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Abstract

Reservosomes are the endpoint of the endocytic pathway in Trypanosoma cruzi epimastigotes. These
organelles have the particular ability to concentrate proteins and lipids obtained from medium
together with the main proteolytic enzymes originated from the secretory pathway, being at the same
time a storage organelle and the main site of protein degradation. Subcellular proteomics have been
extensively used for profiling organelles in different cell types. Here, we combine cell fractionation
and liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis to identify
reservosome-resident proteins. Starting from a purified reservosome fraction, we established a
protocol to isolate reservosome membranes. Transmission electron microscopy was applied to
confirm the purity of the fractions. To achieve a better coverage of identified proteins we analyzed
the fractions separately and combined the results. LC-MS/MS analysis identified in total 709 T.
cruzi-specific proteins; of these, 456 had predicted function and 253 were classified as hypothetical
proteins. We could confirm the presence of most of the proteins validated by previous work and
identify new proteins from different classes such as enzymes, proton pumps, transport proteins and
others. The definition of the reservosome protein profile is a good tool to assess their molecular
signature, identify molecular markers, and understand their relationship with different organelles.
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INTRODUCTION

The protozoan parasite Trypanosoma cruzi, the etiologic agent of Chagas’ disease, has a
complex life cycle, which includes three different developmental stages [1]. Like other
eukaryotic cells, T. cruzi needs to ingest macromolecules by endocytosis, which constitutes
one of the main challenges during its life cycle. In T. cruzi, significant nutrient uptake takes
place only in epimastigotes and is low or absent in both trypomastigotes and amastigotes [2].
Epimastigotes can ingest exogenous macromolecules by the flagellar pocket and mainly by the
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cytostome [3,4]. From the entry sites, endocytic vesicles bud off and fuse with branched
tubular-vesicular early endosomes. Subsequently, the macromolecules are delivered to T.
cruzi storage organelles, the reservosomes [4].

Reservosomes are the main site for the storage of ingested proteins and lipids, as well as of
secretory proteins synthesized by the protozoan [2,5]. Based on characteristics found in
mammalian lysosome-related organelles (LROs) [6], we recently proposed that T. cruzi
reservosomes are members of the LRO group [7]. They have been considered as pre-lysosomal
organelles due to the absence of bona fide lysosomal molecular markers and to pH evaluation
at 6.0 [8]. Reservosomes are round organelles (average diameter of 400 — 600 nm) surrounded
by a membrane and mainly localized at the posterior region of epimastigotes. The core of the
organelles is composed of an electrondense protein matrix and electronlucent lipid inclusions
[2]. Recently, we have demonstrated the presence of inner membranes and described unusual
rod-shaped bodies, which are presumably lipids [9]. We have also determined the presence
and distribution of transmembrane proteins in the organelle membranes by freeze-fracture.
Furthermore, we have described organelles that share typical reservosome properties in
trypomastigotes and amastigotes, also characterized as LROs [7]. This finding has inferred that
the reservosomes may be a potential chemotherapy target against Chagas’ disease.

Few proteins have been identified and characterized in reservosomes. Among them, there are
two lysosomal proteases, cruzipain [8,10,11] and serine carboxipeptidase [7,12]. Due to the
concentration of these proteases, reservosomes have been hypothesized to be the main site of
protein degradation. Chagasin, a tight-binding natural inhibitor of cruzipain, was also localized
in the reservosomes, suggesting modulation of proteolytic activity inside the organelle [13].
In addition, two P-type H*-ATPase isoforms (TcHA1 and TcHA2), usually found in the plasma
membrane of plant and yeast cells [14], were shown to be responsible for generating the acidic
character of reservosomes [15]. Unexpectedly, TcRab11, a homologue of mammalian rabl11,
generally found in recycling endosomes [16] was also suggested to be localized in the
reservosomes [17].

Even though some reservosome proteins have been identified, a molecular marker for this
organelle has not yet been characterized. Seeking a better understanding of the function of this
organelle and the determination of possible molecular markers, we performed a comprehensive
subcellular proteomic analysis of the purified epimastigote reservosome fraction by liquid
chromatography-tandem mass spectrometry (LC-MS/MS).

MATERIALS AND METHODS

Parasites

T. cruzi epimastigotes from the Dm28c clone were cultivated for 4 days at 28°C in liver infusion
tryptose (LIT) medium [18] supplemented with 10% fetal calf serum.

Reservosome fractionation

The reservosome fraction was obtained according to [11]. Briefly, epimastigotes in TMS buffer
(20 mM Tris-HCI, pH 7.2, 2 mM MgCl, 250 mM sucrose) were disrupted by sonication on
ice, in an ultrasonic apparatus (Sigma, GEX 600 Model) using a standard probe. After
centrifugation at 2,450g for 10 min, the supernatant was mixed with an equal volume of 2.3
M sucrose in TMS buffer, deposited into a Beckman SW28 centrifuge tube, overlaid with 10
mL of 1.2 M, 10 mL of 1.0 M and 5 mL of 0.8 M sucrose (in TMS buffer) and centrifuged at
97,000 g for 150 min. The interface 0.8 M/1.0 M was collected, diluted in TMS buffer and
centrifuged at 120,000g for 30 min. The pellet, named B1 reservosome fraction, was
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resuspended in TMS, characterized by transmission electron microscopy (TEM) and submitted
to LC-MS/MS.

Isolation of reservosome membranes

Isolated reservosome fraction (B1) was disrupted by 5 cycles of freezing in liquid nitrogen and
thawing in a water bath at 37°C. Subsequently, the sample was extracted with 200 mM sodium
carbonate, pH 11.5, at 4°C for 30 minutes, under mild agitation. The membrane fraction (B1M)
was obtained by centrifugation at 120,000g for 2 h at 4°C, characterized by TEM and submitted
to LC-MS/MS.

Transmission electron microscopy

Isolated fractions were processed according to [11] and embedded in Epon. Ultrathin sections
were stained with uranyl acetate and lead citrate and examined in a Jeol 1200EX electron
microscope.

Protein digestion and peptide fractionation

Total proteins from B1 and B1M fractions were digested with trypsin (TU strategy) or with
trypsin and endoproteinase Glu-C (TG strategy). For the TU strategy, the proteins were
digested as described [19]. For the TG strategy, samples were digested with the same procedure
as for the TU strategy but, after the trypsin digestion, two micrograms sequencing-grade
endoproteinase Glu-C were added, and the reaction was allowed to proceed for 24 h at 37°C.
The reaction was terminated by adding 0.05% trifluoroacetic acid (TFA), and the digested
proteins were desalted using reverse-phase ZipTip columns (POROS R2 50, Applied
Biosystems, Foster City, CA) as described [20]. The resulting peptides were fractionated in a
strong cation-exchange (SCX) SCX ZipTip (POROS HS 50, Applied Biosystems) by eluting
with increasing concentrations of NaCl (25, 50, 100, 200, and 500 mM) [21]. The peptide
fractions were dried to remove the acetonitrile (ACN) and desalted in reverse-phase ZipTips.

Liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis

The LC-MS/MS analysis was performed in a electrospray ionization-linear ion-trap mass
spectrometer (ESI-LIT-MS) equipped with a nanospray source (LTQXL, Thermo Fisher
Scientific, San Jose, CA). Each SCX fraction was resuspended in 20 ul 0.05% TFA, and 8-pl
aliquot from each sample was loaded onto a C18 trap column (0.25 uL C18, OPTI-PAK.
Oregon City, OR). Tryptic peptide separation was performed on a capillary reverse-phase
column (Acclaim, 3-um C18, 75 um x 25 cm, LC Packings/Waters, Amsterdam, The
Netherlands) connected to a nanoHPLC system (nanoLC 1D plus, Eksigent, Dublin, CA). The
peptides were eluted using a linear gradient from 0 to 40% ACN in 0.1% FA for 200 min and
directly analyzed in the ESI-LIT-MS. MS spectra were collected in centroid mode in the 400
to 1700 m/z range, and the five most abundant ions of each spectrum were subjected twice to
collision-induced dissociation (CID) using 35% normalized collision energy, before dynamic
exclusion for 120 sec.

Database search and peptide identification/validation

MS/MS spectra from peptides with 600-3500 Da and at least 100 counts and 15 fragments
were converted into DTA files using Bioworks v.3.3.1 (Thermo Scientific). The DTA files
were submitted to a database search using TurboSequest [22] (available in Bioworks) against
a database composed of T. cruzi, bovine, human keratin and porcine trypsin sequences
(downloaded March 171, 2008 from GenBank), in the forward and reverse orientations,
forming a dataset of 191,762 sequences. Database search parameters included: i) trypsin or
endoproteinase Glu-C cleavage in both peptide termini with one allowed missed cleavage site;
ii) carbamidomethylation of cysteine residues as a fixed modification; iii) oxidation of
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methionine residues as a variable modification; and iv) 2.0 Da and 1.0 Da for peptide and
fragment mass tolerances, respectively. The following filters were applied in Bioworks: DCn
> 0.085; protein probability <1E-3; consensus score; and Xcorr >1.5, 2.2, and 2.7 for singly-,
doubly-, and triply-charged peptides, respectively. The false-positive rate (FPR) was calculated
as previously described [21].

Bioinformatic analysis of identified protein sequences

RESULTS

All valid T. cruzi-specific protein sequences were compared to sequences deposited in the
GenBank using the Blast tool (http://www.ncbi.nlm.nih.gov/BLAST/). Gene ontology (GO)
annotation was assigned by similarity searches against the Swiss-Prot and TrEMBL databases
(invertebrate taxonomy, which includes all eukaryotic entries, except those from vertebrates,
fungi, and plants) using GOblet tool [23], which is available online at
http://goblet.molgen.mpg.de. Only GOs from proteins with evalues <1e-10 for database search
were accepted. This analysis was performed on October 39, 2008. The sequences were also
analyzed to determine potential transmembrane domains using the TMHMM server v2.0
software (http://www.cbs.dtu.dk/servicess/TMHMM-2.0/).

Ultrastructure of isolated reservosomes and their isolated membranes

In order to identify reservosome-resident proteins, we initially purified reservosomes to obtain
the intact organelles (B1). Subsequently, we established a new protocol to isolate reservosome
membranes. Isolated organelles were disrupted by freezing and thawing, the associated proteins
were removed with sodium carbonate buffer, and the membrane (B1M) fraction was recovered
by centrifugation. To assess the purity and preservation of isolated fractions, B1 and BIM
fractions were analyzed by TEM (Fig. 1b,c). The B1 fraction displayed intact reservosomes
with a characteristic morphology observed for in situ reservosomes (Fig. 1a). Some disrupted
organelles were also visualized, as previously reported by Cunha-e-Silva and co-workers
[11], probably due to the fractionation procedures. While examining several randomly
collected ultrathin sections, the presence of other structures such as mitochondria, kinetoplast,
endoplasmic reticulum cisternae, glycosomes, acidocalcisomes, nuclei or flagella were not
detected, thus indicating that the preparation was virtually free of these contaminating
organelles (data not shown). The B1M fraction showed highly purified total reservosome
membranes (Fig. 1c) because no intact organelle was detected. The B1 and B1M fractions were
then separately subjected to LC-MS/MS analysis.

Identification of reservosome proteins by LC-MS/MS

B1 and B1M fractions were digested with two distinct strategies: i) trypsin, with urea as a
denaturing agent (TU), and ii) double digestion with trypsin and endoproteinase Glu-C (TG).
After digestion, resulting peptides were fractionated by SCX chromatography, analyzed LC-
MS/MS, and submitted to search through a database containing forward and reverse sequences
of T. cruzi, bovine, keratin and porcine trypsin sequences. The FPR was determined as
described in the Materials and Methods. Our data were validated with a FRP = 2.41%. Figure
2 shows a schematic summary of the approach used in our analyses.

In total, LC-MS/MS data allowed the unambiguous identification of 869 proteins, with 709
being T. cruzi-specific proteins and 160 as proteins from the culture medium and contaminants
from the sample preparation (see complete list in Supplementary Table 1). In the case of T.
cruzi, 456 proteins were assigned as having a predicted function, and 253 were assigned as
having an unknown function or being hypothetical proteins. Of these proteins, cruzipain [8,
10, 11], serine carboxipeptidase [7, 12], ABC transporters [24], and a protein tyrosine
phosphatase [25] have already been previously described to be present in reservosomes. Our
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proteomic analysis of reservosomes allowed the identification of a novel isoform of P-type
H*-ATPase, TcHA3. We also confirmed the presence of TcHAL and TcHAZ2, the other proton
pump described in reservosomes [15]. We could identify several additional hydrolases, such
as cysteine peptidases, a-mannosidases, acid phosphatase, acid phosphatase 2, calpain cysteine
peptidases, lipase, and serine carboxypeptidase S28. In addition, a calcium translocation pump
and calcium-binding proteins were found. A chloride channel protein, also identified in
mammalian endosomes [26], was detected. Members of the ABC family, which act in lipid
metabolism [27], also appeared, as well as a P-glycoprotein. Surprisingly, a multidrug
resistance (MDR) protein was identified. An interesting finding was the presence of p67, a
glycoprotein molecular marker of T. brucei lysosome [28]. In addition, we detected a
glycoprotein, which thus far has an undefined function, which is also present in the Golgi
complex and lysosomes.

In our analysis, the reservosomes exhibited endosomal integral membrane proteins and proteins
involved in vesicular traffic, such as COP-coated vesicle membrane proteins erv25 and gp25L,
mu-adaptin 1, huntingtin-interacting protein (HIP), vesicle-associated membrane proteins
(VAMPs), and the GTP-binding proteins Rabl, Rab2a, Rab7, and Rab18.

Also, our reservosome proteomic data showed proteins related to lipid metabolism, including
sterol 24-c-methyltransferase, fatty acyl CoA synthetase, phospholipid-translocating ATPase,
C-8 sterol isomerase, fatty acyl CoA syntetase 1, and phosphatidylcholine:ceramide
cholinephosphotransferase, which suggests that these organelles play a role in lipid synthesis
in addition to storing lipids ingested by the endocytic pathway [11]. We also found enzymes
that act as regulators of signal transduction pathways in most eukaryotic cell types, e. g., protein
tyrosine phosphatase, regulatory subunit of protein kinase A, casein kinase, MCAK-like
kinesin, activated protein kinase C receptor, protein kinase, and serine/threonine protein kinase.

Transmembrane proteins from the plasma membrane, such as dispersed gene family protein 1
(DGF-1), ferric reductase, hexose transporter, folate/pteridine transporter and GPl-anchored
p63, were identified in the reservosome proteome, confirming a membrane-trafficking
relationship between the plasma membrane and reservosomes. We also identified cytoskeleton
components essential for vesicular traffic, among other functions, such as alpha and beta
tubulin, cytoskeleton-associated protein CAP5.5, actin, and cofilin/actin depolymerizing
factor.

Other proteins that were detected can be characterized as non-reservosomal, including
mitochondrial, glycosomal or flagellar proteins. This suggests a functional relationship
between the organelles, a recycling process of these proteins in the reservosomes, or a possible
contamination, commonly observed in subcellular fractionation protocols. However, only very
few of these presumed contaminants are transmembrane proteins, thus suggesting a low level
of contamination with other organelle membranes. Predictably, we could also identify bovine
serum proteins, which are supposed to be derived from the culture medium and likely reached
the reservosomes by an endocytic process.

Gene ontology analysis

In order to understand their function and to identify processes related to reservosomes, we
performed gene ontology (GO) annotation of all proteins identified in the proteome analysis
(Fig. 3 and Supplemental material 1). Catalytic activity was prevalent in the reservosome
molecular function. Reservosomes are also rich in proteins involved in binding and hydrolase
activity. Proteins found in the reservosome proteome are involved in transporter, carrier and
ion-transporter activities, each representing about 12% of the proteins identified. Our analysis
found significant relationships to nucleotide-binding, transferase activity, ion-binding, and
oxidoreductase activity. A large number of reservosomal proteins were related to metabolism
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as well as to physiological and cellular processes. Membrane localization of the proteins
identified by LC-MS/MS analysis was remarkable. Reservosome proteins were also predicted
to be localized in the proton-transporting complex.

DISCUSSION

Subcellular proteomics have been extensively used to identify the molecular composition of
several cytoplasmic organelles and has been considered an effective approach to understand
cellular processes and integrated cell function. It takes advantage of the subcellular
fractionation strategies, which are based on sequential and/or density-gradient centrifugation,
allowing the separation of different population of organelles based on their size, density and
charge, in combination with mass spectrometry analysis [29]. This strategy greatly reduces
sample complexity in comparison with whole cell proteomic analysis.

Sub-cellular fractionation methodologies have been widely employed in protozoan parasites
[30] in order to carry out parasite-specific organelles characterization and understand their role
in parasite cell biology. These organelles have particular interest since their absence in higher
eukaryotes may comprise a potential chemotherapeutic target against human and animal
parasitism. By centrifugation in a sucrose gradient, our group reported an accurate and
reproducible protocol to obtain a highly purified T. cruzi epimastigote reservosome fraction
[11]. Afterwards, the same protocol was successfully used to measure proton transport in
isolated reservosomes [15]. The purity of the fraction was assessed using three strategies: (i)
enzymatic assays by means of enzymes recognized as markers of cell organelles in mammal
cells and protozoa such as acid phosphatase (lysosomes), hexokinase (glycosomes), vacuolar
H*-pyrophosphatase (acidocalcisomes) and succinate-cytochrome c reductase (mitochondria);
(i) Western blot, using antibodies against cruzipain (reservosomes) and
lipopeptidephosphoglycan (plasma membrane) and (iii) ultrastructure analysis by transmission
electron microcopy, a powerful mean for judging the efficiency of the method. In conclusion,
we could essentially assure the high degree of purity and reproducibility of the reservosome
fraction obtained.

Taking advantage of efficiency of the cell fractionation of reservosome [11], we isolated for
the first time a highly purified reservosome fraction from Dm28c epimastigotes (Fig. 1b). In
addition, to enrich the membrane protein identification and avoid the contamination of the
proteomic analysis with a great number of medium-derived peptides, we developed a
methodology to purify total reservosome membranes (Fig. 1c). Our morphological analysis
did not allow discrimination between reservosome-surrounding membranes and membranes
derived from inside the organelle. Reservosomes had been described as an organelle where
few or no inner membranes were seen [2]. However, we have recently demonstrated, using
different electron microscopy approaches, the presence of vesicles and planar membranes in
the lumen of reservosomes [9]. Nevertheless, the composition and function of these structures
need to be clarified and are objects of our studies. Intending to achieve better proteome profiling
of reservosomes, we used both B1 and B1M fractions in our proteomic analysis.

Proteomic analysis of B1 and B1M fractions led to the identification of 709 T. cruzi-specific
proteins. Several identified proteins are expected components for endocytic organelles, which
interact and fuse with vesicles coming from the secretory pathway and/or the plasma membrane
as part of the endocytic process.

We also found cytoskeleton proteins, as did other proteomic analyses of T. cruzi subcellular
fractions [31]. Since the pool of unpolymerized tubulin is very small in epimastigote forms
[32], this finding may represent an association of reservosomes with microtubules, which are
responsible for traffic and intracellular organelle positioning.
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Rab 1, Rab 2a, Rab 7, and Rab 18, small GTPases of the Rab family, which are crucial regulators
of vesicle traffic in endocytic and secretory pathways [33], were another important class of
proteins found in our proteomic analysis. Rab 1 and Rab 2 have been implicated in the transport
from the ER to the Golgi complex [34]. Orthologues of mammalian Rab 1 and Rab 2 were
characterized in T. brucei [35], and it was shown that TbRab1 and ThRab2 play a role in the
early events of the secretory pathway, suggesting a conserved function. Rab 7 has been regarded
asamediator of early to late endosome transport [36], and evidence has accumulated suggesting
that Rab 7 may work in the transport from late endosomes to lysosomes [37]. In Leishmania
[38] and T. brucei [39], the orthologue of mammalian Rab 7 was localized in the endosomal/
lysosomal system. Surprisingly, T. cruzi Rab 7 was found in high concentration in the Golgi
complex by ultrastructural localization [40]. Our analysis detected TcRab 7 in the reservosome
proteome, which suggests a possible role of this small GTPase in the membrane traffic between
Golgi complex/reservosomes. Unexpectedly, TcRab 11, previously suggested to be localized
in the reservosomes [17], was not detected in our proteomic analysis. The suggestion of
TcRab11 localization in reservosomes was based exclusively on immunofluorescence images.
No further confirmation by immunoelectronmicroscopy or western blot using isolated
reservosome fraction was published since then. We cannot exclude that the absence of this
protein in reservosome proteomic profile be a consequence of sample preparation, but this
possibility does not seem to be probable, as sample processing did not affect other Rab proteins.

While mammalian Rab 18 has been involved in endocytic transport and in association with
lipid droplets [41], T. brucei Rab 18 seems to function in Golgi transport [42]. The presence
of Rab18 in the reservosome proteomic profile may point to its role in the mobilization of the
abundant lipid storage [9,11], similar to Rab18 function in adipocytes [41]. Undoubtedly, the
presence of several Rab proteins associated with reservosomes argues for the dynamic nature
of this organelle and is compatible with the nature of a LRO [7] with a secretory character,
sending molecules to other cytoplasmic compartments or the extracellular medium, while
simultaneously receiving molecules from their cell “progenitors” [43], the Golgi complex, and
endocytic pathway [44]. Furthermore, proteins that belong to the fusion machinery, such as
syntaxyn, NSF, SNAP and others whose genes were found in the T. cruzi genome, were not
identified during our analysis. This virtual absence may be justified by the low level of protein
expression, differences in the sequences from different strains (the T. cruzi genome project
was carried out with the CL Brener strain, while we used the Dm28c clone), or protein
modifications that cannot or are difficult to be identified by LC-MS/MS. We also cannot
exclude the possibility of losing this sort of protein during the subcellular fractionation
procedure.

We also found isoforms of ABC transporters that, in mammalian cells, work in lipid
metabolism, and P-glycoprotein (Table 1). Recently, our group reported the intracellular
trafficking of heme [45]. Using a specific inhibitor, cyclosporin A, it was hypothesized that a
P-glycoprotein transporter is likely to be the responsible for heme transport through the plasma
membrane. In addition, heme is stored in reservosomes, probably by the action of a second
transporter. The identification of P-glycoprotein in the proteomic profile of reservosomes
reinforces this hypothesis. Moreover, reservosomes store high levels of neutral lipids, such as
cholesteryl esters [11], as a result of the endocytic process. The high concentration of lipids in
the reservosome lumen seems to be involved in the formation of rectangular lipid bodies [9].
Like in mammals, ABCA1 could serve to control the rate of exogenous cholesterol internalized
into early and late endosomes, back to plasma membrane or, yet, out of the cell [27].

LC-MS/MS analysis confirmed the reservosomal localization of cruzipain and its inhibitor
chagasin and serine carboxypeptidase, shown by previous works to be present [7,10,13] and
functional [11,12] in reservosomes. Novel hydrolases were found, such as lysosomal a-
mannosidase, cysteine proteases, calpain cysteine peptidase, cysteine protease C, and
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membrane-bound acid phosphatase. Interestingly, in a previous paper, acid phosphatase was
not detected in reservosomes by ultrastructural cytochemistry. Based on the absence of this
enzyme and other lysosomal structural proteins, reservosomes were classified as non-
lysosomal endocytic organelles [8]. Recently, a typical lysosome enzyme, aryl sulphatase, was
shown to be functional in epimastigote small vesicles but not in reservosomes [46], reinforcing
the reservosome non-lysosomal character. Nevertheless, our proteomic results confirmed that
reservosomes are the main site of lysosomal hydrolases and are hence working as an important
endogenous protein regulator.

On the other hand, reservosomes concentrate lysosomal hydrolases, and they have been
considered the main site of protein degradation and regulation. Therefore, it is reasonable that
the reservosome constitutes an important site of protein recycling, justifying the presence of
such proteins in the proteomic analysis. An autophagic process was recently reported in T.
cruzi [47,48], showing that autophagy is essential for parasite survival during starvation and
differentiation. This work suggested that part of the cytoplasm and organelles are degraded in
reservosomes.

We could detect some proteins that are not related to endocytic compartments. These proteins
are constituents of the cytoplasm, mitochondrion, glycosome, acidocalcisome, nucleus,
endoplasmic reticulum or flagellum. The presence of contaminants derived from other
organelles is the main challenge faced during the subcellular fractionation, and it is a possible
explanation for the presence of several proteins from different origin in the reservosome
proteomics. In order to demonstrate the low level of cross-contamination with membranes from
different organelles we predicted transmembrane domains in non-reservosomal proteins. In
this way, we managed to show that our fractionation protocol led to very low degree of
contamination with non-reservosomal membranes.

Subcellular proteomics have contributed to determine protein localization and function [49].
However, finding proteins in multiple locations helps to determine the relationship between
different organelles or structures, such as organelles from the endocytic pathway. Recently, it
was estimated that up to 39% of organelle proteins can be detected in multiple intracellular
compartments [50]. The authors suggested some hypotheses to explain these findings: i)
proteins are indeed found in different compartments; ii) contaminants are created during the
fractionation process; and iii) proteins are mistakenly identified. It is important to point out
that reservosomes result from the fusion of vesicles originating in the plasma membrane during
the endocytic pathway with vesicles from the endoplasmic reticulum-Golgi complex via the
secretory pathway [44]. Therefore, the protein profile of the reservosomes may reflect the
dynamic traffic between these structures.

Among the transmembrane proteins identified in the reservosomal proteome, we can suggest
P-type H*-ATPase (TcHA3) and p67 as possible molecular markers. In T. cruzi, only two
isoforms of P-type H*-ATPases, TcHA1 and TcHAZ2, were characterized and had their
localization determined [15]. TcHA1 was found in the plasma membrane and also in the
endocytic pathway, while TcHAZ2 plays a role exclusively in the acidification of reservosomes.
Besides TcHAL and TcHAZ2, our proteomic data using Dm28c clone detected the presence of
TcHAS in the reservosome membranes with a high coverage, what may imply a high
abundance. Due to the absence of these proteins in mammalian cells and their presence in fungi
and trypanosomatids, these pumps may be considered as potential chemotherapeutic targets.

p67 is a type | transmembrane glycoprotein that has been described as a T. brucei lysosome
molecular marker [28]. It presents a general structure similar to LAMPs (lysosome-associated
membrane proteins) in mammalian cells, although without sequence homology. In African
trypanosomes, p67 has been related to the formation of lysosomal glycocalyx, protecting
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against hydrolases. The p67 gene was found in T. cruzi, and its reservosomal localization was
demonstrated in our proteomic analysis. Because orthologues of p67 are not found in mammals,
it might be a candidate for chemotherapy as well.

In protozoan parasites, subcellular proteomic analyses were successfully applied to the
characterization of Entamoeba histolytica [51] and Dictyostelium discoideum [52] phagosome.
In trypanosomatids, we can highlight the proteome of flagella [53], glycosomes [54], and the
comparative proteomic analysis of glycosomes and mitochondria [55] of T. brucei. Recently,
Ferella and co-workers [31] prepared a subcellular fraction from T. cruzi CL Brener
epimastigotes that was enriched in acidocalcisomes and glycosomes but also contained
endoplasmic reticulum and Golgi components. Using 1D and 2D electrophoresis followed by
MS analysis, they identified proteins corresponding to 396 genes, 258 of which were annotated
as previously described and 138 were hypothetical proteins. Among the identified proteins,
only three are presumably reservosomal: glutathione S-transferase [56], cysteine peptidase
[10], and serine carboxypeptidase [7,12]. These studies yielded valuable information about
protein localization and reported the identification of novel proteins in these organelles. In the
current paper, we performed the proteomic analysis of T. cruzi epimastigote reservosomes,
which is the first protein profiling of an endocytic organelle in a trypanosomatid family
member. This analysis offers a new perspective in the identification of reservosomal molecular
markers and contributes to the understanding of the biogenesis and dynamic interactions of
these organelles with other T. cruzi structures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Transmission electron microscopy of T. cruzi reservosomes. (a) Ultrathin section of an
epimastigote showing reservosomes (R) in situ, with their typical morphology and position,
between nucleus (N) and posterior end of the cell. (b) Purified reservosome fraction (B1). (c)
subcellular fraction containing reservosome membranes (B1M). Bars represent 0.3 um (a) and
1 um (b,c).
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Figure 2.
Schematic representation of the strategy used for the identification of proteins of the
reservosomes of T. cruzi epimastigotes.
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Figure 3.

Functional classification of T. cruzi reservosome proteins by gene ontology. The gene ontology
prediction was performed using GOblet and the most representative categories (>3% from the
total sequences) were plotted in the graph. For the complete list see Supplemental Table 1.
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