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Abstract 

Cutaneous 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. aetlziopica and other Leishmania species. Southern blot hybridization 

analysis showed peroxidoxins of L. aetlziopica genes exist as multigene 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 

impoliant for intracellular survival. Peroxidoxin genes appear to 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 
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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. donovani, 

L. in/antum, L. chagasi, L. mexicana, L. amazonensis, L. venezllelensis, L. tropica, L. major, 

L. aethiopica) and the subgenus ViallIlia (L. (V.) braziliensis, L. (V.) gllyanensis, 

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 nomnotile. 

The promastigote is the extracellular form that occurs in the sandfly vector and in vitro 

culture. Promastigotes are elongated, flagellated 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.intlhealth_tropicsleishmaniasis.htm).being highly prevalent 

to North Africa, the Middle East, parts of Europe and parts of Central and South America 
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(Roberts et at., 2000). It 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.intlhealth_tropicsleishmaniasis.htm). AIDS results in the reactivation of 

asymptomatic or previously healed Leishmania infections. 

Figure 1. A map showing the worldwide distribution ofleishmaniasis. Source: Davies e/ ai, 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. 
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Visceral leishmaniasis (VL), also called kala-azar, is most commonly caused by Leishmania 

donovani in India and Africa, L. in/antllm in the Mediterranean region, L. chagasi in Central 

and South America and occasionally by other Leishmania species (Berman, 1997). Ninety 

percent of all VL cases occur in Bangladesh, Brazil, India, Nepal and Sudan. VL is the most 

severe fonn of leishmaniasis. Death occurs within 2-3 years after infection ifleft untreated in 

almost all cases. The disease attacks reticuloendothelial cells of the visceral organs such as 

liver, spleen, lymph nodes and bone man·ow. It is characterized by fever, weight loss, 

swelling of spleen and liver, and anemia. 

Cutaneous leishmaniasis (CL), which is the most common form, represents 5 0-75% 0 fall 

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 

cutaneous leishmaniasis (DCL) and mucocutaneous leishmaniasis (MCL). In LCL, the 

lesions are localized to certain PaIts 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, Iran, PelU, 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 

3 



spontaneously. It is common in Central and South America, where it is caused by 

L. braziliellsis (Pearson et al., 2000). Ninety percent of MCL cases occur in Bolivia, Brazil 

and Peru. 

1.1.3 Hosts 

The invertebrate hosts are the sandflies of the genus Phlebotomus in the Old World and 

Lutzomyia in the New World (Pearson et al., 2000). About 30 species of sandflies are known 

to be vectors of leishmaniasis (www.who.intlinf-fs/enlfactI16.html). Most leishmaniases are 

zoonotic diseases, being mainly sylvatic. The vertebrate hosts are primarily mammals 

(Roberts and J anovy, 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 fotms. 

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 pro cyclic 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 6th 

and 9th 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 transfolmed 
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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 

o OMo& In midgut Md 
mlg/ola 10 probosel. 

A 109 •• 1100 of 
V parasitized cell 

A. Infeclive Siage 

A· Diagnostic Stag& 

o Sandny lak •• a blOOd m •• 1 
(ioJ«ts P~omast90:e &lagl1 

into thO $1::if1) 

e SandOr 'ake. a blood mea' 
(i~sts nm«ephages tnI«:ed" 

"ith OtN$l1)«O$) 

Figure 2. The life cycle of Leishmania parasite. 

Human Stages 

e ProOlnstigolcs aro 
phagocytl7.ed by 
macrOPhagos~ 

o 

0_ 
Plom.sllgol •• lIon.form 
inlo amasligoles inside 
macrophages A 

) 
Amas'i9ole. multiply in cells 
(Including macrophag •• ) of 

~ .... ___ ,.". various tissues. A 

Source: http://www.dpd.cdc.gov/dpdxfhnnlfleishmaniasis.hlm 

1.1.5 Diagnosis 

Laboratory diagnosis is accomplished by parasitological, immunologic and molecular 

diagnostic methods, Parasitological diagnosis employs microscopy for the demonstration of 
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amastigotes in Giemsa-stained smears 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 !FA 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 cun'entiy available for use against leishmaniasis include the pentavalent 

antimonials such as sodium stibogluconate (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 et at., 

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). Tlu'ee lipid formulations are now 
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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 et ai., 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, 200 I); 

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 ai., 2003). 

1.2 Leishmaniais in Ethiopia 

All forms of leishmaniasis occur in Ethiopia. Visceral leishmaniasis due to L. donovani 

occurs in lowlands and semi-desert areas of the countty such as the Segen valley around 

Konso (Lindtjom and Olafsson, 1983; Ayele and Ali, 1984; Hailu, 1990), Gambella (Hailu et 

ai., 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 ofVL in Ethiopia are P. martini, P. orientalis and P. ceNae (Gebre-

7 



Michael and Lane, 1996; Balkew et 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 et al (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 Adigrat (Ayele, 1982) and the Sidamo highlands 

(Lindtjorn, 1981). DCL is common in areas where LCL occurs (Blyceson and Leithead, 

1966). Ethiopian CL is generally caused by the endemic species, L. aethiopica (Bryceson and 

Thomas, 1966; Bray et al., 1973; Sarojini et al., 1984) and rarely by L. tropica and L. major 

(Desjeux, 1991), whose vector is P. dubscqi (Gebre-Michel et al., 1993). Like that ofVL, 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 of3.6% active lesions and 34.3% scars 

(Mengistu et 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 ofCL occur (Bryceson and Thomas, 1966; Bametson et al., 1978). 

1.2.1 Leishmallia aethiopica 

Leishmania aethiopica causes a spectrum of disease ranging fi'om the self-healing LCL to 

the non-self healing DCL. It 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 et a/., 1997). The 

known natural vertebrate hosts of L. aethiopica include three species of hyraxes (Procavia 

capensis, Heterohyrax brucei and Dendrohyrax arborells), the giant rat (CricetolllYs 

gambial/lIs), and man (Ashford and Bettini, 1987). The parasite is transmitted by two closely 

related sandfly species, PhiebotollloliS /ol/gipes and P. pedifel~ both of which occur at high 

altitudes, between 1 700 m and 2700 m (Ashford and Bettini, 1987). Very recently, anew 

sandfly vector (P. sergel/ti) for L. aetlziopica has been discovered in the upper Awash valley 

(Gebre-Michael et a/., 2004) 

Molecular genetics of L. aethiopica and its mechanism of intracellular survival and drug 

resistance are not known. In addition, there is no rapid differential diagnostic method that 

distinguishes among L. aethiopica, L. tropica and L. lIIajor, all of which occur in Ethiopia to 

variable degree. Ongoing global effOlis 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 Leishlllania species. 

Therefore, the identification and characterization of genes would help to understand 

mechanism of intracellular 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. 
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1.3 Molecular genetics of Leishma1lia 

1.3.1 The genome of Leishmallia 

Hybridization studies have shown that the haploid genome of Leishmallia is about 35 Mb in 

size and is distributed over 36 chromosomes which range in size from 0.35 to about 3 Mb 

(Wincker et ai., 1996; The Leishmallia Genome Network, 1998). This study also showed that 

the 36 chromosomes are conserved among the Old World species of Leishmania (L. major, 

L. illfalltllm, L. tropica and L. aethiopica). The New World Leishmallia species L. mexicalla 

complex and L. braziliellsis complex have 34 and 35 chromosomes, respectively (Britto et 

ai., 1998). The Leishmallia c111'omosomes 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 et ai., 1996; 

Britto et ai., 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 et ai., 1996). 
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1.3.2 Leishmallia gene organization 

The Leishmania contains about 8600 genes, which are organized into large polycistronic units 

of adjacent genes on the same DNA strand (Myler et al., 1999; Myler et al., 2000; Myler and 

Stuart, 2000) and are synthenic (Wincker et aI., 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 an'ays (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 eukaryotes. 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, genes 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 et al., 2004 ) (Figure 3). 
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Figure 3. Transcription of gene a) higher eukatyotes b) trypanosomatids. Source: Graham, 1995. 

1.3.4 Regulation of gene expression in Leishmania 

In higher eukatyotes, 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 ttypanosomatids, 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 

Tait, 1996; Teixeira, 1998; Monnerat et at., 2004). Many genes in Leishmania e.g. 

peroxidoxin genes, histone genes, cysteine protease and SOD genes are differentially 

regulated in the different stages of the parasite by stage-specific modulation of mRNA 
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abundance (Omara-Opyene and Gedamu, 1997; Ball' and Gedamu, 2001; Papageorgiou and 

Soteriadou, 2002; P lewes et ai., 2003), which is mediated by sequences located in the 3' 

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

1.4 Molecular aspects of Leishmania-macrophage interactions 

1.4.1 Macrophage defense mechanisms 

Leishmania parasites 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 primalY ROS include superoxide anions (,02-), hydrogen 

peroxide (H202) and hydroxyl radicals ('OH). They can interact with cellular targets to 

produce secondaty and tertiaty ROS, such as hydroperoxides (ROOH) and lipid peroxides. 

The accumulation of ROS results in oxidative stress and consequently intracellular killing of 

the parasites (Mun'ay, 1981; MUlTay et aI, 1983). This is called oxidative killing (Hughes, 

1988). Superoxide is formed according to the following reaction: 
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Hydroxyl radical is the most biologically reactive species and can be produced according to 

the following reactions: 

__ ~~ 'OH + O2 + OH' 

'02" + HOCI -----+~ 'OH + O2 + CI " 

O 2+ H2 2 + Fe ---.. ~ 'OH + OH" + Fe3
+ 

20NOO "+ 2H + __ .. ~ 2 . OH + NO 2 + NO/ 

Hydrogen peroxide is produced as follows: 

-----1~~ H2 O2 + 02 

Macrophages, upon activation, also produce reactive nitrogen species (RNS) such as nitric 

oxide (NO) and peroxynitrite (ONOO"), which are capable of killing intracellular parasites 

(Green et at., 1989; Liew et 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 (Marietta et at., 1988). NO causes loss of iron from critical 

target enzymes of parasites (James and Hibbs, 1990). Nitric oxide and superoxide radical 

react top roduce p eroxynitrite (Bekman and C oppenol, 1 996), 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 sttand 

breaks and base modifications in nucleic acids (Chae et at., 1994b). This would lead to 

intracellular killing of the parasites. 

1.4.2 Mechanisms of survival of Leishmallia within macrophages 

The Leishmania parasite, on its side, has evolved various mechanisms to evade the 

macrophage defense responses and continues to survive and mUltiply in the hostile 

phagolysosomes (Bogdan et at., 1990; Bogdan and Rollinghoff, 1998, 1999; Alexander et at., 

1999; Brandonisio et at., 2000; Cunningham, 2002; Handman and Bullen, 2002; Zambarno-

Villa et at., 2002). These include inhibition of ph ago lysosome 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 1. 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 shows 0 ptimum activity under t he acidic condition 0 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. alllazonensis have been found to degrade MHC class II molecules of their 

host (Souza-Leao et al., 1995). This impairs antigen presentation by MHC molecules and 

thus promotes intramacrophagal survival of the parasites. 

Th1 cells are responsible for protection against Leishmania parasite infection. These parasites 

have been found to inhibit production ofIL-12 (Carrera et al., 1996; Weinheber et al., 1998), 

which drives Th1 (CD4+) responses and induces INF-y production from both natural killer 

cells and T cells (Alexander et 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 to suppress production of IL-12 may provide intracellular survival advantage to the 

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

Leishmania parasites have been shown to inhibit oxidative burst of mouse macrophages 

(Buchmuller-Rouiller and Maue1, 1987). Leishmania promastigotes and amastigotes contain 

an acid phosphatase 0 n their surface that has been shown to inhibit 0 xidative 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: 

2 '0-2 + 2H+ son. O2 + H2 O2 

SOD gene has been isolated fi-om vatious Leishmania species, including Leishmania 

aethiopica (Paramchuk et al., 1997; Genetu, 2003) and was found to be the first line 

antioxidant against superoxide (Paramchuk et ai., 1997). It has been shown that SOD is 

important for survival of 

Plewes et ai., 2003) 

L. chagasi and L. tropica in macrophages (Ghosh et ai., 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 t he yeast S acc/zaromyces c erevisiae 

(Kim et al., 1988). At that time they were designated 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 (DIT), 

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 peroxidase, p eroxidoxins don ot contain 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 l-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 et at., 1994b). In addition to these two types, 

peroxidoxins with three cysteine residues have been recently discovered in bacteria (Hillas et 

at., 2000; Reynolds et 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 et al., 1988). Their peroxidase activity is due to their 

ability to reduce and detoxify reactive oxygen species such as hydrogen peroxides (Chae et 

at., 1 994a; Netto eta I., 1 996; McGonigle eta I., 1 998; S eo eta t., 2000; Wilkinson et al., 

2000; Ban' and Gedamu, 2001, 2003; Castro et at., 2002), hydroxyl radicals (Barr and 

Gedamu, 2001), hydroperoxides (e.g. CuOOH, t-BOOH) (Bryk et a 1.,2000; Hillas et al., 

2000; Flohe et al., 2002; Barr and Gedamu, 2003) and reactive nitrogen species such as 

peroxynitrites (Blyk et at., 2000; Master et 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 major (Levick et al., 1998; Webb et at., 1998), Leishmania chagasi 

(Barr and Gedamu, 2001), Leishmania donovani (Barr and Gedamu, 2001; Flohe et at., 2002) 

and Leshmania in/antum (Castro et 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 thio1 compound called 

tryparedoxin. The p eroxidoxin isolated from L . 111 ajor is encoded by a multiple copy gene 

tandemly arranged on chromosome 15. The enzyme protects the parasite from H202, but it 

cannot reduce organic hydroperoxide. In this regard, it is similar to peroxidoxin 2 from 

L. chagasi (Barr and Gedamu, 2003) and Plasmodium /alciparllm (Kawazu et al., 2000; 

Krnajksi et al., 2001). 

In L. chagasi and L. dOllovalli, three differentially expressed 2-cys peroxidoxins (Pxn1, Pxn2, 

Pxn3) have been identified and characterized by Ban' and Gedamu (2001). They showed that 

pxn2 and pxn3 are predominantly expressed in the promastigote stage of the parasite whereas 

pxn1 is predominantly expressed in the amastigote stage. Pxn1 is capable of detoxifying, alkyl 

hydroperoxides, hydroxyl radicals, peroxynitrites and nitric oxide whereas pxn2 detoxifies 

only H20 2 (Barr and Gedamu, 2003). 

The peroxidoxin (tryparedoxin peroxidase) of L. dOllovalli shows high similarity to pxn2 of 

L. major (Flohe et al., 2002). This enzyme efficiently reduces H20 2 and has broad substrate 

specificity for hydroperoxides. It reacts and moderately reduces t-BOOH, CuOOH, 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 

onCuOOH. 

In L. ill/all tum, two peroxidoxins have been identified, with identity of only 50% (Castro et 

al., 2002). One is localized to the cytoplasm and is encoded by a multiple copy gene. Its 

similarity to L. dOllovalli 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 Leishmania 

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 responses (Webb et al., 1998). PBMC from visceral leishmaniasis patients also 

responded to this protein although the frequency and the level 0 fp roliferation were lower 

(Webb et al., 1998). 

In another study, the immunogenicity of L. major peroxidoxin 2 as a DNA vaccine was 

studied in mouse experiments (Campos-Neto et 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 evaluated in BALB/c mice that are susceptible to L. major 

infection (Coler et al., 2002). This study showed that the fusion protein vaccine designated 

leish 11IF, provided long-lasting protection against infection with L. major and 

L. amazollellsis. The polyprotein vaccine induced gamma interferon production and IgG2a 

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 et al., 2000; Ball' and Gedamu, 2001; Son et al., 2001; Kawazu et al., 

2001; Castro et al., 2002; Flohe et al., 2002; Wilkinson et al., 2000). In pat1icular, the 

potential of peroxidoxins has to be exploited in the development of effective drugs against 

trypanosomatids. 

To date, no work has been done to detelmine the presence and role of peroxidoxins in 

Leishmallia aethiopica. Our work aimed at identifying and characterizing these genes fi'om 

L. aethiopica. We hypothesize that L. aethiopica, like other Leishmallia species, possesses 

peroxidoxin genes that have antioxidant activity and play an impol1ant role in the intracellular 

survival of the parasite. We also hypothesized that peroxidoxins of L. aethiopica show high 

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

2.1 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 detelmine peroxidoxin gene organization 

4. To determine the expression pattem of the genes in the promastigote and 

amastigote stages ofthe 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 overlay solution (WHO, 1990), The isolates were designated as 

1093/02 and 1185102. 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 unitslml penicillin and 100 Ilglml streptomycin 

(GrnCO BRL, Scotland) and were grown to logarithmic phase or stationary phase, as 

required for subsequent experiments. The p romastigotes of the isolated 1093/02 were split 

into three parts: one part was used for isoenzyme typing, the second pmt was for nucleic acids 

isolation andlor 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 fi'om the promastigotes by the phenol-chiorofoilli extraction and 

ethanol precipitation method (Sambrook and Russel, 2000). B rielly, 1 07/ml promastigotes 

were p elleted by centrifugation (Beckman Coulter, Allgera 6R centrifuge, U SA) 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 lysed in lysis buffer (10 mM Tris-CI, PH 8.3, 50 mM EDTA, 1% SDS). 

The lysate was then incubated with RNase A (to a final concentration of 100 llglml) at 37°C 

for I hour to destroy contaminating RNA and further incubated ovemight with proteinase K 

(to a final concentration of 100 llg/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:chlorofotm:isoamyl 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 micro centrifuge at 12, 000 g for 15 

minutes to pellet the DNA. The supematant was discarded and the pellet was washed in I ml 

70% ethanol, after which it was spun at 12, 000 g for 5 minutes. The precipitate 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 Southem 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 

I): 5'-ACCAGGGATCCATGTCCTGCGGTGACGCC-3" and antisense primer (primer 2): 

5' -ACATCGGATCCTT ACTT ATTGTGATCGACCTTCAGGCC-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 1. 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 1. donovani that they could almeal to the gene. 

The PCR reaction mixture contained 0.5 J.lg 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 KCl, 1.5 mM MgCh, 200 

J.lm dNTPs and stabilizers including bovine semm 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 J.ll. 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 1. 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 

fut1her confirmed DNA by sequencing. The PCR product was used as a probe in Northern 
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blot hybridization to detennine the expression pattem of peroxidoxin genes in the two stages 

ofthe parasite. 

3.4 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. in/an tum to determine the degree of 

sequence homology. This was done using Vector NT! 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 constlUcted 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 autoclaved double distilled water to a final volume of 16 f.ll and denatured in 

a boiling water bath for 10 minutes. Then, 4 f.ll 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 fi'om I nglf.ll 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 pglf.ll dilution is indicative of high labeling efficiency and 

the probe was used at a concentration of25 nglml in hybridization solution. 

3.5.2 Genomic DNA blotting and hybridization 

Genomic DNA (4 f.lg) of promastigotes was digested with the restriction enzynle EcoR I and 

BamH ill following standard procedures (Sambrook and Russel, 2000). The digested DNA 

was lUn on O. 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 NaCI, 0.5 M Tris-HCI, 0.001 M EDTA). The DNA was then 
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fixed pennanently to the nylon membrane by exposing to UV light (254 nm) for 5minutes. 

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 Ix blocking solution (provided in the 

kit), incubated for 30 minutes in antibody solution (anti-digoxigenin antibody conjugated to 

alkaline phosphatase), washed twice for 15 minutes in washing buffer (0.1 M Tris-HCI, 0.15 

M NaCI, PH 7.5), equilibrated for 5 minutes in detection buffer (0.1 M Tris-HCI, 0.1 M 

NaCI, 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 

(BClP), 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, ImM EDTA, PH 8) for 5 minutes. Finally, the result was 

photographed. 

3.6 Infection of THPl cells 

The macrophage cell lines THP 1 cells (American Cell Culture Collection) were used as an ill 

vitro model for the infection of L. aethiopica (Ogukolade et al., 1990; Mohamed et al., 1992) 
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and L. dOllovalli (Dasgupta et at., 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 )lglml streptomycin (all tlu'ee are from Gibco 

BRL, Scotland) at 37°C in 5% C02 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 to 2 x 

lOS cells/m!. 

The THP-l cells were checked for v iability by trypan blue exclusion and differentiated to 

macrophages by treatment with retinoic acid at a final concentration of 10 ·6 M. The cells 

were incubated with this concentration of retinoic acid at 37°C in 5% CO2 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% 

C02 incubator for 24 hours. Verification of infection was done as follows: the cells were 

washed three times with RPMI 1640 at 6 00 rpm to remove u nphagotisized 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 fi'om promastigotes and amastigotes using TRizol™ reagent (Invitrogen, USA) 
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according to the manufacturer's instl1lctions, Briefly, the parasites were pelleted at 3000 rpm 

in Beckman Coulter centrifuge and washed in I x PBS (phosphate-buffered saline) at 2000 

rpm, The pellet was resuspended in I ml TRIzofM reagent and transferred to L5 ml 

Eppendorf tube and incubated at room temperature for 5 minutes, Chloroform (200 Ill) was 

added to the suspension, shaken vigorously and left at room temperature for 3 minutes, after 

which it was micro centrifuged at 12,000 g at 4 °C for 15 minutes, Aqueous phase was 

transferred to a new tube, 500 III 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 fi'ee water and stored at -80°C. The 

integrity of the RNA was checked by running 4 Ilg of the sample on L2% denaturing 

formaldehyde agarose gel before storage. In order to get amastigotes and isolate RNA from 

them, the macrophage cell lines THP-I cells were infected with stationalY phase 

promastigotes. StationalY phase promastigotes were obtained by inoculating a liquid medium 

with 106 Iml 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 detelmine 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 (eDNA) synthesis 

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

following manufacturer's procedures. Briefly, a reaction mixture (20 Ill) of Ix RT buffer, 
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dNTP mix (0.5 mM each dNTP), 10 units RNase inhibitor, I 11M oligo-dT primer, 4 units 

Omniscript Reverse Transcriptase, 2 I1g RNA and RNase free water was incubated at 37°C 

for I hour, after which the reaction mixture was heated at 93 °C for 5 minutes 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 futiher use as a template for PCR. 

3.9 Reverse Transcriptase-Polymerase Chain Reaction CRT-PCR) 

Three different P CR experiments were conducted as described ins ection 3 .3 to determine 

expression pattern of peroxidoxin I, peroxidoxin2 and all peroxidoxins in the different stages 

of L. aethiopica. But the template used was cDNA of amastigotes or promastigotes, not 

genomic DNA, according to the individual experiments. The first was can-ied 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 pattel1l of peroxidoxin 1 and the third was conducted using 

primer I and primer 3 to determine expression pattel1l 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 THPI cells were 

run on 1.2% denaturing fonnaldehyde agarose gel and transferred to a positively charged 

nylon membrane by upward capilialY transfer method using 20x sse as a transfer buffer. All 

solutions and water used here were made RNAse fi'ee 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. aetJliopiC(t 

In this study, we identified the coding regions of two peroxidoxin genes (pxn1 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) (Figure 5) which amplified from the internal region (Figure 

6c) 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 1185102 and 

1400102) (Figure 6a, lane 3 and 4; Figure 6b, lane 3) taken from Ethiopian LCL patients and 

fi'om 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 fi'om L. aethiopica, but also from L. tropica. 

r --. 
primer 1 

LJ --. 
primer 4 

primer 5 .-- primer 2 or 3 .--

Figure 5. The coding region of peroxidoxin gene and primers IIsed in peR. The middle region represents the 

internal region of the coding region. 
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123456 
1234567 

a) b) 

570 bp 600bp 

1 234567 8910 11 12 
c) 

400 bp 

Figure 6. PCR product a) PxnI from genomic DNAs. I kb plus DNA ladder (lane I), 1093/02 (L. aethiopica) 

(lane 2), 1185102 (lane 3), 1400102 (lane 4), L. tropica (lane 5), L. c"agasi (lane 6) b) Pxn2 fi'om 

genomic DNAs. I kb plus DNA ladder (lane I), 1093/02 (L. aethiopica) (lane 2), 1185/02 (lane 3), 

L. tropica (lane 4), L. chagasi (lane 5) c) Internal region of PxnI (lane 2-7) and pxn2 (lane 8-12) 

from PCR products of pxnI and pxn2, respectively. I kb plus DNA ladder (laneI), 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), I 185/02 (lane 9), L. tropica (lane 10), L. chagasi (lane 

I I), Negative control (lane 12). 
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4.2 Sequence analysis of coding regions of pCl'oxidoxin 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 Leishmania genes, the coding region DNA sequence is rich in 

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

a) 

M S R G D A KIN SPA P P 
1 ATG TCC CGC GGT GAC GCC AAG ATC AAC TCT CCC GCG CCG CCC 

FEE V A L M P N G S F K K 
43 TTC GAG GAG GTG GCG CTC ATG CCC AAC GGC AGC TTC AAG AAG 

I S L SAY K G K W V V L F 
85 ATC AGC CTC TCC GCC TAC AAG GGC AAG TGG GTC GTG CTC TTC 

F Y P L D F S F vc:g] PTE I 
127 TTC TAC CCG CTC GAC TTC AGC TTC GTG TGC CCG ACA GAG ATC 

I Q F S D S V S R F N E L N 
169 ATC CAG TTC TCC GAC AGC GTG AGT CGC TTC AAC GAG CTC AAC 

C E V LAC S M D S E YAH 
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 

A M A I P M LAD K T K C I 
295 GCC ATG GCG ATC CCA ATG CTG GCC GAC AAG ACC AAG TGC ATC 

A R S Y G V LEE S Q G V A 
337 GCT CGT TCC TAC GGC GTG CTG GAG GAG AGC CAG GGC GTG GCC 

Y R G 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 

Q I T V N D M P V 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 LEA F Q F V E K 
463 

505 

GAG GTT CTG 
H G E 

CAC GGC GAG 
G L K 

CGC CTG CTG GAG GCT TTT CAG TTC GTG GAG AAG 
VWPANWKKGDP 

GTG TGC CCC GCG AAC TGG AAA AAG GGC GAC CCT 
V D H N K * 

547 GGC CTG AAG GTC GAT CAC AAT AAG TAA 
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b) 

M S C G D A KIN SPA P P 
1 ATG TCC TGC GGT GAC GCC AAG ATC AAC TCT CCC GCG CCG CCC 

FEE V A L M P N G S F K K 
43 TTC GAG GAG GTG GCG CTC ATG CCC AAC GGC AGC TTC AAG AAG 

I S L SAY K G K W V V L F 
85 ATC AGC CTC TCC GCC TAC AAG GGC AAG TGG GTC GTG CTC TTC 

F Y P L D F T F vCQ] PTE I 
127 TTC TAC CCG CTC GAC TTC ACC TTC GTG TGC CCG ACA GAG ATC 

I A F S D S V S R F N E L N 
169 ATC GCG TTC TCC GAC AGC GTG AGT CGC TTC AAC GAG CTC AAC 

C E V LAC S M D S E YAH 
211 TGC GAG GTC CTC GCG TGC TCG ATG GAC AGC GAG TAC GCG CAC 

L Q W T L Q D R Q K G G L G 
253 CTG CAG TGG ACG CTG CAG GAC CGC CAG AAG GGC GGC CTC GGG 

A M A I P M LAD K T K C I 
295 GCC ATG GCG ATC CCA ATG CTG GCC GAC AAG ACC AAG TGC ATC 

A R S Y G V LEE S Q G V A 
337 GCT CGT TCC TAC GGC GTG CTG GAG GAG AGC CAG GGC GTG GCC 

Y R G 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 

Q I T V N D M P V G R S V E 
421 CAG ATC ACC GTC AAC GAC ATG CCG GTG GGC CGC AGC GTG GAG 

E V X R L LEA F Q F V E K 
463 GAG GTT NTG CGC CTG CTG GAG GCT TTT CAG TTC GTG GAG AAG 

H G E V [CJ PAN VI K K GAP 
505 CAC GGC GAG GTG TGC CCC GCG AAC TGG AAG AAG GGC GCC CCC 

T M K PEP K A S V E G Y F 
547 ACG ATG AAG CCG GAA CCG AAG GCG TCT GTC GAG GGG TAC TTC 

S K Q * 
589 AGC AAA CAG TAA 

Figure 7. The nucleotide and amino acid sequences ofpxnl (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 
AppendixF. 

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. major, L. chagasi, L. donovani and L. injant1lll1, 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 pxn1. Pxnl showed the highest identity 

(99.5%) to the clinical isolate 1185/02, suggesting that L. aefhiopica (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 I. 

Table 1 Identity 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. donovalli 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. ill/alltllm Cytosolic peroxiredoxin AY058210.1 89.3% 

Crithidia /asiclliata Tryparedoxin peroxidase AF055914 79.8% 

Tlypallosoma c/"llzi Tryparedoxin peroxidase AFI06856 70.8% 

* We have sequenced pxn! 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 I AF205887 89% 

L. donovani Peroxidoxin I AF134161 89% 

Tlypanosollla crllzi Tryparedoxin peroxidase AFI06856 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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1093 pxnl 
1093 pxn2 
1185 pxnl 
1185 pxn2 

L. chagasi pxnl 
L. chagasi pxn2 
L. chagasi pxn3 

L. donovani pxnl 
L. infantum Prxn 

L. major pxn2 
L. tropica pxnl 
L. tropica pxn2 

Consensus 

1093 pxnl 
1093 pxn2 
1185 pxnl 
1185 pxn2 

L. chagasi pxnl 
L. chagasi pxn2 
L. chagasi pxn3 

L. donovani pxnl 
L. infantum Prxn 

L. major pxn2 
L. tropica pxnl 
L. tropica pxn2 

Consensus 

1093 pxnl 
1093 pxn2 
1185 pxnl 
1185 pxn2 

L. chagasi pxnl 
L. chagasi pxn2 
L. chagasi pxn3 

L. donovani pxnl 
L. infantum Prxn 

L. major pxn2 
L. tropica pxnl 
L. tropica pxn2 

Consensus 

1093 pxnl 
1093 pxn2 
1185 pxnl 
1185 pxn2 

L. chagasi pxnl 
L. cbagasi pxn2 
L. chagasi pxn3 

L. donovani pxnl 
L. infantum Prxn 

L. major pxn2 
L. tropica pxnl 
L. tropica pxn2 

Consensus 

1093 pxnl 
1093 pxn2 
1185 pxnl 
1185 pxn2 

L. chagasi pxnl 
L. chagasi pxn2 
L. chagasi pxn3 

L. donovani pxnl 
L. infantum Prxn 

L. major pxn2 
L. tropica pxnl 
L. tropica pxn2 

Consensus 

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

(71) 
(71) 
(71) 
(71) 
(71) 
(71) 
(71) 
(71) 
(71) 
(71) 
(71) 
(71) 
(71) 

(141) 
(141) 
(141) 
(141) 
(141) 
(141) 
(141) 
(141) 
(141) 
(141) 
(141) 
(141) 
(141) 

(211) 
(211) 
(211) 
(211) 
(211) 
(211) 
(211) 
(211) 
(211) 
(211) 
(211) 
(211) 
(211) 

(281) 
(281) 
(281) 
(281) 
(281) 
(281) 
(281) 
(281) 
(281) 
(281) 
(281) 
(281) 
(281) 

1 70 
,~tG_1'~gc_~Gfi'rGA¢GC-CllAGA7;Y!lliCTC~CCCC;<;~c;CG~C¢'l'.T~GA~G1\§G~G{i~GS.r'9,l\_t~¢,G{'~:C~ 
~_TGrf!q',f,G(;GGTGAd,GC(!fillGl}TCAl\c'rCTCCC(iCGCGGGCC'f'rCGAGGAGGT,GGC~CT~AT(;C_(!G~CG 
~j'~~t:~cjGCG~J9~~qCcC#GATC;~l\CTc:~i:CCGCGt;;fG¢,C'CT,!,q_{;A_G~AGG:r~q~~_STqAT~(j¢S~ii~ci1 
l\T(;T:y'GTGgGGTG~CGcqAAG{\TCAAC~CTC.CC~¢GCGGCCC~i'qGi)(iGi\GGT~(;STC!li:j~c;c_~~q 
~t~i<;:9_T,~~,~'fc;~(;¢;<;:.C~,~ATC~~C~G;::CCCGCGCCG(~C(;T_TCGAGq_AG~1VG_CGgTC,~~G9:C_g~cq 

:f~~d~;;~~~±~~¢~g~~:~g::~i~f~~g~2~¢~~_~gi~~,~:-~~_~~~~g¢W:~g~~¢~g¢~~~ 
~f:~l:_~~t9,¢§-GJ:G~C,G¢.QA_lIGA~CAACT,G~C~CGCGCCGCCCT'+G~GG!}GpT,$.~~G:<i'.fq~tGF~,S:IiA9-g 
ATG:T.cC.r,G,9GGrG~CGCC-MGA·rGAAC'I'GTCCCGCGCC-(;CC;CT'I'CG!\G(;AGG'fGG(!GG'1:'9~rGC~:CAAC9 

~~~!gg~~2~,~t~~~~,::gttg~:~~~~~~~cii~~~~~~~~~g~~%~:~~!~g~~:i~,~±:~-~§tg~ 
~fC~G~*q~9G'1'~~A~,CMG_i\T_~~<:TCTCCCGCGCtG¢CCT,T'CGAGG~qAif.G~C~GT'GATGC~CM~q 
ATGTCCTGCGGTGACGCCAAGATCAACTCTCCCGCGCCGCCCTTCGAGGAGGTGGCGCTCATGCCCAACG 
71 140 
j:;¢~~~t_~.M(fMqATPAEiCC:rq,!,~:C:G~CTACAA_GGGCMGT~<?GTCGT~CT.G:i:'~~frtttJACCC~~t¢~1\ 
G_CAGCTTCAAGl}.AGAT¢A(;CCTCTtCGCCTACAAG~GCAAGTGGGTCGTGC:'l'(,.:T,TC'l',TC~A,Gd¢$;TCGA 
~C~G~;T,rGAAGMs;AT~l\GC_CTctCC~CGTACAAGGGCAl\Gil'GG~T¢GT(;CTCif'I'C_TTC'rA(:C'C,<?C'rGG~ 
~ __ (i;q~,rT,C;:~~$G~~C~GC~T(~TCCGCtTAC~GGG9-MGTGGGTG(;TGCTC~rf!'J.'I~,¢TJi(!G~~<:,TC~~ 
~,Yl\?P'!;:~QM_~M~!\Tf!\~,C_y_TC;GCCGGCTACAA,GG_GPAA~T~GG';l'CGTG(:_TSt,~G;T-TP:r-~~qG9<;:!fc:!~~ 
GC~~9r,,'l?Cl0GMGATCAGt::C'I'CGCCt1CCT~CAAGGGc:AAGTGG(3T<;(;TGCT,C'l'_'r.C'r:rCT~,r;:qF€;S,[,(>(;~ 
~C)\9:CT_~CAl\G,M~iTC~G~-CTCGCC~CCTAC,AAGGGCJt.AGTGGGTGGTGCT,(:TT~:r_',l',C:TAC-¢~GCTqp-~ 
GCAGCTTCitAGAAGA'TCAGCCTC'GCCGCCTACAAGGGCAAGTGGGTCGTGCTC-f-fCT,TCTACCCGC'l'CGA 
Gb~<iC~r'f,6AAdAAGAiG~AG¢GTdGCCGGC;TACru\GG~_AAGT_G<;G+,C~,T-GCii!-T'i·_c~';r'(;;rAG(i.c~T,d#4 
bC_AGr;:TtCAilGAAGA·r<:;~GC,CT,.cTCCTtC1'ACAAGG~CM:~T,GGGTC:;GTGC'J?CTtgTT(!,T~_G;¢G,G,CT¢(;A 
qc~,~C;T:T-CJ\~(;_~GAjeA~~§TC'l'CCGCC'l'ACAAGG:;.Cl\ .. 1l.GT_GGGTCG'rGCT9'rTpi-T~i'~c,~t;4_C-I¢9,~ 
<:?CAGC'r_Tc;M~MGATGAGCCTCTCCGCCTACAAGGGCAAGTGGGTCG_TGCT.CTr~'fT~~~~G~(WT,CG1\ 
GCAGCTTCAAGAAGATCAGCCTCTCCGCCTACAAGGGCAAGTGGGTCGTGCTCTTCTTCTACCCGCTCGA 
141 210 
~~T~RG~TT(1GTGrG¢CC9_AG~§AG_ATCATC:CAGTTC~CGGl:\g~QC_G_T,GAGTC;:Gc!r¢Mc~AGC~CAA(l 
C't-'rcACci1'CGTGTGCCCGACAGAGATCATCGCGTTCTCCGACAGCGTGAGTCGCT~TtAACGAGCTCAAd 
pT:rQ~G~i'T¢ __ G_i:~i_~9C_CGA9~GAGi\TCATCCA~T-T-CTC~~1(CA(k;'GTGAGiCG~TT~CAAGG,A~CTGAAd 
~f'fC:l;i¢t:f'l:S_~fG:t'GG~C&~CAGA~ATcA;tCGCG1icrCCGACii~~~GAGJ:GG.Gri'-~_l$¢,(,~~c:'tp~q 
T~i~.1~GgT,~_CG~G,~G~C~C:GACAGAGATCATC'CAG~~CT_C(X~AMAOATAp'~T:CG(;~:T~iiA9G~0C'T(;{V\d 
~~TcAc~r'J:_¢_~!GT __ G¢<;CGACAC;AGit1:cA'rCGc(;rT-~T.c,CGMMCG;iG~GT_CGqIT'G'4,C;G,~qGT.Gl\Ad 
f;~,~~-A,9S;'frs~i_G,*~,C;S~~~Ql\.~AGAT.CA:rC:Gc;?-~Tf:TSCf*~S~rGA~tci~·q~~~~§~<i~#:S~q 
~TJ:CI\GG,TTG~T,c;TG9,CC,C?AC;AGf\GAT<::A'l'CCAGTr,CTCTGA,MAC(;rG-A_G~CGS'J::r9AAC91\~~,~(;~C 
c-t.-Ti;:,~CGi,TC~'1'G't,GctCGACAGAGATCAT,CGCGTT_brcGGM~CGTGAG'i'G_G'tiTTC~CGAG'CTCMd 
CT-TCACC'TTCGTGT:GCCCGACAGi\GG'rCATCGCGTT'tTcciihCAGCGTGAGTC-GCTTCMCGA,GCTCA:Atl (''''_''_'' _,', 't-'--" _ "_',., -- '--'_ ---, ., -, i_'_" c· - . -' .. '_ -, ". .; -- " ,''".--, __ -_ :_ ,,_., - ,-_: __ ",- '----, _" .. "','_'_' "'" "> _,'·_".-·_-:-"-"_· __ OO',,J 

G!frpAGG!j',a:GG.TGT_(;CC(;C;~CAGAGNJ:CAreCAGTrc:ryCGp'CA(iCGT-G~GT~GC'l'TG.¥~GA~)'G,Md 
PT;~C~~~T_!~<?i-~i~C¢~GACAGAGATCATCGt;Gl't~'t:cCGA6MC'GTi~Atiic~q~,r_9AA-c~¢_c,tC'Mq 
CTTCACCTTCGTGTGCCCGACAGAGATCATCGCGTTCTCCGACAGCGTGAGTCGCTTCAACGAGCTCAAC 
211 280 
~§f§j\qqr~c_'licGCG~G¢_Tg~!I::r~G~~N~CGAG'l'~C~GGACC-TGC_AG'i'GG~<:;GC~G:GAG(;~9q~~q~ 
~,GQ:_G~c;§r5;~tGGG_GT(iCTCGATGGACAGGG~G..1'N:;G<::G~ACC'l'GCA,GTG'~'AC$_QtG'G~G(3AC~C_GqCf\(;~ 
W(;,C~AGGTCC-r:CqC_G~~t~§A.'i'-~C;ACA(;CGAGTl\CGCG9A9¢J',~¢~G~GGAC~,G'TG_¢~G,_~Ac;t~CMG_i\ 
tr9;G,~ii~Wr5;_C:XCGt,~'r:(i(:T,(:.GATGGACAGC:QAqTAC~CGCAC;CT.GCf\~'r{;,GN~GC~~g~,S~W~CP~~M~~ 
T,GG(j~~~~G,<::rC(iC~J.'GGrCCf\'l'GGA9NJC-GAGT~CG~G_CACCT0_CAGT.GGAGG_CTqCI\~t#\CFG2.~(,;~ 
rr$..l~J~0irp~:rc;,G_SGTGC~¢CfirGGJl.CAGG~A~'fACG~GCACGTG(;AGTG~,~<;Gcj§~i~9~~C~~,M~~ 
~<?(;~~Gc;T,CCr_CGG.~TGCl'C,CliTGGACAGCGAG;I'_ACGCGCACC;TGCAGT~c;I\CGc:r~_cJ\G~~CG(;C~_91\ 
~,q-C:~~-G~rCqTp~,q1'_<?~TqCf\'rGGACA~CGl\GT{i.~GCG~,~C~TG~A,GTGql\.~G,g_Tp2~~~Y~'<?i;A!i~~ 
~9S9_~~,~FC1;'I'~C~19C'r-C,Cf!'J~GAC~GCGl\G'f~~-(;C_GG,ACGrGC,11(;TG,G~~,G(?:r~9~~,M~_(;_~9M,Gl.\ 
1.r~9S~~~t:;.:rC~TCqc_GT,G,S.tt;,q~~A~J!.GAGc;GAGtl\C,GP-G()AC(;TGQ1\.G:rC:iq~c~~~~~~~i\CC.?HA.A~i\ 
l:rGGG~G~TC<;T,GGC:<;!C;CTCGATGGACAGCG!i(;'1:',ACGCGC,ACCT'<;CAG:rGG~C,GG'r~C:1\G,Git(H~,GCMyA 
rfiCGAGG_TCCTCGCGTGCTCGAT<;GACAGC'GAGT,ACGGGCACCTGCAGTGGACGCr~cAGGi~G~CAA(;l\ 
TGCGAGGTCCTCGCGTGCTCGATGGACAGCGAGTACGCGCACCTGCAGTGGACGCTGCAGGACCGCAAGA 
281 350 
A$i~~G<i_Gt~tGGGGCCl\TGGCG_~'l:-C,CC_MTGCTG~CCGAd.1t~GACGAl-\GTt;CATCc;CT~_Gttt:CTACGG 
~~GGG.GG,tCTCGGGG~GC'AT:(;GCGATCCCAA~GCTGG_CGG1,\Ci\J\GACoCAAC;']'GC~TCGQT_(;G.'I'Tt::G',rAtGcl 
!\G,GGtG_G¢tTc~~P¢(;A'i'GGCGATC¢CAATGCTGG,t;CGACAAGAC'~,~~T};Cr\T¢G:GT.¢~ttG(}-il\,GGtl, 
~~_~~fG,~(!-y,T~~_~G~(j9h:I:c;~qGA,?ZCCC~'l'G~_'fG(iCC:;,t;A.C~~A¢G¥q~P~f\t~.(;;~,~~,~tt~~,t~~%i 
A~F~?~@prC,G~C~ce~,~GG~.(;ATT!2CE\~TGC,TGGCJ:~N~AAG~Cq~GA-(iCAf,CGCT_C.G'.(GC,9~,}\.g~G 
~~_G,G9-F£~rfip~c~G¢~1G<?CGAiT~G,MTG,C'i:;G,GC¢G~GM9!iC.c;_Al}-G~_qCi\:t~:$c;'iG9.TG~,GriiGGd 
I\q~_Gq~:GqP1GG,GC~,C_¢I\r~,GCGA'riTt:CAATGG~<;,GCCG-l\c:MGAgCl}l\~A~c~i'c;;;,C_i¢9_tG¢qr~i:!iiG 
AG __ ~G(;,S,ST~<idCASCATGGGGli.tTCCAA':rG<;,~GGCCGiit;~GA.CCAAG:~G~A'rc_GP'#iG~GC~~~9'<;'i1 
AG,~{;C'9G¢,<:;TCG(kGCC_~TGG{;GAiTGCl\ATGCT,GGGC'Gt\CAJ:.GACCAAGAG¢ArCG_CTGG¥GtC:1-ACGG 
F\GGGc,~cc're,GGGA~CATGGCGATCCCAATGCTA(;CCGACAAGACCMGAGCA1CGCTCGT_TCCTACGcl 
~G'GG,¢G_f¥:'C;r.GGG<iGC<CATGGCGi\TCCC1\ATGCTGGCCGACAi\~CCAAGTGCATCGCTCGTTCCTAC'Gd 
~" ".', .,,,' " ~'- - - - '" - ~,' _, ' -, ' ,,- , _," - - - , '_ - - - '_ - " -, ~ - ,_c > ,".' ,,",;, -,' ,," _ -, - 1 

?\(;{;GC(~G~,C::<J:q(:iGGGGCA,TGGCGATCCCAATGCTGCCCGACAAG:i).(:CAAGA(iCI\TCG(:TCG'K'l'CS:~~CGq 
AGGGCGGCCTCGGGGCCATGGCGATCCCAATGCTGGCCGACAAGACCAAGAGCATCGCTCGTTCCTACGG 
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1093 pxnl 
1093 pxn2 
1185 pxnl 
1185 pxn2 

L. chagasi pxnl 
L. cbagasi pxn2 
L. cbagasi pxn3 

L. donovan! pxnl 
L. infantum Prxn 

L. major pxn2 
L. tropica pxnl 
L. tropica pxn2 

Consensus 

1093 pxnl 
1093 pxn2 
1185 pxnl 
1185 pxn2 

L. cbagasi pxnl 
L. chagasi pxn2 
L. chagasi pxn3 

L. donovani pxnl 
L. infantum prxn 

L. major pxn2 
L. tropica pxnl 
L. tropica pxn2 

Consensus 

1093 pxnl 
1093 pxn2 
1185 pxnl 
1185 pxn2 

L. chagasi pxnl 
L. chagasi pxn2 
L. chagasi pxn3 

L. donovani pxnl 
L. infantum Prxn 

L. major pxn2 
L. tropica pxnl 
L. tropica pxn2 

Consensus 

1093 pxnl 
1093 pxn2 
1185 pxnl 
1185 pxnz 

L. chagasi pxnl 
L. chagasi pxn2 
L. chagasi pxn3 

L. donovani pxnl 
L. infantum Prxn 

L. major pxn2 
L. tropica pxnl 
L. trapi ca pxn2 

Consensus 

(351) 
(351) 
(351) 
(351) 
(351) 
(351) 
(351) 
(351) 
(351) 
(351) 
(351) 
(351) 
(351) 

(421) 
(421) 
(421) 
(421) 
(421) 
(421) 
(421) 
(421) 
(421) 
(421) 
(421) 
(421) 
(421) 

(491) 
(491) 
(491) 
(491) 
(491) 
(491) 
(491) 
(491) 
(491) 
(491) 
(491) 
(491) 
(491) 

(561) 
(561) 
(561) 
(561) 
(561) 
(561) 
(561) 
(561) 
(561) 
(561) 
(561) 
(561) 
(561) 

351 420 
f;~1_93~J'GG~~$.~9N3:CC1\~~GCGTc?§S:<;:TAC(;~_pGrCTt'I'_l'CliTCJ\'fCG~¢G~qmT~_C;¢_~,G<?~GG~ 
!=!.G:rt;Gt%A,c,;G~G!}§;C_GAt;GG<;~;rGGC9~ACCt:;CG_GTGTGT'rGATCA'rCG,AC<;_¢Cc~t.~q9h1@t~~Gif; 
tG'YGCTGG/tGGAGAGCC_AGG_GCGTGGCCTACC¢GGTC,TCTTCAT,CATCGACGC¢,CATG(;CA~GGTGCqT 
S9~f:;¢,T,,~~A(;GA.~~GCCAGGGC_(;TGGCCTA(;CGCGGTCrCTTCAT.CATCGA~qC~Cl\~_~A$_G};t<¥:qT~ 
CGTGCTGGAGGAGAAACAGGGCGTGGCCTACCGCGGTCTCTTCATCATCGACCCCAATGGCATGGTGCGC 
bGT<i~'t~GCG_<;A~ACAGG_GC(~T-GGCCTf\CCGCGGT~,TCTTCA,TCATCGACGCdAM'G~,CATGGr~CGC 
CGTG,CTGGCGGAGAAACAGGGCGTGGCCTACCGCGGTC'fCTTCA'rCATCGACCCdA~TGGCATGG,TGCGC 
c~_j_GCT~GA~GAG'{AAG_~G'G9CGTGGC.tTAC(;GCGGT'GT:c1"rC_ATC~TCG~C~dJMi·~~C.A~;G<1TG(;,dc 
h~T~_q_T~GC:G~~_GliAACAGGGCGTGGCC1',ACCGC~TCTGT~l'CATC~T,C~GAcc.cdAl\i,q.;,G_AT_c;Gr:GG~C 
P§f9,~,~_(;p~~$_AR~GCSG~~GCGTGF<:C:,'I.'l\C~~(~G_~iS~9Tr¢A~CA'l',~gA~c;S~9~rGAA~~~~~_~~~ 
CGTGc'i'GGAGGAGAGCCAGGGCGTGGCCTACCGCGGTCTCT-TCATCATCGACCCCCJl.TGGCATGGTGCGT 
~G~Ci~tGGAGGACi~GCCAGG~GTGGCCT~CCGCGGTCTCT'TCA~GATCGAC_CC:<;,GAT(;GC~TGGT~~;r; 
CGTGCTGGAGGAGAGCCAGGGCGTGGCCTACCGCGGTCTCTTCATCATCGACCCCCATGGCATGGTGCGT 
421 490 
CAGATCA.CCGTCAACGACAT(lCCGGTGGGCCGCAACG-TGGAGGAGG-TTCTGCGCCTE;CTGGAGGcTT'tTC 
b.AifAT¢[>;(fCGTCAAGGACATGCCGGTGGGCCGCl\G¢',GTGGi\G,GAGGT~'NrGCGCCTGCTGG1\GG,C,Trfi'd 
f;"i\GAT:C.ACC,GTC.1\l\GGACI;.ii,;cCGGTGG,GCCGCAA¢G'tGGAGGf\G,GTTCT(;C~CC~GG,r.GGAG,G~T:rTTq 
F~9~,Tqi\G(;G~C_~C~~{;{\'rGCCGGTGGGCGGC_~G~GTqGAC;GA?GTTcrg~G<::CTc;g~G~!l_~-T:r;Tr~ 

k~~;JZ~~,~~~~,M~;~~g~~,ci.6_¢g~~~~_~~~-~~~g~_~:~~ci~~~ci~-~¢,i,0~~lg~i~~~~¢~'~~:f~ 
g'K~~~~~~f~M~-ci!~~fg~~g_~%~~~'~2~~M~g~~~_:~~h~~;~~~;~'rici%~~~~f:~~~~i~t_i~ 
~~(;~r,SAqg,Gj_c;riA(:);~~GA~GcGG,GiGG<;cCGGMG_GX~~AGG~<iGT'~_¢,TGC~:~r~C~Gt3:A~,GJ~~T*TG 
~Af~~9N;;9~1¢;MT~.1~~A'.\-'C?C(;G,G:rGr;G,CCG_C~~p4-rG,GA~,~~GGT-rCiASc0,S~g:G:T,~G~,C;(;cj,~t~q 

g~~~~~~~~~~~tt6g:~~~~·~g~~~~~~,~~~~~~~~~~~~g~~i~~~~~g~~~'~~~i~-~~§ 
CAGATCACCGTCAACGACATGCCGGTGGGCCGCAACGTGGAGGAGGTTCTGCGCCTGCTGGAGGCTTTTC 
491 560 
li_<£T:,r:¢~'l'GGA:G~i;~A~GGC:G.i\GGTGTGC9_C~GCG_AA~TGGAAA~GCiGC~ACCqT,GGCC~c;M_§GTC(}!\ 
~G_TT,CGTG(;~(7A!\GCACGGCGAGGTGTGCGCCC;CGA.A(;,TGGMGAA_G(;G(;GCCCCCACGrl'f:GltAGCCG~l\ 
k§:t'!'F~i;TG,~!iG.l¥\9cAt:GGC,~AGG_TGTG9_~~_CG~G_M~_~~~AAG~G-~~C~:A~~gT_GGccl,rG~GGTC~ 
f\_~Tr~Gtq,GiJ.GAAG9,AGGGCGAGGTGi:GGC,q(;GCGAACTGGz;r .. C;AAGGG,(:_GcqCCCACGNi:GAAGCCG,~A 

~,~i~¢~ici~~~:ci~~~~g~~~~'~~~~~~~~~~Z;2~~_~:%~ggg,~~~~~~~,~~~Ai,¥~~~~ 
~Ci_r:TCG'f~q~QAAGGf\(:_~Gc;§~GGTGT_~_G~_c:;GGC~AA_~_?-,GGMGAAG9~_~Gcq;c_g~CGAr.q~Q9f:9(;l\ 

~~~,ig~l~~:_g:~~:~~~~~g~_~~~~~~~6~~¢~~~%~:~~~g~~~~&~~~~_~~~~~~~g~~ 
~?~rS~qTG?~G~G~~CG~CGAGGTGTGCGCCGC,GAA9TG~MGA)\c;~GG~(3.CC~~;C~¢,GA~p_~~C_Gq~,~ 
~G:'l'TCG1,'C;_GAGAAGCnCGGCGAGGTGTGCCCCG(;GAA(;TC;Gl\AGAAGG(;CGA9GOTGGCC~_(7MijGTC(j1\ 
i\~ii:CGT~9A~MGCA9G%:J]j\GGTG~C~c:CGddAA~'i'-¢Giv\GAA(;-GGcdcc,c-~ql\~G,ATGMG~~Gh~ 
AGTTCGTGGAGAAGCACGGCGAGGTGTGCCCCGCGAACTGGAAGAAGGGCGCCCCCACGATGAAGCCGGA 
561 600 
T~AC~TAA~~AA--------------------------­
A~¢GMG~_~~'r:~rG'i'CGi~G09~_TACTT_~l\G~Al\A~AG~M 
TOAC~TAAGTAA--------------------------­
A~CpiJ\GGCG~C'i,~TCGA_GGj;GTACTTCAGCAAAtAGTAA 
Ti:JACN\TAAGTAA----~:----,-"-~-------,--: 
GtCGAAGGCGT'CTGiCGl\GGGGTACTTCAGCMACAGTAA 
GF,CGMGGCr:tpTGi¢~GAG,GG~TACTTC1\ciCMGPTG~Gl\ 
TP'AC~:rAAG"TAA __ ~ - ~,~_-_-_-, ~ - -:-:- ~_~~ - - -, - _- -: - ,- ~ - -,-,­
Gt¢~G¥-~GC:GTctG~CGl\GGGGT~CTTCA<?r1il\GCAt;TAA 
ACCG~GGCGT<;:TGTCGAG'GQA~ACTTCAGCAAGCAGTAA 
T~frcAATAA~~AA- -.: - -- '~-~ - - - - - - - - -- --- ~ --- '- - ~ -- ~­
AC'9GMGGCGTCTG,TCGAGGGGTACTTCAGCAMCAGTAA 

CCGAAGGCGTCTGTQGAGGGGTACTTCAGCAA CAGTAA 

Figure 8. Nucleotide sequence alignment ofperoxidoxins of Leishmania species. 
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a) 

88 

51 1093 pxn1 

100 1185pxn1 

83 L. tropica pxn1 

L. chagasl pxn1 

100 L. donovani pxn1 

L. chagasi pxn3 

45 100 L. chagasi pxn2 

42 L. infantum Prxn 

1093 pxn2 

5 1185 pxn2 

8 L. major pxn2 

L. tropica pxn2 

L-_________________________ T. aquaticus Prxn 

0.05 
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b) 

62 1093 pxn 

89 1185pxn1 

42 l. troplca pxn1 

38 
1093 pxn2 

9 1185 pxn2 
93 

l. troplca pxn2 

100 
- l. major pxn2 

9 rL. chagasi pxn1 

C l. donovani pxn1 

99 97 L. infantum P rxn 

l. chagasi pxn2 
100 

72 l. chagasi pxn3 

C. faclculata Tryp 
34 

T. cruzi TryP 

H. sapiens prxn1 
,--

92 H. sapiens Prxn2 

F. hepatica Prxn 

T. aquatlcus Prxn 

0.1 

Figure 9. Dendrogram ofperoxidoxins constmcted based on nucleotide sequence aligrilllent (a) Leishmania 

species (b) Leishmania 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 fi'ames of pxnl and pxn2 genes, 

the nucleotide sequences of the corresponding genes were translated into amino acid 

sequences by using Vector NTI software (Figure 7). We found that each one of the open 

reading fi'ames 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 

ofpxnl protein is 21.29 kD and 6.49, respectively whereas those ofpxn2 are 22.137 kD and 

5.98, respectively as predicted using the same software. The two predicted proteins differ 

mainly in their primalY structure, especially in the carboxyl tetminus 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 ammo acid sequence also helped us perfOlm 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 (ehae et ai, 1994b). The BLAST search also revealed that vety high 

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

The degree of pxnl protein sequence similarity to those of Leishlllania 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. IIIqjor (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 
orgamsms 

Organism Protein Accession number Identity 

L. tropica Peroxidoxin 1 Not submitted 97.4% 

L. chagasi Peroxidoxin 1 AAG40074.1 94.7% 

L. dOl/oval/i Peroxidoxin 1 AAK82654.1 94.7% 

L. lIlajor Peroxidoxin 2 AAC79432.1 84.9% 

L. chagasi Peroxidoxin 2 AAK69586.1 85.4% 

L. chagasi Peroxidoxin 3 AAK69587.1 85.4% 

L. infal/tlllll TSAprotein AAK58478.1 85.4% 

Crithidia fasiculata Tryparedoxin peroxidase AAC72300.1 73.7% 

TIYPallOSOllla brucei Tryparedoxin peroxidase AAG45225.1 68.3% 

Shistosoll/a mallsoni Thioredoxin peroxidase AADl7299.1 60% 

Ratlls I/orvegiclls Peroxiredoxin 1 NP 476455.1 56.8% 

Homo sapiel1s Peroxiredoxin 1 XP 001393.2 56.8% 

Diroflaria ill/mitis 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 
orgamsms 

Organism Protein Accession number Identity 

L. tropica Peroxidoxin 2 Not submitted 95.5% 

L. major Peroxidoxin 2 AAC79432.1 94.5% 

L. chagasi Peroxidoxin 2 AAK69586.1 94% 

L. infantulIl TSAprotein AAK58478.1 94% 

L. chagasi Peroxidoxin 3 AAK69587.1 93.5% 

L. chagasi Peroxidoxin 1 AAG40074.1 84.4% 

L. donovani Peroxidoxin 1 AAK82654.1 84.4% 

Crithidia fasiculata Tryparedoxin peroxidase AAC72300.1 69.8% 

TIYPa//oSOIlIa brucei Tryparedoxin peroxidase AAG45225.1 68.8% 

Shistosoma mansoni Thioredoxin peroxidase AADI7299.1 64% 

Onchocerca volvulus Thioredoxin peroxidase AAC48312.1 61.3% 

Homo sapiens Peroxiredoxin 1 XP 001393.2 60.5% 

Ratus norvegiclls Peroxiredoxin 1 NP 476455.1 60% 

Onchocerca volvulus Peroxidoxin 2 AAC32810.1 59.7% 

Diroflaria immitis Thioredoxin peroxidase AAC38831.1 58.2% 

HOlllo sapiens Peroxidoxin 2 AAH03022.1 56.3% 

Protein sequence alignment (Figure 10) shows pxn 1 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. Each of 

the two motifs contains a highly conserved cysteine residue, making up a total of two highly 

conserved cysteine residues in p eroxidoxin protein. The first conserved cysteine 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. 

47 



, 

1093 pxnl 
1093 pxn2 

1185 pxnl 
1185 pxn2 

L. chagasi pxnl 
L. chagasi pxn2 
L. chagasi pxn3 

L. donovani pxnl 
L. infantum Prxn 

L. major pxn2 
L. tropica pxnl 
L. tropica pxn2 

Consensus 

1093 pxnl 
1093 pxn2 

1185 pxnl 
1185 pxn2 

L. chagasi pxnl 
L. chagasl pxn2 
L. chagasi pxn3 

L. donovani pxnl 
L. infantum Prxn 

L. major pxn2 
L. tropica pxnl 
L. tropica pxn2 

Consensus 

1093 pxnl 
1093 pxn2 

1185 pxnl 
1185 pxn2 

L. cbagasi pxnl 
L. chagasi pxn2 
L. chagasi pxn3 
L. donovani pxnl 
L. infantum Prxn 

L. major pxn2 
L. tropica pxnl 
L. tropica pxn2 

Consensus 

1093 pxnl 
1093 pxn2 

l185 pxn 
1185 px2 

L. chagasi pxnl 
L. chagasi pxn2 
L. chagasi pxn3 

L. donovani pxnl 
L. infantum Prxn 

L. major pxn2 
L. tropica pxnl 
L. tropica pxn2 

Consensus 

1 60 
( 1 ) ~~S RQDA~tNS )?i\-P; P_FE!-i1V1\Li'lP~j~S F'~K,t$_!tSA 'iKGK\'1V VLFfY PL I? FS 'tE;I ;(Q~$. 
(1) ~SCQDA~!NS~~~P£?E.vi\.t~,ipNGSFKKISIiSAY¥<§g<.~YY~-fFYPL[)_I<?r VC T~I ~:A:F~ 
(1) HSCRDA~':(NS?AP;P'R~~Vf\~t·jJ-~_~~~~~-I:<~{S~SA~K(?,K~·lVVL'FFY)?~PF? ~v~~ t§I\iiQ?~ 
(1) ~1SCGDAKINSPAPPFEE}VALNPNGSFKKISLSAYKGKt.rVVLFFYPLDFT. VC l'E!IiI;AFq 
(1) 'SCGDAKI'NC}>APPfEEVf\IJNPNGSFKKISLAA'iKGK\'jlVVLFFYPLDFS C TEIIQFS 
(1) .!SC?DA~I:NCrA~PFEr!VALNPNGSFKKISI.AAYKGK)'lVVLFFYPLDFT c TEh~AFS 
(1) HSCGDAKINCJ.>APPFEE!Vf'-LMPNGSFKKISLAAYKGK~·lVVLFFYPLDFT VC TEIlAFS 
(1) t.jSCGDAkINCPAPPFEEVAUIPUGSFKKISLl\AYKGKWVVLFFYPLDFS ~e TEIIQf'S 
(1) ~JSeGDAKINCPAPPE'EEVALHPNGSFKKISJ,AAYKGK~'NVLFFYPLDFT 'Vel'rElrAFS 
(1) t·jSCGNA~INSPl!.~SFEEvtiLMPNGSFKKIS~SSYKGi<\;l,VVLFFypiDF'r. C T,EVI'A~S 
(1) ~iTCGElAKiHSPAPPFE;'EVALfolPHGSFKKI SLSA YKGK\1VVLFFYPLDFS 'VC TElr'iQF::i 
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(1) NSCGDAKINSPAPPFEEVALNPNGSFKKISLSAYKGKI'lVVLFFYPLDFT VC TEIIAFS 
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(61) D~V~){F.~E.tl{CE;Vj,ACS.I'lbSEYAHLQ'nTLQD~QKG¢LGANAI~f.fLADKTRC:rA~S~GVIiE 
(61) D13.V;3)~~n~Et.U-_CEYLi,c-S.l.l.DS:EYA.HI,Qi'rrLQDRKKG~Lt;:At'IAI PHLADKT~ciA~S~iGV4E 
( 61) D~V:SRt~~_ft{C~l,lLAC_Sr.fDSEY_AHLQ;'l'fLQDRKKGG~G,Af.1AI P::ILAl!KTl\eIA~S;t?V~E 
(61) ~N):~a~~}~~1;l.Cl':VLAC_~NpSEYAHLQi·!TLQD~KKGGL(~At'iAI PHLADKTt<S IARAYG~E 
(61) mNV~Il~H,~~NCJ!;VLA~.Sllp~EYAHLQ(TLQD~K~{13GL~AHAIPHLADKT~SI,AR:AYc;YD,A 
(61) E;NV~~FNE;LyCEVLI\CS.l.mSEYAHLQ:·I,T1QDJ)K~~GLdAHAI PHLADKTKSIl\Rl\)'GV~A 

! i~: !~~!;iiti~!~;~g!~~H~~:~~;~g~~~~~i~;~!E~::E~;~~i~~;~i~~~ 
( 61) D~VR~f~_~J,.,~_(;~y'LAGW.19.s~Y.~HLQ:'fTLQP~K,KGG~qA~_AI Pl1LADKT~e::rl\~S¥C?y~E 
(61) DNV~~~§~!tC~V,l!J\G~NDSEY~HLQ:1TLQD~KKGGLQA!1AI PI·ILADKr~SIA:~SX53y-ljE 
(61) DSVSRFNELNCEVLACSNDSEYAHLQWTLQDRKKGGLGAHAIPHLADKTKSIARSYGVLE 

121 180 
(121) ~SQGyAYRG~R:iIDP.H~ivRQITVl{D_~iP\(Q~~E_E:~L~~E~FQ¥"VEkHG' VC A.m'l~~q 
(121) ~SQ9VAYR(3;LFt;Cl?~H~Hv}lQiTV}iDHPVGRSVEE~X,RL,LEAFQFVE:Kf!G' ~~-: )j~t<5"! 
(121) ~SQ§VA'i'RGLI;XiOPHG~·ivR9tT\ili~:i?yq}:~NVE;-EV,L~L_E1\FQ_FVEKHG !lVC 
(121) ~S~,~i~X~G:Ltt-ID~H~~~9ITVNDHPVGI~SyEEVLRLLE~FQFVEi\HG ~VC .,' _ , , 
(121) mK~yl}.YR,(;L,FIID~Nr;r.~V~QITVNDNPVGRNyEEVLRLL~1\FQFVEKHG .Ne, NWKK~ 
(121) ~K~,,'?ol\XRG~F-I IDPNGf'~VRQITVNDHPVGRNVEEVLRLLEl\FQFVEKHG "V9l r..m:lKKq 
(121) ~KOPIJ{'-Y.RGP?I-I,DPNGl'iVRQITVNmIPVGR;NVEEV,L,RLLEA;FQFVEKHG '-VC _ l~K~~ 
(121) ~KOf!~AX,R~~I!,1;I!)~NP[o1V~QITvNmiPVGRNVEEI{LFLLEl\FQFVEKHG !;VC, l:lWKI:~g 
(121) ~KQGVf\YR(i~F~-I[}PNGHVRQXTlJNDHP.vGRNYEEVLR:PLEAFqFVEKHG !.vc m'1Ki<G 
(121) ~SRGV'f{~Gi-,!i:ID~H~f,.ILRQITVHI)!{PV.G~syEEVLRr.LEAFQFVEI<HG 'ye ,1~W~K~ 
(121) ~s~Y~i~G~F_~ t:I?~H~ir'R9iT\itmplP1JG~NVE.E~L~LEAF~FV~KHG J v.< ~l'f~i~~~ 
(121) mS~Y.f\YA~L_FI ~!JPHGl·~VRQITVNDNPVGRNVEEV.LRLLEi\L9FVEKHG '-Ive ANWKKG 
(121) ESQGVAYRGLFIIDPHGJ.lVRQITVNDNPVGRNVEEVLRLLEAFQFVEKHG· VC ANl1KKG 

181 199 
(181) D~G"~Vp,HNK--------­
(181) A,~TH!{PEPKASVEGYFSKQ 
(181) D~G):'i\V!lHNK--------­
(181) A?,TMKpEPKASVEGYFSKQ 
(181) Dr,Gl'~V)jHNK--------­
(181) A~TN~PEPKASVEGYFSKQ 
(181) A~TI'~~P,E,PKASVEGYFSKL 
(181) D~G);~VPHf'K--------­
(181) AgTl.i):{PEPKASVEGYFSKQ 
(181) A:P-Tl'l~PEPKASVEGYFSKQ 
(181) DgG~~Vp,LNK--------­
(181) AgTN~PEPKASVEGYFSKQ 
(181) APTNKPEPKASVEGYFSKQ 

Figure lO. Sequence alignment of peroxidoxin protein Leishmania 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 

constlUction 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 1185102. 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 ofperoxidoxins constl.1lcted based on amino acid sequence. (a) Leishmania species 

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

4.4 Peroxidoxin gene organization 

In order to detennine organization of peroxidoxin genes existing in L. aethiopica, Southern 

blot analysis was carried out on genomic DNA of L. aetlziopica promastigotes using 

restriction enzymes that were selected from information obtained from the restriction 

mapping of the nucleotide sequence of both pxnl and pxn2 of L. aetlziopica. 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. aethiopica 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. 

5kb -

2kb-

1.65 kb--

1 2 3 

Figure 12. Southern blot hybridization. Ikb plus DNA ladder (lane I), 4 ~lg of L. aelhiopica genomic DNA 

digested with EcoR I (lane 2) and Hind III (lane 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 peR, 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 different R T-PCR experiments 

were conducted. In order to determine the overall expression level of all peroxidoxin genes, 

the first RT -PCR experiment was performed usmg 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 ofperoxidoxins 

of other trypanosomatids (Barr and Gedamu, 2001). The RT-PCR products were rnn 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 cDNA of the logarithmic and stationalY phase 

promastigotes (Figure 13a, lane 2 and 3). The band derived from eDNA of the stationary 

promastigotes (Figure 13a, lane 3) is more intense than that of logarithmic phase 

promastigote (Figure 13a, lane 2). In shot1, the intensity of bands increases as one goes form 

the logarithmic through s tationaty phases 0 f promastigotes to the intracellular amastigotes. 

No band was observed for cDNA from uninfected THPI cells, which was used as a negative 

control for cDNA infected THPI cells. 
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Figure 13. RT-PCRproduct. a) Peroxidoxin internal region. I kb plus DNA ladder (lane I), logarithmic phase 

promastigote (lane 2), stationaty phase promastigote (lane 3), amastigote from infected THPI cells 

(lane 4), uninfected THP I cells (lane 5), negative control (lane 6) b) <x-tubulin gene. I kb plus 

DNA ladder (lane I), logarithmic phase promastigote (lane 2), stationaty phase promastigote (lane 

3), amastigote from infected THPI cells (lane 4), uninfected THPI cells (lane 5), negative control 

(lane 6) 

The house-keeping Leishmania a-tubulin gene was used as a loading control. The a-tubulin 

gene was amplified from cDNA using a-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 LaboratOlY Products, London) and the bands were 

analysed using Lab Works 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 propOitional to expression level. The table shows that the highest ratio 

corresponds to the most intense band (amastigote) for peroxidoxin PCR product whereas the 
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lowest ratio cOlTesponds 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 transf01Tlls 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 a-tubulin 

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

Parasite stage Pxn band OD a-tubulin band OD OD ratios 

(Pxn to a-tubulin) 

Logarithmic phase 1789.5 3247.9 0.55 

Stationaty 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 perf01Tlled 

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 fi'om the amastigote (Figure 

14a, lane 4) than with cDNAs from the logarithmic and stationaty 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 I), logarithmic phase promastigote 

(lane 2), stationary phase promastigote (lane 3), amastigote from infected THP I cells (lane 4), 

uninfected THP 1 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 promasligote (lane 3), 

amastigote from infected THP I cells (lane 4), uninfected THP I cells (lane 5), negative control 

(lane 6) 

The stationary phase eDNA produced a more intense band than the logarithmic phase 

promastigote eDNA. In short, the intensity of bands increases as one goes from the 

logarithmic phase promastigote t1n'ough the stationaty phase promastigote to the intracellular 

amastigote. a-tubulin gene was used as a loading control as described above. Ratios of the 

OD values of pxn1 to that of a-tubulin are given in Table 6. The ratios are directly 

propOltional to the level of expression. This result indicates that pxn1 is predominantly 

expressed in the amastigote stage, followed by stationaty 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 stationalY phase 
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promastigote. The expression of pxn I in the stationary phase pro mastigote is about three 

times higher than its expression in the logarithmic phase promastigote. 

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

are directly proportional to level of expression. 

Parasite stage Pxnl band OD a-tubulin band OD OD ratios 

(Pxnl to a-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 

cDNA 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. I kb plus DNA ladder (lane I), logarithmic phase promastigote 

(lane 2), stationary phase promastigote (lane 3), amastigote ftom infected THPI cells (lane 4), 

uninfected THP I cells (lane 5), negative control (lane 6) b) a·tubulin gene. I kb plus DNA 

ladder (lane I), logarithmic phase promastigote (lane 2), stationary phase promastigote (lane 3), 

amastigote from infected THPI cells (lane 4), uninfected THPI cells (lane 5), negative control 

(lane 6) 

Compared to the amastigote phase the stationary phase promastigote produced a slightly 

more intense band. In ShOlt, band intensity shows some decrease when the logarithmic phase 

pro mastigote and the stationary phase pro mastigote are compared to the intracellular 

amastigote (Figure IS). 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 a-tubulin gene was used as a 

loading control as described above. Ratios of the OD values of pxn2 to that of a-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 ofOD values ofpxn2 gene and a-tubulin gene. The ratios (column 

4) are directly proportional to level of expression. 

Parasite stage Pxn2 band OD oAubulin band OD OD ratios 

(Pxn2 to a-tubulin) 

Logarithmic phase 2176.8 3247.9 0.67 

Stationary phase 2053.6 3246.3 0.63 

Amastigote 2017.3 3300.5 0.61 

4.6. Northern blot hybridization analysis 

The first RT-PCR experiment was verified by canymg out Northern blot hybridization 

analysis using digoxigenin-Iabeled 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 ofthe promastigote (Figure 16a). 
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Figure 16. a) Northern blot hybridization. 0.24-9.5 kb RNA ladder (lane I), promastigote (lane 2), infected 

THPlcells (lane 3) and un infected THPI 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 THPI cells (lane 3), Uninfected THPI cells (lane 4) 
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S. Discussion 

Peroxidoxin genes have been isolated from various Leishmania species (Levick et al., 1998; 

Webb et al., 1998; BatT and Gedamu, 2001; Castro et al., 2002; Flohe et at., 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 (Barr 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 (R202, 

ROOR, OR') and RNS (NO, ONOO') (Barr and Gedamu, 2003). Based on this finding and 

the vety high similarity that exists between peroxidoxin genes 0 f t he 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 Leishmania species (Levick et al., 1998; Webb et at., 

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

Previous studies have shown that high nucleotide sequence similarity exists between known 

peroxidoxin genes of Leishmania species (Castro et al., 2002; Flohe et at., 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 ttypanosomatids. It can also be speculated that high sequence 

similarity may predict high similarity in stl1lcture, 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 Leishmania species may have both overlapping and 

nonoverlapping functions. For example, while peroxidoxins of both L. chagasi and L. major 

detoxifY H202, indicating overlapping function, only that of L. chagasi, not L. major, is 

capable of detoxifying alkyl hydroperoxides (Levick e t ai., 1998; B 311' and Gedamu 2001, 

2003). Furthermore, the high similarity of peroxidoxin genes is also indicative of the 

existence of conserved epitopes in all Leishmania 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. Based on nucleotide sequence divergence, primers can be designed 

and/or restriction sites could be analyzed to develop species-specific PCRlPCR-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' untranslated regions (UTRs) ofpxnl and pxn2 

showed greater divergence in peroxidoxin genes of other Leishmallia 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. tropica isolates from cutaneous leislm1aniasis patients in Ethiopia, avoiding the 

laborious techniques of isoenzyme 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 Leishmallia species 

(Levick et ai., 1998; Webb et ai., 1998; Barr and Gedamu, 2001; Castro et a/., 2002). This 

suggests that the gene products of L. aetiliopica and other Leishmallia species could be 

expressed at different stages 0 f t he parasite development top lay a role in its survival and 

potentially as a virulence factor. 

Expression of pxnl 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. aetiliopica. 

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 (Barr and Gedamu, 2001) suggest that the 

expression of pxn I increases during this transformation process. 

The higher level of pxn 1 mRNA expression in the intracellular amastigote stage suggests that 

pxn I might be impot1ant 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 (BatT and Gedamu, 2003). In 

short, pxnl may enhance intracellular survival of the parasites by protecting them fi'om 

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 stationaty phase promastigotes also suggests its probable 

importance for amastigote infectivity. Furthermore, differential expression of pxnl may 

explain the previous finding that stationaty phase promastigotes are more resistant to 

hydrogen peroxide, t-BOOR and ONOO' than logarithmic phase promastigotes (Barr and 

Gedamu, 2003). It may be speculated that the higher level of pxnl in the stationaty 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 pxn I synthesis or activity may render the 

parasite I) 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 et al., 

2001) 

Our finding that pxn2 is expressed constitutively in the different stages of L. aethiopica is 

consistent with previous repOits on the expression pattern of L. major (Levick et al., 1998), to 

which p xn2 protein 0 fL. a ethiopica showed the highest similarity. But it is in contrast to 

pxn2 of L. chagasi and L. dOl/oval/i, 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 ofthe 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 Leishmania species that cause 

cutaneous leishmaniasis in Ethiopia is velY 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 stationmy 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 impOltant targets for drug development against leishmaniasis, for 

which effective, less toxic and short course dmgs are needed urgently. Drugs that target 

peroxidoxins can b e u sed a gainst a II L eish1llania species 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 L. 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 dmg 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 intracellular 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 
1093 pxn2 
1185 pxnl 
1185 pxn2 

c. faciculata Tryp 
F. hepatica Prxn 

H. sapiens prxnl 
H. sapiens Prxn2 

L. chagasl pxnl 
L. chagasi pxn2 
L. chagasl pxn3 

L. donovani pxnl 
L. infantum Prxn 

L. major pxn2 
L. tropica pxnl 
L. tropica pxn2 

T. aquaticus Prxn 
T. cruzi 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 
L. chagasi pxn3 

L. donovani pxnl 
L. infantum Prxn 

L. major pxn2 
L. tropica pxnl 
L. tropica pxn2 

T. aquaticus Prxn 
T. cruzi 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 
L. chagasi pxn3 

L. donovani pxnl 
L. infantum Prxn 

L. major pxn2 
L. tropica pxnl 
L. tropica pxn2 

T. aquaticus Prxn 
T. cruzi TryP 

Consensus 

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

(63) 
(63) 
(63) 
(63) 
(63) 
(49) 
(63) 
(61) 
(63) 
(63) 
(63) 
(63) 
( 63) 
(63) 
(63) 
(63) 
(49) 
(63) 
(63) 

(125) 
(125) 
(125) 
(125) 
(125) 
(110) 
(125) 
(122) 
(125) 
(125) 
(125) 
(125) 
(125) 
(125) 
(125) 
(125) 
(110) 
(125) 
(125) 

1 62 
~t:~rC~C~¢~~~GAGGC,GMG1\'i'.GM(;~C~CC.CGc,~,C(;~CC;'~rG9(>.~~Gf!.-,~gX~~_~g_'l:Q~'Il 
~TG'tGG'i:GC'G_G'J;'GAC~C~~ATqMG%c:t¢cCGOGqC_~¢,9¢T'l'~9J\.(;~~G5tf~GCGCjc~'t 
hf~t~~~<:~~~~Ag§¢¢MQ~iQ~J!c:tC;_~q~§:~<i(;_~<;~~~f~$:K~<JA'g-S.t-t®:CG[fGAll 
AT,(;_~,c3(}T(3,~_G'GTGA~~pj~G}\'fCAA¢_TCTgcc9,C$,t(:GCCC,TTCGAGql\,G~'f:Gp:CGC~cJ\11 
~TGTC-CTGCGG'I:~C¢GCC~qT:r,G¥qc'ACFG~,GCGCqTGAGtTCG"CGl\CA~G¢_~¢.C,TCA'4 
---------,,-ATGTTGc~GcCTMTATGc:~CGCCi::SGAATTfuTCTGGACAGGCGGTA-­
"TGTdTTCAGGAAATGCT~A1lTGGGCACCdTGdcc:cC'AAC1'TdAMdCCACAGdTGTTAT 
~TG_G~ct_CCGG~AP:¢_GGG_CGc:~iqGGAAAGbQAGQC~'qTGA~iT~~_~qccACA~~GGrG - -' 
I\TGTCCTGCGGTG'ACGCCAAGATCAAC~G~CCCGCGCCGCCCTj'CGAGGAGGTGGCGCTGAT 
AT(;TCCTGCGGTG'ACGCCMGATCA'At.rGT'ct'iiGCGCCGCCCT,ictiAceiiGGiGGCC'CTCA~ 
"+GTCC'rGCGG'l"GJ\CGCCMGAT<::MC1GrcccGc,,CCciccCT:rCGIIGGAGGT(iGCGi::rCJ\T 
l\T'GTCCTGCGGTGACGCCAAGATCMC1iGtCCCGCGCCGCCCTTCGAGGAGGTGGCGCTCAi{ 
1iT.GTt:::¢TG_C;G~'I!GPi:Gc·Cj\AGA'fGMCjlG!rC,c,CG:CG~GGCCCTi~:GA.G~~GGr(;GcCi¢'TGAT 
~T~T_CGTG,GGGr,AACG.cC~~_~1-CAACTCitp;9,(;C~(;C(hCCT-'fC@~~Gl\~G-TG~Cq(:i¢_~T. 
~i~_A~CTC;<;GctGp*Gc_cMG~rSC~G~C~CC9Ci¢_G~9G(#C,T-~'C,?~G,~A?G:r-S~~"G(;T?A_~ 
l\.TGT(XITGCGGTGAAAc;CAAGt.\~CAACT.ClfC<:!GG(!GGCGCCCT:r(:G~GGAqA:r~;(~CGCTC,A~ 
- - ~ ,- ,- ~ -_- - -,~ -ATGTGTT'!'.GG~GG_GAAAAAAqT_AdAAC(jATTCCGTG~CCAA{;¢,c;TAT~":­
A'l'_GTC~TGCGQApACGdAMGC~CA!\~CACP:qGP¢_G?:i~CGACTJ:qABT~~qAC~G_CqQ~G)\'l! 
ATGTCCTGCGGTGACGCCAAGATCAACT TCCCGCGCCGCCCTTCGAGGAGGTGGCGCTCAT 
63 124 

~_g~,§~¢~~~:~~:_~6~~~~~~~~~~~.g~~e~,g~~~,s~~~_g~~~:~~~~~-~~-ag;~~ 
~GGG.MC(,-~c:tiG<;T_TCA;AGlvi..(ii{rc1\G~ciJ.'cTC(fGc-CTA¢AAG,~(i.CMGj'GGGT~Gj'GG'iCT: 
~C;~:~M9GGr;N;Cr·fCAAG~MGArCAgtG1_CT~C-~Ci(]T~?~GG-G,gAi\~J,GG~i¢73~(fCT~~ 
GCCb""~GGCI\CATTGl\AGl\AGG:rMG¢<;~GTCGTCGTA9¥"1;GCAliG'i!ACG ... ~(iiiii:TQ,1 
~GTGG~ti!'A,GGAGr1CC"GIW\c,c~i6AIlTT~Ar~A~A~#QIIl\GG\\CAl\A~G(j~nG!,jitr~~({G 
~_C;qAGt1TpqTCAG:r!I;'I'MAGf\TA,'J,'~!\GP9T,G:fgT9AQt~-q~Q,q~JI!ATf3JlTP'l:'qTt:G~ 
-GTTG~:r~(l¢,~C$lTrCN\Ag!'iiG~GfiA(;j:;'r,G~qG~A~ThC;&\A~"GM(l~AC(liG~)~c¢Tq'Ji 
P'Y,~RMC_-G.G~l}qC}!0M~lV\,~!,:'1;C:~G(:(;r.qGFSG9_~7'1'\~,I0qGg9~~:r·9_9-~r<;.~:'t'~C~F:~ 
~~(;9A1\CG<;Cl\~{}',r'J:'(:A!l<;'¥1G~TCA~(,!9TGGGG9g.GT,ACA#c;GGGAAGT(;~<i:r,CC;T,G_yT(J'{! 
~CC:S~dG.¢¢ji(;~]'_TG~t3AJ\G_~~C~G_Cg_T,GG~CGCtTACAA_G:~G,c~¢iG~~iG~~,~:Gr~,T; 
GCCC~CGGCAG,CTTCAAGM91\.TCAGCCrC:GCCGCC'l'ACMi;;~GCAAGrG_GG;rcG.'rGC'fCT: 

~'R~¢:~~PG'qc~~~iT¢~~iv\_G~TCA_G5i_,9tSGS~G¢Sif\¢*~~G~A'A_Gi~~~.t~-~:J:0r§~ 
~CGCMCGG.CAGCTTCAA_GAAGM'Cf\GCCTC'I'_CQTcc'rAC,MC;.GG:CAA~1'G_GG'I'CGT_~TG-T: 
GGC,CMCG'~CA(i_CTTCMGMGATCAGCCTCTCCGCCTAt;AAbGGC'AAGTG·(;GTCGTGCTCT 
hC_CCA:AC_GGCAGc,(rCAAGAAG'A~C'iGC:<;i_CT_C(£GCQ¥.ACAi;\G~l~GAliGJ.'.q_G,GXGQt'GCrC'1;i 
~~At:M<;.GqTGAA~,T-9~T~G¥G~GXCAGAGCAP.~Ap~TPliTp~d,<3MA~~,~AGQ,A~CG~'l'~ 
!3q~QAA£;!GG~AC~TTCAAGAA,qG~GGCT!:!TqAP_GT¢CTA~AAGGGGM,G~q9C!!:G~'I'qq~~~ 
GCCCAACGGCAGCTTCAAGAAGATCAGCCTCTCCGCCTACAAGGGCAAGTGGGTCGTGCTCT 
125 186 
"'G:rTC'I'_AGGCGC'I'CGACTTCi\G¢TT'CGT~TGf!CCGi\c;iGAGATCAT-4CAG1!r,ctc¢$AcfAqq 
~:q'l'TC.TiiCCC_GCTGGACTTCAtCTTCGTGrGC-cGGT\CA~AGATCATeGCGTTC_l'C¢_G!\~A~q 
r9_',i'Tc'i:~t¢,CG~:rGGAC'l"fCl\GC~'TCGT,f:i~(G_GG(i,~A¢l!~1l?~_T<;!\'rccA~_~r~tr¢f:~ll,t;_~@q 
!rCTXG!~C,~rGCTC~ACT-TC~~CTTCG1'G'tG¢_(;c,:GACA(jAGAtpAr<::GCf.;;tTY.'fC.c(;;T\CAGd 
lfqttC_T,ACCCCATGGACiT,(!-ACCT,T9~_T_~i'G,CGCC~CCGAGATCAtC<:1\Gi'rI:!Tcc_qt,t9GAC 
~HJ;:f;G-t_~~~:GAF-~Tp,~T~:t~~~G:r,*~:~i9t:~'l'Fq¥d,G~~~Af\~C9Rf{A~f~AGTp_~TC:~G 
\I'9-'l;:1iTtr~,c:~gT~~T~~C1'r9l~:q_G~TT:T~r,r:.;;r,<}~GgCl\;gGc,;p.G~1'.9:~,r:r~9T!r.'J,',gAGTpAT~GG 
itiT~.t9~~~S~BTR~G~,~Gi:~9,,!\qT~;~Tf?:r:¢if?¢,~:qc~Scfi~q~Ts~rRc;C~tlflA~§~C;;C~ 
~p_r7:(;'fAcg~GS;.rG~l~T~rT9i{G~?f'J:'q~;;_f;r:Gg:9_~_<;;~Sl\G~~~~P,.T~(;A:G:ri~Y~.g,¢iW\Aq 
TC.:it(!.IAC,(!CG<;Tg_G~¢,T!fC~cCttc'9'ttif¥cgG~C,~~~'GAi'G,~~q~gGT~q~¢'C:q:AAM8 
If_C,'fT¢;r~CCCG_CTC¢ACTt_¢A¢(j'fT,C:G~_Gi~C,CGG~p~~~(;A~GJ\~CGG(;~[X1ic¢q~d 
~4'l'~grl\~,C'G~_Y'fCGA:!,~~r¢,~_0pr~~~i';({~%g5_q_~,(i~G.,~~~~-c;i}1f:tCcAf;,f~~t~~h'p¥M~ 
??,STtC~A~_(!,~Gf:~S~~~T:~9l;\~_<;~?'_~,~rC?r.,Gg,QGq~sA~l\?AT,9~~rG_~G1',~c.'l',~,g-9~8 

~,2if,gti2,d,~_g~~g~~g±~g~~,gi~~~~~~ig~~,g~,:,g~,~,~_~~f_~~i_d6~~~~~¥~,g~~§tci~ 
~_<;Ti~TACCGGCTCG~,G'I''rG''C_C1'TC~'i'(iT~G~i.~:Gf'.(:~G~G~TCATC_(iCGirG_ii;_cG~c-iiA)S 
GSTr¢T_A,T~<;~GC:Gt,;f\.~!{*f\c,G'r:~C~.~C;rG9c;~GAC,Gq~GC~SGAA~ATr_T,GCAAp_~TCAq 
"'~"~i'_CTl\t:.x;CqA'I!GGi\_GTTCACCTTCGrClrGcCC;cfitAGAGAT()TG¢CAA?-,~~G9AQC~T 
TCTTCTACCCGCTCGACTTCACCTTCGTGTGCCCGACAGAGATCATCGCGTTCTCCGACAGC 

81 



1093 pxnl 
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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. aquaticus Prxn 
T. cruzi TryP 

Consensus 

1093 pxnl 
1093 pxnZ 
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. aquaticus Prxn 
T. cruzi Tryp 

Consensus 

1093 pxn1 
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. aquaticus Prxn 
T. cruzi Tryp 

Consensus 

1093 pxnl 
1093 pxn2 
1185 pxnl 
1185 pxn2 

c. faciculata Tryp 
F. hepatica Prxn 

H. sapiens prxn1 
H. sapiens Prxn2 

L. chagasi pxnl 
L. chagasi pxn2 

(187) 
(187) 
(187) 
(187) 
(187) 
(172) 
(187) 
(184) 
(187) 
(187) 
(187) 
(187) 
(187) 
(187) 
(187) 
(187) 
(172) 
(187) 
(187) 

(249) 
(249) 
(249) 
(249) 
(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) 

187 248 
,G'J?GP.<;'rCGCTtCAi\CG_AGCTG@.CTGCGAGGl'¢CT~GCG'rf3c'rC:GATGGAQAGCGli9'rt\GGQ 
9tG~_G,rCG,CTJ-~MC~~GGig~ct~C:-G~G?'~~frG9G~:TGctGQ~1;G~AC:AGCG~Gj:~§~_ 
~.T~j\~T,¢~C,T~gM¢GA~,~TG¥Gtg:cg1iG,Gtt~,~C;-G~g,!,§.CTSGP..TG~!!¢!i.~~Gt91,'A¢$g 
f:iTG~,C?t(]qC:~P·:~M_C:C;i\~cr9A~GT~C~t\®'l'([(:1'¢qF:G;r§~Tf~{Gi\~GG~CN:;~~~,Gr~~Gq 
ft~~MG~~1'.TSGC¢GA_qA!¢Mq~~~-GAGG~GA~qT£CrG~!sCTGC~l\qr.GGG.AGr~qA~ 
A'rG,GAGQAGl::if;9CAC~Rc;,TMC,~qc~cCpr-QArQT,TC~GCt9TFiCT~1\QTCG~TT;r!\TTR 
GCAGAAGA**MGAMCT(;",,¢TG<:Ci\AGTGA;DTfl.GTGCT~gTG;r<:;G1\TTCTCI\C!l;Ti:iTG 
~AG1\GGA_p-rtG<::Gp~G,G:t<;GG~rQT~~~~G~i(;~CG~~~(;$~_(;~~QTCT~~q*p,Ag 
~~¥~t~9,Q?:,T9.1\lW~GA~YrE~g-r9~;G,~,gG,~~_sr~sGq~'fY_(;T,~C~r,q¢~.G,~>G¢(~l\~~~S~q 
pr9A(;'1:'t~~T:rGAAC(3A.Gpr~~G~~~(;:rtqG_;.fq~-'f-S~GG~gC:T(;Cf'>T~,G~H~:~,g<~l\q;~~~~H 
GTGAGTCGCTTCAACGAGCTCAACTGCGAGGTCCTCGCGTGCTCC;RTGGACAGCGAGTACGO 
GT6AGTCGCT.T'CAACGAGCTCAACTG~GAGGT'CCTC'GCGTGCTGC{1.TGGAC~GCG~~T~~(#~ 
j,,<. -,' --, -,._":'-:-"-,-,.,, .. '---.---"--.-;--""-,,'-,--,-" ,.--,_.-";,, -;.'. 

~?;gAGT~,G«TTPA,AC€3AGC'rGM~~q~G~<?,GTg~-T;'r.~t;:,~T<:;,C.TC,Cf\TGq~(]A>GI~G,~GT!\G§8 
F~9l~~'rC~CT-!(;~CGAG(;:r,(!~C'f-GCGJ\GG:r.CG":C~C,qTGS~G,GA:~A~A.C~,~9~,A(~T,AS:9q 

~±gi~~'~~g~~6~~&~~g~'~~6'i~gg:g~i6gi2~~~~~~~g~:ig~:~~ggg.:g~~~~a 
TAC~CGACG~l1T.AAA~¥9,:O/GGRGTGH¥~-rG:r:~p~~~GTTT-SG~CCPl\_r:~CAct\'l',Tf\,!:AR 
pTG1\AGGAGrTQTCTGACA~TGGGTGCGA~q~G~:r,TpGCIl'GC'fc.C~TGG?\~A(iGGl\GTAqT~ 
GTGAGTCGCTTCAACGAGCTCAACTGCGAGGTCCTCGCGTGCTOGATGGACAGCGAGTAOGC 
249 310 
~tl\C.CTG~l\G.~9,q~C~g1:9¢AGGACCG9AAGM~~~GG¢CTCGt1Gpt:C.At.G9C(;l\~C¢¢.M 
ftG~~c''f~GAG'tG'GACGCT~r;~~@~_<ICG~c~GA~Gt;?~G~t.2XCGqGG¢cATg~¢,~~'t£gGAA 
~c_~,c~.'K~fIi<:tt~AGGGT9GAGGAC.G~9~~MGGGGG(;Gqr(:'~$~cI!A~~GCI;A1t;q~M 
G_c~¢~'r,GC~$T(;Gl\CGC'I'-G,C~~pACG9y¥Gl*f,i:G,~,~:$G~{jj'(;G~Gf,;_CC~~GG~G.ATC,¢C-A.i'\ 
C~AC~'TG,Cl\.G'I'G9~CGTCCGT~J~AC·9,G~CAAqAA(;(iGt::GG,CCT_GciGqCCC~TGGCCj\tC:C,Gci\ 
§~~T~tGC*~~AGCAAAATG~l\T~qTM®~:T~~¢~,q'I'~~A~~GCAGC~_qAAC:rrc;9J~GC 
TF1\:T~~AGCA~GqGTCAAT,ACACCTAAG~CM~,GA~GAC~G~qAq::QATQAAC~~T~J.?TT 
~q~sc,~_GGCT~gctrATGA~G!l.C;~GGR,CA~~~G-GdAqqTTGSAqqTAAGCTCACl\C¢Q~CS 

~~&&t~§~~~g~~~~~~~ci~~~gg&~g~~~~~~~~:;~~~d2~~~~t~~:;~i~~~~~ 
§Fi\q9J'§CA9T:'ii,~,~Sg~~€.?,C:Aq§f\S~.~qMgM~,0,GFt@,~p-c,T,G-~~qGS9.J\_!(;:~gq~,:~FFY~ 
P:S_~~9X~~f!.G:rGGl~~,G9r~C~?_t3~_S~_9F;'~<W~f\GG§J;$?,@<!_~r£(~9QA~F~!-'0?~99{~~TF·ql¥,\ 
fW~~:c::.r~~,AGT,9~~,~,~'f~,C:~G9-~S9Gf~-9®?q~S,~!";-qT.qc;,;~9.GF(}l\~%S9;E\~FCM 
~G.AGG~GCAGTGGACGCTGQAGGACCG9AAGAAGGGC,G'Gq!~,CGGGACGA'rGGCG~'fCGGM 

~:9~.¢,9:~~G~~±G_8~G,§~T,GC~9(;~_C,9?S_~_G~9'{i~c§.G9:¢tSi¥qGP~#lii#~p.'i~*~d,SM 
GC~GCTGCAGTGGAC_G(;TGCAGGl\Cf;(:;CAAGMGG.G_CG~CCXCG_~GGCCATc;GC,G_ATCCCAA 
TP~T~?-AGCAt~~- ~.C'~:CQATA~_ATF,G,C;~~qcc~:~ ~_ ~.:~, -A~~~~qAAA!\~~~AAT~SG':rGA 
C~'AT~_TqGCCiI,'<?9AQAAGCATTp1\Gf:(19M~CGTg~CGQAGT:TpGGCAGf\'F_QAACf\TCC;qCl\ 
GCACCTGCAGTGGACGCTGCAGGACCGCAAGAAGGGCGGCCTCGGCGCCATGGCGATCCCAA 
311 372 
--irG'CTGQCCGl\-------¢MGACCMQT~CATC-G¢ji'GG_~T~CTACGqcG.T§c.rG~l\~G~Q 
--ifGCTGGCCG~-------CMG_AGCMG'T~PATCGttCG'liTCtt~CG~¢GT,G¢tGGl\~G1\:Q 
--~_G_~~~G_GCCG~-------9~ml~~~~:gTpCl\TCGCi'CQ~T~'~T}~~~¢~T$¢'tG:G_i\~q,~q 
--TC;GT~GC-CGA-------CM-GJiC:,CAP.GTGCAT-C(;-C1CqT,TCqT~¢G~GGj,GCl'i3GAe;Gi\G 
--~~·CTG{;CCGA-------C~,C;,Ac:CNidGGCATC·GCGf:;,¢C~-C,<?TACGGC~r,(iC,~(;;.GJ\d;p.p 
--~AC~~G8AGA,-------~Mg¥Tl\T@!C!~~q:rc!r~dcRci'i:r:T~GT~~T~tGG~~r~q 
--r<.1GXATsAG?\-------RCC?¥G~GCl\CR~!1T~g~,qAGRATtrl\T~~G~l,C'I'~~G~CT 
GG%CG~A~,A~TGTGGCTT~GT~G~C.1~TT(;crC1\ACp,~-gTG~AACCTqCGTfiiTJ!,CCCXTCGT 
--:r~~'K~~C:CG~-------9l}_~G~~C~§1\~CJ~'r5?;G,1'G,G:r9.c,C,~_~CG(~.sGrGG~TG.,~A(:i,~,1\q 
--T§C'rC;,c;-GCGi\-------C1\AGAG9J\!\~A~~-'t~(!Gf!o:rC(;Xt;CCTi}~(;J;CG.'FGqTGGCGGRq 
- -!r~S'~.GGC-?G!\------ -PM~~G(;M,(i~-~ql~T(;~StC<t,~-~(!ctl\~'~qc9·~¢9,iG<t~ii~q 
--~cJG'I'_c,;9GSGA-------CMt?ACC!\t~~§AG.Cii\'I'qGCrC(3'l'~£~'f~qGGCS;T~,q;rG(;~~,G1\G 
--~q_~TG<3CSG~ -- - - - --C¥{7~~(:iA;(iA:G9-A~·C,GqTCGTGCC!A~,~CGt%;,T(;~<;G;G~~ 
--~q,CfA~CG,~-------~MGl~;(::.9A;A~A.~S~i:p~,c:-T;C,(;r.TC.(},'fllC~q~$~-~_i;Tqp,l\G~J~ij 
--~~~i.G,~~s(:;~-------P~~~FqMg:_~~tg~,Q,~~~~TF~:r:~q~~_g:G-t~,~JR:~~g9~q 
--[GGT~~CCG1\-------r:f\A~AC9,M(;AG_CA'l'CgC'l'C~.'J\T~.C'J:'N~GGCG'l'(iC"_G~~(3Gl\~ 
--1'GA~C~G~G-~T------C,CTT~GF~TC1\AT~!I!GT~G~~CATG~TT~AT~1i~,G:~Tf3~c:P* 
--~Tf::z'I:Tf;CCG~-------GAA~AGcMd,T~G,AT,d.ATGAAGTqG:rAT~~T~'rG.C,TQAf\G~iAQ 

TGCTGGCCGA CAAGACCAAGAGCATOGCTCGTGCCTACGGCGTGCTGGAGGAG 
373 434 
AGCR~t;;GGC9'r.G_gC~,!,ACCGC-GGTCTGtT.CAitg~Jc;Ci~c:ce,qc~TGGG~'r9~~Ci.~GTCi\G,R'i1 
)\GCpAGGGCGTG<?<:;(;J'~~C_¢_G~ptCTqr-t¢'~~bA~G~A~_c:tGC~T(;GC_AT<>(;'t~<;;Gr~~§A~ 
~GC9i\(fG~GCGTGG¢~TAc:CGG_G_<:.tt:.c;t~1:-rSArCI\T¢G~G~¢C,c~',i;G§K;,KTqG:T~GT~~§_!l~ 
!i~C~_A~~,9C?~G~~C'rl\~~Si_~_~T<;TH,~'rC~W<:~;i'-C(;~(;~~S~i\TgG~!rr~~tf¥j~TF~C?~:~ 
G"CAG,Cp~-GGTCGC.G'I'ACGGt::GGCG:r,qT!I'C1\.T<::~toC(iAG(':t::(;MCG(;CAAGCl1:~ctjC9,AG~'Il 
G*¢N;G:~TA-ATACCtACC~T~~CAATtf-,f_qC~(;'Af:c~:~TCG.ci~1\GG~G~ifcc~Gi;;qcb~Q;"~ 
GKTG1\AGGq_A~CT~~~QA~\G~'¢F,T:T!r~:Tf\rG~trrl\TGATMG~qT!\~TC~T~gGPA~l\T; 
G~TAA~~~~~~q~TTGCC:q<;C8AA~X9,T!Ir'f\A_~~iiTGATGl\CA~TM'l',~~f;q~T:.~~,~-

~~~~~~~~~~~~~~:~6~:~g~~~:g±:~~~f~A~¢ci~~~¢6~~~i~~,~f~g~g~g:~ 
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L. chagasi pxn3 
L. donovani pxnl 
L. infantum Prxn 

L. major pxn2 
L. tropica pxnl 
L. tropica pxn2 

T. aquaticus Prxn 
T. cruzi TryP 

Consensus 

1093 pxnl 
1093 pxn2 
1185 pxnl 
1185 pxn2 

c. faciculata Tryp 
P. 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. aquaticus Prxn 
T. crmd TryP 

Consensus 

1093 pxnl 
1093 pxn2 
1185 pxnl 
1185 pxn2 

c. faciculata Tryp 
P. 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. aquaticuB Prxn 
T. cruzi TryP 

Consensus 

1093 pxnl 
1093 pxn2 
1185 pxnl 
1185 pxn2 

c. faciculata Tryp 
P. hepatica Prxn 

H. sapiens prxnl 
H. sapiens Prxn2 

L. chagasi pxnl 
L. chagasi pxn2 
L. chagasi pxn3 

L. donovani pxn1 
L. inEantum Prxn 

L. major pxn2 
L. tropica pxnl 
L. tropica pxn2 

T. aquaticus Prxn 
T. cruzi TryP 

Consensus 

(364) 
(364) 
(364) 
(364) 
(364) 
(364) 
(340) 
(364) 
(373) 

(426) 
(426) 
(426) 
(426) 
(426) 
(411) 
(426) 
(430) 
(426) 
(426) 
(426) 
(426) 
(426) 
(426) 
(426) 
(426) 
(402) 
(426) 
(435) 

(487) 
(487) 
(487) 
(487) 
(487) 
(472) 
(487) 
(430) 
(487) 
(487) 
(487) 
(487) 
(487) 
(487) 
(487) 
(487) 
(463) 
(487) 
(497) 

(546) 
(546) 
(546) 
(546) 
(546) 
(531) 
(546) 
(430) 
(546) 
(546) 
(546) 
(546) 
(546) 
(546) 
(546) 
(546) 
(518) 
(546) 
(559) 

AAAC_A(:~G-~CG;rq,GCc;TAP:;GCGGTCT_C_T-T_¢~T-C~TC-GACCI}C~TGGCArG~TGC,GCG~9~T 
~9,AG.~§,G(;-rQ,~cr~CC~CG-~-~~'J:G:*;ti;iAr~-~'f~,~l}C~*~M't9~~~,T,~~T,(;C_«Cp~~~~ 
AAAC_A<;;GGG"GTGGJ;(;TAG<1G~G,(;TG~p_T-TCl\r<:;1\'fC~-ACC~CAA'I'GC;yA'J,'(3GTGC9CG,AG1}.T 
~GC~0@¢G~9r~g,*sr{\,ci99,~tc;~_~~,~~*=~(j~~:c~r~iG~~-~,q,c,c~,~:gg9~j~~~AAqT~~~r;,] 
MGCR~(~,~~CGT,~G<;:{}~~,CCJ:,C~9,rQif-(;,~tJ~~~:C~JS9?5P~GS~Cj\'1:',~S~_T:~~,~~~qTF~~l\_~ 
t\G,CR!\G~q~GJgH~CT~~F~S~~'rC1'<;~;rg1\_rS~~9;AO~<;qC~_T_~R(\'l\_Gg~GF;G,Tf.!A~A~ 
GAA~$9.G.GT~?_G,qGCf\G~G_CGqCACG:r:!fCl\J'PArC;;G,1\'l'R(;G~~CpGqG~CA~CHAAGC$:r! 
G~GGAT(;GCG'J:'GG¢GTACC~TGqCP'I1T!rT~A.':rCli.TG,~_1\CCGGMGCAGMCC~GGqG~A!3~T: 
AA CAGGGCGTGGCCTACCGCGGTCTCTTCATCATCGACCCCAATGGCATGGTGCG CAGAT 
435 496 
C~CCG1'CAACGACATGCCGGTGG_GC~G~f\!\_CG"r~-GAGGAGC;;rtCTGO~CC:T§t:!~_G_G1\~G~~ 
9ACeGTCAACGl\9ATGCCGGT~GGCCGCI\G9GTq-pAGC!~~§t't,NTQ9_GC;C'rGCTG,GAGGCTc 
CACCGTCMCGACATGCCGGTGGGCCGCAACGTG-GAGGAGGTTCTGCGCi':TGCTGGAGGCor 
C,J\CCG~C~,C_GA,C-ATG_CCGGT_GGG-C,C(:;C-l\GtG-if~-9~$GAGG'tTc:rGGGC~'fGGTGG~G~~ 
CAT(}ATCAACGACATGCCCATCGGCCGCAACGTC-G.AGGAGGTGAorICCGCCTGGifCGAGGCG 
__ -,'. --',_,,', _- ,_; - '-_ , '. -,' j" ,'--" '" --_-- ,--, ,,;':\ i'_ -,-'0 -_-.; >" "_'C-,' ,_",-.:;'-'-\ ,--,',--;,,:! 
p~CGGTGMTGASGACCGGGT({G.fci_C.cGTTCG?TT-pMG¥~C~TrGCGTpT.GC'I!CGI\T~QA 
~AqTG:~AAAT!:;ACC~C~qT~~TGGccciqTCT~Tq-~~T~_AqAC71T:rqAG,AG~AG~TCl\G~C 

cii,Cq,G~CMCGAC1\TGCC(i(;_TGciGCCG~AAC~T~-GA9G~(;qTTCTGCGC,~r(fcirG(;~_GGG~ 
bACCGTyAACGA,9A~GCCG¢,TGGGCCG_c,MCGi'c;-Gli-G_Gl}GGT~ciGC¢C:C:~G,c;;r_¢9~CWC.r 
Gl}C¢qi;C~CGAyl}.TGCC(;GTG'GG_C:C'<;SM¢q~.G-f~GGAGGTl'GTGCG_Oci~~6T(3.9,~G,G¢-~ 
C}~.Cq;T(;AACGACATGCC(iGTGG,GC.cG9M_C~rG-GAGG~GG,T,TCTGCGCC'fGCr,GG-AC;~CT 

b~9(;GTC¥C.GAG,A.rG(;,CGG:rG,G(;:cc(;9MC(;~~-~-~GGJ\GGirCTG9GC;:,C~~GT.9g!lGc:;9i 
9i\FG(;,'J::cMTGAG!\r.(3C<:(;GTc.;G.G,C-Gqc-~GF~t~-~~GqAq(;'l';'fG~A~q~H~~G1'~9~~:GC-~ 
f;~'yG~_T,CMC<;_1\~A,T,~CCGr,;r:G~G.CFGO,AA_~,!3TG-G~~qA9Gl'!,C']'9~~GC:r'GFl)~,9A13{iC'l1 
R;A!::.cG:r_9~~~A~A~(;_G~~Gr~~"G~J;;~~9qTG-fi,~Gi;~G-Gt'f-c;qcG<;:C<r:~,ct~9~_GrPT; 
S~AAA:rC¥~~CqGAC~GC~'!,Cf'<lCC(;~MSliCCAfi(;A~~CTGA!:rG;'<CTl\J':AA:n,-rAf\A!-';c,G 
~AGCG1,'GAA~§~gC~C~C;q:;T:TpGCCG:<:;Gp;C~~q-p~CGf\GGGC~'I{TG~,CC~TG:r9Af\~Gr;G 
CACOGTCAACGACATGCCGGTGGGCOGCAAOGTG GAGGAGGTTCTGCGCCTGCTGGAGGCT 
497 558 
!r!r~(j,A:Cit!~q~---~~1iGA,At;qlit~¢~l\~~tgj~;¢~~GG-CG,AAGTG~~~~~[.~§A~S:S 
~'T-~~~$}'~cc;'I!---GGAG~GC~~§~C~<;:;!!§gT(;~GG'C~GG~_G:M~rg~I~~~9$-¢§c~cq 
'fif-tCAGT,TCGT---qGA~MGCAC;GGCGAGGTGTGGCCCG¢GAACT,GGAAGMGGGCjjAC(;C 
i:r!tC,AGTr,Cc,;i- --GGAGAAG¢ACGGC_Gi\~~-T,~tG,C,CC_C;G,CGAliCTG(#iA~~9G$qdcCoCO 
CTG¢AGTTC(;1---GGA(;GAGCAGGGG~:~~Gi(irGGcdGGr:!(;~CTGqAl:\~l\AG_GGC9ASGC 
irjlCAT~~J'.d- - -CACGAciGAGCl:\T~dAGl\GG'icIrGcc,2GGfG~~TGGAAGCC-TAAl\AGdAA 
~icG~drTqAc- --Tb~CAlV\Cl\T~qG~*pi~,_~G¢c:qA~qTGGCTGGA1{ACCT~t?qAGroA 

if:~TCA_G~~,t(;T---~GAGAAGGAC9Gg-GA9G'rG_'I'-G,GC,9,C9CGAAC'fGGAA~Mg'<;§C(~A¢(:'cj 
~:rTC'\GT'~CGT;---G_Gl\.GAl-\G,CACciG_GG-~GG:rG't(3,CCGCGCGl\ACT-C;GM(;M-?~(W(k~:~d 
~-~'J.'~1;\~iTCGi---G_G_AG~0_C.A~_~~~g,A~gG.'1::~rGc~¢q·~~q~CTGQMGMGg~q.¢f9_q 
:r:TT9-~(;.'r;T(;GT:- - -GqAG1\~(;,W~G<;GCGAc;-~T,(iT?-yC~~(;.GCG-PJ\~~qq~,?'M.q.9,~~,qA89,q 

~'~i¢~g'~,~~~~== =~g,:g~~t:6;d~2~~~~!g;~'~d~~g~~~¢i~'~:AgM-g~~~~~g~-~ 
~T,TCAGTTC,G~---GGi\GAAGCACGGCGAG,G'iG1.>GCCCCGCGAAC!l'~GMGGGGdA~cd 
tr'XGdAt;~T~9,T---GGAGAf\GC~CG,GCG!\GGtGT§gC_~C~-C'GM,CT'GGMGMGG(?CGCC'CC 
G,~cg~~~Fc;~GCG~~CC!\~SC:Gpq~P*f;J:;c~i~p~<iG~~G~~G~M~, ---~8~G,-. ---' 
~~Cf:~'?XTCGT:---9GAGAA~~.~T~~f;_GAGG',i'G.'[',Gc:!CC~G£.C~A~TGG~~Ccc~qT9ApAA 
TTTCAGTTOGT GGAGAAGCACGGCGAGGTGTGCCCCGCGAACTGGAAGAAGGGCG cec 
559 615 
TGGCC!J:'GAAGGTCG_ATCACAATAAG'PAA- - - - - - - - - - - - - - - - - - - - - - - - - - - -­
C~i;G.A1.~M~Gt:GG¥Q~G~~G~c~iqTGTC~i\GGGG~A~_~TgAGeAAACp.-<?~AA -­
TGGCCTGAAGGTC'GATCACAATAAGTAA- - - - - - - - - - - --- - -- - - - - - - - - - - -­
C[C.~~:rGMt;CC~(#\A~CGM~~C~T¢'GTCGl\GGGG~AP,'!YrgAGGAAACP.~~AA- -
Cf\AG~Ghl\GGAGGGCdACTAG- - - ~_- - - - -;- - - - - - - - - - - - - - - - - - -,- - - - - -­
G~,SC~-~CGT,~~,QT~CT~GGG~T§GA~GCAAA~CATAT%T~,~CqTCAGCCA!\C~AG-­
Tfit;C~~CMGc.;C;T(;l\TGTCC!\AAAqAGCAAAj:;·Y~TAT?jTP'r,C~AAGCAGl$.G~A- -

T(;GCctrGMGGTCG~TqAC~T~Af3~AA- - -,~ ,- - - - - ;-,- ~ -, - _-.- - - - - - -,- - -, - - -­
C1\.G.(;i'l.'rG,A1\~GCGG.i%GCCG~GRCp,TqTGTCr;~GGGG~A~_'i)TRAGCAAACl\~AA-­
CACGA~(~AA~PCG~1\GC,~GMGQCP~QTGTCP!\GGGG~AC'IlTqAGCAAGCTp~A-­
TG~CCTGAA~GTCG,A,TqAeMTf\Ap~AA- - - - - - - - - ~ - - ~,- - - - - - - - - - - - - - -­
ci\c;c;~rG1~AGCCGGAGCSG~GqC~TqTGTC~AGGGG~A~'IlTqAGTAAGCf\~~AA- -
C1iCG1\'l'_GAAGCCG(;,IiA~~G~G!OiCfi_TGTGTC!3~GGGA~Aj::~TgAGCAAGCiV~~AA-­
TGGCC~GAAG.c;TCGATCTcAATAAG,ilAA- - - - -: - - - - - -,~ - -::.. - - - - - - - -_- ~ - - -­
C~CGATG.AA., ~ G .. c.,C~G*~.·.'.cfGMG~~i~.TGTe~.·.~l\GGGG~AF .. ~.:TqAGCAAACt\.;GGllAA-­
G-------GGCGGAAAO--GGTGAAGCCAA-GCCTTGACCT.TGTCGGCAAAA~AA 
G~CG~T,GA~(;CCGG~TG<:;CGMAA~j'~CAAG01\GTAC~TGCTGTCGC!;~AG- -

AOGATGAAGCCGGA 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) 

1185 pxn2 (1) 

c. fasiculata TryP (1) 

F. hepatica prxn (1) 

H. sapiens prxnl (1) 

H. sapiens prxn2 (1) 

L. chagasi pxnl (1) 
L. chagasi pxn2 (1) 

L. chagasi pxn3 (1 ) 

L. donovani pxnl (1) 

L. infantum Prxn (1) 

L. major pxn2 (1) 

L. tropica pxnl (1) 
L. tropica pxn2 (1 ) 

T. cruzi Tryp (1) 

Consensus (1) 

1093 pxnl (56) 
1093 pxn2 (56) 

1185 pxnl (56) 
1185 pxn2 (56) 

c. fasiculata Tryp (56) 
F. hepa tied prxn (51) 

H. sapiens prxn! (56) 
H. sapiens prxn2 (55) 

L. chagasi pxnl (56) 
L. chagasi pxn2 (56) 
L. cbagasi pxn3 (56) 

L. donovani pxnl (56) 
L. infantum Prxn (56) 

L. major pxn2 (56) 
L. tropica pxnl (56) 
L. tropica pxn2 (56) 

T. cruzi Tryp (56) 
Consensus (56) 

1093 pxnl (111) 
1093 pxn2 (Ill) 

1185 pxnl (Ill) 
1185 pxn2 (111) 

C. fasiculata Tryp (111) 

F. hepatica prxn (106) 
H. sapiens prxn! (111) 

H. sapiens prxn2 (110) 

L. chagasi pxnl (Ill) 
L. chagasi pxn2 (111) 
L. chagasi pxn3 (Ill) 

L. donovani pxnl (Ill) 
L. infantum Prxn (111) 

L. major pxn2 (111) 
L. tropica pxnl (111) 
L. tropica pxn2 (Ill) 

T. cruzi Tryp (111) 
Consensus (Ill) 

1 55 
MSRGDAKINS?~9>,PgEEVl!LHPNGSr:KKIS~SA~{l{GI~WVVLFrj_p;LPfS~YQ:p'~ 
HSCGDAKINS?A~Pr.EEVl\LHPNGSI~~KKISUSA~!<G_~\·IVVLF~,!gL!>F,rF_VCr-T~ 
HSCGDAKINSfj\P:PREEVl\LNPNGSRKKISi.!SA:Yl\G1(\~VVLFrYIiLbFSFVGft~ 

~~~~~:~~_~~~!~~~ri-~~~~:~:~~~~~Q~~~~~~g_~~~~~~~:~::~~~~~~;~ 
--. --NLQ. PNt1.r.A.~' ~N.r.;SGQ.~.,V.}~-GKE'.rJ. ~ETI's~.!.sD~.K .. __ G .. , .. ~ .. :~ .•. '.~v~LA.r ... yp;LR.ET.: f .. ,- V.~,C .•..... PT.".':, .. ~ .. ' 
MSSGNAKIGHP~~NrKATA~HPDGQE;KDIS#SDYKGKX:VVFFr~~L,DE;TFVCPTEi 
H~SGNARIGKrAp;DrKAT~X~-DG~~KE~K~~Dy'I\G~Vl;VVLFrY~Lp*tyS,P:r~ 
HSCGDAKINcgAgprEEVf\LNPNGS~KKIS~_¥~_K_G~WVVLFF;Y;IjLP~~,'!V9?1~ 

HSCGDAKINCr •..... A .. p ...... :pr._i.EEVnLNPNGSFKKIS~ .. , ... AA ...... ; ~' ..•.. K ..• G ...•... ~._~WVVLFr ..• _, .. y ....... ' ~.LP .... 0/.' rv. .. · .•........... c .... p .... ;.T ....... ~ ..... . NSCGDAKINC»A~Pr:EEVALHPNGS~KKIS ¥~~G~·lVVLFr'Yp;Lp$'EV~~+~ 
HSCGDAKINC_PP.~P~EEV~Lf.lPNGSjF;KKIS, 1f.t-~KG_~WVVLF~YP;L~~S:fV~g~~ 
N:SCGDAKINC:PAPPFEEVALHPNGSFKKISliM~K~Kt'1VVLF,F'{J?LDF;TFV~_)''.f.El 

MS.CG~AKINS?A~S~EEV~LNPNGS~KKISAS~~KG~WVVLF'rY~L~)Jf~¥YS~-~E; 
HTCG~AKIHSPAPPFEEVALNPNGSFKKIS;I..!SAYKGtW1VVLFFYPLDFSF.vCP'l'E 
N'SCG:~TKINSPA~PREEi'~Ll'IPNGS~KKIS~,~_~YKG~~'lVVLFli'ipLpF;Trv¢t:r~ 
NSCGDAK,LNHPAP;DfNETI'\LI'lPNG:rRKKYALTS'(~G~\'1JjVLFfYPNDETFV~~!f1 
l·lSCGDAKIN PAPPFEEVALHPNGSFKKISLSAYKGK~~VVLFFYPLDFTFVCPTE 
56 110 
IIQF~DSVSR~NELNCEYLAC:~Np~EYA)iI{Qk{TLQDRKK(;QL~,ANAIRHLAt)KTK 
IIAFS:DSVSRF;NELNCE~~LAC~r.lp~EYA»~~~TLQDRQKG~q~Al.fAI,~NLAPKTK 
IIQF;S:DSVSRfNELNCE~LAC$}lp~EYA~-{~Q~1TLQDRKKf;GLGAHAIgNLAP,KTK 
IIAF~DSVSRE;NELNCE~LACS:NfiS:EYAJ:ft~<triTLQDRKK9(~L<¥t'1AIRr.tLAPKTK 
IIQF~DDAKRFAEI;NTE\'--I:~C~Cp~EY$,~·~¢~TSVDRKK~~LRPHAI:~HLABKTK 
IIAI~~~EQRAQRNCAy-~~q:r~R~VX~Hh¢!TKr.mRKvp~I~Q~NF?~LAP,KN!'! 
IIAF~DRAEE.F:KKLNCQVIQASV{),$.HF,c~JiAWvNTPKK%q1(~PI.mIRLvsqPKR 
IIAF~:~M,ED~RKLGCEy'LGV~VR~Q~T~~AHINTPRKE~qL2P~NI?~LARVTg 
IIQFS~N-r'SRFNELNCEVLAC~NDSEYA»r;~lTLQDRKKC;GLGAHAIPHLAbKTK 
IIAF~~NVS~NELNCEMLAC~NP&EYA~~iTLQDRKKR~LRAHAI~MLA~KTK 
IIAF~~NVSR~ELNCEXLACANp_,~EYA!lRO:!~TLQDRKK!3~L~Alo1AI~r.tLARKTK 
IIQF~FtNVSR~NELNCEXLACRN~~EYA)l~~TLQDRKK~L~THAI!?;HLAI1KTK 
I IAFp:EtNVSR'RNELNCEv'LAC~NPS,EYA~,RQ~·tTLQDRKKGG,L~Al>1AI~HLAQKTK 
'J,IAFSDSVSRFNELNCEVLACSIDSEYAHL<tilTLQDRKKGGLG'l'HAIP'HLADKTK 
I I QFdDSVSRrNELNCEVLAC~'~lD,~EYA~i[ld4TLQDRKKt-dLGAl'1AIFNLAPKTK 

~~~~~~:~~~g~~:~~~~~~~~~:!~~~~~t~~}~~~~:~~~~~~:~~:~,~~~~~ 
IIAFSD VSRFNELNCEVLACSHDSEYAHLQ~,/TLQDRKKGGLGAl·1AIPHLADKTK 
III 165 
CIAR~Y~\'L,EESQCfVAYF~L:E;I;r_QPHGHv1iQt:TVt~Qr.1gVGRN\~El!ivq~~LE[\FQF 
CIAR§Yi:JY~EESoqVAYRqLmI~_~PHGHVRQ~TV~D.1,(p,vilI3S~E~VX~LEAFQF 
CIAR§Y@Y1JEESoQVAyj:tQLRI~QPHGHVRQI{TvrJ:iNgvf;I\NgEFJVL~LE~FQF 
CIA~YpV~~ESoqVAYRG!>~I~_BPHGHY~Q~T~r~H;~Y?i~S~EEfVL~~E~FQF 
GIARl\:YfivLqEDS9VAY!'t~VF1I:I,RPNGK~~Q:r;I~flq~i!::I~~NXE~V~~~V,~"LQF 
~V,SAA(GV~[}EE~NTYRqNrL!pPKG~~~9;r;TVNp;D1';V~l~S!l,E~L~D,~pnFIF 
:r;IAQDYl;yl1KADE?ISFRqL,l<~Ir{l1DKG:I,~RQI'TV~,DLI1VpRSYIJ.E!TL~YQ?\FQF 

R):._~Er~Y~Y4KTDE~I:AY~~LKI:ItiGKGV~~I~TV~P~P,V~RS\!~~AL~~V.QfiFQ~ 
~IA~YG'-'#EEK~VAY~_qL~IiI~PNGr1Vft,Q~TV~:~H~VP~~E~VL~LE~FQF 
RIARf1Y~-"RAEKOBVAY~~LF:I~HPNG!olV~\}~~TVt~W.IAV~l)NXE~VL~LE~FQF 
RIA~Y~YP,AEK~VAY~~L~I~,qPNGHVR9.J;?Vf{~NNV~I~NXEJ!lVL~ALEf\FQF 
~IA~Y?:'{~EEK~VAY59LrltRPNGNv~g,~TVN_~H~Vf~NME~VL~LE~FQF 
l'IA"1\Yf'VU,AEKO<:J,VAY"'-1L~I~HPNGlo!V~RwVi'ql"rJVf''lN~EWL\UjLE~FQF 
~IAR~YgV+tEESR~VAYft~L~I~,n,PHGto1~~QRTV~_Rl>1NVf?:~SXE~VLMLE"FQF 
CIAR~Yf.iV .... L .. _~EESQ9.VAY.RG ... :LFiI~ ..•. gPHGHV}l:. Q~TVr. RN~.;V~ ... 1\. NgE~VL~~LE~FQF 
ftIAR~Y~V~EESoQVAY~GL~I~P'PHG1'1V~Q;L,Tv~Qr.~vj3~N~E~VLMLEt\LQF 
CIH1<~yt;V~KEEDqVAYRqLRI~QPKQNf,I(Q;tjTV~Q~liivj:;gD-yb$L~Ii~KhFQF 
SIARSYGVLEE QGVAYRGLFIIDP Gf.tVRQITVNDHPVGRNVEEVLRLLEAFQF 
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1093 pxn1 
1093 pxn2 

1185 pxn1 
1185 pxn2 

C. fasiculata TryP 
F. hepatica prxn 
H. sapiens prxnl 
H. sapiens prxn2 

L. chagasi pxnl 
L. chagasi pxn2 
L. chagasi pxn3 

L. donovani pxn1 
L. infantum Prxn 

L. major pxn2 
L. tropica pxnl 
L. tropica pxn2 

T. cruzi TryP 
Consensus 

(166) 
(166) 
(166) 
(166) 
(166) 
(161) 
(166) 
(165) 
(166) 
(166) 
(166) 
(166) 
(166) 
(166) 
(166) 
(166) 
(166) 
(166) 

166 199 
VEKHGf.:VCPl\NI'l~KGDPGljKVP,HNK - - - - - - - -­
vEKHq_tyc_~A.N11KKG!\PT~~KpfipKASVEGXF,&KQ 
VEKIIGEVCPAm-n{KGDPGLKVDHNK- - - - - - - -­

VEKHq¢V¢P,~Niq~KGAPT~iKP~PKASVEGXF~KQ 
VEEHGEVGPAN~qKKGDAKKKEGH - - - - - - - - - -­
HEEH~B\iCP~NWipK!3KTt~VPTPDGSKAYE!S~AN 

, j .',',,' .'" _"-,, __ 1 ,-", '0 
TRK~q8VCP~GW~PGSpT~.KPQVQKSKEYr,SKQK 
TREflGEVC_PI\G~l.~PG~DT~KPNVDDSKEYr,SKHN 
VEKHGEVCPANtq'KKGDPGLKVDHNK- - - - - - - -­

VEK~:(iE~C_~~N~q~KG~PTHKP~PKASVEGXF~KQ 
VEKHGEVCPANI'lf\KGAPTHKPmPKASVEG'f.FSKL 
VEKHGEVCPANi'H~KGDPG,LKVPHNK- - - - -..: - '-' -­

VEKIiGEYC~~N~;~KG~PTHKP~PKASVEG¥F~KQ 
VEKH_G~~lCPA.N~'I~KGAPTMKP~PKASVEG~F~KQ 
VEK~~~V(;~ANf'l~KGDPGkKVpLNK----:----­
VEK1-IGE:V(!PANI1~KGAPT~~KP~PKASVEGY:FS:KQ 
VEKHGEVCVi\N~l,«PGDKT~lKPRPEKSKEY~GriVA 
VEKHGEVCPANWKKGAPTHKPDP S E Y S 
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Appendix C. Nucleotide sequence alignment of peroxidoxin genes of Leishmania species 
that 

L. 

L. 

L. 

L. 

L. 

L. 

L. 

L. 

L. 

cause cutaneous leishmaniasis in Ethiopia 

a) pxnl 

1093 pxnl (1) 
1185 pxnl (1) 

troplca pxnl (1) 
Consensus (1) 

1093 pxnl (71) 
1185 pxnl (71) 

tropica pxnl (71) 
Consensus (71) 

1093 pxnl (141) 
1185 pxnl (141) 

tropica pxnl (141) 
Consensus (141) 

1093 pxnl (211) 
1185 pxnl (211) 

tropica pxnl (211) 
Consensus (211) 

1093 pxnl (281) 
1185 pxnl (281) 

tropica pxnl (281) 
Consensus (281) 

1093 pxnl (351) 
1185 pxnl (351) 

tropica pxnl (351) 
Consensus (351) 

1093 pxnl (421) 
1185 pxnl ( 421) 

tropica pxnl (421) 
Consensus (421) 

1093 pxnl (491) 
1185 pxnl (491) 

tropica pxnl (491) 
Consensus (491) 

1093 pxnl (561) 
1185 pxnl (561) 

tropica pxnl (561) 
Consensus (561) 

1 70 
f\"I:,GTC~C~QG(;TG~\CG_GC1\~~A'I:GM5;TG'tC~9G_GG~~G<iG~T_'rCGAGGA:GG},GGGt;C,TG.!,--,rc;c:C<::Al:\C,q 
~TGTCcr$GGGTGACGCC_1\AGATCAA_¢'i'CTGCCG<:::G~_¢,GCCCTTc;GA:GGAGG:TG(;C(;(;-TC;_A:GGCC~CG 
fi.i_GA(:C'l;qc;G~GpM~~_C~Gl\T~CA.fT_<:;T~9g_GGGC9_GC~~T:rC<?,AGGAGGTGG§~CTCA'r~¢CCAAC~ 
ATGTCCTGCGGTGACGCCAAGATCAACTCTCCCGCGCCGCCCTTCGAGGAGGTGGCGCTCATGCCCAACG 
71 140 
~(:Ac;;cTTqAl'\_GAAG~TCAGCCTCTCC.GCCTAG1IAc3GGCAAG'TGGGTC,GTGCT¢T:r,C,~_TCt~_CoCCGGTCGI\ 
G¢,.i\G¢'rTC_MGAAGA_Tt_AG(;tTCtC¢GC,(ifACMG,GG:CA1\GT~'t(;G-'l'G(:jrG~1:CTT(!TAC¢(!~¢;T{!,Gl\ 
~CA-GCTT9AAGf\AGATGAGCCTCTCCGCCTAC~AGGGCAAGTGGGTCGTGCT,CTt¢l':TCTACCC~.c.fCGF\ 
GCAGCTTCAAGAAGATCAGCCTCTCCGCCTACAAGGGCAAGTGGGTCGTGCTCTTCTTCTACCCGCTCGA 
141 210 
CTTCA"GCT-TCGTGTGCCCGACAGAGATCATCCAG'I'TCTCCGACAGCGTGAGTCGCT;TCAACGAGCTCAAC 
CTT_CN;C'r,TCGT~TGCC~GACi\GAGA;:6l\fec).GTTEfCC(;ACAG~GT:GAGTCGS~T~AA~G~~rCAAC 
~TTCA~CTTCGtGTGGCCGAGl\G~GA,TC~rCcAGT_~b+tGGA~AGC_~TIJA(;T_¢G,(!i1,'C:AAC,GAG~TGAAd 
CTTCAGCTTCGTGTGCCCGACAGAGATCATCCAGTTCTCCGACAGCGTGAGTCGCTTCAACGAGCTCAAC 
211 280 
IJ::GcGA$;ircp'TCGCG;i'~CTCG,A:TG~li.Of\~GGj\Gr~G~¢GC;~ccjGG~GtGG~¢(3C:tG-Cj\~AGGGCAAGl\ 
if,G¢9~GGT,¢CT,C(iC~~(;GtGGi\.'i'G~i\CAGC9AGT~CG'C~CACG'T;qGAGtG<il\t:,GctG.c!\GGi}~C-GC¥GA 
rGCGJ\~T(:C1.'(:GCGTGCT(;GA1'GGAC'iGCG_A~T~edcG.c}\fetqc~GT(~GACG~~~9~qG~~i:,<iGMG~ 
TGCGAGGTCCTCGCGTGCTCGATGGACAGCGAGTACGCGCACCTGCAGTGGACGCTGCAGGACCGCAAGA 
281 350 
",'GG-GC_GGctT(;G_(iGGCCATGGCGATCCCMT'GCTG~Gt_GAGMGACcAii(;JrGCATC_GCTC(;,TTCt1'_ACc;O 

~~GGS~~~¢~CGG¢GCCATG-i;~qATG~PMT:GC;r9~<;:c:qA~~_G:A(r'¢MGt~c;l\t9'~~~'S(;'fT-SS'r,~~gq 
l\GGGCGGCCTCGGGGCCATGGCGA'~GGc;,AA'1'~~T(~G~C~~C~(;Ac;~AAG'r§,CAT9,~T,C_<?!_r,9S:-'i'f.S:(iq 
AGGGCGGCCTCGGGGCCATGGCGATCCCAATGCTGGCCGACAAGACCAAGTGCATCGCTCGTTCCTACGG 
351 420 
GG~'q~;rg;~~GoGf\Gl}_G_C_<;A_GGG9G_Tt;~(;CT1\.CtG<::9_$:r9:'t~T:TGATCA'J:q,;I>.C~,CC¢A~GGGllTGG_TG~~~ 
CGT,GcTGGAGGAGAGGCAGf,;GCG'faGCCT1I.CCt;;CGG,rCTC_T'fClI,TCA'rCGACCCCd_l3.TGGCATGGTGCGT 
CGTC;CT~GAGGA~~GfCAGGGCGTGGCCTA.~C'G¢'G:GJ.CTCTTCATCATCGilcGCqC~A'i'¢¢¢AiGGT_GC_G:~ 
CGTGCTGGAGGAGAGCCAGGGCGTGGCCTACCGCGGTCTCTTCATCATCGACCCCCATGGCATGGTGCGT 
421 490 

G~G~rtA~}~j.<~~¢~~?~(:!'t~_cSq~rr:_G~~£t:~~~~S<;T_G~i\_G~AG~T!J.'¢-t!3C.GGf_~j:fg:t§1'f~~qQTI~,;!'.9 
G.AGl\TCAC~q'f<;l\,A.CGAC,AT~(!'GG',l'G9GCG(~CMC,~~PG_AGGAGGT:rC'l'GSGC(~l'_C;C_T.GG_ll:~G<!',l''I'T:TG 
~~~T.CACCGTC_AACGACArGCCGGTc;GGC-CCiC;:AA_¢GT<iG~(iGAGGTTCT_GG.GGC.TGCTGGAG_G<::Tr'rTq 
CAGATCACCGTCAAOGACATGCCGGTGGGCCGCAACGTGGAGGAGGTTCTGCGCCTGCTGGAGGCTTTTC 
491 560 
!I.~1'irgG~T~AGf¥!.GCAC9GCGA(;G:T?T~c.<;(;CGCGAAC'rGG~G,!;_GOG_~C~:(!'i:.~C'f_GMtU;'1:GGl\ 
fic;t:rc~tg~li_GiviGCAG-GG<:GA:G~~GTGC,G¢C,~§~C:~{fG:~GAAG~GC~N~F~~G~R.¢'r~~~~~S(;_~ 
~?TTCGTGG~GAA'GCACGGCGAGGTG1,IJCC(;:'¢_(;(:~MG;r_'<;'?AAg_M:P_GGCG_ACCC~GGG<:TI3Ai\G_G'I'C:-I3i\ 
AGTTOGTGGAGAAGCAOGGCGAGGTGTGCCCCGCGAACTGGAAGAAGGGCGACCCTGGCCTGAAGGTCGA 
561 573 
rG"QAATAl\G"j"Ali 
[~~Ci\i\tMl1:fju~ 
:.rqTpAAt~~rM 
TCACAATAAGTAA 
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L. 

L. 

L. 

L. 

L. 

L. 

L. 

L. 

L. 

L. 

b) pxn2 

1093 pxn2 (1) 
1185 pxn2 (1) 

L. major pxn2 (1) 
tropica pxn2 (1) 

Consensus (1) 

1093 pxn2 (61) 
1185 pxn2 (61) 

L. major pxn2 (61) 
tropica pxn2 (61) 

Consensus (61) 

1093 pxn2 (121) 
1185 pxn2 (121) 

L. major pxn2 (121) 
tropica pxn2 (121) 

Consensus (121) 

1093 pxn2 (181) 
1185 pxn2 (181) 

L. major pxn2 (181) 
tropica pxn2 (181) 

Consensus (181) 

1093 pxn2 (241) 
1185 pxn2 (241) 

L. major pxn2 (241) 
tropica pxn2 (241) 

Consensus (241) 

1093 pxn2 (301) 
1185 pxn2 (301) 

L. major pxn2 (301) 
tropica pxn2 (301) 

Consensus (301) 

1093 pxn2 (361) 
1185 pxn2 (361) 

L. major pxn2 (361) 
tropica pxn2 (361) 

Consensus (361) 

1093 pxn2 (421) 
1185 pxn2 (421) 

L. major pxn2 (421) 
tropica pxn2 (421) 

Consensus (421) 

1093 pxn2 (481) 
1185 pxn2 (481) 

L. major pxn2 (481) 
tropica pxn2 (481) 

Consensus (481) 

1093 pxn2 (541) 
1185 pxn2 (541) 

L. major pxn2 (541) 
tropica pxn2 (541) 

Consensus (541) 

1 60 
li_T~~PCT(:tCG_GT_iiA.CGCC.AAGAT(;All.CTtT_G~G_G~GCCG_CGCTTCGAGGAGGTGf;C:GC_TQ 
~'fG'l:_c,C-~G9G_G'rGACG~C_AhGi\t:G~~srG1',GC:~_GC~CqGCC(;T'I'C:GAGGA~GTf3GCG'CTq 
~TG'J'CCT_q~(i:G'f:A~CGS:Cl\!\Gl\J9MG,!,_i:!:r,C¢~(;CS;_~~q~F~XTCq~~~i"RG~-4~qc!g 
l\1'~TCC'r_G~G(~~~i\AAGCAAGATCAACTC",~G_C;GCGCC_GC9:CT,TCG.A.GGl\qA:rG_GCGC'.fQ 
ATGTCCTGOGGTGACGCCAAGATCAACTCTCCCGCGCCGCCCTTCGAGGAGGTGGCGCTC 
61 120 

~t~¢~g~¢~~~:~~f~~#gM~~t-¢~~$~&~~~g~~~~~~~rft~~;~t~~~ 
~'J~cq~,~FGGC~~ST~9M~N\GATq~~H,~T9J_yq?:'F-g:r~gJ\At;;§9CM~T<?,_~.~£!i,'I',q 
f\'rGPCqAACGGC,AGC;r:rCAAG1\N;,l\~f:!1\GCgTGTQ~pCCTACAAGf!.~.CMGT,GG.G'f~~,Xq 
ATGCCCAAOGGCAGCTTCAAGAAGATCAGCCTCTCCGCCTACAAGGGCAAGTGGGTCGTG 
121 180 
~T_(;TTCTTC'j:AC.CCGCTCG_AC;~?'CACo.TT.c~~GTGCCS;(;f\CAGA<?ATC~'l'GGC~,T-tC~_99 
CTC,~TCTTeTACCCG(;_TC_GACTTCA,CCTTC_GTGT~'C,CCGA<;1i_GAGATCArC,GC'<;T'fC;TGC 
CTCTTCTTCTACCCGCTCGACT~CA,CCTTCGTGTGCCCqACAGAGGTCATCGCGTTCTCq 
PT_C~T¢_T't¢TACCCGCTCGACTTCACCiTCGTGTd9CC_(iAGAG'AGAj¢ATCGCciiii:c:TCQ 
CTCTTCTTCTACCCGCTCGACTTCACCTTCGTGTGCCCGACAGAGATCATCGCGTTCTCC 
181 240 
GAChGCGTGA~CGCj'TCiUi.C~AGCTC~'ctGC~~GG'tGC;rCGCGT-$CrCGATW@~q'Q 

fiA~N:;GgTGhG,~_Cf;~GT,tc;~cg~~t.f9ru;\G:r~:Gt\~_G:rGt,'r.C1iC~!,GCTC,~t,G$AS{\:Gq 
~1tCAGCG,T_G1\GrC<:;~:rTCAA:C~~GCTCAA,GTGgG~qG~,CCT(~(;CGT~C!rcg_1\1jAGA£~ga 
~~cAAtGiG~C;TCGCT_rCMCGAG~TC_A}iQTG.C~it_qGt¢C'rCGCGT9_C_T~G~,~~!\CJ\~d. 
GACAGCGTGAGTCGCTTCAACGAGCTCAACTGCGAGGTCCTCGCGTGCTCGATGGACAGC 
241 300 
!?!\GTA_C~C;§(;!WCT,GC~_GJ~GAC~C!€9!1-_GGAC_C;@GC~_GAAGG§s:~_CCTCG~~~9tQATQ 
PAG_T~C(tC:_GC_ACtT_(3_~!i_QTGGA¢q~'!'.GC,AGG~.~C_g91\,A-~M~§57_C;GGCCTf~~§'~:CATQ 
fA_Grl\C;~~:~SA,t¢T_~q~~TGG_ACG~1'~'~A~~~~Q~si\i\G.J)i\B~~~G_GGC:T~~§~~f¢A.t~ 
~,l\G'.l'A9GC~C~CCTGCff.GTGGACGGTGGA?~l\C,GqCAAGAlt.<;GGCGGCCTCG~G$CCATQ 
GAGTACGCGCACCTGCAGTGGACGCTGCAGGACCGCAAGAAGGGCGGCCTCGGGGCCATG 
301 360 
~§QS'fCCGM!~~-Ti;G¢£Q.l!.~~f\QA¢£..~~'tG9A1.~9f_tG'i,;T'TCC1'i\tGGGGtq~1'§§~~ 
~~(;A~C;0AA'l'<¥;~§~~¢G·AG~~)\¢_CAA$~~.q~gG¢~rCG'tTt~TAcGG~~G~<;;¢''l'@~g 
~¢l~ilts~9MT_~~_A~,C,G_GAqM,q_~~cM~A~PA'i~,qsrC~T:t¢_c~A¢Gi3qG$G~'f,0Aq 
~C,G!\TC~£~T~T~I;i_tCGACM§!\_9~M~~2l\'f:C,Gc;TG~~,!,C.cTAC.GG~~'l'G~j~Gl\G 
GCGATCCCAATGCTGGCCGACAAGACCAAGTGCATCGCTCGTTCCTACGGCGTGCTGGAG 
361 420 
~:lj,GAGGCAGGGGGT~GCCTACCGCGG"tCi'_C_tJ,(;A'tCA'fGGl>;CC.~CCATG~~:r_G.GT,G¢G't 
~A~,GCCJ!s.GGG(}~r.G\iG'<;;1'A(;_CG<:GGT,CT{:·:c,rCllTpATCG~Ccqc9A·r(i?CAtGG'r9_G,Gll 

~t~:¢~~~~~ci_~~~'~~~:~2~6~f~~:bi·ig_~~~~~2~:~gg¢g~~~~~:i~~*~2,~~ 
GAGAGCCAGGGCGTGGCCTACCGCGGTCTCTTCATCATCGACCCCCATGGCATGGTGCGT 
421 480 
p~G~_~t:_A_Q~_GTC~c§A<::ATGFC:§~G,GGCGG~~~,~GTGG~§.~11.GGT~NX§~,~g.cTG(:',tq 
Cl1.GATCACCGTCAACGACATGCCGGTGGGCCGCAGCGTGGAGGAGGTTCTGCGCC-TGCTd 
~AMr'CACC~T¢AI\TPACA'l'G¢'¢G{ji'GGG'~:c:qG'AGi:f~~,G:SA¢~l\G~'rTC_~A~qq#r_~c:rq 
p~GATCACCG'rCAACGACl'\TGCCGGTGGG~¢GG*¢GTGGl\GGA~T'rC'fGCGCq',fGt,Tq 
CAGATCACCGTCAACGACATGCCGGTGGGCOGCAGCGTGGAGGAGGTTCTGCGCCTGCTG 
481 540 
GAG_GCTTT'i'CAGTTCGTGGAGAAGCACGGCGAGGTGTGCCCCGCGAA'CTGGAAGMGGGO 
~KGif~rt,TT,C.Aqrtt;:GT~~iiAtMGCAS'G~'CG,I\G,Gr4TG'C_GC'C,GCl1MGTG,GiJ:t(]~~~-(;9 
pAg~P:iTj:,i'~~4iT,GGi·G~1tGi\A~A.cff{ii_G_~,griigtG~9~c~,{;Nt9:T~~~~!i9~~~q 
~AGG~T'f,tG~,AGTTC_GTGGl\GAAC;CACGGCGAGG'!-'.t:!'FGGCCCGCGAAC'l',GG~GI~m~G~ 
GAGGCTTTTCAGTTCGTGGAGAAGCACGGCGAGGTGTGCCCCGCGAACTGGAAGAAGGGC 
541 600 
g:~C¢,tAG..qAtGI'0G_¢_9_GGMCC:ql~J1..G§C~i'C'~91¢<;;})~_~_'f~cxrc~GC_~~~:GrM 
F¢9,C:~,SA9_9.1\TG:ilAGC~'G,GMCC(;MGW~_G:r.C:tt;,~~~A~,~,GG~~,C'i,',~-9ii~c.~9:l\_G'i'M 
~,CC,2~91\q(3Ar,c;~q,c~qG~~_¢'?_M@q;G-t9X~tS~~,~9r{~!f~C,T,TG~G_~.i}f\~p~~_~~ 
pCC,CCCl\.~~ATGAA~CCG(;AA,CC_G~qGq7'f§~T~r,~GA~q@'l'ACTT.Gll~W\AC.~_q'r~ 
GCCCCCACGATGAAGCCGGAACOGAAGGCGTCTGTCGAGGGGTACTTCAGCAAACAGTAA 
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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 
1185 pxnl 
1093 pxnl 
Consensus 

L. tropica pxnl 
1185 pxnl 
1093 pxnl 
Consensus 

L. tropica pxnl 
1185 pxnl 
1093 pxnl 
Consensus 

b) pxn2 

L. tropica pxn2 
L. major pxn2 

1185 pxn2 
1093 pxn2 
Consensus 

L. tropica pxn2 
L. major pxn2 

1185 pxn2 
1093 pxn2 

Consensus 

L. tropica pxn2 
L. major pxn2 

1185 pxn2 
1093 pxn2 

Consensus 

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

(71) 
(71) 
(71) 
(71) 

(141) 
(141) 
(141) 
(141) 

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

(11) 
(71) 
(71) 
(11 ) 
(71) 

(141) 
(141) 
(141) 
(141) 
(141) 

1 10 

t1tc~~{\K,iiH§!?!ip_?~F¢:EY¥~~NGSt~K~L:s~_Y~{j!<tWVLFrY~~,~-FS,~vGR~~ftQF~D_S~~~:~~~'Lt! 
HSC~D~_kf,N~PA_PP:~_~YA~!:I~.ll:~~fKt{_I!?·t;:~~~~~<;KW~Y1~f)'PLDF-if~YS:R:T_Et~_q~~~SY~~f~iEt~j 
HSRGDl\:KI:N13p~pP~E$VAti4p~G8FKKJ$i:S'~YI<~~~1\;VLFFyptbF:SFVCP:rB_ItQF,S'Q~YS:l\~SLf( 
NSCGDAKINSPAPPFEEVALMPNGSFKKISLSAYKGK.,NVLFFYPLDFSFVCPTEIIQFSDSVSRFNELN 
71 140 

t~~2~~'~~*i,i~~Jf~~egfi~tgg~~~*~~frt~~l~~~~!~-§~~fI~i~vfi~[~~~i~~tl~~~ 
P:.E\f:i.~9SH,DS¢t~\!ILQ-W:r~QIl~KI;\.~LQN·~IPl·j~Al?K'I'KCIl).RS:~GVLEE;SQ§YIWRGLFI~:f:PPHG!4V~ 
CEVLACSMDSEYAHLQNTLQDRKKGGLGAHAIPMLADKTKCIARSYGVLEESQGVAYRGLFIIDPHGHVR 
141 190 
qiTVijbl.j"P,VGRNVBEVLRLL_EAroFJiEK_HGEyC'PAljWK_KC;'PIJ,GL_KVDLNI:<:; 
QiT_~~:D~jp.VGRNVf;-e:iiL~t~EA_rQEvEJ<H~EVCI>A~WK~GDPGLKV_~HN~ 
QtTVHbNPVGRttV_E:EVLRt.r;eAFQFVEkHGEVbpAi~WKKGbpGtkvQHN_i< 
QITVNDNPVGRNVEEVLRLLEAFQFVEKHGEVCPANNKKGDPGLKVDHNK 

1 10 

tI~~~~~~]i~~'~=~~it~ti.~'~ll~~~~~1-~~I~ig~~1K~t:J~{il~~_~Zg1J~itl~~~~~:,~~ttl 
fl$J::QDA~~J~Sr"gPf~~VM~!?-~_G~F~K(~~~A¥J{§~!iYV.¥tRX,~t~DFTI?:Vg;fIi~I~l~fW?,S~!.~g~@~_tl 
ff$~GgDA}tr:NS:~~_p:p~~VfiI.~1,~~~(;SJt~i{t~:rt;~A¥f:t(;f(~lVV:iitty?tQft~G_~j'J!lI[i}ts.qSY_&~fi~¢~N 
MSCGDAKINSPAPPFEEVALHPNGSFKKISLSAYKGKt'lVVLFFYPLDFTFVCPTEIIAFSDSVSRFNELN 
71 140 
FE.V~,~HI?S,_~,~p.Hi.q,qr!>,9,~_~K~t~_fli1A!~Ll\!:?;!:I~I?_~1!K~-IAR:Sy_$Vt.E~~~Yif~~~(;_trt:r"p~,~~1V~ 
PE;I/~AGSIDSEYAH!>q.,'lT.LQD~KKqGLG,T~1AI:p'~~li~l)~,=,~SIA,RSX~VLE:I?S,RC;VA.YRGL_FJ;£[)P~GMlrl) 

P~\rLA,CS.Hp'S¢Yl?~}:~ct.1ttQR!!KK9C;~gAHf\):J·?;J_~~1?~:r~C.~~R~yG\,rL~.f~~Qt;vAy,~G.~_R,IiP:PJiC:;'t~lVR 
CEVl~Ac~r-mS.EYAHL,ar.'lTLQDRQK:GGLG~iplolt)\DKTKC:rliRS,{GVLEESQGY~YR,G_L:F.i~,?~H<r.:fvR 
CEVLACSMDSEYAHLQI'1TLQDRKKGGLGAHAIPNLADKTKSIARSYGVLEESQGVAYRGLFIIDPHGHVR 
141 199 
QIT_~,t)~?yG~N~~E~1~LLE~LQRV~K.~.~Ey¢:I?~~~·jld5~~P-TfIK~¢p~$_V_?_GYf$KQ 
g_lJ-~lJtiD!'f~YG~S~~E_~L~L~~~FQFV~~~§~V9_R~)~1t<I:<Gf\~_T_~'!I\Pf;I?~$y~(!',l¥~_!sg 
(ii,tV~i>M.~V:GRSYEEijLRL_LF;~FQfVE~~~V_¢pAi:h;i~¥<';~P,TM_KpJ!.~~~Y~G.YfS_KQ 
9.1TVlit)14E'VI;i~SVESVXRtLE1iFQFVE;-~H~~V¢pAtMKKGAPTt·tgPEPKA-SVi~:GY.F$KQ 
QITVNDNPVGRSVEEVLRLLEAFQFVEKHGEVCPAN~IKKGAPTNKPEPKASVEGYFSKQ 
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Appendix E. Nucleotide sequences pxnl and pxn2 of L. tropica and the amino acids they 

encode 

1 

43 

b) L. tropica pxnl 

M T C 
ATG ACC TGC 
FEE 

TTC GAG GAG 
I S L 

G E A K I H SPA P P 
GGG GAA GCC AAG ATC CAC TCT CCC GCG CCG CCC 

V A L M P N G S F K K 
GTG GCG CTC ATG CCC AAC GGC AGC TTC AAG AAG 
SAY K G K W V V L F 

85 ATC AGC CTC TCC GCC TAC AAG GGC AAG TGG GTC GTG CTC TTC 
F Y P L D F S F V CPT E I 

127 TTC TAC CCG CTC GAC TTC AGC TTC GTG TGC CCG ACA GAG ATC 
I Q F S D S V S R F N E L N 

169 ATC CAG TTC TCC GAC AGC GTG AGT CGC TTC AAC GAG CTC AAC 
C E V LAC S M D S E YAH 

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 
A M A I P M LAD K T K C I 

GCC ATG GCG ATC CCA ATG CTG GCC GAC AAG ACC AAG TGC ATC 
A R S Y G V LEE S Q G V A 

GCT CGT TCC TAC GGC GTG CTG GAG GAG AGC CAG GGC GTG GCC 
Y R G L F I I D P H G M V R 

TAC CGC GGT CTC TTC ATC ATC GAC CCC CAT GGC ATG GTG CGT 
Q I T V N D M P V G R N V E 

CAG ATC ACC GTC AAC GAC ATG CCG GTG GGC CGC AAC GTG GAG 
E V L R L LEA F Q F V E K 

GAG GTT CTG CGC CTG CTG GAG GCT TTT CAG TTC GTG GAG AAG 
H G E V CPA N W K K G D P 

CAC GGC GAG GTG TGC CCC GCG AAC TGG AAG AAG GGC GAC CCT 
G L K V D L N K * 

295 

337 

379 

421 

463 

505 

547 GGC CTG AAG GTC GAT CTC AAT AAG TAA 
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b) L. tropica pxn2 

M S C GET KIN SPA P P 
1 ATG TCC TGC GGT GAA ACC AAG ATC AAC TCT CCC GCG CCG CCC 

FEE MAL M P N G S F K K 
43 TTC GAG GAG ATG GCG CTC ATG CCC AAC GGC AGC TTC AAG AAG 

I S L SAY K G K W V V L F 
85 ATC AGC CTC TCC GCC TAC AAG GGC AAG TGG GTC GTG CTC TTC 

F Y P L D F T F V CPT E I 
127 TTC TAC CCG CTC GAC TTC ACC TTC GTG TGC CCG ACA GAG ATC 

I A F S D N V S R F N E L N 
169 ATC GCG TTC TCC GAC AAC GTG AGT CGC TTC AAC GAG CTC AAC 

C E V LAC S M D S E YAH 
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 

A M A I P M LAD K T K S I 
295 GCC ATG GCG ATC CCA ATG CTG GCC GAC AAG ACC AAG AGC ATC 

A R S Y G V LEE S Q G V A 
337 GCT CGT TCC TAC GGC GTG CTG GAG GAG AGC CAG GGC GTG GCC 

379 
Y R G 

TAC CGC GGT 
Q I T 

L F I I 
CTC TTC ATC ATC 

V N D M 

D P H 
GAC CCC CAT 

P V G 

G M V R 
GGC ATG GTG CGT 

R N V E 
421 CAG ATC ACC GTC AAC GAC ATG CCG GTG GGC CGC AAC GTG GAG 

E V L R L LEA L Q F V E K 
463 GAG GTT CTG CGC CTG CTG GAG GCT TTG CAG TTC GTG GAG AAG 

H G E V CPA N W K K GAP 
505 CAC GGC GAG GTG TGC CCC GCG AAC TGG AAG AAG GGC GCC CCC 

T M K PEP K A S V E G Y F 
547 ACG ATG AAG CCG GAA CCG AAG GCG TCT GTC GAG GGG TAC TTC 

S K Q * 
589 AGC AAA CAG TAA 
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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 Isoleucine 

K Lysine 

L Leucine 

M Methionine 

N Asparagine 

P proline 

Q Glutamine 

R Arginine 

S Serine 

T Threonine 

V Valine 

W Tryptophan 

y Tyrosine 
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Appendix G. Standard Genetic Code 

1-Tr-T- c-- r-A-r G 

C ffi:~: ~~)-~g~~~r(s) ~~~.(Y)I~gf:~(C) 
I L ITG" liCG" TAG Tel' iTGG Trp (W) 
.... CITi~~'(L)- CCTP;~-(P) CATHi~-(H) [CCJThg (R) 

CTC " CCC " CAC " iCGC " 
C CTA" CCA" CAA GIn (Q) iCGA" 

CTG " CCG " CAG " [CGG " , 

f 
·~A~t~IIe(I)--I~g~ yhr (T)~AAA~~sn eN> r~g~ ~e{·(s) 

A ATA" ACA" AAA Lys (K) iAGA Arg (R) 
ATG Met (M) ACG" AAG" /AGG" 

r
··· GTIVaI(V) GCTAIa (A.) GAT Asp CD) IGciT-GIy(G)·· 

GTC " GCC " GAC " IGGC " 
G GTA" GCA" GAA Giu (E) ioGA " 

GTG" GCG" GAG" iGGG" , 
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