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INTRODUCTION 

Trypanosomes, protozoan flagellates belonging to the order 
Kinetoplastidae are responsible for some of the world’s most 
widespread and debilitating human parasitic diseases such as various 
forms of cutaneous and visceral leishmaniasis (Leishmania species), 
African sleeping sickness (Trypanosoma brucei) and American 
trypanosomiasis or Chagas´ disease (Trypanosoma cruzi). Together, 
these parasites pose serious threats in terms of human misery and 
economic loss to millions of people in the endemic countries. About 
half a billion of the world’s habitants living in tropical and subtropical 
areas have been estimated to be at risk of contracting these infections 
(Table 1) according to the World Health Organisation.  
 
In addition to their major medical impact on humans, parasitic 
protozoa also cause enormous loss of life and productivity of 
domesticated animals and influence the ecology and biodiversity of 
the tropical and subtropical regions of the world. Furthermore, the 
kinetoplastids are also of general biological interest as they display 
many basic regulatory processes not found in higher eukaryotes and 
possess special cytoplasmic organelles and structures. Studies of gene 
expression in trypanosomatid parasites revealed novel mechanisms in 
eukaryotes such as RNA-editing, polycistronic transcription first 
among eukaryotic organisms and trans-splicing later found to be 
present in other organisms. 
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Chagas΄ disease 

 
 
Chagas΄ disease, also called American trypanosomiasis, is a severe 
and life-threatening illness prevalent throughout Central- and South 
America. It is caused by the flagellate protozoan parasite, 
Trypanosoma cruzi, and affects 16-18 million people in about 20 
endemic countries extending from the south of Argentina to Mexico. 
In addition, more than 100 million, i.e. about 25% of the population of 
Latin America is estimated by the World Health Organisation to 
remain at risk for acquiring T. cruzi infection (Table 1). Chagas΄ 
disease is considered as the fourth most serious health problem in 
Latin America. However, the social and economic impact caused by 
T. cruzi infection exceeds that of the other major parasitic diseases 
caused by kinetoplastids due to the reason that many patients lose 
their ability to work during their most productive years.  
 
Table 1. Parasitic diseases caused by trypanosomatid protozoa* 
Diseases Protozoan 

parasites 
Insect 
vector 

People 
infected 
(million) 

People 
at risk  
(million) 

African sleeping 
sickness 

Trypanosoma 
brucei  

Tsetse flies 0.5 60 

American 
trypanosomiasis 

Trypanosoma 
cruzi 

Reduviid bugs 
(triatomines) 

16 120 

Leishmaniasis Leishmania 
species 

Phlebotomine 
sand flies 

12 350 

Total   28.5 530 
*Data and references are from the WHO Special Programme for Research and 
Training in Tropical Diseases  

History: Charles Darwin and Carlos Chagas 
Charles Darwin spent five years as a naturalist in South America 
where, some people now believe, he acquired the Trypanosoma cruzi 
infection leading to a mysterious and debilitating illness shortly after 
his return from the expedition. Charles Darwin described it in The 
Voyage of the Beagle: “At night I experienced an attack (for it 
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deserves no less a name) of the Benchuca, a species of Reduvius, the 
great black bug of the Pampas. It is most disgusting to feel the soft 
wingless insects, about an inch long, crawling over one’s body. Before 
sucking they are quite thin but afterwards they become round and 
bloated with blood.” These blood-sucking bugs, later identified as 
triatomines, were discovered years after Darwin’s death to be the 
principal carrier of American trypanosomiasis, which was later named 
Chagas΄ disease after the Brazilian physician Carlos Chagas who first 
described it in 1909. Dr Chagas not only identified the flagellate 
protozoan, T. cruzi, to be the cause of the disease but also found that 
this parasite is transmitted to humans by triatomine insects. However, 
much of today’s knowledge of T. cruzi and Chagas′ disease emerged 
decades later from research that could be performed due to progress in 
in vivo cultivation of the parasites and molecular techniques.  

Modes of transmission     
T. cruzi parasites are transferred to mammals primarily by blood-
sucking bugs belonging to the family Reduviidae of which three 
genera, Triatoma, Rhodnius and Panstrongylus, are important in the 
transmission of the Chagas′ disease. Out of the 100-150 species so far 
identified, it is not certain how many are epidemiologically significant 
as carriers of T. cruzi to humans. The susceptibility to highly 
heterogenous T. cruzi strains seems also to vary among the different 
species of triatomines as well as the other genera. In addition, there is 
a geographical distribution of the main vectors of Chagas΄ disease that 
corresponds in general with the natural habitats of the bugs. In Central 
America and Panama, the principal vector is Rhodnius pallescans, 
while Triatoma infestans is undoubtedly the main source of human 
infection in Bolivia since it is responsible for about 97% of the cases 
(WHO/TDR). The vector’s effectiveness in spreading the infectious T. 
cruzi is directly related to infestation of houses by T. infestans as a 
consequence of various social changes and environmental destruction 
such as urbanisation and deforestation, respectively.  
 
Besides reduviid insects and humans, a large number of species of 
domestic and wild animals ranging from opossums, rodents, foxes, 
and deer to pets and livestock constitute the reservoirs of T. cruzi. 
Wild animals have been found naturally infected by the parasite in all 
endemic areas and the parasitism seems not to harm triatomines or 
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wild reservoir possibly reflecting the existence of an ecological 
balance between the parasite and its vectors or hosts. The parasitism 
of humans, however, is generally harmful and causes serious damages 
to the hosts.  
 
Most people acquire Chagas΄ disease when they scratch the site of the 
insect bite where infected triatomines have deposited faeces 
containing numerous highly infectious forms of the T. cruzi parasite. 
The penetration of T. cruzi occurs mainly, if not exclusively, in eye 
mucosa and/or open wounds in the skin of the human host. In very 
young children, however, the parasites might enter via normal skin. 
Once inside the body, the parasites circulate for a short while in the 
blood before they preferentially invade smooth muscle cells and 
neurons and differentiate into a replicative form inside the cells. The 
parasites, at this stage, multiply and give rise to the form of T. cruzi 
that after cell lysis either can be ingested by the triatomid insects 
during their blood feeding or re-infect cells of the host (60).  
 
T. cruzi infection can also occur directly via blood transfusions. These 
have now become the major transmission routes in some endemic 
regions where vectorial control in term of improvements in housing 
conditions has successfully been implemented by Public Health 
Programme. Population migrations from endemic countries towards 
urban centres and developed countries provide a rising risk for new 
cases of transfusional Chagas´ disease outside the traditional 
geographical boundaries. For example, it is estimated that out of the 
10 million people born in Latin America now residing in the United 
States, at least 50,000 to 100,000 individuals are infected with T. cruzi 
(61).   
 
An additional transmission route of T. cruzi to humans is congenital in 
which parasites are transferred to the foetus from the infected mother. 
Possible mechanisms of transmission are diffusion of the parasite 
across the extra-embryonic membranes, or through the maternal blood 
supply.  

Variable clinical manifestations 
Chagas΄ disease is characterised by a broad spectrum of symptoms of 
variable severity dependent on different geographical locations, most 
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likely reflecting the differences in T. cruzi strains, insect vectors and 
/or basic genetic setup of the mammalian hosts (39). T. cruzi produces 
a wide range of clinical manifestations which allow the disease to be 
divided into two main phases, the acute and chronic phase, linked in 
between by a symptomless intermediate phase (60).  
 
The acute phase initiates within a few days after the infection and is 
characterised by complete absence of clinical manifestations or mild 
symptoms such as local inflammation at the site of infection, fever and 
swollen lymph nodes. In immunosuppressed patients as well as in 
very young children, however, this initial acute phase may cause 
illness and death due to invasion of the nervous system or enlargement 
of the liver and spleen (60). The acute phase normally resolves 
spontaneously after 4-8 weeks thereby allowing the patients to enter 
the intermediate phase. Unlike the acute phase in which the 
parasitemia is high, the parasitemia in the intermediate phase is 
generally low and undetectable.  
 
Eventually, more than 30% of the infected individuals go on to 
develop irreversible and fatal damage to the heart and digestive tract 
clinically characterised as cardiomyopathy and/or the megaesophagus 
and megacolon syndromes, respectively. In many instances, the 
patients in the chronic stage of the disease go undiagnosed since the 
parasitemia is very low and therefore create a serious risk of 
transmission during blood transfusion. The likelihood of being 
infected when receiving a T. cruzi contaminated transfusion unit has 
been estimated to be as much as 20% (60).   
 
Patients suffering from severe forms of the chronic stage become 
progressively more ill and about one third of them ultimately die, 
usually from heart failure. The cause of these devastating symptoms is 
still poorly understood, but denervation of the affected tissues is one 
important aspect (60). Supporting this is the tight correlation of the 
persistence of parasites within inflammatory organs conclusively 
resulted from studies utilising immunohistochemistry and polymerase 
chain reaction (PCR) (107). Another suggestion, initially based on 
standard histological findings of the absence of parasites in tissues 
where signs of Chagas´ disease are evident, is that autoimmune 
reactions triggered by cross-reacting antigens from T. cruzi with 
muscle and nerve cells in host tissues might be involved (18, 40).  
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Further support for this latter theory includes the identification of anti-
self antibodies and immunosuppression in T. cruzi infected hosts (see 
review (107) for more information about the immunological response 
in T. cruzi infection). However, their roles as effective mediators in 
tissue destruction have not been proven yet. Until then, T. cruzi 
infection has to be regarded as a parasitic disease in which 
chemotherapy and immunotherapy in form of vaccination are certainly 
reliable.  

Current controls and treatments   
Since the discovery of T. cruzi and its principal carriers in 1909, 
several national and multinational control programmes based on 
application of natural and residual insecticides in combination with 
systematic screening of blood donors have led to progressive 
reduction in the prevalence of T. cruzi infection in South and Central 
America. An impressive success has undoubtedly been achieved from 
The Southern Cone Initiative, which was launched in 1991 by six 
endemic countries in South America (Uruguay, Chile, Brazil, 
Argentina, Paraguay and Bolivia). By now, the initiative has reduced 
the overall incidence of human infection in children and young adults 
by as much as 72% and declared Uruguay and Chile to be certifiably 
free of vectorial and transfusional transmission of Chagas΄ disease 
(data from WHO/TDR and (31)). However, it is important to mention 
that Chagas΄ disease is far from vanquished since high levels of 
vector-borne transmission are still apparent in many areas. Also, the 
risk for re-colonisation of houses by triatomines is high due to limited 
resources and that the triatomines might develop resistance to 
presently used insecticides. Moreover, the number of undiagnosed T. 
cruzi infected individuals, which, in course of time, will develop the 
symptomatic chronic stage of the disease, still remains in the millions. 
 
Currently, there are no effective vaccines or prophylactic agents 
against T. cruzi infection. Several attempts using attenuated parasites, 
killed parasites, sub-fractions of parasites, purified and/or recombinant 
proteins as vaccines against T. cruzi have shown extremely poor 
protection. For therapy, nifurtimox and benznidazole can be used 
which are capable of curing at least 50% of the infected individuals in 
the acute and early chronic phase. The earlier the treatment is 
initiated, the greater is the chance that the patient will be cured. 
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However, the treatment usually takes long time and may cause serious 
side effects such as nausea, loss of memory, skin rashes, bone-marrow 
depression and sleeping disorders. Some patients discontinue the 
treatment if the side effects are too severe for them to tolerate. 
Moreover, these drugs are neither active in long-term chronic forms of 
the disease nor effective in preventing symptomatic development of 
the disease (60). Other potential chemotherapeutic agents against T. 
cruzi currently under development include, in addition to inhibitors of 
the cysteine proteinase (cruzipain) and sterol C14α demethylase 
involved in sterol biosynthesis, compounds that interfere with purine 
salvage pathway and inositol metabolism (113).  
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Trypanosoma cruzi 

Life cycle and morphology 
Like T. brucei and Leishmania, T. cruzi undergoes a digenetic life 
cycle alternating between invertebrate and vertebrate hosts. As a 
means to easily adapt to the different hostile environments and to 
evade the host immune systems, T. cruzi expresses different sets of 
proteins during development. Among these are, in particular, surface 
antigens belonging to the two heterogenous families of glycosyl 
phospatidylinositol (GPI)-anchored glycoproteins, the mucins and the 
trans-sialidases (94).  Also, the variable requirements accompanying 
the infectious and highly proliferated stages of the parasite’s journey 
result in several morphological transformations which normally are 
characterised by the flagellum emergence and the relative position of 
the kinetoplast in relation to the cell nucleus. The major forms are 
epimastigotes, metacyclic trypomastigotes, amastigotes and 
bloodstream trypomastigotes (Fig. 1).  
 

 
Figure 1: The major developmental forms of the T. cruzi parasite. 

 
The life cycle (Fig. 2) of T. cruzi initiates, when blood sucking 
reduviid insects bite T. cruzi infected mammals and along with the 
blood meal ingest bloodstream trypomastigotes that are infectious but 
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unable to replicate. In order to multiply, the trypomastigotes enter the 
midgut of the bug and differentiate into a replicative epimastigote 
form. After a series of replications, the parasites continue their 
passage through the hindgut of the bug where the epimastigotes are 
transformed into highly infective, but again unreplicative, metacyclic 
trypomastigotes. Subsequently, the insect defecates during its 
bloodmeal highly infective metacyclic trypomastigotes which then are 
rubbed into the bite, open wounds or the conjunctiva of the eye of 
humans. After entering the human host, metacyclic trypomastigotes 
invade various cells, particularly muscle and nerve cells, where they 
round up and multiply asexually by binary fission in the amastigote 
form. The intracellular amastigotes eventually differentiate into 
trypomastigotes which upon host cell ruptures either enter new cells or 
are taken up when a vector feeds thus completing the life cycle of T. 
cruzi. 
  
 

 
Figure 2: Image of the life cycle of Trypanosoma cruzi obtained from the Wellcome 
Trust/WHO. 

 
In order to invade and survive within mammalian cells, the T. cruzi 
parasite manipulates the cell signalling pathway and the gene 
expression of the host cell (94). To enter the cell, T. cruzi exploits the 
host cell mechanism for cellular wound-repair, which involves Ca2+-
regulated lysosomal exocytosis. The T. cruzi induces the recruitment 
of host cell lysozymes to the site on the membrane where the parasite 
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has attached. Upon fusion, a parasitophous vacuole is formed and its 
acidic environment triggers, apart from the differentiation into 
amastigote, the activation of the T. cruzi pore-forming protein 
(TcTox) which disrupts the vacuole and the parasite can escape into 
the cytoplasm of the host cell where it persists (13).  
 

Genetic heterogeneity among T. cruzi parasites 
As revealed by studies using e.g. Multilocus Enzyme Electrophoresis 
(MLEE), Random Amplified Polymorphic DNA (RAPD), molecular 
karyotyping, microsatellites and rRNA analysis, an extensive genetic 
heterogeneity exists among T. cruzi strains and isolates (7, 11, 12, 50, 
80). Based on the described studies, T. cruzi seems to have a diploid 
nature and its population can be divided into two major phylogenetic 
lineages where lineage I corresponds to the sylvatic cycle and lineage 
II to the domestic cycle. Further characterisation using additional 
RAPD marker suggested a subdivision of lineage II into five 
subgroups. However, the result recently generated from sequence 
comparisons of two single copy genes encoding the dihydropholate 
reductase-thymidilate synthetase (DHFR-TS) and trypanothione 
reductase (TR) divided the T. cruzi population into four sequence 
groups or clades (Table 2) (71, 72). Due to the lack of sexual 
recombination and that the population structure of T. cruzi is 
predominately clonal, non-mendelian genetic exchange has been 
proposed to be a possible source contributing to the genomic diversity 
of T. cruzi strains (16, 109). A recent study performed by Gaunt et al 
has provided strong evidences for some relevant mechanisms such as 
loss of alleles, homologous recombination, fusion of parental 
genotypes, and uniparental inheritance of kinetoplast maxicircle DNA, 
to be involved in genetic hybridisation of different T. cruzi strains. 
Intriguingly, there is a direct correlation of aneuploidy between the 
experimental hybrids obtained from this study and natural T. cruzi 
populations. One example of naturally existing hybrids is the 
reference strain CL Brener selected for the T. cruzi genome project 
(134). 
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Genome architecture 
The genetic content of T. cruzi is organised in two major structural 
compartments, the nucleus and the single kinetoplast-mitochondrion 
complex. The structural organisation in the T. cruzi nucleus appears to 
be rather similar to that found in other eukaryotic cells. Typically, it 
has both inner and outer nuclear membranes studded with pores of 
nanometer size. The shape and size of the nucleus change according to 
the morphological differentiation occurring during parasite 
development. 
 

 

Chromosome structure and organisation 
An estimation of the genome size of the CL Brener clone revealed a 
total DNA content of about 87 megabase pairs (Mbp) (15). However, 
there are still no conclusive data available on chromosome numbers 
for this or any of the T. cruzi strains. The main reason lies in the lack 
of highly condensed chromosomes during mitosis at any stage of the 
life cycle of T. cruzi thus making them difficult to be distinguished by 
light microscopy. Instead, pulse field gel electrophoresis (PFGE) can 
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be applied in the identification and characterisation of chromosomes. 
Based on this technique, the genome of the CL Brener strain, recently 
proposed to be partial triploid (16), has been estimated to consist of 
about forty chromosomes, ranging from 0.45 to 4.0 Mbp (15). 
Remarkable size differences have also been found among homologous 
chromosomes in this particular clone as well as between different 
strains belonging to separate subpopulation groups. This pattern could 
have been derived from an expansion of repetitive sequences and/or 
multigene families (51) or from large genomic rearrangements as 
might have occurred in chromosome 3 (Andersson B, unpublished). 
 
Common characteristics for eukaryotic chromosomes include the 
presence and organisation of centromeres, telomeres, origins of 
replication and arrays of degenerate repetitive sequences. No 
centromeres or origins have so far been identified in T. cruzi or other 
trypanosomatids, but the telomeres are composed of GT-rich 
hexameric repeats similar to other organisms (19). The length of the 
telomere repeat region as well as the sequence heterogeneity can differ 
between and within strains subdividing T. cruzi parasites into two 
groups (43). Relatively homogenous sequences are found in one group 
with the mean size of 0.5-1.5 kb. The other group, however, comprises 
more heterogeneous repeats with a mean telomere length of 1 to >10 
kb.  
 
The T. cruzi subtelomeric region appears to be devoid of highly 
repeated sequences which in Leishmania have shown to give rise to 
chromosome size differences. Instead, non-repeated sequences 
homologous to the 85 kiloDalton (kDa) glycoprotein (gp85) of the 
trans-sialidase superfamily are found (19). Even though it is not 
common to find gene sequences in close proximity to the telomeres, 
genes involved in antigenic variation have been localised to 
subtelomeric regions of the genomes of T. brucei (91) and 
Plasmodium falciparum (44, 52), the causative agent of severe 
malaria. This might constitute a general mechanism to increase 
genetic variability often present in surface antigens. In addition, a 189 
bp element was localised at the junction between the hexameric 
repeats and genes encoding gp85.   
 
Genes located at subtelomeric regions appear mostly to be transcribed 
from a central chromosomal region towards the telomeres. Interesting 
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correlations regarding the overall gene organisation have been 
reported from the parasite genome projects. Genes in a 93.4 kb region 
of T. cruzi chromosome 3 (3) and L. major chromosome 1 (76) were 
shown to be arranged tail to tail in large clusters with opposite 
transcriptional orientation. The gene clusters were separated by a 
strand switch region that has been proposed to carry potential 
promoter functions, replication origins and/or centromeres. However, 
the 1.6 kb switch region in L. major chromosome 1 does not seem to 
be required for mitotic stability or gene expression (36). The unusual 
gene expression pattern and regulation in trypanosomes will be 
discussed below.  

Nuclear genes and gene families 
Most house keeping genes are present in a high copy number either 
arranged as tandemly repeated clusters or dispersed in the genome. 
Multicopy gene families such as the dispersed gene family 1 (DFG-1), 
flagellum associated 160 kD protein (FL-160), mucins and trans-
sialidases including the previously mentioned gp85 are encoded by 
hundreds of gene copies characterised by variable degree of sequence 
homology (29, 93, 116, 132). Mechanisms such as point mutation, 
duplication and gene recombination have been suggested to be 
involved in the generation of highly polymorphic gene copies. New 
variants of gp85 could, in principle, be arising from the telomeric 
copies since recombination of genes located at the telomeres can occur 
without seriously affecting the overall gene order. No classical intron, 
with the single exception of that for the gene encoding poly (A) 
polymerase (73), has so far been identified in any species of 
trypanosomes. Instead, the tandemly reiterated protein coding genes 
are separated by short intergenic sequences ranging from 150 to 500 
nt (59). These sequences are normally composed of a high frequency 
of poly[dT-dG]⋅[dC-dA] (37). A head to tail tandem repeat unit may 
also consist of coding sequences from unrelated genes or gene 
families. 

Non-coding repetitive sequences 
As in most eukaryotes, tandem repetitive sequences (e.g. the 196 bp 
long satellite DNA, CZAR) and interspersed elements (e.g. E12, E13, 
E22 and C6 repeats) are present in abundance in the genome of T. 
cruzi (5, 88, 100, 131). A number of mini- and microsatellites have 
also been identified as well as the short interspersed repetitive element 
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(SIRE), an unusual retroelement related to long terminal repeat 
retrotransposons. It is highly conserved and found only in the T. cruzi 
(120). About 1,500-3,000 copies, depending on the strain, are 
distributed in all chromosomes of the genome. SIRE has been found in 
the 3’ UTRs of several mRNAs and shown to be involved in gene 
expression regulation by contributing the polyadenylation site (119). 
In T. cruzi, most repetitive sequences are organised in a strain-specific 
pattern. Thus, because of their usefulness in karyotyping and possible 
involvements in genetic rearrangements, transcriptional and 
translational controls, it is important to determine their structure and 
organisation.   

Kinetoplast-mitochondrion complex  
The kinetoplast DNA (kDNA), organised into a giant network of 
variable numbers of intercatenated maxicircles and minicircles, 
contains 16-33% of the total genetic information (97). Maxicircles are 
present in a few dozen of identical copies, ranging from 20 to 40 
kilobases (kb) dependent on the strains, and encode typical 
mitochondrial gene products such as rRNAs and proteins functionally 
involved in electron transport and ATP synthesis. Minicircles, 
however, usually heterogeneous in sequence and ranging from 0.5 to 
several kb in different strains, are present in 5,000 – 10,000 copies per 
network. Their only known genetic function is to encode small guide 
RNAs (gRNAs) used to control the specificity of editing of maxicircle 
transcripts in a process called RNA-editing (see below) (90).  
 
Electron microscopic analysis revealed that the kDNA network, in 
vivo, is highly condensed into an organised disc-shaped structure 
composed primarily of covalently closed minicircles (86). This early 
view of kinetoplast network structure, resulted from studies of a small 
group of trypanosomes, is now being challenged by more diversified 
structures generated from studies conducted in a larger variety of 
kinetoplastid organisms. The discovery of novel kDNA structures 
(e.g. pro-kDNA, pan-kDNA, poly-kDNA and mega-kDNA) 
significantly provides information for phylogenetic analysis of the 
origin and evolution of the kDNA network (70).  
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Regulation of gene expression 

Trans-splicing 
One of the most obscure aspects of trypanosomatid biology is the 
unusual gene expression operating in these organisms. As the majority 
of nuclear genes are arranged in tandem clusters, expression of 
primary polycistronic transcripts underlies the basis of transcription in 
T. cruzi. Mature monocistronic mRNAs are produced by a coupled 
trans-splicing/polyadenylation mechanism (8, 54, 110, 112) involving 
the addition of a 39 nucleotides (nt) capped spliced leader (SL), 
originated from the SL RNA, at the 5’ end and a poly (A) tail at the 3’ 
end (Fig. 3). The traditional 3’ AG acceptor splice site preceded by a 
polypyrimidine tract (pPy) (75) and a branch site (55) are found 
upstream of the mRNA coding region (3’ exon) on the pre-mRNA 
while the 5’ GU splice site is located downstream of the first 39 nt (5’ 
exon) of the SL RNA transcript.  
 
The small nuclear RNAs (e.g. U1, U2, U4, U5 and U6), SL-binding 
protein as well as some potential splicing factors, which constitute 
part of the ribonucleoprotein spliceosome complex, have been 
identified in trypanosomes (111). No canonical hexanucleotide signal 
for polyadenylation seems to be present in trypanosomatids. The 
choice of polyadenylation site and downstream trans-splice site is 
mainly determined by the presence of polypyrimidine stretches in the 
intergenic regions between two protein-coding genes (75, 95, 118). 
The splicing efficiency has also been found in some cases to depend 
primarily on the abundance of pyrimidine in the immediate 5’ 
environment of the gene (21, 117).  
 
Trans-splicing was for long believed to be the only mechanism 
involved in the maturation of the intron-less genes in trypanosomes. 
However, one exceptional cis-spliced intron has been identified in the 
gene encoding Poly (A) polymerase (PAP) (73). The single intron, 
consisting of 653 and 302 nt, in T. brucei and T. cruzi, respectively, is 
located at exact positions in both genes. This discovery obviously 
indicates that trypanosomatid organisms do possess all the necessary 
components involved in the process of cis-splicing which was further 
supported by the recent identification of U1 snRNA (32). 
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Figure 3: Trans-splicing and polyadenylation of polycistronic transcripts in T. cruzi. 
A) Schematic illustrations of the SL RNA miniexon with its 39 nt spliced leader (SL) 
and the polycistronic transcript comprising an array of head to tail tandemly 
repeated genes. Essential elements involved in trans-splicing are shown: the 5’ 
splice site (5’ SS), 3’ splice site (3’ SS) and the polypyrimidine stretch (pPy). B) 
Precursor polycistronic mRNAs are processed to individual mRNAs by a 
bimolecular trans-splicing and polyadenylation process, C) A mature mRNA with its 
5’ SL cap and poly (A) tail ((A) n). 

Transcriptional initiation 
Much of the machinery behind the transcriptional initiation in 
trypanosomes is still unknown. Nevertheless, the classical eukaryotic 
RNA polymerase I, II and III activities with some divergence in their 
resistance to the drug α-amanitin have been identified in 
trypanosomatid organisms (62). The differences in activity might be 
caused by structural variation as the extension in the N-terminal of 
RNA pol I and sequence heterogeneity including the lack of the 
essential serine-rich heptapeptide repeats in the C-terminal domain of 
the large subunit of RNA pol II. However, the C-terminal 
phosphorylation which is known to be involved in the regulation of 



17 

pol II activity in other species does not seem to be affected by this 
absence (17). In trypanosomes, RNA pol I also transcribes the variant 
surface glycoprotein (VSG) and PARP in T. brucei in addition to 
ribosomal RNA genes. As in other eukaryotes, trypanosomatid RNA 
pol III transcribes tRNAs and small RNAs (38). The SLRNAs, 
however, are transcribed by RNA pol II which transcribes most 
protein coding genes (14).  
 
The search for trypanosomatid promoters was long hampered until 
parasite transfection techniques could be established. It has also been 
complicated by the fact that transcription units are initiated far 
upstream and there is low sequence similarity in putative regulatory 
domains. Remarkably, intergenic regions comprising no seemingly 
common motifs except the 3’ AG trans-splice site could be used to 
transcribe reporter genes. The only promoters so far identified are 
those for bloodstream (VSG) and insect form (EP) of T. brucei variant 
surface glycoprotein and ribosomal RNAs, SL RNA and some other 
small RNAs (see Vanhamme L and Pays E for references). Except for 
the SL RNA promoter, all other promoters sharing variable sequence 
motifs appeared to be transcribed by RNA polymerase I. The SL RNA 
promoter comprising a short consensus initiator element essential for 
pol II transcription (69), therefore, constitutes so far the only example 
of pol II promoter in trypanosomes (46). Even though all promoters 
were first identified in T. brucei, the promoters of rRNA (74) and SL 
RNA (79) have been characterised in T. cruzi as well.  

mRNA turnover 
Although the majority of genes appear to be simultaneously expressed 
as primary polycistronic transcripts, stage specific gene expression has 
been documented in a number of studies in trypanosomes. This 
implies the presence of post-transcriptional control through 
stabilisation and degradation of mRNA (20, 84, 98). Modulation of 
mRNAs has been extensively studied for a number of T. brucei genes 
such as the procyclin GPEET/EP, phosphoglycerate kinase (PGK) and  
heat shock protein 70 (hsp70); and T. cruzi genes encoding the SMUG 
mucin protein, gp85 and amastin (2, 25, 30, 68, 78, 108). Most of the 
studies imply the involvements of cis-elements present in the 3’ 
untranslated regions (3’-UTRs) of the genes. However, mRNA levels 
can also be regulated by elements in 5’-UTR and coding region such 
as the tuzin (108) and FL-160 (125), respectively. The best 
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characterised sequence elements include: a 26 mer polypyrimidine 
tract located in the 3’-UTR of the T. brucei EP genes (56), a 450 nt 
long element in a number of amastigote upregulated genes in 
Leishmania (10, 67), and the recently identified 44 nt AU-rich element 
(ARE) and 27 nt G-rich element (GRE) in the T. cruzi SMUG mRNAs 
(34). The ARE element in the SMUG gene exerts a function that is 
rather similar to that produced by the 26 U-rich element in the 
GPEET/EP genes in which mRNAs are destabilised in a stage-specific 
manner. Both elements resemble AU-rich elements found in the 3’-
UTRs of several transiently expressed mammalian genes. 
Interestingly, these elements have also been shown to mediate mRNA 
decay by mechanisms involving deadenylation and 3’ to 5’ 
exonucleolytic degradation.  In contrast to the ARE element, the GRE 
element of the SMUG appears to have a positive role in mRNA 
stability. Protein binding assays using ARE as substrate resulted in the 
characterisation of several RNA binding proteins, each of them 
comprising at least one RNA recognition motif (RRM) (26, 35). This 
conserved structure is present in proteins belonging to the 
heterogeneous nuclear ribonucleoprotein (hnRNP) family. In addition, 
a 16 mer stem-loop present downstream of the 26 pyrimidine stretch 
in the procyclin gene enhances translation in T. brucei procyclic stage 
(53). 

RNA-editing 
RNA-editing, first discovered in T. brucei, is the most extensively 
studied phenomena that is unique to members of Kinetoplastidae. 
Generally, gene transcripts primarily encoded by maxicircles in the 
mitochondrion-kinetoplast network are altered post-transcriptionally 
to create open reading frames (see review (104)). The process 
involves insertion or deletion of uridylates (U) within the pre-mRNAs 
and appears to be essential in the maturation of mitochondrial pre-
mRNAs in kinetoplastids. The principal mediators of RNA-editing are 
small 3’ oligo (U) tailed RNAs called guide RNAs (gRNAs) encoded 
by both mini- and maxicircles. Multiple gRNAs are required for 
complete editing of a single mRNA and the editing can be extensive 
as in the ND7 transcript of T. brucei where 547 U additions and 89 
deletions have occurred (9, 63). The gRNAs and pre-mRNAs together 
with multiple proteins including the terminal uridylyltransiferase 
(TUTase), RNA ligases, RNase III, RNA helicase and other RNA 
binding proteins form a catalytic complex called the editosome (105). 
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A second editing system is also present in the kinetoplast-
mitochondrion complex where a C to U modification of the anticodon 
of imported tRNAs occurs thereby decoding a stop codon to 
tryptophan in mitochondrial transcripts (98). 
 
RNA-editing appears to be retained by all kinetoplastids even though 
it may have some functional differences such as the stage-specific 
regulation of the mitochondrial respiratory system only reported in 
African trypanosomes. There is also evidence implicating that early 
diverged kinetoplastids like T. brucei and Trypanoplasma are subject 
to more extensive editing than those that arose later in evolution (104). 
Whether this is due to selective pressure or not remains to be 
investigated.  

Cellular structures and organelles 
In addition to the peculiar kinetoplast, members of the 
Trypanosomatidae family also harbour special cytoplasmic organelles 
and structures that can be divided into two main groups with regard to 
their functions. For instance, the glycosome and acidocalcisome have 
been classified as metabolic organelles, while the flagellar pocket and 
reservosome have been shown to be involved in endocytic pathways. 
Each of them exhibits its unique characteristics which certainly can be 
considered as advantageous in the development of highly efficient and 
specific drugs against diseases caused by trypanosomatids.  
 
Structurally, the glycosome with its single membrane resembles to the 
large extent the peroxisome in mammalian cells and is randomly 
distributed throughout the trypanosomatid cell. The term glycosome 
was given to the organelle in trypanosomes because of its possession 
of glycolytic enzymes involved in converting glucose to 3-
phosphoglycerate (81, 82). Furthermore, it contains numerous 
catalytic enzymes of metabolic pathways such as the peroxide 
metabolism, carbon dioxide fixation, purine salvage and pyrimidine 
biosynthesis. All proteins found in the glycosome are encoded by 
nuclear genes and are imported by glycosome-targeting signals similar 
to the C-terminal SerLysLeu (SKL) motif identified in mammalian 
cells (57, 103).  
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Another membrane-bound organelle present as electron-dense granule 
in the cytoplasm of trypanosomatids is the acidocalcisome, named 
after its high content of Ca2+ and its possession of a Ca2+/H+ 

translocating ATPase activity (102, 124). Besides these, the 
acidocalcisome also carries elements such as P, Mg, Ca, Na and Zn, 
and phosphorous compounds present as, in the case of T. cruzi, 
shortchain polyphosphates and inorganic polyphosphate (PPi) (33, 
114). The most abundant high energy phosphate present in T. cruzi 
seems to be PPi (114). Up to date, there is very limited information 
about the function played by the acidocalcisome since the organelle 
has not been isolated yet. However, speculations about its possible 
roles include modulation of Ca2+ storage during the parasite 
development, energy storage, control of the cytoplasmic pH and 
osmoregulation. 
 
The previously described examples involve primarily organelles 
where nuclear encoded proteins and macromolecules are taken up 
through direct transport.  However, internalisation of nutrition and 
various particles appears also to occur through endocytic processes in 
the flagellar pocket and the reservosome of trypanosomatids (27, 101). 
Both structures are formed by deep invagination of the plasma 
membrane even though the intramembranous particles in the 
membrane of the pocket are different compared to both the cellbody 
and flagellum. In T. cruzi, an additional invagination near the flagellar 
pocket termed the cytostome has been shown to be involved in 
endocytosis (96, 122, 123). The morphology and distribution of the 
two former structures seem to vary according to growth conditions 
most likely reflecting the alternative environments included in the 
passage of the parasite life cycle. The most general mechanism of 
delivering macromolecules to the endosomal system is via ligand-
receptor interactions since receptors for low-density lipoprotein (LDL) 
and transferrin have been localised in the membrane of the pocket (22-
24, 48). Secretion/excretion of molecules has also shown to occur via 
the flagellar pocket.   

Detoxification pathways 
Given their ancient evolution, organisms belonging to the 
Kinetoplastidae exhibit many unique features in their metabolic 
pathways. Among them, the trypanothione pathway is of particular 
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interest since it is involved in the regulation of the intracellular thiol- 
redox balance and the defense against oxidative damages (41). 
Various reactive oxygen species (ROS) such as superoxide (O2

-), 
hydrogen peroxide (H2O2) and hydroxyl radical (HO-) are produced 
either internally as a product from normal aerobic metabolism or 
externally by macrophages in the host upon phagocytosis of parasites. 
The synthesised trypanothione molecule, analogous to the glutathione 
in other organisms, has shown to be linked to several defense 
mechanisms significant for the survival of intracellular parasites such 
as T. cruzi. Due to its absence in higher eukaryotes, all key enzymes 
involved in the metabolism of trypanothione have been suggested to 
be attractive candidates for the development of new drugs against 
diseases caused by trypanosomes (42, 64). In fact, several of the 
existing drugs (e.g. nifurtimox) used against T. cruzi infection appear 
to interact directly with the trypanothione pathway by generating 
reactive oxidants (87). 
 
The enzymatic steps involved in the biosynthesis of trypanothione 
include firstly, the conjugation of one molecule each of glutathione 
and spermidine into two forms of glutathionylspermidine (N1/N8), 
and secondly, the incorporation of an additional molecule of 
glutathione to form trypanothione (Fig. 4).  
 

 
Figure 4: Enzymatic steps involved in the biosynthesis of the trypanothione. 
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The enzymes responsible for the first and latter processes have been 
identified by previous biochemical analysis to be carried out by 
glutathionylspermidine synthetase (GSS) and trypanothione 
synthetase (TRS), respectively (42). However, the recent molecular 
and functional characterisation of the T. cruzi gene encoding the 
trypanothione synthetase reveal that it alone can carry out the 
synthesis of trypanothione (83). This result implies that trypanothione 
synthetase might be a better drug target than other enzymes involved 
in the trypanothione pathway. 
 
The trypanothione reductase (TR) (Fig. 5), a third enzyme from the 
same pathway, has been isolated from several species of trypanosomes 
and shown to regenerate trypanothione (T(SH)2) from trypanothione 
disulphide (T(S)2) formed as a result of oxidation (65). The 
physiological and essential anti-oxidative role of this enzyme for 
parasite survival in T. brucei and Leishmania has been extensively 
studied by genetic approaches (58, 66). In both L. major and L. 
donovani, mutants containing only one wild-type TR allele generated 
by gene disruption showed a reduced capacity to survive in activated 
macrophages. Until now, all attempts to obtain a null mutant have 
failed suggesting that the enzyme is essential for the survival of the 
parasite.  
 
Besides the trypanothione reductase, detoxification of ROS in T. cruzi 
requires the participation of tryparedoxin, glutathione and four 
different peroxidases. Due to the lack of catalase in T. cruzi, hydrogen 
peroxide (H2O2) removal has been shown to be mainly performed by 
two T. cruzi peroxidases, TcCPX and TcMPX localised in the cytosol 
and mitochondrion, respectively (130). The other two peroxidases, 
named TcGPXI and TcGPXII are dependent on glutathione and 
appear to be involved in detoxifying fatty acid and phospholipid 
hydroperoxides (Fig. 5) (126, 127, 129). Unlike TcGPXII which is 
found in the endoplasmic reticulum (ER), TcGPXI has dual 
localisation within the cytosol and glycosome reflecting its ability to 
have both the tryparedoxin and glutathione as donors. The central 
mediator, however, is the unique trypanothione molecule. Recently, a 
study performed by Wilkinson et al reported the identification of an 
unusual plant-like ascorbate-dependent hemoperoxidase (TcAPX) 
which seems to be absent in mammalians (Fig. 5). Similar to the 
TcCPX and TcMPX, this enzyme linked to the trypanothione has been 
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shown to detoxify H2O2 using the ascorbate molecule as an electron 
donor (128).  
 
 

 
Figure 5: A cascade of detoxification pathways linked to the trypanothione that is 
normally present in its reduced form (T(SH)2) regenerated by the trypanothione 
reductase (TR). 

 
The resemblance of this enzyme to its orthologue found exclusively in 
plants provided new perspective about the evolution of 
trypanosomatids. In fact, genes involved in plant-like metabolism 
associated with Trypanosoma and Leishmania are suggested by a 
present study to have been acquired through horizontal gene transfer 
(89, 128) from an early algal endosymbiont (49).  This finding opens 
up new possibilities for the use of existing agricultural herbicides for 
the treatment of diseases caused by these parasites. 
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Parasite genomics 
 
Despite advances in modern medicine and, in the case for American 
trypanosomiasis, the progress recently achieved in reducing the 
incidence of T. cruzi infection, parasitic diseases caused by 
trypanosomes still threaten a large segment of the global population. 
In years, much effort has been invested in identifying antigens for 
potential immunotherapy and understanding various aspects of the 
fundamental biology of these ancient eukaryotes. Unfortunately, 
progress achieved in the development of new drugs and vaccines 
against these illnesses has been rather limited.  
 
To accelerate the research, a large effort to determine the complete 
genetic setup of these parasites was launched in 1995 by the World 
Health Organisation. The principal goal was to generate sequence data 
of various types: Expressed Sequence Tags (ESTs), Genome Survey 
Sequences (GSS) and complete genomic sequences for five 
pathogenic parasites (Schistosoma, Brugia malayi, Leishmania, T. 
brucei, T. cruzi), selectively chosen on the basis of their medical 
importance. These publicly available data could then serve as primary 
information for gaining insights into important parasitic processes and 
thereby identifying new targets for drug and vaccine development 
(28). The initial genome projects provided significant data for future 
transcriptomic and proteomic works and attracted international 
supports for sequencing the entire genomes of some pathogenic 
protozoa. For instance, a milestone in parasite biology was founded 
when the genome of Plasmodium falciparum was completely 
sequenced and published in October last year. The great progress in 
genome-sequencing efforts and molecular genetic tools for 
trypanosomes and several other protozoa as well as proteomic 
mapping will effectively facilitate the development of therapies 
against the debilitating diseases caused by these organisms. 
Furthermore, genome data of related organisms such as P. falciparum 
are valuable sources for the reconstruction of phylogenetic trees which 
subsequently can be used as frameworks to study the origin and 
evolution of parasitism as well as the unique molecular and 
biochemical mechanisms in kinetoplastids. 
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PRESENT INVESTIGATIONS 

Aims  
 
The overall aim of this work was to gain insight into the genetic setup 
and the basic biology of the pathogenic parasite Trypanosoma cruzi by 
large-scale EST analysis. A small subset of the generated EST data 
was extracted and further investigated in terms of gene organisation, 
structure and function. These could facilitate the identification of 
potential targets for future development of chemotherapy and 
immunotherapy against Chagas´ disease. 
 
 
The specific aims were: 
 

I. To characterise and investigate the structure and 
organisation of a short repetitive sequence in the T. cruzi 
genome. 

II. To discover new genes in T. cruzi by large-scale EST 
sequencing and to further characterise active genes 
involved in important biological processes of the parasite. 

III. To determine the genetic organisation and structure of a 
potential drug target, the trypanothione synthetase. 

IV. To elucidate the functional role of a polypyrimidine 
binding-like protein in the T. cruzi parasite. 
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Results and Discussion 

A chromosome-specific dispersed gene family in T. cruzi (I)  
In this work, a novel chromosome-specific dispersed gene family was 
identified and characterised. As in higher eukaryotes, repetitive 
sequences are found in abundance in the genome of Trypanosoma 
cruzi. Several repetitive sequences have been identified in 
trypanosomes some of which have been suggested to be involved in 
genetic rearrangements and control of gene expression (88).  In 
addition, these elements are often highly polymorphic and 
interspersed and could be useful tools in genome mapping projects. 
The T. cruzi genome contains an unusually large number of gene 
families, each consisting of variable number of copies. Most often 
these gene copies are organised in large clusters of tandem repeats (6), 
or localised in a dispersed fashion over several chromosomes. The 
best characterised T. cruzi dispersed gene family is the mucin family 
which has 482 gene copies spread out on nearly all chromosomes in 
the genome (29). 
 
The genomic sequencing of T. cruzi was initiated on chromosome 3 
and during the mapping of cosmids to be sequenced, a short DNA 
sequence of approximately 300 bp was identified by dotplot analysis 
as one causing cross-hybridisation between two non-overlapping 
cosmids. This element, varying slightly in sequence was present in 
one copy in the genomic cosmid 1o17 and two copies in cosmid clone 
1b21, all localised within a region of about 83 kbp on chromosome 3 
(Fig. 7) (4). Additional copies of this element were isolated from 
genomic cosmid library and cDNA library screening and its nature 
was further investigated in terms of organisation, structure and 
possible function in T. cruzi. Gene transcripts were identified by 
sequencing of selected cDNA clones and RT-PCR products, both 
derived from epimastigote RNA. Chromosomal localisation was 
ascertained with pulse field gel electrophoresis (PFGE). 
Computational analysis of a total number of seven genomic, two 
cDNA and eight RT-PCR sequences revealed an overall sequence 
identity of almost 98% between copies. Only minor differences such 
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as single nucleotide substitutions and microdeletions of one to three 
basepairs were found within a conserved 300 bp sequence. In contrast, 
variable sequences and lengths were found in the 5’-flanking region 
spanning from the AG trans-splice site (3’ SS) to the consensus 300 
bp element. These allowed a division of the RT-PCR products into 
three groups, each having an identical genomic copy. The length of 
the sequence extending from the conserved core element to the 
polyadenylation sites in the two cDNA clones appeared also to be 
diverged. However, the different cDNA transcripts were unlikely to 
have been derived from alternative trans-splicing or polyadenylation 
since some nucleotide substitutions have been found between these 
two copies. The total copy number of this element in the genome of 
CL Brener clone was roughly estimated by dotblot hybridisation 
assays to be less than 50. According to the PFGE experiments, this 
element seemed to be present in higher copy numbers in the CA I/72 
and Sylvio X10/7 strains than in CL Brener. It was also found in all 
isolates to be localised solely on chromosome 3 and its homologue 
which in CL Brener have the sizes of about 670 kbp and 1,050 kbp, 
respectively. The 300 bp sequence from the cosmid mapping and 
sequencing data hereby designated as DGC3, were found to have a 
dispersed organisation pattern. 
 

 
Figure 6: The strand switch region separating the two tail to tail gene clusters with 
opposite transcriptional orientation (4) and organisation of the three DGC3 gene 
copies localised within a ~ 106 kb contig sequence on chromosome 3 (AC137988) 
are shown. Distances between the predicted ORFs, repeats and gene copies are not 
drawn to scale.  
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In the T. cruzi CL Brener strain, several seemingly homologous 
chromosomes show large size differences, similar to the case of 
chromosome 3 and its homologue (50). The dispersed organisation of 
the DGC3 genes on this chromosome pair raised the question whether 
they could be involved in interchromosomal recombination causing 
the rearrangement of chromosome 3. Preliminary data from genomic 
sequencing of chromosome 3 suggests that a large internal fragment 
has been inserted on the larger chromosome (1,050 kbp) (Andersson 
B, unpublished). However, none of the DGC3 genes seems to be 
located close to the arranged region.  
 
The DGC3 appeared to be transcribed into trans-spliced and 
polyadenylated mRNAs despite the absence of any obvious protein-
coding region. This, together with the presence of several short 
inverted repeats in the DGC3 with possibilities to form secondary 
structures, proposed that they might encode functional RNAs. In 
trypanosomes, the small RNAs identified so far, including the SL 
RNA and U RNAs do not contain the SL sequence even though they 
are polyadenylated and capped. The DGC3 is preliminary suggested to 
encode a novel functional RNA.  
 
Analysis of recently updated genomic sequences reveals that some of 
the DGC3 genes indeed partly overlap predicted open reading frames 
ORFs) on chromosome 3 (Fig. 7). The DGC3 genes are organised in 
the same transcriptional orientation as these ORFs. The SL addition 
site of one DGC3 transcript, identical to the 1st repeat in chromosome 
3 contig (AC137988), is located 66 bp upstream of the stop codon of a 
predicted ORF encoding six transmembrane domains (Tran AN, 
unpublished). No transcript longer than DGC3 was detected by RT-
PCR of epimastigote RNA suggesting that the putative transmembrane 
protein and DGC3 are expressed at different stages. Alternatively, the 
DGC3 could provide cryptic 3’ splice site for trans-splicing 
preventing maturation of any overlapping sense transcript. The DGC3 
genes contain AG-rich regions preceded by polypyrimidine stretches 
both in its 5’ and 3’ ends, which could provide SL addition site for 
downstream genes. This could be the case for the 3rd DGC3 copy 
where one predicted ORF overlaps the 3’ end of the DGC3 gene. 
However, the predicted ORFs have to be transcriptionally verified and 
more studies are required to elucidate the actual function of the 
DGC3. 



Gene survey of the pathogenic protozoan T. cruzi (II)   
In order to rapidly identify new genes, we initiated, as a part of the 
T.cruzi Genome project, the generation of Expressed Sequence Tags 
(ESTs) by single pass sequencing of randomly selected cDNA clones. 
This project has led to the accumulation of a large set of data about 
genes expressed in the organism thus providing a valuable source of 
possible candidate genes for rapid development of tools for 
intervention against the disease. In paper II, we presented the analysis 
of 5013 ESTs generated from a normalised T. cruzi epimastigote 
cDNA library. The sequencing was performed from either the 5’-end 
or 3’-end of the clones. Normalisation of the library was carried out as 
a general approach to decrease the redundancy of repeats and gene 
copies from large gene families present at a high frequency in the 
genome of T. cruzi (115). Clustering of all sequences resulted in a 
total number of 3054 different transcripts each representing by one or 
more EST sequences. The most abundant cDNAs were sequences 
encoding the surface 
mucin protein belonging 
to a highly variable gene 
family (Fig. 7). Several 
other previously 
identified multicopy 
gene families including 
the histones and HSP 
70, could be found 
among the largest 
clusters. One amongst 
these ten clusters did not 
have any homology to 
publicly available 
sequence data. These 
ESTs might therefore rep
specific trypanosomatid p
sequences that assembled 
cDNA library which was 
presence of sequence polym
in several clusters indica
actually derived from diffe
most likely was much low
Figure 7: Classification of the top ten most 
abundant T. cruzi ESTs. 
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obtained among the ESTs due to the relatively short insert of the 
cDNA clones and the presence of both 5’ and 3’ sequences. 
Furthermore, transcripts with alternative polyadenylation sites have 
been identified in several clusters which might enable future studies of 
polyadenylation site selections.  
 
Trypanosomes have been estimated to comprise about 9,000 genes 
and our EST project, has thus identified possibly almost 1/3 of all the 
active genes present in the parasite. Computational analysis of the 
3,054 different transcript sequences revealed that only about 35 % of 
the sequences had similarities with those in public databases and/or 
could be assigned a putative identity (ID), while the rest had no 
sequence similarity to any known proteins. Putative IDs were assigned 
to all unique sequences with similarity values exceeding 50% and the 
probability (P) equal or less than 10-5 and 10-4 for BLASTN and 
BLASTX, respectively. The actual number of ESTs that could be 
assigned functions was much lower than 35% because many of the 
ESTs had similarities to database sequences annotated as hypothetical 
and of unknown function. Classification of ESTs into different groups 
according to function revealed similarities to proteins involved in a 
variety of cellular functions e.g. cell cycle regulation, signal 
transduction and intracellular trafficking. As much as 24% of the 
sequences with putative IDs encoded proteins involved in translation 
and an additional 24% were genes involved in diverse metabolic 
pathways. A number of enzymes such as the trypanothione synthetase 
and peroxidases involved in detoxification pathways were identified 
as well as proteins involved in regulation of gene expression including 
a potential polypyrimidine binding protein (see Appendix). As the 
expression of most genes in trypanosomes are post-transcriptionally 
regulated, transcripts encoding stage-specific proteins such as the 
amastin absent in the insect stage, could be identified among the 
ESTs. A large number of 3’ ESTs with similarities to different genes 
comprised the short interspersed repeat element (SIRE) proposed to be 
involved in gene expression control (121). 
 
To acquire primary insights into the evolutionary divergence of T. 
cruzi, all sequences generated in this work were compared to the 
complete sets of proteins from a unicellular (Saccharomyces 
cerevisiae) (133) and a multicellular organism (Caenorhabditis. 
elegans) (1). This analysis revealed that 14.7% of the T. cruzi ESTs 
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had similar counterparts in both organisms, but only about 12 % of 
these were shared by all three organisms. However, these values 
should be considered as indicative data since the ESTs only 
represented a fraction of the total gene repertoire in T. cruzi. 
Comparison of the T. cruzi EST sequences to more related organisms 
such as those belonging to the family of Kinetoplastidae revealed 237 
orthologous genes present in one or more kinetoplastids other than in 
T. cruzi. Nevertheless, 50% of these sequences were of unknown 
functions strongly indicating that they are involved in processes 
specific to kinetoplastid organisms. 
 
The overall low numbers of matches to sequences in public databases 
could reflect the evolutionary divergence of T. cruzi but could also 
have resulted from a high representation of 3’ ESTs which generally 
have less protein-coding properties. Among the singletons with 
putative identities, about 60% and 40% were correlated to 5’ ESTs 
and 3’ ESTs, respectively.  
 
Our work showed that a comparatively small EST project can generate 
large amount of data and provide one of the most extensive 
information about novel trypanosome genes. Transcripts from 
functional genes will prove to be necessary tools to verify predicted 
ORFs in the genome projects and to elucidate the transcriptome 
constitution, not of the least importance if one considers the emerging 
data that the coding potential of genomes might be derived to a large 
extent from alternatively processed transcripts. Transcript sequences 
will allow investigations into mechanisms of RNA processing and 
potential regulatory roles of RNA.  
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Trypanothione synthetase locus in T. cruzi CL Brener strain 
shows an extensive allelic divergence (III)  
Being evolutionarily diverged organisms, kinetoplastids possess 
unique metabolic pathways and differ from all other organisms in their 
mechanisms involved in the defense against oxidants. Several 
sequences among our ESTs showed similarities to enzymes involved 
in the trypanothione metabolism including the glutathionylspermidine 
synthetase (GSS) and trypanothione synthetase (TRS) as well as 
additional putative trypanothione-dependent enzymes such as the 
trypanothione peroxidase and tryparedoxin.  
 
In order to develop potent drugs e.g. inhibitors binding to the active 
site of key enzymes in the trypanothione pathway, it is important to 
investigate the possible sequence polymorphism of the genes. In paper 
III, we described the genetic characterisation of the trypanothione 
synthetase locus in Trypanosoma cruzi in the CL Brener strain, chosen 
as the reference clone in the genome project (15). The complete gene 
sequences of the two alleles encoding the trypanothione synthetase 
(TcTRS) were determined. Nucleotide sequences of the 1941 bp 
protein-coding region demonstrated a high degree of sequence 
polymorphism of one substitution per 38 basepairs between the 
alleles. As a consequence of the high number of nucleotide 
substitutions occurring in the 1st and 2nd codon positions, a divergence 
of 4% caused by 24 amino acid differences was found in the deduced 
protein sequences from the two alleles (Table 3). Sequence 
comparison of the CL Brener TcTRS to its corresponding gene, 
recently characterised in the Silvio X10 strain (83), showed a slightly 
lower degree of polymorphism suggesting that the two alleles of the 
CL Brener clone are as diverged in sequence as those between 
isolates. The two alleles of TcTRS with extensive haplotype diversity 
in CL Brener further supported the view, provided by several studies 
that this particular clone was originated from two phylogenetic 
lineages (72).  
 
The chromosomal organisation of the TcTRS locus was determined 
and shown to be present as a single copy gene flanked by different 
genes encoding the major paraflagellar rod protein PAR 2, 
phosphoenolpyruvate carboxykinase and genes with similarities to 
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double-stranded break repair protein (MRE II), map kinase 
phosphatase, myosin heavy chain and GTP-binding protein.  
 
Table 3. Sequence variation between the two TcTRS alleles  

 
The nucleotide and amino acid substitutions are shown in bold and their codon 
position is indicated in italics. 
 
The genes encoding other key enzymes in the trypanothione pathway 
were not found located juxtaposed to the TRS gene, suggesting that 
these metabolic genes are physically unlinked in contrast to the locus 
for the pyrimidine synthesis in T. cruzi where the genes are arranged 
in an operon-like organisation. The TcTRS locus was assigned to two 
possibly homologous chromosomal bands in the CL Brener clone with 
sizes of approximately 3 Mbp and 1 Mbp using pulsed field gel 
electrophoresis. In both of the other two strains, CA I/72 and Sylvio 
X10, TcTRS was localised to two chromosomal bands with an 
approximate size of 1.5 Mbp. The CL Brener strain as mentioned 
above belongs to a different subpopulation and often displays 
completely different chromosomal hybridisation patterns. The size 
difference of about 2 Mbp, presented for the TcTRS locus in CL 
Brener, is the largest so far reported for T. cruzi.  
 
Based on sequence similarities between single copy genes, the hybrid 
origin of the CL Brener clone was proposed by Machado and Ayala to 
be a result of hybridisation event between strains from clades B and C, 
both belonging to T. cruzi II (TcII) lineage. However, conflicting data 
resulted from the comparison of short intergenic regions from 
different tandem repeat gene families (106) suggested that the CL 
Brener strain has arisen from genetic exchange between strains from 
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T. cruzi I (TcI) and II lineages. A recent study of mechanisms behind 
genetic exchange in T. cruzi showed indeed that genetic 
recombination of both types could occur among natural populations 
(45) and progenies with mosaics between TcIIb and TcIIc genotypes 
as well as between TcIIb and TcI could be demonstrated, although the 
latter recombinant was less common.  
 
About a 10-fold difference in sequence divergence was found between 
the trypanothione reductase (TcTR) and TcTRS, both involved in the 
trypanothione pathway. This could possibly be explained by the fact 
that the TcTRS gene is located in a less polymorphic region in the T. 
cruzi genome and that the structure of the reductase protein is more 
conserved. The TcTR enzyme has also a central role in several 
trypanothione-dependent detoxification pathways (126-130). On the 
other hand, the trypanothione synthetase should be well conserved 
considering that it conferred the two synthetic activities for the 
biosynthesis of trypanothione as shown from the study of Oza et al. 
However, the importance of TcTRS in the parasite survival under 
stress would be elucidated by gene-targeting and the expression of the 
trypanothione synthetase protein would enable further investigation 
into the activity of the enzyme.  
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Differential expression of a polypyrimidine binding-like protein 
in T. cruzi during parasite development (IV)  
In trypanosomes, gene expression is mainly regulated post-
transcriptionally through mechanisms such as trans-splicing and 
mRNA turnover. Both these mechanisms have been shown to be 
mediated by a polypyrimidine (pPy) stretch located upstream of the 
trans-splice site (75) and in the case of mRNA stability, in the 3’-
UTRs of some genes (78, 95, 118). It has been shown that the 
presence of the pPy-tract reduces the stability of the mRNA and 
influences translational efficiency. As in higher eukaryotes, the pPy-
tract seems to be recognised by both the splicing components and the 
polyadenylation machinery thus having an important role in 
polyadenylation of the transcripts. The fact that trypanosomes, most 
likely, lack canonical hexanucleotide polyadenylation motifs suggests 
the existence of species-specific factors responsible for mRNA 
processing. Taken together, proteins binding to these pPy-elements 
might be key players in modulation and regulation of gene expression 
in trypanosomes. Interestingly, a large number of cDNAs from our 
gene survey contain a pPy-rich motif in the 3’-UTRs, which might be 
involved in mRNA turnover. 
 
Mammalian polypyrimidine-binding proteins (PTB) specifically 
characterised by their possession of four RNA recognition motifs 
(RRM) have been shown to be directly involved as a regulator in 
alternative splicing, mRNA stability, translation (47, 77, 85, 99) and 
recently, activator of transcription from DNA pPy-stretches forming 
single-stranded regions in the promoter (92). In order to study possible 
mechanisms involved in post-transcriptional gene regulation of 
trypanosomes, characterisation of gene products having these 
conserved structures is necessary. 
 
In paper IV, we reported the cloning and expression studies of the 
gene putatively encoding a ~50 kDa polypyrimidine binding protein 
(PTB) in T. cruzi. Among the cDNAs generated from our laboratory, 
four sequences showed significant similarities to the rat Rod1 
homologue and human PTB proteins. In order to obtain complete 
sequences of the TcPTB, cDNA sequences were used as probes for 
cosmid screening and appropriate cosmid DNA fragments generated 
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from subsequent cosmid mapping were subcloned and sequenced. The 
genomic sequence encoding the TcPTB revealed a protein-coding 
region of 1473 bp, corresponding to a protein of 490 amino acids. 
Sequence analysis of TcPTB predicted the presence of four RRMs 
representing a class of proteins so far not identified in trypanosomes. 
In the hinge region between RRM2 and RRM3, a glutamine-rich motif 
(Q) often involved in protein-protein interactions and a region rich in 
arginine and glycine residues including 3 RGG motifs were found. 
Both the Q and the RGG motifs are not commonly present in other 
PTBs, suggesting that the T. cruzi protein might harbour additional 
function. RGG motifs are involved in binding to RNA and mediating 
nuclear retention upon methylation in other RNA binding proteins. In 
addition, the TcPTB had a short C-terminal extension rich in basic 
amino acids not present in other PTBs that could be involved in 
protein-protein interaction. 
 
To elucidate its function, TcPTB recombinant proteins fused to N-
terminal tags of either six histidine residues or glutathione-S-
transferase (GST) were produced in E. coli and migrated as proteins 
with the expected molecular sizes of ~57 kDa and ~85 kDa, 
respectively, on SDS-PAGE. Different conditions during expression 
of the recombinant proteins were applied in order to improve the poor 
solubility of the protein. To investigate whether the T. cruzi protein 
could act as a transcriptional regulator by interacting to pPy-regions 
forming single-stranded (SS) configuration, protein extracts 
containing recombinant His-TcPTB were used in electrophoresis 
mobility shift assays (EMSA). Several binding assays were performed 
with radioactively labelled single-stranded DNA oligonucleotides 
characterised to bind preferentially to the human PTB. However, no 
interaction of TcPTB with any of the test oligos could be detected. A 
region upstream of the TcPTB showed purine/pyrimidine bias. 
Plasmids containing the pur/pyr region were subjected to S1 digestion 
in order to investigate whether this sequence could form SS-region. 
Preliminary result indicated that the sequence region did not seem to 
be digested by the nuclease.  
 
The expression pattern of the TcPTB gene was analysed by Northern 
blots of steady state RNAs from the three major stages of the 
parasite’s life cycle: the epimastigote, trypomastigote and amastigote 
stages. The gene showed to be developmentally regulated with a 
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progressive accumulation of the mRNA in the amastigote stage 
indicating that the transcripts are stable. Moreover, a second transcript 
slightly larger in size was exclusively expressed in the epimastigote 
suggesting the presence of another variant of the gene or differentially 
processed transcripts.  
 
In vivo expression of the PTB-like protein was investigated by 
Western blot analysis including the three parasitic stages. The proteins 
were probed with antibodies (α-TcPTB) generated by immunisation of 
mice with purified recombinant protein. Interestingly, different PTB-
like proteins of various sizes showed to be stage-specifically 
expressed where one protein of 50-55 kDa was predominately 
expressed in the insect stage correlating well with the molecular 
weight predicted from the primary sequence of the TcPTB gene. In the 
trypomastigote and amastigote stage, mainly a 30 kDa protein was 
recognised by the mouse α-TcPTB. It is, at this time, not clear whether 
the 30 kDa TcPTB is actually derived from the accumulated transcript 
or if this protein is a product of stage-specific processing alternatively 
cross-reacting antibodies. The sequence of the stage-specific proteins 
will have to be verified possibly by tryptic peptide sequencing of 
immunoprecipitated protein, as well as elucidating the origin of the 
different mRNAs in the epimastigote stage.  
 
In other organisms, polypyrimidine binding proteins constitute a 
group of alternatively spliced isoforms and several variants of the 
protein seem from our data to be present in T. cruzi as well. The 
substrate specificity of the TcPTB, however, has to first be elucidated 
before concluding that it displays similar function as other PTBs. 
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CONCLUDING REMARKS 

In this thesis, a large set of sequence data most possibly representing 
one third of the functional genes in Trypanosoma cruzi has been 
generated as part of an international effort initiated by the WHO. This, 
together with the contribution of cDNA and genomic sequences from 
several other laboratories within the T. cruzi sequencing network, 
provide valuable resources for future investigation on the parasite. 
Already, numerous ESTs have been requested from scientists around 
the world and their works have contributed to our understanding of 
various aspects of T. cruzi and other kinetoplastid biology. Apart from 
the discovery of new genes, the generated mRNA sequences also 
provide valuable information needed to identify the regulatory 
elements involving posttranscriptional and translational control 
mechanisms. In addition, these data are useful tools for mapping open 
reading frames predicted from the T. cruzi and other trypanosomatid 
genome projects.  
 
The more specific works of this thesis include the characterisation of a 
novel interspersed gene family, the DGC3, which appears to reside on 
a pair of homologous chromosomes with size difference of about 400 
kbp. The DGC3 genes, unlike most other gene families present in T. 
cruzi, are highly conserved despite their dispersed organisation. 
Repetitive sequences like these could be involved in genetic 
rearrangements causing the size difference seen for several of the 
presumably homologous chromosomes in the T. cruzi CL Brener 
strain. However, the DGC3 genes seem not to be the cause for the 
rearrangement of chromosome 3. The fact that the DGC3 is 
transcribed, polyadenylated and capped with the SL despite the 
presence of longer ORFs therefore suggests that it encodes a novel 
functional RNA.  
 
The single copy gene encoding the trypanothione synthetase (TcTRS), 
a potential drug target, has been studied with respect to its genetic 
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organisation and sequence heterogeneity. At the protein level, the 
sequences deduced from the TcTRS in CL Brener appear to be more 
diverged than those encoding another enzyme, the trypanothione 
reductase (TcTR), involved in the same metabolic pathway. Also, the 
genes flanking the TcTRS are found to encode proteins of various 
functions suggesting that the TcTRS and TR genes are not arranged in 
an operon-like fashion. In addition, the reported allelic polymorphism 
in the CL Brener TcTRS further supports the theory of the hybrid 
origin of this particular T. cruzi strain.  
 
Several mechanisms of gene expression regulation in trypanosomes 
have been suggested to involve a polypyrimidine tract. However, only 
a few trans-acting proteins have so far been identified in 
trypanosomes. This forms the basis to the fourth study in this thesis 
involving the genetic and functional characterisation of a gene 
potentially encoding a polypyrimidine binding-like protein (TcPTB). 
Essential elements such as the four RRM, RGG repeats and 
glutamine-rich motifs generally present in other PTBs or RNA-
binding proteins have been identified in the T. cruzi protein sequence 
as well. The TcPTB appears to be differentially expressed and 
translated during the development of the parasite suggesting that it 
most likely displays stage-specific functions. Emerging data from 
studies on kinetoplastids demonstrate the complexity of trans-acting 
factors and their regulatory elements reflecting part of the mechanism 
for survival of the parasite.  
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