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a b s t r a c t

Trypanosoma cruzi is a parasite responsible for Chagas disease. The identification of new targets for che-
motherapy is a major challenge for the control of this disease. Several lines of evidences suggest that the
translational system in trypanosomatids show important differences compared to other eukaryotes.
However, there little is known information about this. We have performed a detailed data mining search
for ribosomal protein genes in T. cruzi genome data base combined with mass spectrometry analysis of
purified T. cruzi ribosomes. Our results show that T. cruzi ribosomal proteins have �50% sequence identity
to yeast ones. Nevertheless, some parasite proteins are longer due to the presence of several N- or C-ter-
minal extensions, which are exclusive of trypanosomatids. In particular, L19 and S21 show C-terminal
extensions of 168 and 164 amino acids, respectively. In addition, we detected two 60S subunit proteins
that had not been previously detected in the T. cruzi total proteome; namely, L22 and L42.

� 2009 Elsevier Inc. All rights reserved.
Introduction

Trypanosoma cruzi is a protozoan kinetoplastid parasite respon-
sible for Chagas disease. This is a widespread disease in Latin
America, where about 18 million people are infected and around
100 million inhabit endemic areas [1]. No vaccines are available
at present, and drugs used for treatment show undesirably side ef-
fects. The identification of new targets for chemotherapy is a major
challenge in the control of this disease.

Recently, the sequencing of the genome of this parasite has
been completed. Moreover, a proteomic analysis of the different
stages of T. cuzi has been carried out, providing important evi-
dences of stage-specific expression of numerous proteins [2]. The
approach is an invaluable tool for the study of global pattern of
gene expression. The application of this method in trypanosomat-
ids is particularly important because these organisms do not use
transcription initiation as a regulatory step to control gene
expression.

Trypanosomatids are also among those few lower eukaryotic
organisms that possess unusually structured mRNAs, as products
of a special transsplicing RNA editing mechanism in post-tran-
scription [3–5]. As a result, every trypanosome mRNA has a 39
nucleotide long identical sequence at the 50 terminus, named
ll rights reserved.
spliced leader (SL). Besides the universally conserved 7-methyl
guanosine cap, the first four nucleotides of the 39-nt SL are all
methylation-modified. This unusually modified cap, known as
the cap-4 structure [6–9], is the most modified cap structure of
all eukaryotic cells. The functionality of the specially constructed
mRNAs in trypanosomatids and the reason for their occurrence
in only a few organisms are as yet unknown. Counting on the
important role of the mRNA 50 end during eukaryotic translation
initiation [10], the SL sequence and its associated cap structure
are expected to play a significant part in translation initiation,
and possibly to be involved in a unique mechanism of initiation.
In kinetoplastid Leishmania, the cap-4 structure and the first two
thirds of the SL sequence have been found to be critical for the
association of mRNAs with polysomes [11]. More recently, we have
shown that T. cruzi ribosomes are highly resistant to Trichosanthin,
a ribosome inactivating protein that strongly inhibits mammalian
ribosomes [12,13].

All these observations suggest the importance of studying the
ribosomal particle in trypanosomatids, a field that has been poorly
investigated up to date. In the present work we performed a de-
tailed data mining of the putative ribosomal proteins from T. cruzi,
complemented with MS analysis of highly purified ribosomes.
Several parasite-specific features were found, which could be of
great interest for the identification of novel chemotherapy targets,
as well as for studies concerned with the evolution of eukaryotic
cells.
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Materials and methods

Data mining of T. cruzi ribosomal protein genes. We used the Sac-
charomyces cerevisiae ribosomal proteins sequences (available from
the site http://bo.expasy.org/cgi-bin/lists?ribosomp.txt) as probes
for searching in the T. cruzi genome database (www.genedb.org/
genedb/tcruzi) using the TBLASTN option. Multiple alignments
were performed using the CLUSTALW program.

Ribosome purification. Ribosomes were purified from T. cruzi
epimastigotes as described [14]. This protocol has shown to yield
highly homogeneous and pure ribosomes as demonstrated by cryo
EM images [14]. Proteins were specifically extracted from this
preparation using Trizol reagent (GIBCO BRL) following the manu-
facturer instructions and dried under vacuum.

Preparation of ribosome peptides. The ribosomal proteins were
dissolved in 50 mM NH4HCO3 and reduced (25 mM DTT, pH 8.5)
for 30 min at 55 �C followed by carboxyamidomethylation with
iodoacetamide (90 mM) for 1 h at room temperature in the dark.
The samples were then digested overnight at 37 �C with sequenc-
ing grade porcine trypsin (1:50, Promega, Madison, WI). The digest
was dried under vacuum, then reconstituted in 100 ll of 0.1% TFA,
and filtered prior to separation.

First dimension reverse phase chromatography (RP). The peptides
mixture was injected onto a 1� 150 mm Zorbax C18 column (Agi-
lent, Palo Alto, CA) at a flow rate of 50 ll/min, and separated into
10 fractions by reverse phase chromatography as previously de-
scribed [15]. Each fraction was dried under vacuum and resus-
pended in 8 ll of 0.1% formic acid for LC–MS/MS analysis.

RPLC–MS/MS. Each fraction was analyzed independently using a
Agilent CapLC (Agilent, Palo Alto, CA) interfaced directly to a linear
ion trap mass spectrometer (LTQ) (Thermo Electron, Waltham,
MA). Mobile phase A and B were H2O/0.1% formic acid and ACN/
0.1% formic acid, respectively. Five microliters of each fraction
was loaded onto the column (15 cm � 150 lm, Microtech, Vista,
CA) at a flow rate of 1 ll/min. In order to maximize separation,
RP gradients were designed to correspond with the percentage of
organic at which each peptide fraction eluted from the first dimen-
sion RP as previously described [15].

MS/MS parameters. The mass spectrometer was operated in the
data-dependent acquisition mode with dynamic exclusion enabled
for 160 s. The instrument was set to acquire a MS scan from 500 to
2000 m/z followed by up to nine MS/MS scans from 50 to 2000 m/z.
Raw mass spectra were processed into .dta format and merged into
a single file prior to database searching.

Database searching. Mascot (version 1.9) searches were per-
formed against a database of approximately 25,000 T. cruzi gene
annotations provided by T. cruzi Sequencing Consortium (TSK-
TSC). The following parameters were used during the database
search: a specified trypsin enzymatic cleavage with one possible
missed cleavage, peptide tolerance of 500 parts-per-million, frag-
ment ion tolerance of 0.6 Da, variable modifications due to carb-
oxyamidomethylation of cysteines, mono and di methylation of
lysine and arginine, N-terminal acetylation, and acetylation of ly-
sine and arginine.
Results and discussion

Cryo EM of highly purified T. cruzi ribosomes has recently
shown important differences in comparison with the correspond-
ing organelles of model organisms like S. cerevisiae and mammals
[14]. Some of them were attributed to large expansions in the pri-
mary sequence of the ribosomal RNA molecules. On the other hand,
the presence of specific features due to ribosomal proteins was dif-
ficult to demonstrate. Therefore, we decided to use the T. cruzi
genome database to identify all the putative ribosomal proteins
of T. cruzi. Using the S. cerevisiae ribosomal protein sequences
[16] as probes, we searched in the T. cruzi genome database for
homologues genes. Results are shown in Supplementary Tables 1
and 2 for proteins from the large and small subunits, respectively.
The average amino acid identity between the S. cerevisiae and T.
cruzi ribosomal proteins was remarkably low (ffi50%), taking into
account the highly degree of conservation of 80S ribosome through
evolution.

Our search revealed that T. cruzi 60S ribosomal proteins are, in
average, 20 amino acids longer than the corresponding S. cerevisiae
proteins. For the 40S subunit, T. cruzi proteins have an average 10
amino acids longer chain. The extra regions in T. cruzi ribosomal
proteins are generally at the N- or C-terminal ends. The most
intriguing examples of these terminal extensions are TcL19 and
TcS21, showing C-terminal extensions of 168 and 164 amino acids,
respectively, compared to yeast. Figs. 1 and 2 show sequence align-
ments of T. cruzi, T. brucei, Arabidopsis thaliana, S. cerevisiae, and
Homo sapiens L19 and S21 proteins, showing that these extensions
are only present in kinetoplastids, although its length varied
among species. MS analyses of T. cruzi ribosomes confirmed the
presence of peptides matching to TcL19 and TcS21 (Supplementary
Tables 1 and 2, respectively), strongly suggesting that these genes
correspond to the functional ribosomal components. The func-
tional meanings of these extensions, as well as the molecular
mechanisms that generated them over time, constitute interesting
fields for future studies.

It is interesting to note that S. cerevisiae L19 protein has been
described forming part of the polypeptide chain exit channel
[17]. Moreover, several of the ribosomal proteins implicated in
the formation of this channel showed important extensions in T.
cruzi (Table 3). This fact could be related to the absence of a flat
surface on this region in T. cruzi 80S ribosome [14].

Another interesting observation concerned the L24 protein. Two
putative ORF encoding to this protein were found in the T. cruzi
genome database; TcL24A (Tc00.1047053510101.240) and TcL24B
(Tc00.1047053503611.20) (Supplementary Fig. 3). The amino acids
identity between these T. cruzi ORFs was very low (21.5%). The
amino acids identity of S. cerevisiae L24 is 27.2% and 27.0% with
TcL24A and TcL24B, respectively. These almost identical values
do not allow predicting which of these ORFs correspond to the
functional homologue of yeast L24. The MS analysis of purified
ribosomes confirmed the presence of only one of the putative
TcL24 gene product; TcL24B. This observation strongly suggests
that TcL24B is the T. cruzi functional orthologue of S. cerevisiae
L24. Because TcL24A was not detected in the ribosome preparation
nor in the total T. cruzi proteome [2], it may be that this ORF is not
expressed in T. cruzi. The genes encoding for the corresponding
L24A and L24B proteins are also present in T. brucei and Leishmania
major (not shown) showing that the duplication of the L24 gene
took place in a common ancestor of trypanosomatids.

A similar case was observed for the S12 protein. Two putative
homologue genes showing 65% of amino acids identity; TcS12A
(Tc00.1047053506181.59) and TcS12B (Tc00.1047053508231.20),
were detected in the T. cruzi genome, both of them automatically
annotated as S12 putative proteins and detected in the total prote-
ome from T. cruzi epimastigotes. TcS12A is slightly closer to the
yeast S12 (34.5% of amino acids identity) than TcS12B (30.8% of
amino acids identity). Both genes are expressed at the protein level
[2] but only TcS12B was detected in the proteomic analysis of puri-
fied ribosomes (Supplementary Fig. 4). Interestingly, we have
found S12A and S12B genes in T. brucei (Tb11.02.1830 and
Tb10.6k15.2050, respectively) but only one in L. major
(LmjF13.0570), suggesting gene duplication into the trypanoso-
matid lineages.

In other eukaryotes like mammals and yeast, ribosomal proteins
S27A and L40 are synthesized as C-terminal fusion to ubiquitin. By
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                1                                                                             80 
  Tcruzi    (1) MVSLKLQARLAADILRCGRHRVWLDPNEASEISNANSRKSVRKLIKDGLIIRKPVKVHSRSRWRHMKEAKSMGRHEGAGR 
 Tbrucei    (1) MVSLKLQARLAADILRCGRGRVWLDPNEAVEIRNANSRKSVRKLIKDGLVMRKPVKVHSRSRWRQMKLAKSMGRHEGTGR 
  Lmajor    (1) MVSLKLQARLASSILGCGRARVWLDPNEAVEIQNANSRKSVRKLIKDGFIIRKPVKVHSRARWRKMKEAKDMGRHNGVGR 

Athaliana    (1) MVSLKIQKRLAASVMKCGKGKVWLDPNESGDISMANSRQNIRKLVKDGFIIRKPTKIHSRSRARALNEAKRKGRHSGYGK 
Hsapiens    (1) MSMLRLQKRLASSVLRCGKKKVWLDPNETNEIANANSRQQIRKLIKDGLIIRKPVTVHSRARCRKNTLARRKGRHMGIGK 
  Scerev    (1) MANLRTQKRLAASVVGVGKRKVWLDPNETSEIAQANSRNAIRKLVKNGTIVKKAVTVHSKSRTRAHAQSKREGRHSGYGK 

                81                                                                           160 
  Tcruzi   (81) REGTREARMPSKELWMRRLRILRRLLRKYREEKKIDRHIYRELYVKAKGNVFRNKRNLMEHIHKVKNEKKKERQLAEQLA 
 Tbrucei   (81) REGTREARMPSKDLWMRRLRILRRLLRKYREEKKIDRHIYRELYMKAKGNVFRNKRNLMEHIHKVKNEKKKARQLAEQLA 
  Lmajor   (81) REGSREARMPSKELWMRRLRILRRLLRKYRADKKIDRHVYRDLYMRAKGNVFRNKRNLVEHIHKIKNEKKKERQLAEQLA 

Athaliana   (81) RKGTREARLPTKILWMRRMRVLRRFLSKYRESKKIDRHMYHDMYMKVKGNVFKNKRVLMESIHKMKAEKAREKTLADQFE 
Hsapiens   (81) RKGTANARMPEKVTWMRRMRILRRLLRRYRESKKIDRHMYHSLYLKVKGNVFKNKRILMEHIHKLKADKARKKLLADQAE 
  Scerev   (81) RKGTREARLPSQVVWIRRLRVLRRLLAKYRDAGKIDKHLYHVLYKESKGNAFKHKRALVEHIIQAKADAQREKALNEEAE 

                161                                                                          240 
  Tcruzi  (161) AKRLKDEQHRHKARKQELRKREKDRERARREDAAAAAAAKQKAAAKKAAAPSGKKSAKAAAPAKAAAAPAKTAAPPAKAA 
 Tbrucei  (161) AKRLKDEQNRRKARKQELKKREKERERARRDDAAAAAAAKQRAAAKKAAAPAAKKGGKAVAPATPAKAAPAKAAAAKVAP 
  Lmajor  (161) AKHLRDEQNRNKARKQELKKREKERERARRDDAAAAAQKKKADAAKKSAAPAAKSAAPAAKAAAPATKAAAAAPATKGAA 
Athaliana  (161) AKRIKNKASRERKFARREERLA--QGPGGGETTTPAGAPQQPEVTKKKSKK----------------------------- 
Hsapiens  (161) ARRSKTKEARKRREER--------------------LQAKKEEIIKTLSKEEETKK------------------------ 
  Scerev  (161) ARRLKNRAARDRRAQR--------------------VAEKRDALLKEDA------------------------------- 

                241                                                                          320 
  Tcruzi  (241) APPAKAAAPPAKAAAPPAKAAAPPAKAAAPPAKAAAPPAKAAAPPAKAAAPPAKAAAAPAKTAAPPAKAAAAPAKTAAPP 
 Tbrucei  (241) AKAAPAKAASPAGKKAAGKK------------------------------------------------------------ 
  Lmajor  (241) PVKKSKK------------------------------------------------------------------------- 

Athaliana  (210) -------------------------------------------------------------------------------- 
Hsapiens  (197) -------------------------------------------------------------------------------- 
  Scerev  (190) -------------------------------------------------------------------------------- 

                321                               357 
  Tcruzi  (321) AKTAAPPAKAATPPAKAAAPPAKAAAAPVGKKAGGKK 
 Tbrucei  (261) ------------------------------------- 
  Lmajor  (248) ------------------------------------- 

Athaliana  (210) ------------------------------------- 
Hsapiens  (197) ------------------------------------- 
  Scerev  (190) ------------------------------------- 

Fig. 1. Sequence alignment of L19 proteins from different organisms, including T. cruzi.

                1                                                                             80 
  Tcruzi    (1) MTTIGTYNEEGVNVDLYIPRKCHATNNLITSYDHSAVQIAIANVDANG-VLNGTTTTFCIAGYLRRQAESDHAINHLAIS 
 Tbrucei    (1) MATIGTYNEEGVNVDLYIPRKCHATNSLITSFDHSAVQIAIANVDPNG-VIDGTTTTLCIAGYLRCQGESDHAINHLAIA 
  Lmajor    (1) MATIGMFNEEGENVDLYIPRKCHATTTLIEAHDHAAVQISIANVGPNG-VINGTTTTLCIAGYLRSQGESDHAINHITID 

Athaliana    (1) -----MENDAGQVTELYIPRKCSATNRMITSKDHASVQLNIGHLDANG-LYTGQFTTFALCGFVRAQGDADSGVDRLWQK 
Hsapiens    (1) -----MQNDAGEFVDLYVPRKCSASNRIIGAKDHASIQMNVAEVDKVTGRFNGQFKTYAICGAIRRMGESDDSILRLAKA 
  Scerev    (1) -----MENDKGQLVELYVPRKCSATNRIIKADDHASVQINVAKVDEEGRAIPGEYVTYALSGYVRSRGESDDSLNRLAQN 
                81                                                                           160 
  Tcruzi   (80) KGIIRIKTGKKPRAKKLKNVKGLGVRGLPRGALQQRGARVLPTQRGVAQRGGAQKGNVRKLQPQPQKQRSQLNQRSQQQH 
 Tbrucei   (80) KGIVRIKTGKKPRAKKTKNLKVASGARTQ----QKGGRNAAGQTKGAAQRGAAQKPTGRPQQAQRQ-------------- 
  Lmajor   (80) RGIMRIKTGKPKRASKSKSKKPAAKGAAAGAAAQKGARPPAQKGARPPAQKGARPPAQKGARPPAQK------------- 
Athaliana   (75) KKVEAKQQ------------------------------------------------------------------------ 
Hsapiens   (76) DGIVSKNF------------------------------------------------------------------------ 
  Scerev   (76) DGLLKNVWSYSR-------------------------------------------------------------------- 
                161                                                                          240 
  Tcruzi  (160) GARPTRKEEGGRTQRGGRDAPQARKQQGRNEPQARRQQGRNEPQARKQQGRDAPQARKQQGRDAPQARKQQGRDAPQARK 
 Tbrucei  (142) GGRPARTEEGNRQRQG----------QQRQKPQQQQQQ-------RQQQ-------QQQRG---------GDRRAPQQ-- 
  Lmajor  (147) GARPPAQKGAAPARKN------------RA-------------------------------------------------- 

Athaliana   (83) -------------------------------------------------------------------------------- 
Hsapiens   (84) -------------------------------------------------------------------------------- 
  Scerev   (88) -------------------------------------------------------------------------------- 
                241      252 
  Tcruzi  (240) QQGRNAPRSQKA 
 Tbrucei  (187) -SGRRGPRS--- 
  Lmajor  (165) ------------ 

Athaliana   (83) ------------ 
Hsapiens   (84) ------------ 
  Scerev   (88) ------------ 

Fig. 2. Sequence alignment of S21 proteins from different organisms, including T. cruzi.
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data mining revealed similar fusion genes in the T. cruzi genome
(Supplementary Tables 1 and 2). The ubiquitin/L40 gene had not
been annotated as ribosomal protein in the T. cruzi genome data-
base. From these ubiquitin fusion proteins, only TcS27A was de-
tected by mass spectrometry on pure ribosomes.

The mammalian L28 protein is the only ribosomal component,
which had no counterpart in S. cerevisiae. Our analysis showed that
the T. cruzi genome has a putative L28 coding gene, showing 28.7%
amino acids identity to human L28. This prediction is supported by
the detection of several peptides matching to this sequence (Sup-
plementary Fig. 5 and Supplementary Table 1). The presence of
L28 in trypanosomatids and mammals suggests that the corre-
sponding gene has been lost in S. cerevisiae. This prediction is
strongly supported by the presence of a gene encoding L28 in



Table 3
Comparison of ribosomal proteins forming the polypeptide exit channel.

Protein Length (amino acids) % Identity T. cruzi-specific features

S. cerevisiae T. cruzi

L17 184 166 54 C-terminal deletion (20 aa)
L19 189 357 50 C-terminal extension (170 aa)
L25 142 226 45 N-terminal extension (90 aa)
L26 127 143 57 C-terminal extension (21 aa)
L31 113 188 42 N-terminal extension (75 aa)
L35 120 127 41 –
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Aspergillus fumigatus (Protein ID: XP_747557) and Schizosaccharo-
myces pombe (Protein ID: BAA31554), two organisms phylogeneti-
cally close to S. cerevisiae.

In summary, we found 32 proteins with significant sequence
identity to S. cerevisiae 40S proteins. Peptides matching to 29 of
these proteins were detected by MS of T. cruzi ribosomes, including
S13 (Tc00.1047053511291.90) and S28 (Tc00.1047053506413.20),
which were not detected in the proteome of T. cruzi [2]. Peptides
matching to S22 (Tc00.1047053506297.330), S25
(Tc00.1047053509233.190) and S30 were not detected in our
analyses. S30 was not detected in MS studies on total extracts of
T. cruzi [2].

For the large subunit, we have found genes encoding putative
homologues for all the 48 yeast proteins, excepting L41 (GenBank
code X16065), a short peptide, 25 amino acids long. MS detected
these predicted proteins, excepting L1 (Tc00.1047053511277.160),
L35 (Tc00.1047053509979.90), L39 (Tc00.1047053511217.145),
L40 (Tc00.1047053507483.4), P1 and P2. From these, L1, L35, P1a,
P2a, and P2b were previously detected in epimastigote crude ex-
tracts [2]. The presence of all the P1 and P2 proteins in our ribosome
preparation has previously been confirmed by Western blot with
monoclonal antibodies [18]. On the other hand, we detected two
large subunit proteins that were not previously detected in the T.
cruzi total proteome; L22 (Tc00.1047053504147.120) and L42
(Tc00.1047053507105.40).

When MS analyses of T. cruzi total extracts were performed,
6.19% (72 from 1162) of the identified proteins corresponded to
ribosomal proteins [2]. In our ribosome preparation, 45.6% (68 from
149) of the total hits were ribosomal proteins. From the non-ribo-
somal proteins identified in our sample, several corresponded to
abundant proteins like chaperones and cytoskeletal proteins, two
putative RNA binding proteins with no significant sequence similar-
ity to any protein with known function (Tc00.1047053511727.290/
Tc00.1047053511727.270 and Tc00.1047053510755.120), proteins
involved in translation like initiation and elongation factors (IF4A,
EF1 alpha, EF1 beta, EF2) as well as RNA helicases, a few mitochon-
drial proteins and several proteins with unknown function. Supple-
mentary Table 4 shows all the non-ribosomal proteins detected in
our sample.

Recently, twelve new S. cerevisiae proteins have been described
to be associated to ribosomal complexes [19]. We did not detect in
our sample any peptide matching to T. cruzi proteins with homol-
ogy to those yeast genes.

The presence of mitochondrial ribosomes co-sedimenting with
80S ribosomes could be a possible contaminant in our preparation.
Recently, the mitochondrial ribosomes of L. tarentolae have been
analyzed by MS, identifying 20 mitochondrial proteins [20]. Our
sample showed only one peptide corresponding to one of the T.
cruzi orthologue proteins (mtS15; Tc00.1047053507949.50), show-
ing that our preparation is virtually free of mitochondrial particles.

It is interesting to note that MS analyses detected RACK1
(Tc00.1047053511211.130), a protein tightly associated to the
small ribosomal subunit in eukaryotes, and apparently involved
in the regulation of the translation initiation [21,22]. This fact is
in apparent conflict with cryo EM of T. cruzi ribosomes showing
no densities corresponding to RACK1. This inconsistency could be
caused by a weaker interaction between RACK1 and the ribosome
in T. cruzi, comparing to other species. This could results in too low
amounts of RACK1 in purified ribosomes for visualization by cryo
EM. However, these low amounts could be enough for detection
by MS analyses.

Our results gave the confirmation of the expression at the pro-
tein level, as well as their association with ribosomal particles, for
virtually all the predicted ribosomal proteins. In addition, for those
cases where assignation of the right homologue gene could be dif-
ficult, our MS data allow to propose which of these genes are ex-
pressed and associated with ribosomes. Finally, we have
identified peptides matching to four ribosomal proteins, which
had not previously detected in MS of T. cruzi extracts (TcS13,
TcS28, TcL22 and TcL42). In summary, our results give a convenient
start point for the study of any ribosomal protein in T. cruzi, a field
that has been poorly investigated up to date. Some particular cases
(e.g., TcS21, TcL19) merit particular attention.
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