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    Since 1970, due to important financing programs, Brazilian scientists have been able to practice Biology while studying trypanosomatids, mainly Trypanosoma cruzi and Leishmania spp. The Annual Meeting in Caxambu since 1974, focusing on Trypanosoma cruzi at the beginning, and later extending the interest to other parasites, particularly Leishmania, were the catalysts of a scientific boom in Brazilian biology. Many young and enthusiastic students have been trained by the pioneers in the morphology, physiology, biochemistry, immunology and molecular biology of trypanosomatids, including vectorial transmission and clinical aspects of the diseases. The Caxambu meetings also brought to Brazil renowned scientists of the field who established important and long-lasting connections with Brazilians. After 2005, the field has gained momentum after the publication in Science of the complete genome of three species of the order Kinetoplastida, namely Leishmania major, Trypanosoma cruzi and Trypanosoma brucei. This e-book is a consequence of the Brazilian scientific activities in the field in the last 45 years. Maria Isabel Cano is my scientific grand-daughter and Marcelo Santos da Silva got his Ph.D. under her supervision.




    The first chapter deals with the cellular organization of trypanosomatids during the life cycle. This group diverged early in evolution and due to this fact their members conserved certain characteristics not found in other eukaryotes as organelles like glycosomes, reservosomes and acidocalcisomes, among other cell compartments. Differences between species and between the distinct life cycle forms of each organism are comprehensively discussed.




    Chapter 2 unveils the fascinating area of the trypanosomatid genomes. Information has been made available by the Tritryps project that provided major insights into the genome structure and organization of these parasites. While T. brucei presents subtelomeric expansion of genes related to antigenic variation, T. cruzi and Leishmania genomes contain species-specific genes related to cellular invasion and survival inside the mammalian host cells. As control of gene expression operates mainly at a post-transcriptional level in trypanosomatids, gene copy number variation is probably an efficient mechanism to enhance gene expression and increase sequence variability. Among the Tritryps, T. cruzi presents the most striking expansion of species-specific multigene families, which could be related to the ability of the parasite to infect any nucleated cell of a broad range of mammals. Chromosomal copy number variation is also well tolerated by these parasites, allowing the expansion of a whole set of genes simultaneously. The functional implications of these chromosomal expansions to the parasite biology are still to be determined.




    Chapter 3 clarifies the function of chromosome ends and telomeres in trypanosomatid biology. These structures, in addition to the preservation of chromosomal integrity, play a major role in survival. The telomeric repeat (5'-TTAGGG-3')n is conserved among trypanosomatid species, but adjacent subtelomeric sequences vary between species and chromosomes within the same cell. For example, size and gene content of T. cruzi subtelomeres differ in each chromosome due to differences in the abundance and organization of these genes, whereas in Leishmania spp. subtelomeres show a more conserved organization.




    Chapter 4 is a pleasant travel on nuclear and kinetoplast DNA replication in trypanosomatids. These organisms exhibit both conserved and unique non-conserved features in the DNA replication machinery. Curiously, the trypanosomatid pre-replication complex differs from other eukaryotes, having features similar to those of Archaea. The completion of DNA replication, at trypanosomatid telomeres, apparently is similar to other eukaryotes, although the processing of the leading and lagging telomeres required to generate the 3' overhangs, which serve as telomerase substrate, remains unknown. DNA replication in trypanosomatids initiates almost simultaneously in the nucleus and the kinetoplast, suggesting that regulation of DNA synthesis in the two DNA-containing organelles may be coordinated. The kinetoplast DNA consists of mini- and maxi-circles, which are replicated by many proteins with, as yet, unknown mechanisms of action. The complex DNA replication mechanisms, independently acting in both kinetoplast and nucleus, are reviewed.




    Chapter 5 discusses mechanisms by which trypanosomatids maintain genome integrity and preserve faithful DNA replication despite multiple environmental aggressions. A growing body of evidence on how trypanosomatids recognize and repair damages is reviewed.




    Chapter 6 explores one of the most fascinating features that make trypanosomatids unique organisms in the biological world. Despite being eukaryotic organisms they constitutively synthesize polycistronic mRNAs from separate gene clusters. Control of gene expression is not carried out at the DNA level but relies upon post-transcriptional mechanisms. This chapter aptly discusses the common post-transcriptional pathways for most genes, although many regulatory strategies within species of the group differ from each other. It is argued that these complex and diversified regulatory machineries allow rapid responses of these organisms to drastic environmental changes during their life cycle.




    Chapters 7 and 8 describe virulence factors and the immune evasion in Leishmania spp and Trypanosoma cruzi, respectively. These parasites co-evolved with their hosts – mammalian and insects – for several millions of years and developed specialized strategies to evade the immune system by overcoming both innate and adaptive immune responses. The role of different species of molecules as virulence factors is discussed.




    Diagnosis, chemotherapy, and potential recombinant vaccines are discussed in the ensuing chapters 9, 10 and 11, respectively. The diseases caused by kinetoplastids, called neglected diseases since they are predominant in poorer tropical countries having scarce resources, are responsible for thousands of deaths per year. No vaccines are available for these diseases. Presently, drug therapies are not very effective because the few available drugs are toxic, and treatment is costly. Comprehensively, methods of vector control are insufficient, despite the Southern Cone initiative in the nineties by which transmission of Trypanosoma cruzi in the domicile and outdoors by Triatoma infestans, at least in some countries, has been controlled. Chapter 9, stresses the need for reliable and specific diagnostic tests for epidemiological surveys, surveillance for vectorial transmission, blood screening, screening of pregnant women and their newborns, and in individual patients. The chapter summarizes the most commonly used molecular tools described to date to detect T. cruzi infection and to identify and genotype Leishmania spp. Chapter 10 discusses the present status of the chemotherapy area, emphasizing the screening assays that led to a few drugs reaching the stage of a clinical trial after a selection from millions of molecules tested. A milestone has been set for the year 2020, by the London Declaration: control of Chagas disease and leishmaniasis, and elimination of Human African Trypanosomiasis. Advances to achieve these goals are presented in this chapter. Finally, Chapter 11 deals with the research efforts on the development of recombinant vaccines against trypanosomatids, most of which are at the stage of preclinical experimentation. It is hoped that these efforts can be translated into efficient human vaccines.




    This book is being edited in electronic form. In addition to the PDF edition accessible online, it will be aired in open access electronic media. Any reader can also have access to a printed version and also to individual chapters offered by the authors themselves. Thus, it is hoped that biologists, graduate students and post-doctoral researchers benefit with this up-to-date and competent review of the present literature on trypanosomatids.




    

      Prof. Walter Colli


      University of São Paulo


      Brazil
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    Among the pathogenic trypanosomatids are the etiological agents of leishmaniasis, African trypanosomiasis and Chaga’s disease, protozoa parasites belonging respectively, to the genus Leishmania and Trypanosoma. The diseases are high prevalent in tropical areas of the globe and according to WHO cause thousands of new cases and deaths every year. It is worth noting though that international migration made Chaga’s disease and leishmaniasis becoming an issue also in many developing countries in Europe, Canada, USA, Australia, and Japan. Although the number of new cases and deaths from Chaga’s disease had decreased in the last decade, the millions of chronically infected persons who are at risk for developing cardiovascular and/or digestive pathology make Chaga’s disease one of the leading causes of cardiovascular morbidity and premature death in Latin America. Human African trypanosomiasis (HAT), also known as sleeping sickness, is endemic in sub-Saharan countries and is caused by T. brucei gambiense and T. b. rhodesiense. The number of HAT cases has been decreasing in the last years due to very active control efforts although according to a recent WHO report, country or regional averages may be misleading since the burden of the disease falls very heavily on some areas. HAT patients require lots of care and disease diagnosis and treatment can be costly and time-consuming. However, in many Africa countries diagnostics and HAT drugs are provided free of charge. Leishmaniasis in its turn is still considered a dangerous menace, principally to the poor, with about 12 million people currently infected. Depending on the species leishmaniasis can be expressed in different clinical forms, with the cutaneous form being the most common, causing self-limiting skin ulcer or a highly disfiguring scar, to the disfiguring and mutilating mucocutaneous form, and the visceral form is the most severe and fatal if not treated. All these diseases are still challenges to overcome since the absence of effective vaccines, and the toxicity of current anti-parasite drugs, in addition to the emergence of drug-resistant parasite strains and HIV co-infections are non-transposable barriers to disease control. Thus, many research initiatives have been direct to understand parasite biology and its interactions with different hosts, as well as the mechanisms of disease pathogenesis, of drug resistance and genome organization and maintenance, with the aim of the development of more efficient diagnostic tools and non-toxic and effective drugs and vaccines.




    In this eBook, experts review and explore current knowledge about the molecular and cellular biology of trypanosomatids, highlighting the most important and actual discoveries in each research field. Topics covered include cell organization during development; genome organization and maintenance; control of gene expression; nuclear and kinetoplast DNA replication; mechanisms of DNA damage repair; virulence factors and immune evasion; new methods for molecular diagnosis; new therapeutic tools and recombinant vaccine biology.




    We believe that the eBook content will be of keen interest to undergraduates, graduate students and principally to the Parasitology community and researchers working in related fields.




    We would like to thank the contributing authors of this book for their time, expertise, and for making this eBook novel, educational, and informative and Professor Walter Colli for written the Forward.




    Finally, we would like to express our gratitude to Mr. Shehzad Naqvi, the Senior Manager Publications from Bentham Science Publishers for his continuous help.
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      Abstract




      Trypanosoma cruzi , Trypanosoma brucei and Leishmania spp. are etiological agents of the following neglected diseases: African sleeping sickness (T. brucei ), Chagas’ disease (T. cruzi ) and leishmaniasis (Leishmania spp.). These parasites are eukaryotic cells that diverged early in evolution and therefore harbor modified organelles, such as glycosomes, and present subcellular compartments with unusual characteristics. This chapter aims to overview the most striking features of the structures and functions of these organelles, which ensure the existence of these parasites, and to discuss the differences between species and between the distinct life cycle forms of each organism.
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      INTRODUCTION




      Trypanosomatids are unicellular flagellated eukaryotes that belong to the Kinetoplastida class, the members of which are characterized by the presence of a kinetoplast, which is a structure that contains the mitochondrial genetic material. The Kinetoplastida class includes the Trypanosomatidae family, which comprises human pathogens, such as Trypanosoma cruzi , Trypanosoma brucei and Leishmania spp. These are the etiological agents that cause Chagas’ disease, African sleeping sickness and leishmaniasis, respectively. It is currently estimated that 6.5 million people are infected with T. cruzi, that there are 1.3 million new cases of leishmaniasis and approximately 6,000 cases of sleeping sickness every year (www.who.int).




      These protozoans have life cycles stages that possess different morphologies and cellular structures when living in mammalian and insect hosts. The T. cruzi epimastigote is a form that is defined by the lateral exit of the flagellum from the cell body; it is also the non-infective life cycle stage of the parasite. It proliferates via binary fission in the gut of Triatoma infestans insects, which are more commonly known as kissing bugs. In the insect hindgut, epimastigotes transform into the metacyclic-trypomastigotes in which the flagellum is inserted along almost the entire length of the protozoan. When the insect vector ingests blood from a mammalian host, the trypomastigotes are then eliminated with the feces. Released parasites can penetrate the mammalian host through contact with different mucosal tissues. They enter cells by forming a parasitophorous vacuole, which is then disrupted and the parasites transform into amastigotes, which are spherically shaped and have a very short flagellum. Amastigotes proliferate inside the cell cytosol and then transform into non-replicative trypomastigotes, which are released via cell lysis to reach the bloodstream. The life cycle is completed by the ingestion of the blood by insect vectors. The trypomastigotes are able to transform into epimastigotes that replicate inside the insect gut [1].




      Leishmania, in contrast, alternates between a promastigote and an amastigote form. Promastigotes are protozoan with a flagellum attached to one extremity that develops in the digestive tract of sand flies. Promastigotes differentiate into metacyclic forms that are eliminated via regurgitation when the insect feeds. The parasites are then phagocytized by macrophages before transforming into amastigotes that divide inside vacuoles. After several rounds of division, the macrophages are disrupted, and the new amastigotes are released to infect adjacent macrophages. Insects ingest the infected macrophages when they feed on mammalian blood. Amastigotes transform into promastigotes in the insect midgut, continuing the life cycle [2].




      Unlike what occurs in T. cruzi and Leishmania, the life cycle of T. brucei is entirely extracellular. An infected tsetse fly (Glossina spp.) bites a mammalian host; inoculating metacyclic-trypomastigote forms into the circulatory system. The injected metacyclic-trypomastigotes transform into bloodstream trypo-mastigotes, which then proliferate in the hemolymphatic system as slender trypomastigotes. T. brucei species survive the immune defenses of the host by continuously changing their coat, which is formed by a single variant surface glycoprotein (VSG) through a process known as antigenic variation. When a high density of parasites is achieved in the blood, some of these parasites transform in a non-proliferative, stumpy form. This form is able to differentiate into procyclic trypomastigotes when ingested by new tsetse flies. In the fly midgut, the procyclic form proliferates and then migrates to colonize the salivary glands of the insect, where they transform into epimastigotes that can proliferate by binary fission. After some rounds of duplication, the epimastigotes become metacyclic trypomastigotes, which are then injected into a new mammalian host during a tsetse fly’s bite [1].




      These organisms contain organelles that are common to all eukaryotes, but they also harbor unique organelles, such as the kinetoplast, reservosomes, glycosomes and flagellum-related structures, all of which present peculiar features as a consequence of their earlier evolutionary origins and the requirements of adaption (Fig. 1).




      This chapter aims to present recent developments that have increased our understanding of how these organelles ensure the survival of the organism in different hosts during parasite life cycles. We have also compared the features that are unique to each trypanosome.
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Fig. (1))


      Schematic representation of the Trypanosomatid forms found in insects and mammals. The figure on the left illustrates the main replicative forms, which in T. brucei are procyclic-trypomastigotes, in Leishmania are promastigotes, and in T. cruzi are epimastigotes. The right panel shows the corresponding forms that are found in the mammalian hosts. The nucleus is larger than the kinetoplast, and both are shown in blue.

    




    

      NUCLEUS




      The nucleus is the largest organelle within the cell, and it stores the genetic material. The first nucleated cell, referred to as the first eukaryotic common ancestor, emerged approximately 2.5 billion years ago and is the ancestor from which all eukaryotic cells, including the Kinetoplastida protozoan parasites, diverged [3, 4].




      The nuclear environment is delimitated by the nuclear envelope, which is a double bilayer membrane. The inner membrane faces the nuclear lumen, while the outer membrane faces the cytoplasm. The nuclear envelope is mechanically supported by a nuclear lamina underneath the inner membrane and by another filament network that surrounds the outer membrane. Nucleus-cytoplasm communication occurs through nuclear pore complexes (NPCs).




      The nucleus of trypanosomes undergoes several morphological changes during the life cycle. For example, while the replicative forms of T. cruzi (epimastigotes and amastigotes) have a rounded nucleus with a clear nucleolus and with heterochromatin at the nuclear periphery, the non-replicative and infective bloodstream trypomastigote and metacyclic trypomastigote forms have an elongated nucleus without nucleolus. Trypomastigotes also lose peripheral heterochromatin [5]. It remains unknown what mechanisms drive these structural changes, but they might be related to modifications in the NUP-1 protein, a protein that is associated with the inner nuclear membrane [6, 7].




      

        Nuclear Organization




        Many processes occur in the nuclear space at sites that are non-randomly distributed, meaning that all nuclear events are organized in the space during cell cycle progression. In higher eukaryotes, the formation of heterochromatin and euchromatin are closely linked to the transcriptional status of each DNA region. In addition, the transcriptional status dictates the timing of DNA replication. In other words, while highly transcribed genes are replicated at the beginning of S phase, silent regions and sequences with low transcriptional rates are replicated at the end of S phase. In addition, the location of early and late replication regions varies during S phase, during which discrete replication sites are found throughout the nuclear space at the beginning of S phase, and a more peripheral replication pattern is observed during the final stages of S phase [8].




        Trypanosomes display a peculiar nuclear organization. In replicating T. cruzi epimastigotes, RNA polymerase II transcription sites are dispersed throughout the nucleus, with the specific transcriptional site of the spliced leader (SL) genes concentrated in a region adjacent to the nucleolus [9]. SL is transcribed at a high rate because its mRNA serves as the precursor for the first 39 nucleotides that are added to all pre-RNAs. These are transcribed as polycistronic units, and they form mature mRNAs via a trans-splicing reaction. The site of SL transcription in the nucleus is different between T. cruzi, and T. brucei . While in T. cruzi , only one SL transcription site has been observed in the nucleus [10], in T. brucei , two major sites are observed, probably as a consequence of the ploidy of the SL gene repeats in this parasite [11, 12]. This is not observed in Leishmania spp., which, like T. cruzi , has only one SL transcription site. Details about gene transcription in trypanosomatids are described in Chapter 6.




        The replication machinery is located in the trypanosome nuclear periphery, revealed by the presence of the sliding clamp of the DNA polymerase machinery and by the incorporation of thymidine analogs that were detected using fluorescence techniques [13, 14]. Moreover, the distribution of chromosomes varies according to the cell cycle stage. At the onset of S phase, T. cruzi chromosomes are dispersed; they then progressively migrate to the nuclear periphery, where replication takes place, and remain there until mitosis is completed. The chromosomes then disperse again throughout the nucleus [14]. It is interesting to note that the same replication organization pattern is not observed in T. brucei and L. donovani. In both parasites, the sliding clamp of the replication machinery is found at several sites distributed throughout the nucleus, indicating a distinct type of nuclear organization [15, 16]. These different localizations of transcription and replication machinery could explain how DNA replication and transcription are maintained separately in the nuclear space, and they may imply that trypanosomes display a rudimentary level of nuclear organization compared to that observed in more complex eukaryotes [17, 18].




        Another difference in nuclear organization is the expression of the VSG and procyclin genes, which encode the coat protein of procyclic form in T. brucei . Active VSG genes are located in the telomeric regions of T. brucei chromosomes, and only one gene is expressed at a time. Transcription of this single VSG gene is catalyzed by RNA polymerase I [19] in a locus present in a nuclear region called the expression site body [20]. Procyclin genes, are also transcribed by RNA polymerase I and its transcription occurs at the nucleolus periphery. In contrast, the silent loci for the VSG and procyclin genes remain in the nuclear periphery within the heterochromatin [21, 22]. Differences in telomere distribution have also been observed in L. major, in which telomeres were found to be dispersed in promastigotes but concentrated in the center of the nucleus in amastigotes [23]. These observations collectively indicate the presence of variable nuclear structures and chromosomal localizations, which reflect adaptations in each parasitic stage to the conditions found in the host during their life cycle.


      




      

        Nuclear Pore Complex




        Nuclear pore complexes (NPCs) allow nucleus-cytoplasm communication through the nuclear envelope. In eukaryotes, approximately thirty proteins called nucleoproteins (Nups) participate in the formation of NPCs. The NPC structure consists of a central transport channel, a core scaffold, a cytoplasmic ring, a nuclear ring and eight filaments attached to each ring [24]. The nucleoproteins from the core scaffold in most eukaryotes are arranged in an octagonal framework that surrounds a central transport channel, while the phenylalanine-glycine (FG) repeats from these nucleoproteins occupy the center of the transport channel and are involved in transport and interactions with cargo-carrying transport factors [25]. The nuclear basket proteins associate with the chromosomes influence gene expression by regulating the transport of mRNA and gene regulatory factors. They bind to specific transcription factors and transcriptionally active genes, promoting the assembly and/or maintenance of gene loops, in which the promoter and terminator regions are juxtaposed, accelerating the reactivation of gene transcription [26].




        The NPC octagonal symmetric framework structure is highly conserved among eukaryotes [27, 28] and differs mainly in its size. In yeast, it is approximately 60 MDa, while in humans, it is 90-120 MDa. However, the proteins forming the complex are not highly conserved among eukaryotes. In T. brucei and Leishmania major , 22 Nups were identified through proteomic analyses [29, 30]. From these, 20 and 16 were localized in the nuclear envelope in T. brucei and L. major, respectively. Similar genes were found in T. cruzi. However, the precise location and function of each protein in the NPC have not been established. TbNup92 and TbNup110 from T. brucei and LmMlp2 from L. major are analogs to the Saccharomyces cerevisiae nuclear basket proteins Mlp1 and Mlp2 that were found to be involved in chromosome segregation during the closed mitosis observed in these organisms [24, 29-31]. It is worth mentioning that TbNup92 is larger than its yeast analog because it contains an extra domain that is typically found in DNA repair and cell cycle checkpoint proteins. These data indicate another possible function of NPCs in trypanosomes.


      




      

        Nuclear Lamin




        Lamins (lamin A, B and C) are intermediate filament proteins that form a meshwork between the nuclear envelope and the nuclear matrix. Lamins associate with peripheral heterochromatin and have diverse functions in Metazoans. They provide support for NPCs and control gene expression during development [32-36]. In non-Metazoan organisms, no lamin orthologues have been identified. For example, lamins are absent in S. cerevisiae [37, 38]. However, T. cruzi and T. brucei contain a coiled coil protein called NUP-1 that resembles lamin and is located in the inner nuclear envelope [6, 7]. This protein lacks similarity with metazoan lamins but has a conserved structure. It has a conserved pattern of coiled-coil domains, suggesting that it is capable of self-assembly, which is characteristic of lamin proteins in metazoans. In T. brucei and T. cruzi, NUP-1 forms a net-like structure at the inner surface of the nuclear envelope and interacts with some chromosomal regions, similar to what has been observed in Metazoan lamins. In T. brucei , NUP-1 also plays a role in telomeric silencing, in the regulation of VSG gene expression and chromatin organization. T. cruzi NUP-1 interacts with some chromosome regions that encode clusters of genes for surface proteins. Therefore, it appears that these interactions are important not only for chromatin organization but also for the control of gene expression in trypanosomes [6, 7, 39].


      




      

        Nucleolus




        The nucleolus is a subcompartment of the nucleus wherein processes including rRNA transcription, pre-rRNA processing and ribosome assembly occur. In addition, the nucleolus is involved in protein sequestration in response to stress, cell cycle control and RNA processing [40-42]. The nucleolus has a tripartite architecture: a fibrillar center and dense fibrillar and granular components. In trypanosomes, a single nucleolus is found in the nucleus, and it has a bipartite fibrillar center and granular component structure [43]. Furthermore, in trypanosomes, the nucleolus is smaller than in most eukaryotes, having a diameter of approximately 1 µm and some peculiar characteristics. In T. cruzi, it is not present in trypomastigote forms, which are a non-dividing stage, while it is present in the T. cruzi replicative epimastigote and amastigote forms. In Leishmania and T. brucei , in contrast, the nucleolus is present throughout the major stages respectively promastigotes and amastigotes, bloodstream and procyclic trypomastigotes. Proteins and mRNA are sequestered in the nucleolus under stress conditions, such as the induction of severe heat-shock in L. major and T. cruzi [44], but this does not occur in T. brucei [45-47].


      




      

        Chromatin




        Chromatin is composed of tightly associated nuclear DNA and proteins. The fundamental unit of chromatin is the nucleosome, in which two copies of each core histone (H4, H3, H2A and H2B) form an octamer of proteins that wraps around every ~154 base pairs (bp) of DNA. This regular array of nucleosomes, which forms 10-nm fibers, has been observed under electron microscopy to form a “beads-on-a-string” structure. A fifth histone called histone H1 (also known as linker histone) associates with the DNA located between two nucleosomes and compacts chromatin into 30-nm fibers known as solenoids. The majority of eukaryotes, however, further compact their chromatin (approximately 15,000 x), as has been observed in fully compacted chromosomes during mitosis. Thus, multiple levels of folding and compaction have been detected in eukaryotes and is used to fit the genomic information into a tiny nucleus (for a recent review, see [48].




        Trypanosome chromatin is organized into nucleosome filaments, which form the same 10-nm fibers that have been observed in eukaryotes. However, neither 30-nm fibers nor condensed chromosomes during mitosis have been observed. A possible explanation for this is the lack of a typical N-terminus and the globular domain of histone H1 and/or the absence of a phosphorylation site at H3S10, all of which are associated with condensed chromosomes during mitosis [49]. Trypanosome histones diverged from fungi and other metazoan histones, and a disproportionate amount of this divergence has been observed in their N-terminal domains [50]. The migration patterns of histones in polyacrylamide gels made at acid pH, in urea and in non-ionic detergent, which differentiate histones by their charges and modifications, have also revealed differences between parasites such as T. cruzi and T. brucei [49].




        Histone H1 is the most divergent histone. It comprises only the C-terminal domain of the eukaryotic histone H1. In T. cruzi , histone H1 is constitutively synthesized throughout the cell cycle but at an increased rate during S-phase, while the other histones are synthesized concomitant with DNA replication [51]. In contrast, the expression of histone H1 is related to the progression of the cell cycle and cellular differentiation in L. major [52], and histone H1 is not essential to T. brucei growth in vitro. T. brucei lacking H1 live longer than wild-type T. brucei in infected animals, probably because H1 depletion resulted in significant changes in the expression of RNA-Pol I genes (VSG and ESAGs). There is evidence showing that trypanosome histone H1 may also play a role in DNA repair because H1-depleted clones were clearly more resistant than the wild-type clones to drugs that induce DNA damage [53, 54].




        In addition to the canonical histones (H2A, H2B H3 and H4), variant forms of these histones are present in trypanosomes. These variants are present in reduced amounts but may have unique functions that affect gene expression, centromere function and DNA damage/repair [55]. They include the histone variants H2A, H2B and H3. T. cruzi and T. brucei also encode H4 ‘orphans’ that have 85% and 96% identity to canonical H4, respectively [56]. Despite this finding, trypanosomes do not contain homologs for H3.3, a variant that replaces histone H3 at highly transcribed sites, or CenH3, a variant that is found at the centromeres of eukaryotes. T. brucei H3v shares some similarity with CenH3, but it localizes to telomeres and is not required for viability or chromosome segregation [57].




        T. cruzi and other trypanosomes do contain H2AZ and a new variant, H2B (H2ABv), which is associated with transcriptional activation, gene silencing and the avoidance of heterochromatin formation in euchromatin regions [55]. Studies performed on T. brucei have shown that H2Bv, which has been identified in few organisms and only under specific situations [58], dimerizes with H2AZ and is essential for cell viability. Interestingly, these dimers are absent from highly transcribed sites [59].


      




      

        Histone Post-Translational Modifications (PTM) in Trypanosomes




        Histones can, in general, be chemically modified both at the tail, which extends from the nucleosome, and inside the octamer. Modifications, such as phos-phorylation, acetylation, methylation (mono, di or tri), and sumoylation, have been identified in histones and have, more importantly, been associated with gene expression, DNA repair and replication, chromosome condensation and other important regulatory processes in cells. Although trypanosome histones are highly divergent from the histones identified in other eukaryotes, their sequences, including their tails, are conserved among trypanosomatids, and specific (as well as unusual) PTMs have been identified.




        T. cruzi histone H1 is phosphorylated in a cell cycle-dependent manner at a typical cyclin-dependent kinase site (12SpPKK), most probably by TzCRK3 (a T. cruzi CDK-like protein), as has been observed in higher eukaryotes, mainly from S to mitosis [60]. Phosphorylated histone H1 is homogenously distributed in foci in T. cruzi epimastigote nuclei, which appear in the G2 phase of the cell cycle, increase until mitosis and disappear during cytokinesis. Interestingly, the majority of non-phosphorylated histone H1 is located in the central regions of the nucleus, but when cells progress to G2 phase, it becomes phosphorylated and begins to diffuse in the nuclear space [61, 62].




        PTMs at histone H4 of T. cruzi were identified using mass spectrometry (MS). Lysines (K) 4, 10, 14 and 57 are acetylated (ac); K18 is mono-methylated (me1), and arginine (R) at position 53 is dimethylated (me2) [63]. In epimastigotes, the majority of histone H4 is acetylated at K4, while less than 5% of H4ac proteins are acetylated at K10 and K14, suggesting that these modifications play a regulatory role [64]. H4K4ac decreases following DNA damage and in non-proliferative forms. In contrast, H4K10ac and H4K14ac increase at these times. Histone acetylation is well known for its role in transcription. However, no colocalization was observed between acetylations of histone H4 and the major RNA Pol II labeling site in T. cruzi , which corresponds to SL transcription. Nevertheless, H4K10ac and H4K14ac were found at eu- and heterochromatin boundaries, which are involved in events related to the active metabolism of DNA. No MS analyses have been performed on the remaining histones of T. cruzi , although radiolabeling experiments in parasite cultures have indicated that histone H2A is mainly acetylated, while H3 and H2B are mainly methylated [62, 63].




        A complete scenario for histone PTMs has been described for T. brucei . Electrophoresis analyses indicated that H3 and H2A are highly modified compared to H4 and H2B [65-67]. For example, the methylation states of H3K76 in T. brucei depend on two methyltransferases called DOT (Disruptor Of Telomeric silencing, DOT1A and DOT1B), which is unlike to other eukaryotes that have a single DOT1 enzyme. The methylation of H3K76 appears to be analogous to the methylation of H3K79 observed in other eukaryotes, which has been found to be associated with the prevention of heterochromatin formation [68]. H3K76me2 is regulated by the cell cycle and occurs in T. brucei during mitosis, while K76me3 is present throughout the cell cycle. Furthermore, DOT1A is essential for viability, while DOT1B is not. However, DOT1B is necessary for differentiation during the transition to procyclic forms and for VSG switching and silencing [69]. In contrast to other organisms, the T. brucei histone H2A and H2B N-terminal domains show few modifications, while the C-terminal domain of H2A is highly acetylated. To date, no function has been attributed to these PTMs.




        One of the earliest markers of DNA damage is the phosphorylation of the H2AX histone. In mammals, serine 139 is phosphorylated in the histone variant H2AX, while the replication-dependent H2A histone is phosphorylated in yeast. In T. brucei , it has been shown that the majority of gamma H2A becomes phosphorylated at threonine 130 in response to DNA damage [70]. This phosphorylation could play a role in signaling the presence of damaged DNA. The region surrounding the phosphorylated residue is highly conserved in trypanosomes, suggesting that they might also be modified in other species.


      




      

        Chromatin Regulation at Specific Genomic Regions




        Trypanosomatid genes are distributed in large co-directional clusters that are expressed as polycistronic transcripts. These clusters, which may be located in different DNA strands or in the regions between clusters, have been proposed as transcription initiation sites [71, 72]. A TATA-binding protein and a Small Nucleolar-activating protein complex (SNP50) that is involved in initiating the transcription of small nuclear RNA were found to be associated with tRNA, snRNA, and SL RNA gene promoter regions [73]. Whether and how these factors are involved in the initiation of transcription in trypanosomatids is unknown. Furthermore, non-canonical DNA regulatory sequences have been identified in trypanosomes, suggesting that their chromatin structure and the presence of histone modifications may play a prominent role in the initiation of transcription [74]. Chromatin immunoprecipitation (ChIP) assays performed in T. cruzi showed enrichment in H3K4me3, acH3 and acH4 at divergent DNA strand regions [75]. A similar scenario was observed in a genome-wide ChIP-chip analysis of L. major promastigotes that showed that the majority of the acetylated H3-enriched regions are at divergent strand-switch regions [73]. The probable transcription start sites of T. brucei are enriched with H4K10ac and H3K4me3. Interestingly, H4K10ac represents only 10% of the total H4. Moreover, H2AZ, H2BV, and the bromodomain factor BDF3 are enriched up to 300-fold in the same regions. In contrast, the histone variants H3V and H4V are enriched at probable transcription termination sites. No acetylated histones H3 and H4 were detected in the promoters of highly expressed genes, such as 18S rRNA and SL RNA, at which the depletion of nucleosomes was detected. A similar observation was made in L. tarentolae, in which the SL promoter lacks nucleosomes [10]. Supporting its potential presence at the heterochromatin, the highly repetitive satellite DNA was found to be depleted of H4ac [75]. These results suggest that chromatin structure might regulate the transcription of polycistronic genes by RNA Pol II, as indicated by the presence of special PTMs and variants at its initiation and termination sites [76, 77].


      




      

        DNA Modifications




        Trypanosome DNA is uniquely modified by the addition of glucopyranosyl residues to nucleotides, resulting in the formation of β-d-glucopyranosyl-oxymethyluracil. This modification was called ‘base J’, and it was discovered in T. brucei [78, 79] because silenced telomeric VSG sequences were found to be resistant to some nucleases. J-base predominates in the telomeric repeats but is also present within sequences flanking the polycistronic units. The exact role of this modification remains unknown. Decreased levels of base J increase transcription by RNA Polymerase II, resulting in genome-wide increases in global gene expression [80, 81]. Similarly, 99% of DNA base J is found at telomeric sites in Leishmania, and the remainder is located at RNA Pol II termination sites. Knockouts of JBP2 (J Binding Protein 2) in Leishmania, one of the enzymes responsible for catalyzing the formation of base J, reduced the level of internal J and generated a massive read-through of transcriptional termination sites. Therefore, inducing the reduction of J in L. major resulted in genome-wide defects, likely as a consequence of the generation of antisense RNAs by avoiding transcriptional termination at the end of polycistronic gene clusters. In T. brucei , the loss of J base also affected the termination of gene expression at specific sites within polycistronic gene clusters, but the termination is only affected by depletion of the histone H3V [82].


      


    




    

      CYTOSKELETON




      The cytoskeleton of trypanosomes is quite simple compared to that of free-living flagellates. A subpellicular corset of microtubules cross-linked to each other underneath the plasma membrane maintains the peculiar cell shape of different trypanosome stages and forms. This cytoskeleton forms a dynamic matrix that also includes the mitotic spindle and encloses some specific regions of the trypanosomatid cell, such as the flagellum attachment zone, the paraflagellar rod, the flagellum, and basal bodies [83-85]. Trypanosome microtubules have an intrinsic polarity and are formed mainly by α and β-tubulin heterodimers, which undergoes several post-translational modifications [83, 84]. These organisms also contain structures similar to microfilaments, which are composed mainly of actin and are distributed throughout the cytoplasm as rounded and punctuated structures [86]. Actin is present along the flagellum but is more concentrated at the base and the tip [87]. In Leishmania species, actin is also associated with the nucleus, kinetoplast, plasma membrane, and flagellum, and it is found associated with subpellicular microtubules [88]. Knockdown of actin genes in T. brucei affected endocytosis, indicating a role for microfilaments in trypanosome membrane trafficking [89].




      Trypanosomes display mitotic spindles, which are composed mainly of microtubules. Their spindles include longer ‘pole-to-pole’ microtubules and a classical kinetochore, which is a protein structure that is associated with chromosomes, to which the fibers of the mitotic spindle attach during cell division [83]. Unlike other eukaryotes, the microtubule organizing centers associated with spindle poles are often anchored in the nucleoplasm rather than to the internal face of the persistent nuclear envelope [83]. During mitosis, the nucleolar material persists and is stretched along spindle microtubules, as can be visualized using indirect immunofluorescence with an antibody against tubulin [83, 90].




      Trypanosomes contain at least five different centrins, which are calcium-binding proteins that are associated with basal bodies. Centrins are involved in organelle duplication and segregation. Depletion of centrins 2 and 4 in T. brucei caused abnormal cell division, which resulted in enlarged cells that contained duplicated basal bodies and multiple nuclei and displayed new flagella that were detached along the length of the cell body [91]. T. brucei centrin 3 was detected in the flagellum, and its depletion affected motility by disrupting its interactions with flagellar dynein [92]. Furthermore, centrins participate in the formation of a unique structure called a bilobe, which is associated with the flagellum and is probably involved in the formation of the flagellar pocket [93].




      It is possible that the mechanisms by which the different trypanosomes have adapted to obtain different nutrients have shaped the evolution of these various structures. For example, T. cruzi, unlike other trypanosomes, has retained an additional feeding apparatus called a cytostome that is located, outside the flagellar pocket [94]. The structural features of this element and the molecular basis of its retention should be further investigated in T. cruzi.


    




    

      FLAGELLUM




      Phylogenetic evidence indicates that it is likely that the last common ancestor of eukaryotes had a flagellum that provided motility and sensory information [95, 96]. This flagellum may have been set as a tail-like structure that emerged from the cell. Although motility and sensory perception functions have already been established for trypanosomatids flagella, recent functional studies have shown that they also have other roles, for example, in cell signaling, cellular morphogenesis, the direction of cytokinesis during cell division, and immune evasion [97-101]. Therefore, the trypanosome flagellum is considered an essential and multi-functional organelle that is typical of unicellular organisms [98, 101, 102].




      Trypanosomes present a single flagellum that normally emerges from a specialized invaginated region of the plasma membrane that is called the flagellar pocket [103, 104]. Nine outer ring microtubule doublets and a central pair of microtubules form the inner core of the flagellum, and these are collectively called the axoneme [98, 103]. The axoneme is assembled on the basal body, which is itself attached to the kinetoplast [103, 105]. The basal body is an organelle that corresponds to the centriole of higher organisms and that acts as a microtubule organizing center that forms the flagellum axoneme. Each cell contains two basal bodies, but only one gives rise to the flagellum [103, 104] (for details regarding the flagellar structure and its composition, see the figures in the review [98]). In trypanosomes, the flagellum contains a large paracrystalline filament structure known as the paraflagellar rod (PFR) [106]. The PFR is a stable lattice-like structure that is formed mainly by two major proteins (PFR1 and PFR2) and several minor proteins [104, 106, 107]. Some studies have suggested that the PFR provides a scaffold for the assembly of the regulators of axoneme motility [98, 108, 109]. The flagellum plasma membrane is covered by specialized domains and has distinct biophysical properties compared to the plasma membrane of the rest of the cell body [110-112].




      The flagella of organisms within the genus Trypanosoma are the most well-studied and well-characterized among the trypanosomatids parasites [113-116]. T. cruzi epimastigote and trypomastigote flagella are long but become reduced in size in amastigotes, which are adapted to survive inside host cells. The paraflagellar rod is absent in amastigote flagella [83, 105]. The small amastigote flagellum may be involved in sensory perception and cellular organization, which are critical for intracellular survival during the intracellular parasite stages within host cells [100, 104, 105].




      Unlike T. cruzi , all T. brucei stages possess a long flagellum [117]. By using genetic modifications, mainly in T. brucei , flagella have been shown to be a key structure in the coordination of trypanosome morphogenesis [101, 118], host-parasite interactions [101, 119], mitochondrial DNA segregation [120], virulence [101] and cell division [101, 118, 121]. Furthermore, knockout and knockdown of some paraflagellar rod components showed that the paraflagellar rod is a key element in flagellar motility [108, 109, 122], which is necessary for parasite survival in the host [102]. Proteins located at the base of the flagellar axoneme are also involved in functions related to virulence and cytokinesis [123]. Therefore, the trypanosome flagellum can be considered a critical interface between the parasite and its hosts [111, 124].


    




    

      MITOCHONDRION




      Mitochondria were discovered as a collection of granules that form threads inside the cell. Mitochondria house the machinery that produces energy and synthesizes specific metabolites and iron-sulfur clusters. These functions make it one of the most important organelles in eukaryotic cells. This importance is reflected in their wide distribution, their number and their sizes in different organisms [125]. Multicellular organisms typically contain a vast number of mitochondria, reaching approximately 2,000 mitochondria per cell in the liver. Single-celled organisms, such as Apicomplexa and Kinetoplastida, possess a single ramified mitochondrion that has peculiar ultrastructural aspects that are different from those of multicellular organisms, especially in the density of its matrix and the number and shape of its cristae [114].




      Paulin confirmed the unitary nature of the mitochondrion in trypanosomatids in a series of papers based on 3D reconstructions [126, 127]. The models generated by Paulin have a fidelity and a resolution that remains impressive, even today. In general, the mitochondrion of the trypanosomatids has a dense and sparse matrix that is distributed in branches under the subpellicular microtubules; but this structure can vary depending on the species and strain of the trypanosome. Moreover, changes in environmental and nutritional conditions can affect the size of the mitochondrion, which, depending on the situation can fill up to 12% of the volume of the parasite [128].




      The mitochondrial structure of T. cruzi varies during its life cycle and assumes different shapes depending on its form. In epimastigotes, the mitochondrion has the shape of an inverted triangle. The base of the triangle encloses the nucleoid of the kinetoplast [126]. Two closely appressed finger-like projections extend from this base into the lancet-like apex of the cell. The mitochondrion of the trypomastigote form of T. cruzi is unbranched, appearing as a sausage-shaped structure with a smooth outer surface. The kinetoplast nucleoid, which contains the mitochondrial DNA, is found at the posterior end of the mitochondrion within a bulbous swelling. A short, finger-like projection of the chondriome pervades the truncated posterior pole of the cell, with the major portion coursing distally through about two-thirds of the cell body, anterior to the kinetoplast [129]. Amastigote mitochondrion is morphologically dissimilar to the structure found in the trypomastigotes (sausage-shaped) or epimastigotes (reticulated), instead presenting with a circular or horseshoe-like shape [127]. These variations in the mitochondria may reflect differences in the physiological state of the cell or the morphogenetic activity of the mitochondria, which are associated with cell division and differentiation. Although the mitochondrial structural features that characterize the different T. cruzi forms have been described, an extensive analysis of the molecular and metabolic events that cause such changes in mitochondrial structures during the differentiation of the parasite is still required.




      

        Organization of Mitochondrial DNA




        Mitochondria possess their own genetic system – a vestigial genome that originates from an endosymbiotic proteobacterial ancestor. In most eukaryotes, mitochondrial genes are involved in five basic processes: respiration and/or oxidative phosphorylation, translation, transcription, RNA maturation and protein import.




        The mitochondrial DNA of trypanosomatids is enclosed in an unusual structure known as the kinetoplast [130]. It is located within the mitochondrial matrix, perpendicular to the axis of the flagellum. Kinetoplast DNA (kDNA) comprises approximately 30% of the total cellular DNA and differs from nuclear DNA in its buoyant density, base ratio, and degree of thermal denaturation. The kDNA of trypanosomatids is composed of circular molecules that are topologically relaxed and interlocked to form a single network. Two types of DNA rings, minicircles and maxicircles, are present in the kinetoplast. Each kinetoplast has several thousand minicircles, which range in size from approximately 0.5 to 2.5 kb (depending on the species), and a few dozen maxicircles, which usually vary between 20 and 40 kb [131-134]. The maxicircles encode the traditional mitochondrial genes including ribosomal RNAs and proteins that are components of the respiratory complexes. Of the 18 open reading frames in the maxicircle, 12 require post-transcriptional editing by uridine insertion and deletion to generate translatable mRNAs. Editing is specified by minicircle-encoded guide RNAs and is catalyzed by 20S editosomes, which perform the required endonuclease, exonuclease, terminal uridylyl transferase, and ligase activities [135].




        Differential RNA editing appears to aid the adaptation of the variable metabolic processes during the different life stages of T. brucei . For example, mRNAs encoding the NADH dehydrogenase complex I (ND7 [136], ND8 [137], and ND9 [138]) are mainly edited in the bloodstream form of the parasite, while those encoding cytochrome b (CYb; complex III) [139] and cytochrome oxidase II (COII; complex IV) [140] are predominantly edited in procyclic parasites. Some mRNAs, such as the one encoding ATPase subunit 6 (A6), show no stage-specific editing [141]. T. brucei 20S editosomes contain at least 20 proteins [142] and were isolated via TAP-tagging, which allowed the purification and the charac-terization of their different components [143-145]. The editing- and life cycle stage-specific regulation of mitochondrial functions is much less characterized in T. cruzi . Annotated T. cruzi genomes have been found to contain orthologues for all characterized editosome proteins, but the mechanisms by which they function and whether their activity is important to the various parasite stages remain unknown.




        Biochemical studies indicate the existence of proteins that are involved in replication and DNA repair and that are associated with the kinetoplast [130, 132]. The following proteins have been detected in association with kDNA: type II topoisomerase, DNA polymerase B, minicircle origin-binding protein, kDNA condensing proteins, kinetoplast-associated protein, a nicking enzyme, primase, mitochondrial heat shock proteins, and a set of kinetoplast-binding proteins that can bind both minicircles and maxicircles. A few examples of such genes that have been found in T. cruzi are described in [146-149].




        The morphology of the kinetoplast varies depending on the developmental stage of the parasite. In the T. cruzi epimastigote and amastigote forms, the kinetoplast forms a bar-like structure. In contrast, the kinetoplast has a rounded-like shape in the non-dividing metacyclic trypomastigotes and cell-derived trypomastigotes [114]. Studies performed using fluorescence techniques have shown that a) kDNA replication takes place nearly concurrently with the nuclear S phase; b) before replication, the minicircles that are covalently closed are released vectorially from the network face near the flagellum; c) replication initiates in the region localized between the flagellar face of the disk and the mitochondrial membrane and at sites where the universal minicircle sequence-binding protein is located; and d) the replicating minicircles then move to two antipodal sites that flank the network [150, 151]. More details about kDNA organization and replication are found in Chapter 4.


      




      

        Protein Synthesis in the Mitochondrion




        As in all other organisms, only a small number of proteins are synthesized within the mitochondria of Trypanosomes. The majority of the 1000 mitochondrial proteins are encoded in the nucleus, synthesized by the cytoplasmic ribosomes, and imported into the mitochondrion [152]. Proteins synthesized in the mitochondrion include subunits of cytochrome oxidase (COX) and NADH dehydrogenase, cytochrome b (Cytb), subunit 6 of the mitochondrial ATPase, a ribosomal protein and a few other proteins [153]. No tRNA is synthesized in the mitochondria of trypanosomes, and this is compensated by the import of approximately 10% of the cytosolic tRNAs. In T. brucei mitochondria, a nuclear-encoded elongator, tRNAMet, is used for both elongation and initiation. Once imported into the organelle, part of tRNAMet is formylated by a methionyl-tRNAMet formyltransferase, and it must then interact with mitochondrial initiation factor 2 (mrIF2) before it can be assembled in the ribosome [154]. Similar to what has been observed in most eukaryotes, the stop codon UGA has been reassigned to the tryptophan codon CCA in the mitochondria of trypanosomatids. This reassignment occurs via a specific RNA-editing event that converts the CCA anticodon of the cytosolic imported tRNATrp into UCA, which allows the decoding of both UGG and UGA triplets [155-157].




        The mitochondrial ribosomes of trypanosomes are also different from other eukaryotes. The large and the small subunits are very short, composed of only 1,150 nucleotides and 610 nucleotides, respectively [158, 159]. The mitochondrial ribosomes of T. brucei are constituted by 133 proteins [160], which is an extremely high number compared to the 77 subunits that are present in the mammalian mitochondrial ribosomes [161], suggesting that some of these proteins do not belong to the stable ribosome complex and could therefore be participating in accessory functions. Approximately 70% of the mitochondrial ribosome subunits are unique to trypanosomatids [160].


      


    




    

      ENDOPLASMIC RETICULUM




      The endoplasmic reticulum (ER) is an endomembrane compartment that extends throughout the cell. As in higher eukaryotes, the ER of trypanosomatids is the organelle that is responsible for protein folding, co and post-translational modifications and transport, the synthesis of lipids, calcium storage, and maintenance of cellular homeostasis [162]. The ER is distributed throughout the cell body in different trypanosomes.




      An important function of the ER in trypanosomatids is the incorporation of glycosylphosphatidylinositol (GPI) anchors, a PTM modification that is present in most of their surface proteins. Examples include the family of mucin-like glycoproteins and members of the large family of trans-sialidase and 85 kDa glycoproteins in T. cruzi [163, 164], VSG and procyclin in T. brucei [165], and the major surface proteins of several Leishmania species [166]. These proteins are fundamental to parasite virulence and host immune system evasion, and the addition of GPI to these proteins is essential to ensuring their exit from the ER and their incorporation into the plasma membranes [167].




      In most eukaryotes, proteins synthesized in the ER are properly folded by different molecular chaperones and folding-facilitating enzymes. A major ER luminal chaperone family of binding proteins (BiPs) [168] is also present in trypanosomes [169]. Moreover, the binding of BiPs to nascent polypeptides contributes to efficient and unidirectional transport inside the ER because they interact with the Sec61 translocon in the ER membrane [170]. In higher eukaryotes, secreted proteins usually undergo N-glycosylation, an important step in proper control of protein folding. This process is assisted by calnexin and/or calreticulin lectin chaperones [171]. T. cruzi and T. brucei encode only calreticulin. Furthermore, they lack the Glc3Man9GlncNAc2 that is added to nascent chains, and they therefore use Glc1Man9GlcNAc2 instead [172]. In Leishmania spp., more differences have been observed. For example these parasites synthesize a shorter version of the polyisoprenoid lipid carrier dolichol than mammals, and they lack homologs to several ER luminal glycosyl-transferases [173].




      If improper folding occurs, in the majority of eukaryotes organisms, there are three ER-associated degradation pathways, luminal, membrane and cytosolic [174], which target the protein for proteasomal degradation. These events are part of the unfolded protein response (UPR). In eukaryotic cells, endoplasmic reticulum stress results from a number of factors, such as oxidative stress, nutrient insufficiency, hypoxia, changes in pH and temperature, calcium level disturbances, and failed glycosylation, that can result in the accumulation of misfolded or unfolded proteins, leading to the induction of the UPR [175]. Markers of proteins that are not properly folded include the exposition of hydrophobic regions, unpaired cysteine residues, changes in the glycan code and the increase in BiP activity [172].




      Three important transmembrane ER-resident proteins are involved in the UPR in mammals: a) the endonuclease inositol-requirement 1 (IRE1), b) the activating transcription factor 6 (ATF6), and c) PKR-like ER kinase (PERK). The activation of IRE1 by trans-autophosphorylation promotes the degradation of ER-associated mRNAs [162]. ATF6 activates the transcription of genes that are involved in ER stress, such as genes that encode chaperones, and it also up-regulates proteins related to ER-associated degradation (ERAD), leading to the proteasomal degradation of misfolded proteins [172]. The third protein, PERK, is a protein kinase that when activated, phosphorylates the eukaryotic initiation factor 2 (eIF2), leading to the inhibition of mRNA translation and thereby reducing the level of newly synthesized proteins and decreasing the ER luminal protein burden [173]. Prolonged ER stress can lead to cell death by apoptosis in a process that involves IRE1, ATF6 and PERK mediating the production of common cell death mediator C/EBP homologous protein (CHOP) [176].




      Trypanosomatids lack typical UPR response machinery because they have non-conventional gene expression regulation mechanisms and less transcriptional regulation of individual genes [173]. They do not possess homologs of IRE1, ATF6 and CHOP. Nevertheless, these parasites can respond to improper protein folding because they express BiP, suggesting a minimal capacity for quality control [177]. The trypanosome ER-folding machinery is capable of upregulating alternative mechanisms that can increase folding efficiency in the absence of lectin-N-glycan interaction [178], a typical mechanism that facilitates ER glycoprotein folding.




      A homolog of PERK that phosphorylates eukaryotic initiation factor 2 (eiF2) is present in trypanosomes and has been characterized in T. brucei , T. cruzi, and L. infantum [179-181]. However, this protein, named eIF2K2, is located in the ER only in Leishmania [182], whereas it is localized in the flagellar pocket in T. brucei and the endosomal compartment of T. cruzi. It promotes eiF2 phos-phorylation and the arrest of protein synthesis, similar to its functions in most eukaryotes. Protein synthesis arrest is required for epimastigotes to differentiate into metacyclic trypomastigotes [183], which probably signals changes in gene expression through eIF2 phosphorylation. The signals that induce kinase activation and eIF2 phosphorylation have been recently found to involve the absence of heme in T. cruzi, which links the control of oxidative species to protein synthesis in this parasite [179]. Phosphorylation of eIF2 also occurs via other kinases, one of which is homologous to the general control non-derepressible 2 (GCN2) and is named eIF2K1 and a third kinase (eIF2K3) that responds to extensive heat shock and phosphorylates TATA-binding proteins that are involved in the control of SL RNA transcription in the nucleus [162, 184]. Therefore, despite the lack of a typical UPR response system, the different trypanosomatids have developed the capacity to respond to stress conditions, which ensures their adaptation to new environments and the success of infection.


    




    

      GLYCOSOMES




      All members of Kinetoplastida have organelles that are surrounded by a single bilayer membrane that have peroxisome characteristics [185]. These are designated glycosomes or microbodies. They are approximately 0.2 - 0.3 μm diameter [186] and contain, in addition to typical peroxisome components, enzymes that are involved in glucose and sometimes glycerol metabolism, which usually occur in the cytosol in other organisms [185, 187]. The number and composition of glycosomes is variable among species and across different lifecycle stages. T. cruzi contain approximately 50 glycosomes that are dispersed throughout the cytosol [188], while the bloodstream form of T. brucei has approximately 65 glycosomes. These numbers are smaller than those in L. major, which contain 20 glycosomes in the promastigote stage but only 10 in the amastigote stage. Moreover, the amount of glycosomes in L. major is controlled during the life cycle by processes related to autophagy and that involve glyco-some-containing autophagosomes, which are translocated to lysosomes for degradation [189]. Procyclic T. brucei undergo changes in glycosome compo-sition depending on environmental conditions, such as glucose levels [190, 191]. Approximately 90% of the glycosome content is composed of glycolytic enzymes in bloodstream T. brucei , whereas in the procyclic, this number drops to 40% [188], reflecting the important metabolic changes that occur in this parasite.




      The glycosomes of T. cruzi epimastigotes show a peripheral 75 kDa membrane protein that is abundant in exponentially growing epimastigotes but absent in stationary phase parasites. Other molecules characterized in T. cruzi glycosomes include a pair of integral membrane proteins that are approximately 85-100 kDa in size and that are present only in the stationary phase and two proteins that are 36 and 41 kDa in size. The lipid composition of these organisms is very similar to that in the membranes of whole cells, except for the increased presence of endogenous sterols (ergosterol, 24-ethyl-5,7,22-cholesta-trien-3b-ol) and their precursors [192].




      Glycolysis occurs mainly inside the glycosomes and is an essential event in these organisms. The inhibition of glycolysis in T. brucei bloodstream form results in the loss of motility and the lysis of the cell [193]. The bloodstream form of T. brucei guarantee the production of ATP by obtaining blood glucose through an efficient glycolysis, whereas other trypanosomatids produce energy in the mitochondria via oxidative phosphorylation [194-196]. In T. brucei , for instance, only three glycolytic enzymes are found outside of the glycosome, and they are involved in the conversion of 3-phosphoglycerate (3-PGA) [197]. Moreover, other enzymes involved in several cellular processes are located in these specialized peroxisomes. Examples include components of the gluconeogenic and pentose phosphate pathways, components of pyrimidine biosynthesis and purine salvage, and, similar to the peroxisomes of other eukaryotes, enzymes involved in fatty-acid oxidation and peroxide metabolism and ether-lipids [198, 199]. Furthermore, the biosynthesis of and the ability to synthesize vitamin C is also a function of the T. brucei and T. cruzi glycosomes [200].




      Proteins that constitute the intracellular matrix of glycosomes are generated in the cytoplasm and then imported to the glycosome through a sequence motif called peroxisomal-targeting signal (PTS). Some transporters, which are designed like peroxins (PEX), are responsible for carrying the cargo to the organelle. Approximately 32 PEXs have been identified in animals ranging from yeasts to mammals . In T. brucei and L. donovani, two proteins that are essential for the initial events have been identified and named peroxisomal targeting proteins PEX5 and PEX14 [201-204]. Three other carriers that are homologous to peroxins have been named PEX6, PEX10 and PEX12. These proteins are involved in the final steps of the import process [199]. In addition, isoforms of peroxins, including PEX13.1 and PEX13.2, have been associated with glycosome biogenesis [205]. In the absence of some of these proteins, reduced parasite growth, changes in the size of glycosomes and, in some cases, motility changes and cell death have been observed [206-209].




      Some glycosomal enzymes are regulated by phosphorylation, which allows the control of metabolic flux because changes in nutrition are required throughout the parasite life cycle [210, 211]. Phosphatases PIP39 and PTP1 are involved in this regulation. The absence of PIP39 in the glycosome impairs parasite differentiation, which indicates the importance of compartmentalization to the activity of these enzymes [212]. In addition, T. brucei proteomic data identified more than 98 proteins in procyclic that could be located in the glycosome. This discrimination was possible through the use of advanced techniques, such as epitope-tagged glycosomes and stable isotope labeling in cell cultures [213]. Similarly, 789 proteins were identified in L. donovani glycosomes. Many of them appeared to be involved in metabolic events, such as lipid, carbohydrate and nucleic acid metabolism [214]. The unique compartmentalization inside this organelle is crucial to maintaining the integrity of metabolism-involved enzymes and therefore the infectivity of trypanosomatids [215]. For this reason, a focus has been placed on the design and synthesis of compounds that can inhibit glycosome and control trypanosome growth and infection [216, 217].


    




    

      MEMBRANE TRAFFICKING AND THE GOLGI COMPLEX




      Trypanosomes have a well-defined Golgi apparatus that is involved in the production of the secretory organelles that release soluble and membrane components (cargos) to the flagellar pocket and the lysosomal apparatus [218, 219]. In T. cruzi epimastigotes, a single Golgi complex is located in the perinuclear space of the cell, close to the flagellar pocket [220]. Enriched Golgi fractions isolated from this parasite were shown to contain enzymes that are involved in the formation of O-linked glycoproteins. The presence of a unique polypeptide-α-N-acetyl-glucosaminyltransferase and β-galactosyl transferase, which are involved in the biosynthesis of mucins, is of particular importance because they represent the major surface proteins that are present in all T. cruzi stages [163]. Two genes encode this enzyme [221]. In addition, several enzymes required for the addition and processing of N-glycans and GPI-anchors have been characterized in several Kinetoplastida, and striking differences have been observed between species [222, 223].




      As in most eukaryotes, trypanosomes mediate vesicle transport via several cytosolic (e.g., N-ethylmaleimide-sensitive factor and SNP] and receptor (e.g., soluble NSF Attachment Protein and SNARE) proteins. These include COPI (ER to Golgi) and COPII (Golgi to ER), adaptor proteins (Aps), clathrin, and small GTPases, named Rabs [224]. Several Rabs have been identified and characterized in T. brucei , where they act to promote the formation and fusion of intracellular vesicles [225, 226]. A few of them have been identified in T. cruzi. One of these is TcRab7, a typical component of late endosomes in T. brucei [227] that has also been found to be associated with the Golgi apparatus in T. cruzi epimastigotes [228]. This unusual localization might reflect the specific features of T. cruzi, which contains soluble cargo that originates from endocytosis and that accu-mulates in organelles called reservosomes, which are found in proliferative epimastigote forms [229]. Reservosomes also accumulate recently synthesized forms of the major lysosomal cysteine protease cruzipain, and the inhibition of protease maturation affects the structure of the Golgi and membrane trafficking [230]. In non-proliferating trypomastigotes, membrane traffic is redirected towards the secretory pathway [165, 225, 226]. Trypomastigotes release soluble cruzipain and incorporate larger amounts of GPI-anchored proteins into the parasite surface, such as members of the mucin-like glycoprotein and trans-sialidase families. This transport also involves other Rabs, including a Rab11 homolog that is located in the contractile vacuole of the parasite [231]. Interestingly, T. cruzi trypomastigotes preferentially release vesicles containing major surface proteins, while dividing T. brucei trypomastigotes perform endocytosis and membrane recycling to obtain some nutrients and release bound and damaging antibodies [232].




      Clathrin, a major coat protein that is involved in eukaryotic cell endocytosis, has been described in trypanosomes. In trypanosomes, typical clathrin coats have been visualized and found to be associated with membrane trafficking and endocytosis in vesicles that are connected to the flagellar pocket of different trypanosomes, including T. cruzi [233], T. brucei [234] and L. major [235]. Significant differences in clathrin localization are observed, depending on the parasite stage and the species, and these differences have been found to be associated with differences in their endocytic requirements [236]. Clathrin vesicle coat formation depends on assembly polypeptides (AP) that anchor clathrin to the membrane. Four types of AP complexes have been found in trypanosomes, a smaller number than in higher eukaryotes. The absence of AP2 in T. brucei is probably related to the unique endocytic recycling of VSG observed in this parasite [237].




      Therefore, the different adaptations observed in membrane trafficking are certainly vital to the survival of the parasite under different environmental condi-tions. It remains to be determined how membrane trafficking is differentially regulated and what mechanisms control sorting to the plasma membrane or intracellular organelles.


    




    

      LYSOSOMES AND ACIDIC ORGANELLES




      Lysosomes are digestive organelles that represent the final destination of the endocytic pathway. They contain acidic hydrolases and unique proteins that are involved in the organelle acidification. The lysosome is well characterized in T. brucei by the presence of the protein p67, which contains dileucine motifs in its C-terminus and faces the cytosol, as found in the lysosomal-associated membrane protein (LAMP) of mammalian cells [238]. p67 colocalizes with T. brucei cysteine protease, also called trypanopain [239], which corresponds to the cruzipain in T. cruzi that has been found in multiple vesicles in epimastigotes [179]. The characterization of lysosomes in other trypanosomes is, however, less clear. A p67 lysosomal protein homolog is present in T. cruzi in not fully acidic organelles known as reservosomes. Reservosomes are most like endosomal structures that accumulate proteins in T. cruzi epimastigotes and that probably represent immature lysosomes [240]. Trypanosomes also present acidic organelles known as acidocalcisomes. We will describe these structures separately because they have specific roles.




      

        Reservosomes




        Reservosome morphology varies according to environmental conditions and the strain of T. cruzi [241]. Unlike lysosomes, the reservosome lumen presents a pH of 6.0, which is maintained by a P-type H+ adenosine triphosphatase [242]. It contains several hydrolases, including cruzipain [243]. Therefore, it seems to have a lysosomal function, and some authors have referred to them as pre-lysosomes. Reservosomes can also be considered late endosomes, but it was shown that TcRab7, a common marker of late endosomes, is absent in this organelle [244]. Hundreds of proteins have been detected in purified reservosomes using mass spectrometry. Among these are the expected hydrolytic enzymes, proton pumps and transporters [244]. The Rab11 GTPase, which is involved in vesicle recognition and fusion, has also been found in reservosomes [245]. Reservosomes contain proteins that are associated with the secretory pathway, indicating that this organelle combines storage and degradation functions. Reservosomes accumulate molecules by ingestion via fluid-phase endocytosis, which are substrates for homeostasis and parasite differentiation. Reservosomes also store heme [246] and contain several lipid inclusions that are rich in sterols [247]. For these reasons, they can appear in transmission electron microscopy as large electron-dense structures or empty vesicles that contain intramembranous structures, depending on the environmental conditions. Importantly, reservosomes are degraded during differentiation from the epimastigote form to the metacyclic trypomastigote form [248]. Inversely, when a trypomastigote differentiates into a replicative epimas-tigote form, reservosome appear to originate from the Golgi apparatus [241].


      




      

        Acidocalcisomes




        Acidocalcisomes are also lysosome-related organelles that accumulate calcium and phosphorus compounds in the form of pyrophosphate (PPi) and poly-phosphate (polyP), which are complexed with other cations. These organelles were initially described in trypanosomatids [249, 250] and later found to be conserved in organisms ranging from bacteria to humans cells [251].




        Acidocalcisomes appear as an empty vacuole with small electron-dense punctae under conventional electron microscopy [252, 253]. In trypanosomatids, they are easily detected by staining the cells with dyes such as acridine orange [250] and cycloprodigiosin [254] or by the presence of polyP, which can be observed under a fluorescence microscope using 4',6-diamidino-2-phenylindole (DAPI), a common DNA stain [255, 256]. The organelles are generally spherical and have a mean diameter of 0.2 μm in T. cruzi and T. brucei [252, 257] and 0.6 μm in some Leishmania species [258, 259]. They are randomly distributed throughout the cells, some of them localized in proximity of the contractile vacuole [251]. T. cruzi amastigotes contain more acidocalcisomes than epimastigotes and trypomastigotes [252], and in L. major, amastigotes and stationary promastigotes present more acidocalcisomes than replicative promastigotes [260]. In T. brucei , acidocalcisomes are more abundant in the procyclic form than in the bloodstream form [257].




        Trypanosome acidocalcisomes contain high concentrations of polyP, a polymer of inorganic phosphate (Pi) that ranges in length from a few to several hundred residues [261]. PolyP is essential for the responses of trypanosomatids to different stress conditions. For example, they are associated with the ability to respond to osmotic or nutritional stresses and their function can be implicated in the parasite virulence [262, 263]. In fact, because trypanosomes alternate between different hosts they are exposed to extreme changes in osmolarity [251]. For example, hydrolysis, or the synthesis of polyP occurs under conditions of hyposmotic or hyperosmotic stress in T. cruzi epimastigotes [264] and conditions involving changes in ionic concentrations in L. major promastigotes [265, 266].




        The osmotic regulation in trypanosomes requires aquaporin, a water channel protein that is present in acidocalcisomes membranes and the contractile vacuole complex (CVC) [267]. CVCs are present in both Leishmania and T. cruzi [266, 268]. It is proposed that in T. cruzi epimastigotes that are exposed to hyposmotic stress, the acidocalcisomes swell and fuses with the CVC allowing aquaporin translocation to extrude the accumulated water [269]. The fusion process is controlled by the small GTPases of the RAB family, particularly TcRab32, a protein that also modulates the trafficking of proteins during acidocalcisome biogenesis [268].




        Trypanosomes express four enzymes that are related to the target of rapamycin (TOR) kinases. One of these, TOR3 or TOR-like 1 kinase, has been found to be also involved in the osmotic regulation control in T. brucei [270] and L. major [271]. RNAi against TOR3 in T. brucei for example, led to growth arrest, the formation of larger acidocalcisomes, the accumulation of polyP and PPi, and increased sensitivity to hyperosmotic conditions [270]. L. major TOR3 knockout mutants had smaller acidocalcisomes that contained less polyP, and the knockout parasites were less responsive to hyposmotic stress [271]. These data suggest that TOR3 may play different roles in acidocalcisome functions in each parasite [266].




        In addition, acidocalcisomes also function as a cation storage organelle by presenting the elements O, Na, Mg, P, K, Ca and Zn. Iron was also found in these organelles in T. cruzi trypomastigotes and in L. amazonensis promastigotes that were cultivated in complex media [251]. Free amino acids are also present in acidocalcisomes, where they predominantly (90%) contained arginine and lysine [272].




        The acidocalcisome matrix contains a polyphosphate kinase [264], an exopolyphosphatase [273, 274], an inorganic pyrophosphatases (VSP1) [262, 263, 275] and a metacaspase [276]. Trypanosome acidocalcisomes membranes contain several pumps. Among these, there are two proton pumps, which are important for the acidification of acidocalcisome. One is the multi-subunit vacuolar type H+-ATPase (V-H+-ATPase), which is sensitive to bafilomycin A [249, 250]. The other is the vacuolar proton pyrophophatase (V-H+-PPase or VP1), which uses PPi instead of ATP as an energy source [277, 278]. These enzymes are required for growth [279], and they allow trypanosomes to recover after external pH changes [251, 280].




        Acidocalcisomes are also involved in calcium signaling, which is necessary for host cell invasion by trypanosomes [281]. A calcium pump (Ca2+-ATPase) of the PMCA-type that is sensitive to vanadate and is involved in calcium uptake was characterized in the acidocalcisome membranes of both T. cruzi [250] and T. brucei [249]. In T. brucei , RNAi of the Ca2+-ATPase decreased the levels of calcium in acidocalcisomes, affecting cell growth [282]. Recently, an inositol 1,4,5-trisphosphate receptor (IP3R), the primary target for the initiation of intracellular Ca2+ signaling in most eukaryotic cells was identified in the acidocalcisomes of T. brucei [283]. The ablation of the T. brucei IP3R using RNAi resulted in a significant reduction in IP3-mediated Ca2+ release in trypanosomes, defects in growth and reduced virulence in mice [283]. While IP3R is localized to the ER in eukaryotes, T. cruzi IP3R was also detected in acidocalcisomes [279, 284]. Knockouts of TcIP3R resulted in the deficient growth of epimastigotes and amastigotes, deficient metacyclogenesis, and deficient host cell invasion by T. cruzi trypomastigotes and was associated with reduced Ca2+release upon their attachment to host cells and defects in virulence in vivo [281, 284].




        Fig. (2) illustrates the major organelles approached in this chapter present in the replicative and non-replicative forms of T. cruzi .


      


    




    

      CONCLUDING REMARKS




      From the nucleus to the flagellum, and including intracellular traffic and energy generator organelles, these organisms present unique features. Many of these have been described in this chapter, and these include: a) the presence of a bipartite nucleolus, b) the condensation of chromatin only into 10-nm fibers; c) the presence of unusual chromatin regulatory mechanisms for gene expression and base J; d) the presence of the flagellum and the flagellar pocket coordinated with the cell cycle and morphogenetic adaptations in different species; e) unconventional mechanisms for the secretion of GPI-anchored proteins and the biosynthesis of glycoproteins; f) the presence of unique organelles called glycosomes, which are involved in glucose metabolism; g) the presence of exclusive and ramified mitochondria, which contain the genetic material in kinetoplast; and h) unique mechanisms for the control of membrane trafficking that contribute to parasite adaptation.
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Fig. (2))


      Schematic representation of the major organelle in the replicative (epimastigote) and infective and non-replicative (trypomastigote) forms of T. cruzi. The central boxes indicate the different characteristics of each of these forms. The nucleus is shown in blue, and the heterochromatin is highlighted in dark blue. The mitochondrion is shown in pink. The glycosomes are shown in orange/yellow, the acidocalcisomes are shown in magenta, the Golgi apparatus is shown in purple, the ER is shown in light brown, and the lysosomes and reservosomes are shown in green. The figure also indicates the location of the nucleolus (Nu), the kinetoplast (k), the flagellar pocket (fp) and the cytostome (Cy). The blue lines in the flagellum correspond to the microtubule arrays, the red arrows indicate exocytic traffic, and the black arrows indicate endocytic traffic.



      These unusual features provide valuable insights into how each species evolved and how they differentiate during their life cycles to increase their fitness. In the case of parasitic species, the different adaptions that are observed reflect the diverse strategies used by these species during survival and transmission. Therefore, increasing our understanding of these mechanisms provides us with new perspectives from which we can better address each disease.
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          	3-PGA



          	3-phosphoglycerate

        




        

          	AP



          	Assembly polypeptides

        




        

          	ATF6



          	Activating transcription factor 6

        




        

          	ATP



          	Adenosine triphosphate

        




        

          	BDF



          	Bromodomain factor

        




        

          	BiPs



          	Binding proteins

        




        

          	Ca2+-ATPase (PMCA)



          	Plasma membrane calcium ATPase
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          	Chromatin Imunopreciptation

        




        

          	CHOP



          	C/EBP homologous protein
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          	Coated vesicle membrane protein

        




        

          	COX



          	Cytochrome oxidase

        




        

          	CVC



          	Contractile vacuole complex

        




        

          	Cytb



          	Cytochrome b

        




        

          	DAPI



          	4',6-diamidino-2-phenylindole

        




        

          	DOT



          	Disruptor of telomeric silencing

        




        

          	eIF2



          	Eukaryotic initiation factor 2

        




        

          	ER



          	Endoplasmic Reticulum

        




        

          	ERAD



          	Endoplasmic reticulum associated degradation

        




        

          	ESAG



          	Expression site-associated gene

        




        

          	FG



          	Phenylalanine-glycine

        




        

          	GCN2



          	General control non-derepressible 2

        




        

          	GPI



          	Glycosylphosphatidylinositol

        




        

          	IP3R



          	Inositol 1,4,5-trisphosphate receptor

        




        

          	IRE1



          	Endonuclease inositol-requirement 1

        




        

          	JBP



          	J Binding Protein

        




        

          	kDNA



          	Kinetoplast DNA

        




        

          	LAMP



          	Lysosomal-associated membrane protein

        




        

          	mrIF2



          	Mitochondrial initiation factor 2

        




        

          	NPC



          	Nuclear Pore Complex

        




        

          	NSF



          	N-ethylmaleimide sensitive factor

        




        

          	Nup



          	Nucleoprotein

        




        

          	PERK



          	PKR-like ER kinase

        




        

          	PEX



          	Peroxins

        




        

          	PFR



          	Paraflagellar rod

        




        

          	PFR1



          	Paraflagellar rod protein 1

        




        

          	PFR2



          	Paraflagellar rod protein 2

        




        

          	Pi



          	Inorganic phosphate

        




        

          	PolyP



          	Polyphosphate

        




        

          	PPi



          	Pyrophosphate

        




        

          	PTM



          	Post-translational modifications

        




        

          	PTP1



          	Protein-tyrosine-phosphatase

        




        

          	PTS



          	Peroxisomal-targeting signal

        




        

          	RNAi



          	RNA interference

        




        

          	SL



          	Spliced Leader

        




        

          	SNARE



          	Soluble N-ethylmaleimide-sensitive factor attachment protein receptor

        




        

          	SNP



          	Small Nucleolar-activating protein complex

        




        

          	TOR



          	Target of rapamycin

        




        

          	TzCRK



          	T. cruzi CDK-like

        




        

          	UPR



          	Unfolded protein response

        




        

          	V-H+-ATPase



          	Vacuolar type H+-ATPase

        




        

          	V-H+-PPase or VP1



          	Vacuolar proton pyrophosphatase

        




        

          	VSG



          	Variant surface glycoprotein

        




        

          	VSP1



          	Type 1 soluble pyrophosphatase
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