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Abstract

Background: Human African trypanosomiasis is a lethal disease caused by the extracellular parasite Trypanosoma
brucei. The proteins secreted by T. brucei inhibit the maturation of dendritic cells and their ability to induce
lymphocytic allogenic responses. To better understand the pathogenic process, we combined different approaches
to characterize these secreted proteins.

Results: Overall, 444 proteins were identified using mass spectrometry, the largest parasite secretome described to
date. Functional analysis of these proteins revealed a strong bias toward folding and degradation processes and to
a lesser extent toward nucleotide metabolism. These features were shared by different strains of T. brucei, but
distinguished the secretome from published T. brucei whole proteome or glycosome. In addition, several proteins
had not been previously described in Trypanosoma and some constitute novel potential therapeutic targets or
diagnostic markers. Interestingly, a high proportion of these secreted proteins are known to have alternative roles

occur beyond the flagellar pocket.

manipulate the host immune system.

once secreted. Furthermore, bioinformatic analysis showed that a significant proportion of proteins in the
secretome lack transit peptide and are probably not secreted through the classical sorting pathway. Membrane
vesicles from secretion buffer and infested rat serum were purified on sucrose gradient and electron microscopy
pictures have shown 50- to 100-nm vesicles budding from the coated plasma membrane. Mass spectrometry
confirmed the presence of Trypanosoma proteins in these microvesicles, showing that an active exocytosis might

Conclusions: This study brings out several unexpected features of the secreted proteins and opens novel
perspectives concerning the survival strategy of Trypanosoma as well as possible ways to control the disease. In
addition, concordant lines of evidence support the original hypothesis of the involvement of microvesicle-like
bodies in the survival strategy allowing Trypanosoma to exchange proteins at least between parasites and/or to

Background

The Trypanosomatidae family comprises genera that
infect many kinds of eukaryotes: insects, fish, amphi-
bians, reptiles, birds, mammals, and even plants. In the
Trypanosoma genus, three species are pathogenic for
humans (Trypanosoma brucei, T. cruzi, and T. evansi).
Human African trypanosomiasis (HAT, or sleeping sick-
ness) is caused by T. brucei and transmitted by tsetse
flies (Glossina sp.). In contrast to most other insect-
transmitted parasites, 7. brucei spends its entire cycle as
an extracellular parasite. To thwart the host immune
system, the parasite has developed population survival
strategies. Through antigenic variation, trypanosomes

* Correspondence: anne.geiger@mpl.ird.fr
'"UMR 177, IRD-CIRAD, CIRAD TA A-17/G, Campus International de Baillarguet,
34398 Montpellier Cedex 5, France

( BioMVed Central

shield their plasma membrane with a continually switch-
ing densely packed layer of 5 x 10° dimers of variant
surface glycoprotein (VSG), which constitutes a surface
coat. This coat is indeed composed of a single protein,
but the parasite genome has a repertoire of about 2,000
different potential VSG genes that are expressed in a
mutually exclusive manner. The coat also prevents anti-
bodies from gaining access to necessarily invariant sur-
face molecules [1-3].

HAT is lethal when untreated and is a threat for over
60 million people living in sub-Saharan countries [4,5].
Treatment of the disease is difficult and expensive and
has potentially life-threatening side effects [6,7]. Since
today there is no prophylactic chemotherapy, specific,
low-cost, and sensitive methods for the early diagnosis
of the parasite in human blood samples are needed, as

© 2010 Geiger et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.


mailto:anne.geiger@mpl.ird.fr
http://creativecommons.org/licenses/by/2.0

Geiger et al. BMIC Microbiology 2010, 10:20
http://www.biomedcentral.com/1471-2180/10/20

well as novel therapeutic targets for fighting the parasite.
A class of particularly interesting proteins are the
expressed/secreted proteins (ESPs), which are specifi-
cally secreted by parasites. Several ESPs are involved in
various aspects of the pathogenesis [8-10]. In addition,
we have previously shown that the secretome of T. bru-
cei inhibits the maturation of dendritic cells and their
ability to induce lymphocytic allogenic responses [11].
As the majority of ESPs of the secretome remain
unknown, we used a proteomics-based approach to ana-
lyze the entire secretome of the parasite.

In this study, we compared three different T. brucei
gambiense strains, identified over 440 proteins and
determined their protomeric status. We isolated micro-
vesicles from the secretion medium and showed in
microscopy the budding of these microvesicles at the
parasite surface before and after incubation in the
secretion medium. Moreover, microvesicles were also
isolated directly from infected rat serum and the pro-
teome of these microvesicles was similar to the secre-
tome. This extended overview demonstrates that ESPs
play an unexpected major role in the trypanosome sur-
vival strategy via these microvesicles and highlights a
number of potential therapeutic strategies to control
the disease.

Results

Parasites amplified from rats were incubated in a secre-
tion medium mimicking blood but containing no pro-
teins. A set of soluble proteins (secretome) was
recovered after incubation and submitted to proteomic
analysis (Figure 1). No protein was obtained after
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incubation in the secretion medium when the parasites
were omitted.

Characterization of the secretome of T. brucei gambiense
1- Comparison of different T. brucei strains reveals
potential strain markers

T. brucei gambiense is divided into two groups [12]: the
Feo and OK strains are two strains belonging to group
I, while Biyamina belongs to the less homogeneous
group II. All three strains were found to secrete com-
plex sets of proteins ranging from 7 to 150 kDa. Repro-
ducibility of the protein profiles has been controlled in
several independent experiments (from trypanosome
production, protein secretion process to electrophoretic
runs); in addition, SDS-PAGE controls on secretion
samples taken after a 2-h secretion showed the same
profiles as those performed on samples taken after a 30-
min stimulation (data not shown). After extensive sam-
pling of all 1D gel lanes, 356 proteins (112 for Feo, 158
for OK, and 86 for Biyamina strains) were identified by
LC-ESI MS/MS (liquid chromatography-electrospray
tandem mass spectrometry) (additional file 1, Table S1)
and grouped into 12 main functional classes according
to the nonredundant classification system developed for
MapMan [13]. No rat proteins were identified when spe-
cified database searches were done with Mascot. A sum-
mary of the functions of ESPs is shown in Figure 2. For
all strains, about 50% of the proteins belonged to three
major categories: protein folding and degradation,
nucleotide metabolism, and unassigned functions. Forty
percent of the remaining proteins fell into one of five
categories: carbohydrate metabolism, amino acid meta-
bolism, protein synthesis, signaling, and cell cycle and
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Figure 1 General purification procedure. Trypanosomes were intraperitoneally injected into rats. When their multiplication reached the
logarithmic growth stage, parasites were purified from blood by chromatography and resuspended in secretion medium. After 2 h, parasites
were removed by centrifugation and secreted proteins (ESPs) were purified through chromatography. ESPs were separated on polyacrylamide
gel electrophoresis (PAGE), stained before mass spectrometry (MS/MS) analysis.
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cell organization. In spite of a globally similar functional
classification, the contribution of proteins involved in
signaling and protein synthesis was quite different
between the three strains. In addition, some proteins
were specifically identified by one strain (Figure 3) and
are therefore potential candidates for strain discrimina-
tion and/or to understand their pathogenicity. Other
than proteins with no known function, these markers
included specific isoforms of adenylate kinase and lyso-
phospholipase in Feo, a dihydrolipoyl dehydrogenase in
Biyamina, and a specific isoform of adenine phosphori-
bosyltransferase and a calpain-like cysteine peptidase, as
well as a tryparedoxin for the OK strain.

2- Secreted proteins form stable complexes

To further understand the secretome and its interaction
network, protein complexes were separated using two-
dimensional BN-SDS-PAGE (blue native-sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis) [14]. With
this method, proteins focusing on a virtual vertical lane
are potentially part of the same complex, whereas pro-
teins not in a complex are focused at the same molecu-
lar weight (MW) in both dimensions and located at the
extreme right on the gel (Figure 4). Gels have been car-
ried out two times giving similar protein profiles. A
total of 382 nonredundant proteins were identified by
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MS/MS (additional file 2, Table S2). Functional classifi-
cation led to a similar distribution as above (see Figure
2). Figure 4 highlights the importance of a small number
of protein spots (<20) that accounted for more than 80%
of the total amount of secreted proteins. These proteins
included not only the well-known and abundant VSGs
(spots 33, 182, 43), but also enzymes involved in nucleo-
tide and amino acid metabolism (spots 76, 123, 126),
chaperones (spots 114, 113, 89, 107), and proteases
(spots 165, 114), thus defining a major role for defense
and nutrition to the secretome. Some monomeric pro-
teins were observed, including for instance two 14-3-3
proteins (spot 149), calreticulin (spot 127-130), and ubi-
quitin (spot 145), as well as proteins showing more than
one protomeric stage, such as the hsp83 (heat shock
protein) chaperone that was in the monomeric state for
roughly one half (spot 113) and acted as a homodimer
for the other half (spot 89). However, most secreted
proteins were detected as homo- or heteroligomers.
Two typical examples were the TCP-1 complex and the
aminopeptidase M17. The TCP-1 complex is a chaper-
one complex of eight distinct subunit species (a, B, v, §,
g, 1, 0 and {)We identified the TCP-1 complex in spots
44 and 45 corresponding to a native mass between 400
and 450 kDa (expected size: 440 kDa). Aminopeptidase
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Figure 2 Classification of T. brucei gambiense proteins from 3 different strains into functional categories. Proteins from the different
strains (Feo, OK, Biyamina) were classified into 12 functional categories according to the hierarchical, nonredundant classification system
developed for MapMan [13]. On the x-axis, the categories are indicated. The y-axis shows the percentage of each category for each strain.
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Figure 3 Overlap between secretomes of 3 different T. brucei gambiense strains. Proteins found in the analysis of 3 different T. brucei strain
secretomes separated on 1D-PAGE were compared. The black circle in the middle represents proteins common to the 3 strains (48 proteins).
Biyamina and OK have 16 proteins in common; 14 proteins are specific to the Biyamina secretome.

M17 (50 kDa) has been reported to form a homohexa-
meric structure [15], and we found this enzyme (spot
165) with a native mass of approximately 250 kDa.
Another striking feature concerned the proteasome,
which we identified in two forms (spots 48-55 and 56-
65) in the secretome. The 20S proteasome is a 28-mer
composed of two stacked heptameric rings of proteolyti-
cally active beta subunits, surmounted at each end by
another heptameric ring of structural alpha subunits.
Seven alpha and seven beta paralogs exist in the T. bru-
cei genome and all of the 14 different subunits were
identified in both lanes, except alpha3 in the highest
MW complex. The 20S core is regulated by additional
19S or 11S complexes. In T. brucei, a form of the 20S
proteasome showing enhanced peptidase activity was
previously described, and a 26-kDa protein, PA26 (26-
kDa proteasome activator protein), was proposed to cor-
respond to the 11S activator known in mammals
[16,17]. We identified PA26 in both complexes. Because
of the sizes of the two proteasome complexes (300-350
kDa) and the average size of the alpha and beta subunits
(~25 kDa), the two forms of the proteasome complex
identified here probably contain a single ring of alpha
and beta subunits. Moreover, from the size of the high-
est MW complex and the apparent stoichiometry
between PA26 and the other subunits in the complex,
the highest MW complex may represent the activated
form of the complex. Finally, it should be pointed out
that the 19S and 20S subunits were also identified in
the unresolved part of the gel (spots 1-18), correspond-
ing to complexes above 1000 kDa, and they could reveal
a minor form of the 26S proteasome that has not been
identified in T. brucei to date.

3- Secreted proteins correspond to a specific subset of the
trypanosome proteome

A few proteomic data sets were recently published for
members of the Trypanosomatidae family, including the
total proteome of T. brucei in the procyclic (insect)
stage [18], that of the glycosome, a specialized compart-
ment similar to peroxisomes and involved in sugar
metabolism [19], and the secretome of the promastigote
Leishmania donovani, where authors were able to distin-
guish between actively secreted proteins and cell-asso-
ciated proteins [20].

To cross-correlate between the secretome and pro-
teome data sets, we first searched for Leishmania ortho-
logs in T. brucei using BLAST (Basic Local Alignment
Search Tool) analysis. 281 out of the 358 Leishmania
secretome entries were found to have an ortholog in
Trypanosoma (additional file 3, Table S3), including 115
actively secreted proteins and 166 cell-associated pro-
teins. Interestingly, a high proportion (61%) of the for-
mer was present in our Trypanosoma secretome,
suggesting a close relationship between the actively
secreted proteins in Leishmania and the Trypanosoma
secreted proteins.

In contrast, only 8% of the Trypanosoma secretome
was shared with the glycosome proteome (additional file
4, Table S4). We also compared the trypanosome total
proteome (additional file 5, Table S5) and the secre-
tomes from Trypanosoma and Leishmania. Figure 5
shows that 41% and 39%, respectively, of the trypano-
some and Leishmania secretomes were not shared with
any of the other proteomes. Simultaneously, secretome
proteins shared with the Trypanosoma total proteome
amounted to 47% and 43% for Trypanosoma and
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Figure 4 BN-PAGE separation of the T. brucei gambiense secretome (OK strain). Proteins were separated by native gel electrophoresis (BN-
PAGE) and stained with coomassie brilliant blue. Coomassie-stained protein spots (186) were excised, digested with trypsin, and identified by
MS/MS. 382 proteins were identified and the associated data (accession numbers, molecular masses and MS/MS data) are presented in additional
file 2, Table S2.

Leishmania, respectively, indicating that a major part of
these secretomes resulted from an active secretion
process.

Finally, these different proteomes were compared at the
functional level (Figure 6; additional files 1, 2, 3, 4 and
5, Tables S1-S5). Interestingly, the two secretomes
showed large similarities with almost the same propor-
tion of proteins involved in folding and degradation and
protein synthesis or with unassigned function. In con-
trast, the comparison between secretomes and glyco-
some functional categories showed major differences,
the glycosome proteome displaying an expected bias
toward sugar (15%) and lipid metabolism (7%) and,
more surprisingly, toward nucleotide metabolism (7%).
Also, the total proteome differed from all sub-proteomes
by a deeper investment in cell organization and RNA/
DNA metabolism. Almost half of the total proteome is
functionally unassigned.

In summary, comparison of both the protein acces-
sions and the functional categories similarly demon-
strated features specific to the different compartments,
and a close relationship between the secretome of Try-
panosoma and Leishmania.

How are Trypanosoma proteins secreted?

1- Secreted proteins do not contain a transit peptide

If trypanosomes use the classical secretion pathway,
most secreted proteins should carry an N-terminal
extension (transit peptide). SignalP is currently the most
popular software for predicting the presence of a N-
terminal transit peptide and the associated cleavage site
[21]. We performed a genome-wide screen of the Trypa-
nosoma proteome using SignalP and identified 1445
proteins as predicted to contain a transit peptide (see
additional file 6, Table S6), 61% without any known
function. Of the remaining 561 proteins, many were
known to be secreted or located at the plasma mem-
brane, including 128 VSGs, 16 invariant surface proteins
(ISG), 15 procyclin surface proteins, 14 bloodstream
stage alanine-rich surface proteins (BARPs), 36 receptors
for adenylate cyclase (GRESAGs), 28 transporters, 13
cysteine peptidases/clan CA/family C1 and family C2,
seven transialidases, and many enzymes involved in lipid
modification, glycosylation, and GPI (Glycosylphosphati-
dylinositol) anchoring. To focus specifically on the
secreted proteins, i.e., proteins with no transmembrane
span, we further assessed the occurrence of such
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Figure 5 Overlap between Trypanosoma total proteome and the T. brucei gambiense and L. donovanii secretome. Proteins identified in 3
different compartments (T. brucej total proteome, T. brucei gambiense secretome, and L. donovanii secretome) were compared as to determine
part of the proteins that were either specific to each compartment or common to different compartments. So, the black circle in the middle
shows that 84 proteins are common to T. brucei total proteome, T. brucei gambiense secretome, and L. donovanii secretome. Among the other
proteins of the T. brucei gambiense secretome, for example, 182 (41%) were specific to this compartment, whereas 52 were common with L.
donovanii secretome, and 126 with the total proteome; out of the proteins identified in the total T. brucei proteome, 824 were specific to this
compartment.
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Figure 6 Secretomes of T. brucei gambiense and L. donovanii share functional homology. Functional categories from T. brucei gambiense
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categories (B). On the x-axis, the categories are the following: 1. unassigned function, 2. folding and degradation, 3. nucleotide metabolism, 4.
carbohydrate metabolism, 5. amino acid metabolism, 6. protein synthesis, 7. signaling, 8. cell cycle and organization, 9. lipid and cofactor, 10.
transport, 11. redox, and 12. RNA/DNA metabolism. The y-axis shows the percentage of each category for each proteome/secretome.
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domains using the transmembrane predictor TMHMM
(transmembrane protein topology with a Hidden Mar-
kov Model) [22]. 660 proteins were simultaneously pre-
dicted to contain a transit peptide by SignalP and not to
contain transmembrane domains by TMHMM. Quite
unexpectedly, only 30 out of the 444 secretome proteins
experimentally identified in this work belonged to the
predicted secretome.

Although not secreted by the classical secretory path-
way, proteins devoid of an N-terminal signal peptide
may still be secreted. We used the SecretomeP software
[23] to predict such proteins in the Trypanosoma gen-
ome (additional file 6, Table S6). Depending on the
selected threshold score, different proportions of known
proteins and proteins having unassigned functions were
computed. A score between 0.8 and 0.9 was taken as a
convenient trade-off between sensitivity and specificity,
so that enough known proteins were identified for vali-
dation and avoiding obvious false predictions. In this
way, 583 proteins were predicted as secreted, 79% of
which had unassigned functions. Of the remaining 125
proteins, 18 transporters were found, as well as three
procyclins. However, only 13 proteins from this set were
found to match our experimental data.

Thus, taken together, less than 20% of the secreted
proteins from our data set were predicted to have a
transit peptide (SignalP) and no transmembrane domain
(TMHMM) or to be secreted via the nonclassical path-
way (SecretomeP), suggesting that most Trypanosoma
secreted proteins purified so far are secreted by a novel
mechanism.
2-Possible exocytosis of microvesicles
In Trypanosoma, endocytosis and exocytosis occur
through a sequestered organelle called the flagellar
pocket (FP), an invagination of the pellicular membrane.
This traffic is not fully understood and requires clathrin,
actin, and GTPase Rab proteins [24-26]. We found these
proteins in the secretome but electronic microscopy pic-
tures clearly indicate a budding of microvesicles at the
plasma membrane and flagellum (Figure 7). In human,
many types of cells, such as reticulocytes, dendritic cells,
tumor cells, neurones, or mast cells, are able to release
microvesicles called exosomes. Cross-correlation
between different exosome proteomics studies recently
identified a set of 22 proteins commonly associated with
exosomes of various origins [27]. Of these, 13 were
found in our data set (clathrin heavy chain, ubiquitin,
14-3-3 proteins, hsp70 and 90, enolase, RAB protein,
GAPDH [glyceraldehyde-3-phosphate dehydrogenase],
pyruvate kinase, cyclophilin, tubulin a and B, and his-
tone). Moreover, translationally controlled tumor pro-
tein (TCTP) was also shown to be present in small
secreted vesicles called exosomes, and participates in
inflammatory responses by promoting the release of
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histamine [28,29]. We found this protein in both the
procyclic (data not shown) and bloodstream form of the
T. brucei gambiense secretome (see additional file 1,
Table S1).

We also looked at proteins specifically involved in
endocytosis/exosome formation, and identified nine pro-
teins, including ubiquitin (which serves as an important
sorting signal during endocytosis and early endosomal
protein trafficking [30]), clathrin heavy chain (involved
in vesicle traffic [31]), a dynamin (a GTPase involved in
the fission of clathrin-coated vesicles [32]), two adaptins
(one of the major proteins of clathrin-coated vesicles
[33]), two RAB proteins (small GTPases playing an
essential role in the regulation of membrane traffic
[34,35]), a protein called CAP (cyclase-associated pro-
tein) (implicated in vesicle trafficking and endocytosis
[36]), and Hsc70 (a chaperone regulating the disassem-
bly of clathrin coats and participating in the transloca-
tion of cytoplasmic protein substrates into a subset of
lysosome-like organelles [37]).

Finally, a modest proportion (~5%) of secreted pro-
teins found in this study contains at least one predicted
transmembrane span (TMHMM), supporting the idea
that vesicles are present in the sample. Thus, our secre-
tome data support the hypothesis that Trypanosoma
could use microvesicles to secrete proteins.

This hypothesis was reinforced by electron micro-
scopic observation showing microvesicles budding at the
surface of trypanosome plasma membrane. These vesi-
cles were observed from parasites incubated in secretion
medium as well as from parasites directly isolated from
the blood of infected rat (Figure 7). To further verify the
putative nature of the vesicles present in the sample, a
140,000 g centrifuged pellet fraction from the secretome
(SP) and from Trypanosoma-infected rat serum (TIRSP)
was layered on a step sucrose cushion (0.6-0.9-1.2-1.75
M sucrose). Sucrose-fractionated vesicles harvested at
the 0.6- to 0.9-M, 0.9- to 1.2-M, and 1.2- to 1.75-M
interfaces were pooled together, run on 1D gel, and ana-
lyzed by LC-MS/MS. Interestingly, the protein profile
from sucrose-fractionated SP was nearly identical to the
whole secretome profile (Figure 8). In addition, 65 Try-
panosoma proteins were identified in the sucrose-frac-
tionated TIRSP (additional file 7, Table S7) and were
compared to the list of 444 ESPs identified previously.
Table S7 highlights the similarity in both membrane
fractions of TIRSP and ESPs (yellow boxes), suggesting
a close relationship between the rat serum pellet and
Trypanosoma-secreted proteins. Moreover, 40% of these
46 proteins (orange boxes) have already been identified
in other exosome proteomics studies [27]. One can note
that rat proteins were identified in this sample when
specific searches were done but are not reported here.
Membranes from SP and TIRSP were visualized by
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Figure 7 Cross-sections of Trypanosoma brucei gambiense purified from infected rat blood by chromatography on DEAE cellulose
column and incubation in secretion medium (A, B, C) and directly after cardiac puncture of infected rat (D, E, F). A-C: parasites purified
from secretion medium; D-F: parasites purified directly from infected rat blood. A-F: Free vesicles and budding of new vesicles at the coated
plasma membrane surface of the parasite, high magnification of vesicle formation (B), budding vesicles at the flagellum (semi-longitudinal
section) (Q). f flagellum, k kinetoplast, m mitochondrion, n nucleus, pm plasma membrane with surface coat, pmt pellicular microtubules, v
vesicle. Scale bars A, D, E 200 nm, B, C, F 100 nm.
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electron microscopy: 50- to 100-nm vesicle-like struc-
tures were observed (Figure 9).

Discussion

The secretome of Trypanosoma displays unique features
In this study, we combined different proteomics
approaches, resulting in the identification of a total of
444 proteins excreted or secreted by 7. brucei gam-
biense. These data make up the largest set of secreted
proteins characterized to date in Trypanosoma and
identify a specific pattern of functional categories that
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differs from the total proteome and from specific sub-
cellular compartments such as the glycosome. In addi-
tion, this functional distribution is not a special case,
but is shared by different strains covering the two sub-
groups of T. brucei gambiense. Thus, ESPs may be used
as a general identifier of the Trypanosoma strains. The
analysis of native proteins shows that many of them are
in multiprotein complexes and form heteroligomers,
again suggesting that this specific set of proteins is func-
tional. Furthermore, in some cases, a different or origi-
nal oligomeric status is observed. Taken together, these

SDS-PAGE

v

TIRSP (Trypanosoma infected rat serum). (TIRSP also contains rat proteins).
A\

Figure 8 Protein profile from the sucrose-fractionated SP and from the whole secretome. Coomassie blue-stained SDS-PAGE (sodium
dodecyl! sulfate-polyacrylamide gel electrophoresis) gel showing (from left to right) marker (M), whole secretome, sucrose-fractionated SP and
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depletion. Microvesicles are typically 50-100 nm.
.

Figure 9 Negative stain of vesicle-like structure found in the secretion buffer (A) and in the rat serum (B) after Trypanosoma

data strongly suggest that ESPs are not simply a popula-
tion of unrelated proteins, but are a functionally
oriented set of active proteins. Finally, genome-wide
bioinformatics shows that although a number of Trypa-
nosoma proteins are predicted to be secreted, few ESPs
possess a transit peptide and most probably use a non-
classical secretion pathway. Thus, several lines of evi-
dence converge to identify the Trypanosoma secretome
as an original proteome, showing unique features both
in terms of function and origin. It is noteworthy that

some of the characteristics above, including the function
of proteins and the absence of a transit peptide, were
recently observed in the Leishmania secretome. This
raises the question as to whether these features reveal a
generic trait and whether the two parasites share com-
mon survival strategies.

Function of secreted proteins

Our results showed that most ESPs delineate a quite
limited set of functions. Generally speaking, the func-
tions identified are not unexpected given the known
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physiology of Trypanosoma and the parasite’s require-
ment for defense mechanisms against its host. However,
for a number of proteins, previous evidence exists that
they may also have other roles. Below we discuss a few
examples.

Proteins involved in folding and degradation constitute
a major class of proteins of the secretome, with more
than 74 accessions identified here. Among proteins
involved in folding, and shown here for the first time to
be secreted by Trypanosoma, are cyclophilin A and hsp
(heat shock protein). Interestingly, these proteins, when
secreted, are known to be able to modulate the immune
system of mammalian hosts [38,39], to stimulate macro-
phages [40], or to act as mediators for intercellular sig-
naling [39]. In addition, the secretome appears to be
unexpectedly rich in various peptidases, covering more
than ten peptidase families or subfamilies (Table 1),
some of which are known to be secreted. Several might
play a role in the pathology. For instance, we identified
two oligopeptidases. One (prolyl-oligopeptidase) was
previously shown to be secreted by 7. cruzi [41] and
presumed to facilitate the infection of host cells by
degrading the collagen of the extracellular matrix. Oli-
gopeptidase B is secreted from T. brucei and T. congo-
lense [42,43]. This enzyme is able to cleave host peptide
hormones such as atrial natriuretic factor [44], thus con-
tributing to the increase in blood volume [45] and possi-
bly to the disruption of the blood-brain barrier [46],
both associated with the infection. Other symptoms of
trypanosomiasis, such as the perturbation of the endo-
crine rhythms [47], could also involve oligopeptidase B.
More generally, it can be speculated that oligopepti-
dases, by cleaving regulatory peptides, could play pleio-
tropic roles in the pathogenic process developed during
HAT. In contrast, for M20-M25-M40 and M17 family
peptidases, where evidence also exists for their secretion
by other organisms [48,49], the identification in the
secretome of Trypanosoma is novel and it is too early to
speculate on its functions.

Among metallopeptidases, the thimet oligopeptidase A
is the first member of the M3 family to be identified in
Protozoa. Thus, this protease, which processes neuro-
peptides in humans [50], may be a good candidate for a
specific diagnostic marker. Another metallopeptidase in
the secretome belongs to the M32 family, absent in
eukaryotic genomes other than trypanosomatids [51].
Although of unknown biological function, it might offer
attractive drug targets against Trypanosoma.

Proteins involved in folding and degradation are the
major class of secreted proteins. Apart from contribut-
ing to protecting the parasite against the defense
mechanisms of the host, many of them also appear to
have the capacity to induce perturbations in the host
physiology. Given their abundance, one may speculate

Page 11 of 17

that they play a genuine role in the pathology. Some of
these proteins may be promising candidates for diagno-
sis or therapy. As well as degrading proteins, proteases
perform highly specific processing tasks that can affect
protein structure, function, life span, and localization.
By limited and specific cleavage, proteases can act as
switches, turning protein activity on or off, or can mod-
ulate protein function in more complex ways, regulating
vital processes. Indeed, more than 53 specific hereditary
diseases of proteolysis are recognized and it is therefore
not surprising that proteases are implicated in many
pathologies. Hence, proteases account for 5-10% of drug
targets, with protease inhibitor drugs already in use to
treat AIDS (acquired immunodeficiency syndrome) by
blocking HIV (human immunodeficiency virus) pro-
tease-1, cardiovascular disease by targeting angiotensin
convertase enzyme and rennin, and multiple myeloma
by the reversible covalent proteasome inhibitor. In addi-
tion, many biomarkers of disease, especially in cancer,
are stable fragments generated by proteolysis and found
in biological fluids [52].

Enzymes of nucleotide metabolism are another major
class of ESPs represented here by more than 46 protein
accessions. This is not unexpected, as T. brucei is incap-
able of de movo purine nucleotide synthesis and
expresses purine salvage enzymes to recover host pur-
ines [53]. However, extracellular nucleotides are also sig-
naling molecules that modulate a wide variety of
physiological responses in mammalian tissues [54] and
are archetypal activators of the innate immune system
[55]. In this context, both hematophagous insects and
endoparasites secrete enzymes degrading nucleotides,
thus minimizing inflammatory reactions or purinergic
signaling provoked by these mediators [56,57]. As such,
the identification of several nucleotide-metabolizing
enzymes in the secretome raises the question of whether
T. brucei might exploit such strategies to modulate the
concentration of extracellular nucleotides, hence affect-
ing a range of inflammatory responses. If so, Trypano-
soma would not only divert the host nucleotides for its
own requirements, but also to evade an immune
response.

Enzymes involved in glycolysis and carbohydrate meta-
bolism are not a major class of the secretome, but this
category still numbers more than 36 accessions. Trypa-
nosoma have a simplified energy metabolism entirely
dependent on external carbohydrate sources, such as
blood glucose.

Most glycolysis enzymes are compartmented in glyco-
somes [58], but three are cytosolic: phosphoglycerate
mutase, enolase, and pyruvate kinase [59]. We found all
three in the T. brucei secretome, together with phospho-
glycerate kinase, yet this secretome strongly differs from
glycosomes. Although not yet reported as being secreted
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Table 1 Diversity of peptidase families found in the secretome of T. brucei gambiense bloodstream form and their

distribution in other organisms.

Families of Peptidases Distribution

Serine peptidase family S9 Bacteria, Archaea, Protozoa,

Cysteine peptidase family C2 Bacteria,
Cysteine peptidase family C13 Bacteria, Archaea, Protozoa,
Cysteine peptidase family C19 Bacteria,
Metallo-peptidase family M1 Bacteria, Archaea, Protozoa,
Metallo-peptidase family M3 Bacteria, Archaea, Protozoa,
Metallo-peptidase family M16 Bacteria, Archaea, Protozoa,
Metallo-peptidase family M17 Bacteria, Archaea, Protozoa,
Metallo-peptidase family M20 Bacteria, Archaea, Protozoa,
Metallo-peptidase family M24 Bacteria, Archaea, Protozoa,

Metallo-peptidase family M32 Bacteria, Archaea, Protozoa,

———————— , Protozoa, Fungi, Plants, Animals,

Fungi, Plants, Animals, Viruse

Fungi, Plants, Animals,

———————— , Protozoa, Fungi, Plants, Animals, Viruse

Fungi, Plants, Animals,

Fungi, Plants, Animals,
Fungi, Plants, Animals, Viruse

Fungi, Plants, Animals,

Fungi, Plants, Animals,
Fungi, Plants, Animals,

, Plants,

in Trypanosoma, all four enzymes are secreted by other
organisms and may be involved in functions unrelated
to glycolysis, such as peptide cleavage or immunosup-
pressive activity [60-63]. Therefore, it cannot be
excluded that Trypanosoma might use part of its energy
metabolism machinery for alternative purposes.

Enzymes involved in signaling constitute another
group of proteins identified in the 7. brucei secretome
(26 accessions), and some could also play physiopatholo-
gical roles. Two notable examples here concern calreti-
culin (CRT) and prostaglandin F (PGF) synthase.
Autoantibodies against CRT are found in the sera of
human hosts of a number of parasitic diseases [64] and
it was suggested that the parasite-derived CRT could
trigger an inappropriate immune response against self-
antigens through molecular mimicry [65]. The gene
encoding PGF synthase is present in T. brucei, and we
show that this enzyme can be secreted. Given that Afri-
can trypanosomiasis is characterized by miscarriage, due
to PGF overproduction correlated with parasitemia
peaks [66], the finding that T. brucei secretes a PGF
synthase suggests that this enzyme may well play a role
in pathogenesis.

One trivial role of protein secretion in hosts is usually
associated with trophic purposes for the benefit of the
parasites. Several recent proteomics studies highlighted
other features, depending on the parasite. For instance,
whereas for Brugia malayi a large fraction of the 80
proteins found to be secreted are involved in energy
metabolism [67], for the helminth Schistosoma mansoni
the 188 proteins identified include proteins involved in
metabolic pathways and in protein folding, development,
and signaling, or immune response modulation [68],
and the secretome of Plasmodium falciparum is pre-
dicted to encompass several hundred proteins to both
import nutrients and remodel the host erythrocyte [69].

In this work, the 444 identified T. brucei-secreted pro-
teins display a specific pattern and, for a number of
these, there is evidence for possible alternative functions.
The various examples detailed above support the
hypothesis that, far from being fortuitous, these features
probably reveal an additional role for the secretome in
manipulating the host in order to overcome its defenses.
As such, the secretome would also play a key role in the
pathogenicity of the parasite. More generally, this sug-
gests that, apart from the production of VSGs to elude
the host immune system, the secretome might also be
another authentic component of the survival strategy of
Trypanosoma.

Origin and significance of the identified secretome for
the survival strategy of Trypanosoma

Only a minority of ESPs appear to possess a transit pep-
tide, raising the question of the nature of the secretory
pathway in Trypanosoma. Several arguments support
the hypothesis that secretion could take place by the
release of microvesicles. Such small vesicles contain
cytosol and proteins from the plasma membrane, but no
protein from intracellular organelles. On the one hand,
apart from the nine proteins specifically involved in
vesicle transport and trafficking, we identified 13 out of
the 22 most common exosome proteins. On the other
hand, we found very few proteins from intracellular
compartments (1% of the secretome). The viability of
Trypanosoma tested with flow cytofluorometric analysis
and microscopic analysis suggests that the nonspecific
release of material from lysed cells is modest and the
yield of secreted proteins is not correlated to viability
but is strain-specific (for example, Biyamina produced 4
times less secreted proteins than other strains). More-
over, the comparison between the total proteome and
the secretome showed in this study also suggests that
contaminations from nonspecific release would be
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relevant only if the kinetics of release is highly protein-
specific. In addition, ubiquitin seems to play a key role
in the sorting of proteins into exosomes [70], and we
identified ubiquitin and 25 related proteins of the ubi-
quitin/proteasome pathway. Thus, the overall picture of
the Trypanosoma secretome shows homologies with
exocytosis occurring in the flagellar pocket and with
exosome-related proteomes. Interestingly, we have suc-
cessfully demonstrated for the first time the presence of
vesicles at the trypanosome surface using electron
microscopy and further shown that similar vesicles are
present in the secretion medium. Moreover, proteomic
analysis of TIRSP confirmed the presence of a set of
proteins that is very similar (71%, 46/65) to ESPs puri-
fied from isolated parasites. Thus, both approaches con-
verge to strengthen the hypothesis of a new secretion
pathway in Trypanosoma. Indeed, the size of the vesicle-
like structure observed on electronic microscopy pic-
tures fits with microvesicles (50-100 nm). This situation
seems to be shared with Leishmania, a close relative of
Trypanosoma, where the absence of transit peptides in
secreted proteins and the presence of microvesicles at
the promastigote surface were recently demonstrated
[20]. This differs from the case of P. falciparum, where
a specific host-targeting motif was described for secreted
proteins [71].

This could be hypothesized to present several advan-
tages for Trypanosoma, in comparison to the classical
secretory pathway: it may deliver an avalanche of new
epitopes to overwhelm the host immune system or to
communicate between trypanosomes themselves by
exchanging receptors in the form of non-protein cytoso-
lic compounds or even potentially genomic information.
As such, microvesicles could be a flexible way for Try-
panosoma to reversibly adapt its machinery and to
homogenize the survival strategy at the population level.

Conclusions

This study provides the first overview of proteins
secreted by Trypanosoma brucei. Several of them had
not yet been discovered and studied in trypanosomes,
and some may be new potential therapeutic targets or
diagnostic markers. Strikingly, some proteins do not use
the classical secretory pathway and many probably play
additional roles once secreted. Collectively, these data
lead to novel hypotheses concerning both the patho-
genic role of secreted proteins and the secretion path-
way in trypanosomatids, providing insight into the
complex survival strategy of T. brucei.

Methods

Ethical statement: all the experiments on animals
reported in this article were performed according to
internationally recognized guidelines; the experimental
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protocols were approved by the Ethical Committee on
Animal Experiments and the Veterinary Department of
the Centre International de Recherche Agronomique
pour le Développement (CIRAD), Montpellier-France.
No experiment was performed on human.

Rats

Male Wistar rats (6-12 weeks old) were purchased from
Charles Rivers (France).

Parasites

Feo [72,73], OK [73] and Biyamina [74] parasite blood-
stream strains were used for the experiment. The para-
sites were intraperitoneally injected into rats. When
their multiplication reached the logarithmic growth
stage, the parasites were purified from blood by chroma-
tography on a DEAE (diethylaminoethyl) cellulose col-
umn, as previously described [75]. After elution, the
parasites were washed three times in sterile phosphate-
buffered saline (PBS) solution. This resulted in a com-
plete elimination of the rat blood proteins.
Excreted/secreted protein (ESP) production

The parasites were resuspended at a concentration of
200.10° cells/ml in a secretion buffer (Ringer lactate,
glucose 0.6%, Kcl 0.4%, NaHCO3 0.125%, polymixin B 5
pg/ml, L-glutamine 2 mM, MEM nonessential amino
acids, pH 8) [76]. The secretion of ESPs was performed
at 37°C/5% CO, for 2 h. At the end of the experiment,
the reaction was stopped by centrifugation of parasites
at 4°C, 1000 g for 10 min. The supernatant was col-
lected and filtered on a 0.2-pm filter and immediately
mixed with a protease inhibitor mix. ESPs were concen-
trated by ultrafiltration using a PM - 10-kDa membrane
(Amicon). The protein concentration was determined by
the Bradford dye binding procedure (Bio-Rad). Concen-
trated ESPs were analyzed further by SDS- and BN-
PAGE and visualized after staining with coomassie blue.
Apoptosis assay

The percentage of apoptotic parasites was quantitated
every 15 min by flow cytofluorometric analysis using the
DNA intercalant propidium iodide (IP), as recom-
mended by the manufacturer (Immunotech, Marseille,
France). Cells were immediately analyzed with a FACS-
can (fluorescence-activated cell sorting) flow cytometer
(Becton Dickinson, Ivry, France) using an argon-ion
laser. Parasite viability, determined every 15 min,
remained constant for 2 h and was more than 95%.
Moreover, cellular integrity was controlled by micro-
scopic examination of aliquots of the incubation med-
ium during the 2-h period of trypanosome incubation.
One-dimensional electrophoretic analysis

Proteins from the different samples were heated at 100°
C for 2 min and spun for 5 min at 14,000 g prior to
separation by one-dimensional SDS-PAGE. Proteins
were separated on 24 x 18-cm Tricine/SDS-PAGE (12%
acrylamide) [77].
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After migration, the gels were fixed, and the proteins
were visualized by coomassie brilliant blue R-250.
Images of the gels were taken with a high-resolution
scanner (Amersham Biosciences).

BN-PAGE

Proteins were concentrated and directly loaded on
native PAGE gradients 6-15% acrylamide for the first
dimension and on a 12% Tricine-SDS-PAGE for the sec-
ond dimension, as described in Peltier et al., 2004 [78].
Proteins were visualized by coomassie blue staining.
Protein identification by mass spectrometry

Stained protein spots were manually excised, washed,
digested with trypsin, and extracted using formic acid.
Protein digests were analyzed using either a hybrid tri-
ple-quadrupole linear ion trap mass spectrometer (Q-
TRAP 4000; Applied Biosystems), coupled to a nano-
chromatography system (Dionex), or an ion trap mass
spectrometer (Esquire HCT; Bruker), interfaced with
an HPLC (high-performance liquid chromatography)
chip system (Agilent). MS/MS data were searched
against NCBI (National Center for Biotechnology
Information) and Trypanosoma brucei databases using
Mascot software. Raw data were analyzed using Data
Analysis software (Bruker) to generate a peak list for
searching a Trypanosoma database extracted from the
Sanger Institute. The Mascot (v2.2) search engine was
used with the following parameters: one missed clea-
vage allowed for trypsin, carboxymethylation of cyst as
fixed modification, methionine oxidation as variable
modification, and a 0.6-Da tolerance range for mass
accuracy in MS/MS. At least one matching sequence
tags of high quality was needed for positive identifica-
tion of proteins. Potential false positive identifications
have been addressed as described in Elias et al., 2005
[79] using identical search parameters against a data-
base in which the sequences have been reversed. We
set a false discovery rate (FDR) of 1%. When the Mas-
cot peptide score was below (and even above) the Mas-
cot peptide score indicated for a FDR of 1%, a
systematic manual validation was done with stringent
parameters (at least 6 y or b ions, at least 4 consecu-
tive ions, and peptidic sequence formed of more than
7 amino acids). The proteins were classified according
to MapMan http://mapman.gabipd.org. Raw data will
be made available upon request for research purposes.
Additional data on identified proteins are supplied in
additional file 8 (Table S8).

Preparation of vesicles by ultracentrifugation and sucrose
gradient

Secretion buffer and infected rat serum after parasite
depletion were filtered (0.2 um). Membranes were iso-
lated from secretion buffer and serum of Trypanosoma-
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infected rats by a 140,000 g ultracentrifugation for 30
min at 4°C. Pellets were resuspended in 20 mM Tris/
Hcl buffer pH 7.8 and layered on top of a step sucrose
gradient (20-30-40-60% sucrose [Sigma-Aldrich]). Gradi-
ents were centrifuged for 2 h at 100,000 g at 4°C. Frac-
tions were collected at the interface 20/30%, 30/40%,
and 40/60%, diluted in 20 mM Tris-Hcl buffer pH 7.8,
and pelleted (140,000 g for 30 min at 4°C). Pellets were
resuspended in Tris buffer and loaded on SDS-PAGE.
After staining protein bands were picked and washed
and proteins were trypsinated. Peptides were analyzed
by LC-MS/MS on an orbitrap.

Transmission electron microscopy

Sample preparation for ultrastructure

Observations on whole trypanosomes obtained after
incubation in secretion medium or directly from blood
of infected rat were conducted as described previously
[80]. After centrifugation, pellets of trypanosomes were
fixed in 4% glutaraldehyde in 0.1 M cacodylate buffer
(pH 7.2) overnight at 4°C, washed in fixation buffer,
postfixed in osmium tetroxide for 1 h at 4°C and
washed. Pellets were dehydrated in an acetone series
and embedded in TAAB 812 epon resin [80].

Thin sections, mounted on 75 mesh collodion carbon-
coated copper grids, were contrasted with uranyl acetate
and lead citrate and examined at 80 KV with a transmis-
sion electron microscope (Jeol 100CX II).

Negative stain

The stains were prepared according to Brun et al., 2008
[81]. Basically, 2-3 pl of sample (vesicles obtained by
ultracentrifugation and sucrose gradient) were layered
onto a 200-formvar-coated grids for 1 min. Liquid was
remove with filter paper. The grid was incubated with a
negative stain (1.5% uranylacetate in 70% ethanol for 1
min) and washed 3 times with water. The preparation
was observed with a Hitachi H. 7100 transmission elec-
tron microscope.

Additional file 1: Table S1. Secreted proteins identified in 3 T.
brucei gambiense strains separated on 1D gel. contains the
identification of the proteins secreted by Biyamina (sheet 1), Feo (sheet
2), and OK strain (sheet 3) and their classification according to functional
categories (MapMan bins nomenclature). For each protein, the number
of matched peptides and the highest score are described.

Click here for file

[ http//www.biomedcentral.com/content/supplementary/1471-2180-10-
20-S1.PDF]

Additional file 2: Table S2. Secreted proteins from OK strain
identified on BN-PAGE gel. contains the list of the proteins identified in
each spot (sheet 1), a nonredundant list of proteins classified according
to their functional categories (sheet 2), and a nonredundant list of all the
secreted proteins identified (BN+1D) in this study (sheet 3).

Click here for file

[ http://www.biomedcentral.com/content/supplementary/1471-2180-10-
20-S2.PDF]
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Additional file 3: Table S3. Secreted proteins from Leishmania
donovanii and their corresponding Trypanosoma orthologs. contains
the list of 358 proteins from L. donovanii identified in Silverman et al,
2008 [20] which were blasted against the T. brucei genome. The blast e
scores > e® were reported as positive identification of T. brucei
orthologs. Functional categories were assigned to L. donovanii-secreted
proteins as well as the transmembrane span prediction (TMHMM) of
these proteins.

Click here for file

[ http://www.biomedcentral.com/content/supplementary/1471-2180-10-
20-S3.PDF]

Additional file 4: Table S4. Proteins identified in glycosome from T.
brucei [19]. contains the list of 163 proteins from the glycosome
proteome which were classified into functional categories (MapMan bins
nomenclature).

Click here for file

[ http//www.biomedcentral.com/content/supplementary/1471-2180-10-
20-S4.PDF]

Additional file 5: Table S5. Proteins identified in total proteome
from T. brucei [18]. contains the list of 1071 proteins from the total
proteome which were classified into functional categories (MapMan bins
nomenclature).

Click here for file

[ http://www.biomedcentral.com/content/supplementary/1471-2180-10-
20-S5.PDF]

Additional file 6: Table S6. Genome-wide prediction of secreted
proteins using SignalP and secretomeP. contains the list of 1445
SignalP-predicted proteins (containing a putative transit peptide) from T.
brucei and classified according to the number of predicted
transmembrane spans (TMHMM prediction) (sheet 1). SecretomeP-
predicted proteins from T. brucei were reported according to their p-
value (sheet 2). The 3 highest classes p>0.9, 0.9>p>0.8, and 0.8>p>0.7
containing, respectively, 128, 583, and 875 proteins and their number of
predicted transmembrane spans (TMHMM prediction) were reported.
Click here for file

[ http//www.biomedcentral.com/content/supplementary/1471-2180-10-
20-S6.PDF]

Additional file 7: Table S7. Proteins identified in sucrose
fractionated membranes from infected rat serum (IRS). contains the
list of the IRS proteins. IRS proteins shared with ESPs or exosome are
boxed in yellow and orange, respectively.

Click here for file

[ http//www.biomedcentral.com/content/supplementary/1471-2180-10-
20-S7.PDF]

Additional file 8: Table S8. Additional informations on proteins
identified in secretome. contains the list of the proteins identified in
1D and BN-PAGE gels spots. Protein score, number of peptides identified
and number of peptides that fit to our stringent filter are provided.

Click here for file

[ http//www.biomedcentral.com/content/supplementary/1471-2180-10-
20-S8.PDF]
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AIDS: acquired immunodeficiency syndrome; BN-SDS-PAGE: blue native-
sodium dodecy! sulfate-polyacrylamide gel electrophoresis; BLAST: Basic
Local Alignment Search Tool; BARP: bloodstream stage alanine-rich surface
protein; CAP: cyclase-associated protein; CRT: calreticulin; DNA:
deoxyribonucleic acid; DEAE: diethylaminoethyl; ESPs: expressed/secreted
proteins; FACS: fluorescence-activated cell sorting; GRESAGs: receptor for

adenylate cyclase; GPI: glycosylphosphatidylinositol; GAPDH: glyceraldehyde-
3-phosphate dehydrogenase; HAT: human African trypanosomiasis; Hsp: heat
shock protein; HIV: human immunodeficiency virus; HPLC: high performance

liquid chromatography; IP: propidium iodide; ISG: invariant surface
glycoprotein; LC-ESI MS/MS: liquid chromatography-electrospray tandem
mass spectrometry; MW: molecular weight; NCBI: National Center for
Biotechnology Information; PA26: proteasome activator protein with a
molecular mass of 26-kDa; PGF: prostaglandin F; RNA: ribonucleic acid; SP:
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secretome; TMHMM: transmembrane protein topology with a Hidden
Markov Model; TCTP: translationally controlled tumor protein; TIRSP:
Trypanosoma infected rat serum; VSG: variant surface glycoprotein
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