TCC TAC GGC GTG CTG GAG GAG AGC CAG GGC GTE GCC
379 TAC CGC GGT CTC TTC ATC ATC GAC CCC CAT GGC ATG GTG CGT
421 CAG ATC ACC GTC AAC GAC ATG CCE GTG GGC CGC AAC GTG GAG
463 GAG GTT CTG CGC CTG CTG GAG GCT TTT CAG TTC GTG GAG AAG

505 CAC GGC GAG @GTG TGC CCC GCG AAC TGG AAG AAG GGC GAC CCT

547 GaC CTG AAG GTC QAT CTC AAT AAG TAA
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43

85

127

169

211

253

295

337

379

421

463

505

547

589

ATG

TTC

ATC

TTC

ATC

TGC

CTG

GCC

GCT

TAC

CAG

GAG

CAC

ACG

AGC

TCC

GAG

AGC

TAC

GCG

GAG

CAG

ATG

CaT

CeC

ATC

GTT

GGC

ATG

TGC

GAG

cTC

CCG

TTC

GTC

W

TGG

GCG

TCC

GGT

ACC

CTG

GAG

AAG

CAG

GGT

ATG

TCC

CTC

TCC

cTC

ACG

ATC

TAC

cTC

GTC

cae

GTG

CCG

TAA

GAA

GCG

GCC

GAC

GAC

GCG

CTG

CCA

GGC

TTC

AAC

CTG

TGC

GAA

ACC

CTC

TAC

TTC

AAC

TGC

CAG

ATG

GTG

ATC

GAC

CTG

cce

CCa

AAG

ATG

AAG

ACC

GTG

TCG

GAC

CTG

CTG

ATC

ATG

GAG

GCG

ARG

ATC
ccec
GGC
TTC
AGT
ATG
CGC
GCC
GAG
GAC
cCca
GCT
ARAC

GCG
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AAC

AAC

AAG

GTG

cac

GAC

AAG

GAC

GAG

cce

GTG

TTG

W

TGG

TCT

TCT

GGC

TGG

TGC

TTC

AGC

AAG

BAG

AGC

CAT

GaC

CAG

AAG

GTC

ccoe

AGC

GTC

cCG

AAC

GAG

GGC

ACC

CAG

gae

cac

TTC

AAG

GAG

GCG

TTC

aTG

ACA

GAG

TAC

GGC

ARG

GGC

ATG

AnC

GTG

GGC

GGG

CCG

ARG

CTC

GAG

CTC

GeG

CTC

AGC

GTG

GTG

aTG

GAG

acc

TAC

ccc

ARG

TTC

ATC

AARC

Ccac

e{ee)

ATC

GCC

CGT

GAG

AAG

cca

TTC



Appendix F. One letter symbol for amino acids

A Alanine

C cysteine

D Aspartic acid
E glutamic acid
F Phenylalanine
G Glycine

H Histidine

I Igoleucine

K Lysine

L Leucine

M Methionine

N Agparagine

P proline

0 Glutamine

R Arginine

S Serine

T Threonine

v o Valine

W Tryptophan

Y Tyrosine
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Appendix G, Standard Genetic Code
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T c A G
TTT Phe (F) [TCT Ser (S) [TAT Tyr (Y) [TGT Cys (C)
TTC " TCC" TAC TGC
TTALeu(L) TCA" TAA Ter TGA Ter
TTG " TCG " TAG Ter  [TGG Trp (W)
CTT Leu(L) |CCT Pro (P) |CAT His (H) [CGT Arg (R)
CcTC" cce CAC" CGC"
CTA " CCA" CAA GIn (Q) ICGA "
CTG" CCG " CAG" CGG"
ATTIle(I)  |ACT Thr (T) |JAAT Asn (N) |AGT Ser (S)
ATC" ACC™" AAC™" AGC™
ATA" ACA " AAA Lys (K) IAGA Arg (R)
ATG Met (M) [ACG " AAG" AGG "
GTT Val (V) |GCT Ala (A)|GAT Asp (D) |GGT Gly (G)
GTC" Gee™ GAC" GGe "
GTA " GCA " GAA Glu (E) IGGA "
GTG" GCG" GAG" GGG "






