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Abstract

Background: Trypanosoma brucei is the causative agent of human African sleeping sickness and Nagana in cattle.
In addition to being an important pathogen T. brucei has developed into a model system in cell biology.

Results: Using Stable Isotope Labelling of Amino acids in Cell culture (SILAC) in combination with mass
spectrometry we determined the abundance of >1600 proteins in the long slender (LS), short stumpy (SS)
mammalian bloodstream form stages relative to the procyclic (PC) insect-form stage. In total we identified 2645
proteins, corresponding to ~30% of the total proteome and for the first time present a comprehensive overview of
relative protein levels in three life stages of the parasite.

Conclusions: We can show the extent of pre-adaptation in the SS cells, especially at the level of the mitochondrial
proteome. The comparison to a previously published report on monomorphic in vitro grown bloodstream and
procyclic T. brucei indicates a loss of stringent regulation particularly of mitochondrial proteins in these cells when
compared to the pleomorphic in vivo situation. In order to better understand the different levels of gene expression
regulation in this organism we compared mRNA steady state abundance with the relative protein
abundance-changes and detected moderate but significant correlation indicating that trypanosomes possess a
significant repertoire of translational and posttranslational mechanisms to regulate protein abundance.
Background
T. brucei sspp are single celled, flagellated protozoan
parasites that cause human African sleeping sickness
and Nagana in cattle. The organisms follow a complex
life cycle alternating between the mammalian and insect
hosts. T. brucei sspp replicate by binary fission and, in
the infected mammals, long-slender bloodstream forms
use antigenic variation of their surface protein coat to
effectively evade elimination of the population by the
host immune system. In order to efficiently infect the
insect vector (tsetse; Glossina sp.) the LS cells (pleo-
morphic cell lines) transform into quiescent “short
stumpy” (SS) cells that are pre-adapted to the life in the
midgut of the tsetse. This transition occurs in response
to a parasite derived unidentified “stumpy inducing fac-
tor” (SIF) in a cell density dependent manner [1]. The
further transition from the quiescent SS stage to the
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procyclic (PC) insect stage occurs in the tsetse midgut.
In vitro this situation can be mimicked through a
temperature drop (from 37°C to 27°C) and citrate or cis-
aconitate addition to the medium. The mechanism of
the in vitro differentiation involves the stage-specific
expression of carboxylate transport proteins [2] and a
phosphatase cascade that eventually relays the differenti-
ation signal to the glycosomes [3]. Glycosomes are
peroxisome-derived trypanosome-specific organelles har-
bouring more than 200 proteins involved in a number of
different pathways including Glycolysis and the beta-
oxidation of fatty acids [4,5]. How the glycosomes fur-
ther promote differentiation remains elusive.
During the life cycle T. brucei undergoes dramatic

changes including the surface proteome, changes in
overall size, shape and motility as well as intracellular
changes most prominently seen in the mitochondrion.
The organelle transforms from an acristate tubular
structure devoid of cytochromes, oxidative phosphoryl-
ation and tricarboylic acid “cycle” (TCA) activity to a
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compartment capable of the bona fide mitochondrial ac-
tivities [6]. The morphological and metabolic changes
occurring during the life cycle are accompanied by
major changes in gene expression at the mRNA level
[7-12]. Trypanosomes regulate steady state mRNA abun-
dance mainly at the posttranscriptional level likely
through differential stability of the mRNA molecules as
has been shown for a number of transcripts [13] [14,15].
Additionally, a number of individual studies including
work on the procyclic surface proteins [16], the glycoso-
mal aconitase [17], the mitochondrial cytochrome c re-
ductase [18] and several cytochrome oxidase subunits
[19], have demonstrated that trypanosomes use transla-
tional and posttranslational mechanisms to regulate gene
expression, however the genome-wide scale of these
mechanisms remains unknown. The majority of prote-
omic studies in T. brucei have focused on individual
parts/compartments of the cell including the mitochon-
drion [20], the plasma membrane [21], the flagellum
[22,23] or applied semi-quantitative strategies in two life
stages (LS and PC; [24,25]). No comprehensive proteo-
mics study of the three life cycle stages have been done
and/or compared with the corresponding transcriptome.
Thus the importance and scale of translational regula-
tion and protein stability as means of gene expression
regulation in T. brucei remain elusive.
In recent years SILAC approaches have become the

method of choice for the quantitation of proteomes in
numerous organisms ranging from yeast to plants and
humans [26-28]. Here we present the first quantitative
proteomics study of three life stages of T. brucei using
SILAC and compare it with recently published transcrip-
tome data and proteome data.

Results
Insect-form T. brucei cells grew at very similar rates irre-
spective of the medium (SDM80 or 79), dialyzed/regular
fetal bovine serum (FCS) and labeled or unlabeled amino
acids (Additional file 1: Figure S1). We could show that
after 11 cell division cycles in medium containing heavy
isotope labeled Arg/Lys the mean ratio of heavy over
light isotopes in the detected peptides changed more
than 20 fold from 0.51 to 11.4 indicating that the major-
ity of proteins had incorporated the heavy isotope amino
acids (Additional file 1: Figure S2A). This is also sup-
ported by the inspection of individual peptides, where
the incorporation of heavy isotopes can be followed
from 0, 2, 11 cell cycle divisions (Additional file 1: Figure
S2B). For the comparison of relative protein abundance
we used in vitro grown PC (Antat 1.1) and the mamma-
lian LS or SS parasites (pleomorphic Antat 1.1) from
infected animals (Wistar rats). LS parasites were har-
vested from an early day three infection at a density of
5 × 107 cells/ml, while the SS cells were harvested at a
density of 3-5 × 108/ml on day six from immunosup-
pressed animals. Parasites grew at similar rates in im-
munosuppressed and untreated animals (data not
shown). We purified the bloodstream form trypano-
somes using anion exchange chromatography as
described previously [29]. 5 × 106 insect-form and blood-
stream form cells (LS or SS) were lysed using SDS PAGE
buffer and subsequently mixed. The total cell extracts
were separated on SDS PAGE in triplicate. Each lane
was cut into 10 slices, trypsinized and the resulting pep-
tides analyzed by LC mass spectrometry.
Overall proteome
To test how well the gel-base mass spectrometry ap-
proach covered the potential T. brucei proteome we
compared the distribution of protein size, number of
transmembrane domains and pI between the predicted
and the detected proteome from two technical replicates
(Figure 1A-C). We identified annotated proteins ranging
from 71 (8.2 kDa, Tb11.01.1790) to 8214 amino acids
(928 kDa; Tb09.160.1200), however, a bias against the
detection of very small proteins (<8 kDa) and proteins
with more than one trans-membrane domain were
observed (Figure 1). Also very basic proteins rich in Arg
and Lys residues were detected less often than predicted
from the genome encoded proteome. In general we
achieved very good coverage of the overall proteome,
which can also be seen in the genome-wide plot of pro-
tein abundance-changes during the development
(Figure 1D). The peptide information is summarized in
the Additional file 2: Table S13. We detected uniform
coverage along the 11 mega-chromosomes and the ma-
jority of transcription units, with the exception of the
subtelomeric regions in most chromosomes.
In order to validate the mass spectrometry data and

evaluate the whole-cell protein samples for integrity we
compared the abundance of the proteins in mass spec-
trometry with the abundance in western blotting using a
selected number of antibodies and found good correl-
ation between the fold-change measured by the two
techniques (Figure 2, Additional file 3: Table S1).
From the >2000 proteins detected (Additional file 4:

Table S2 and Table S3) we reliably measured the abun-
dance of 1673 in all three life stages (Additional file 5:
Table S4). From these about 750 (44%) proteins were
changed in expression level (≥ 2× up/down) in each of
the comparisons, while about 900 (56%) proteins
remained unchanged in abundance (Table 1). Among
the unchanged protein groups we detected 102 riboso-
mal proteins with mean and median fold-change of
close to one in each of the life-stage comparisons
(Figure 3B and Additional file 6: Table S5). Analysis of
the three life cycle stages showed a major change in
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Figure 1 T. brucei proteome coverage using SILAC and mass spectrometry. Comparison of mass spectrometry and genome encoded
proteome. (A) molecular weight, (B) isoelectric point and (C) transmembrane domains. Histograms depict the number of proteins of a certain
class encoded in the genome (blue) and detected by mass spectrometry (red). The insets depict a density plot of the corresponding histogram
indicating which regions are over/under represented when comparing genome and mass spectrometry. (D) Distribution of protein ratios from
the three life stages of T. brucei across the 11 mega-chromosomes. From outside to inside, the chromosomes one to 11, the polycistronic
transcription units (PTUs) on the chromosomes (red, PTU on sense strand; blue, PTU on antisense strand), protein ratios LS/PC, SS/LS, PC/SS
(green, ≥ 2x up; red, ≥ 2x down; black unchanged).
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protein composition during the transition from the pro-
liferative LS to the SS cells (Figure 3A). More than 500
proteins were increased in abundance in the SS when
compared to the LS, while only 192 were less abundant.
The bias towards an increase in protein abundance was
subsequently reversed during the transition from the
quiescent SS to the insect-form (Figure 3A). A set of
650 proteins was detected only between LS and PC
(Additional file 7: Table S6) and further 322 genes were
detected only between SS and PC (Additional file 8:
Table S7). The changes of protein abundance can
also be grouped into the different cellular functions/
compartments (GO terms; Figure 3B and Additional file 6:
Table S5). Over 40% of the proteins in seven cellular
component GO terms: plasma membrane, peroxisome,
nucleus, mitochondrion, microtubule, lysosome and gly-
cosome, are ≥ 2x increased in abundance during the dif-
ferentiation to the short stumpy cells.



Figure 2 Comparison of mass spectrometry and western blotting for protein abundance-changes during development of T. brucei. Protein
extracts used for mass spectrometry were probed using nine different antibodies. (A) Western blots using total cell extracts of long slender (LS), short
stumpy (SS) and procyclic (PC). Antibodies used: Alba 3, iron sulfur protein (ISP), heat shock protein 70 (HSP 70), paraflagellar rod protein (PFR),
trypanopain, archaic translocase of the outer mitochondrial membrane (ATOM), cytochrome oxidase subunit IV (COX IV), Aldolase and mitochondrial
RNA binding protein 2 (MRP2). (B) Histograms of the fold-change measured by western blotting and mass spectrometry.

Table 1 Overall proteome changes during development

MS/MS (proteins) MS/MS overlap (proteins) RNA-Seq and MS/MS overlap (proteins)

LS/PC PC/SS LS/PC SS/LS1 PC/SS LS/PC SS/LS PC/SS

Detected 2323 1995 1673 1673 1673 1529 1529 1529

Up >2x 564 308 362 559 250 321 498 218

Down >2x 551 645 398 192 507 354 174 449

Unchanged 1208 1042 913 922 916 854 857 862
1 calculated from LS/PC and SS/PC.
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Figure 3 Overall proteome changes during development and Gene Ontology (GO) term enrichment. (A) Displayed are the fractions of
proteins that change or remain unchanged in abundance during development. Additionally the direction of change is indicated (up/down).
Figure corresponds to data shown in Table 1. (B) GO term enrichment. Green indicates fraction of proteins ≥ 2x upregulated, red (≥ 2x
downregulated) and orange (unchanged).
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We also compared our results to a recently published
study by Urbaniak and co-workers [30], who applied a
similar mass spectrometry approach to two life stages
(LS and PC). Different from our study Urbaniak used
in vitro grown monomorphic Mitat1.2 T. brucei cells
that are not able to differentiate and complete the life
cycle. Out of 2323 proteins that we detected in LS/PC
1851 could also be found in the study of Urbaniak and
co-workers, while 1702 and 472 proteins were only
detected in the Urbaniak and our study, respectively
(Figure 4A). We compared abundance-changes of 1851
proteins and could show strong positive correlation for
the vast majority of proteins between the two studies,
excluding 22 proteins (1%) that displayed opposing
directions of expression change (Overall Spearman’s
rank correlation: rho=0.83; Figure 4B). Both studies



Figure 4 Comparisons of the detection level and the protein abundance changes in three independent studies. (A) Venn diagram
displaying proteins detected in Urbaniak et al. and our study. (B) Correlation of protein abundance changes in the two studies. Colors of the
circles in the scatter plot indicate correlation between the two studies (red high correlation, green low correlation). Black circles indicate
mitochondrial proteins. The Spearman's rank correlation rho=0.82 (p-value < 2.2e-16). (C) Venn diagram displaying proteins detected in Eyford
et al. and our study. (D) Correlation of protein abundance changes in the two studies. The Spearman's rank correlation rho=0.7 (p-value < 2.2e-16).
For colors of the circles see (B).
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show an increase of mitochondrial protein abundance in
the insect-form cells, however the increase is substantially
larger for the study presented here (average of 8.5x) when
compared to the study of the monomorphic cells (average
of 3.5x). This can also be seen in Figure 4B) where 159 of
226 mitochondrial proteins detected (black circles) are
above the diagonal that marks equal fold-change. 67 of
1851 proteins significantly differ in abundance between
LS and PC in the two studies (ΔU/GPC/LS ≥ 5x;
Additional file 9: Table S8). 50 and 17 of these proteins
show larger fold-changes during the differentiation in the
Gunasekera and Urbaniak study, respectively. 15 of these
proteins (22%) are predicted to be mitochondrial.
Additionally we compared relative abundance-changes
during the transition from LS to PC from our study to
the corresponding lifestages in Trypanosoma congolense
from a recently published study [31] (Figure 4C-D). For
264 proteins the relative abundance-changes between LS
and PC in the two parasite species correlated with a
Spearman’s rank correlation of rho=0.7 (p-value < 2.2e-16;
Figure 4D), including 26 (10%) proteins that showed
opposing patterns of expression in the two studies
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(Figure 4D). When we excluded those 26 proteins from
the analysis the Spearman’s rank correlation increased to
rho= 0.87 (p-value < 2.2e-16).

N-terminal extensions and alternative splicing to diversify
protein production
Previously, others and we predicted several hundred
proteins in the T. brucei proteome to have potential N-
terminal extensions to the currently annotated start
codon [7-9]. For 109 of these proteins we have detected
N-terminal peptides covering the predicted extensions
(Additional file 10: Table S9). Nineteen of the corre-
sponding transcripts, including six MitoCarta transcripts
contain alternative trans-splice sites downstream of the
5’ most (distal) ATG (Figure 5). In the four representa-
tive examples alternative trans-splicing at the down-
stream positions would not permit translation of the
N-terminal extension however, translation could initiate
at one of the in-frame ATG codons downstream of the
alternative splice site (Figure 5). One of the consequences
of the change in the N-terminal peptide is exemplified
with the gene Tb927.4.1410 that harbours a mitochon-
drial targeting signal in the N-terminal 45 amino acids.
Translation from the alternatively trans-spliced transcript
would not contain this targeting signal and thus the cor-
responding protein would probably not localize to the
mitochondrion. This is similar to the situation of the pre-
viously described isoleucyl tRNA synthetase (IleRS) gene
where alternative trans-splicing leads to two different size
transcripts that are translated into proteins with a longer
and shorter N-terminus localized to the mitochondrion
and the cytosol, respectively [32].
Figure 5 Alternatively spliced transcripts and their corresponding pro
Tb927.4.1410, Hypothetical protein. (C) Tb09.160.0360, Hypothetical protein
Arrows in red, orange and green indicate splice sites detected in long slen
respectively. Black bars indicate ORFs and grey bars indicate peptide cover
Although we have no additional experimental verifica-
tion the mass spectrometry data together with the alter-
native splicing profile and our previous results for the
tRNA synthetase suggest that from the transcripts
described above two or more proteins differing in the
N-terminus are potentially translated. These findings
support the hypothesis that alternative trans-splicing is a
significant mechanism for the diversification of the
information encoded in the T. brucei genome.

MitoCarta
Corresponding to the overall coverage we detected 293
proteins predicted to be part of the mitochondrial or-
ganelle that is estimated to harbour about 1000 proteins
[20,33]. For 166 of these proteins the abundance-
changes between LS/SS/PC forms of the parasite were
quantified (Additional file 11: Table S10). The major
trend was an increase in mitochondrial protein abun-
dance in the SS and PC cells, relative to the LS blood-
stream form. The majority of changes occurred during
the transition from the proliferative LS to the quiescent
SS stage of the parasite, with little increase upon transi-
tion to the insect-form (Figure 3B and Additional file 1:
Figure S3). A more detailed analysis of the respiratory
chain confirmed this trend with the exception of the
proteins from complex III and IV, which showed the
main increase during the transition to the PC form
(Figure 6 and Additional file 1: Figure S4) while one of
the well studied bloodstream-specific proteins in the
mitochondrion, the terminal alternative oxidase (TAO),
decreased in abundance only after the transition to the
insect-form of the parasite (mass spec ratios: SS/LS 1.6;
tein products. (A) Tb927.4.1590, Hypothetical protein. (B)
. (D) Tb09.160.3980, eukaryotic translation initiation factor 4 gamma.
der form (LS), short stumpy form (SS) and procyclic form (PC)
age. Potential start codons are shown in red.



Figure 6 Protein expression profile of the oxidative phosphorilation complexes I-V during development. X-axis indicates the fold
regulation (log2) of the complexes based on the mean fold change of the individual components.
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PC/SS 0.03; Tb927.10.7090). Additionally many enzymes
of the procyclic-specific metabolism like the enzymes of
the TCA “cycle” and the pathway converting pyruvate
via acetyl-CoA to acetate are present in the SS cells at
levels comparable to the insect-form. The latter pathway
includes the pyruvate dehydrogenase complex subunits
(PDH), the acetate:succinate CoA transferase (ASCT)
and the succinyl CoA synthase (SCoAS; Additional file 1:
Figure S5). In summary, we find a majority of the mito-
chondrial proteins detected in this study to be increased
in abundance in the quiescent SS form when compared
to the proliferative LS.

Novel transcripts expressed
Kolev and co-workers recently showed the expression of
1011 previously not annotated genes in the T. brucei
genome at the RNA level [7]. We detected peptides for 31
or 3% of these 1011 genes (Additional file 12: Table S11),
while we could show the expression of about 30% of the
remaining genes in the T. brucei genome. Four of the 31
detected proteins encoded by novel transcripts belong to
the retrotransposon hot spot protein family, while the
remaining, including a 41 amino acid peptide, are proteins
of unknown function with no significant similarities to
other proteins outside the group of trypanosomes.

Comparison RNA/protein
Using previously published RNA expression profiling
data from the same cell line (Antat1.1) and life stages we
compared the relative changes of RNA and protein dur-
ing the life cycle [8]. For ~40% of the genes analyzed
(1529 genes, Additional file 13: Table S12) RNA and
protein abundance-changes in PC/LS differed less than
two fold with a Spearman’s Rank correlation coefficient
of rho=0.83, (Figure 7; p<10-16). The number of genes
correlating at the level of RNA and protein increased to
67% when the difference was allowed to be up to four
fold (Spearman’s rank correlation of rho=0.61; p<10-16).
Conversely this implied that depending on parameters
and developmental stage 30% of the genes showed
little to no correlation between RNA and protein
abundance-changes. However, using a principle com-
ponent analysis (PCA) that allows us to reduce the
dimensionality/complexity of the datasets and extract
common features, we could show that RNA and pro-
tein data from the individual life stages clearly cluster
together (Figure 7).

Discussion
This is the first study demonstrating the usefulness of the
SILAC approach in the comparison of the total proteome
of three T. brucei life cycle stages. We could show that fly
transmissable insect-form T. brucei (Antat1.1; [34]) grows
well in SILAC heavy isotope-adapted SDM80 medium
in vitro with little to no Arg-13C6 to Pro-13C5 conversion
detectable. This is in good agreement with the lack of the
ornithine aminotransferase in the T.brucei genome, an
enzyme essential for the conversion Arg to Pro in other
systems (pers. communication F. Bringaud). Interestingly
the closely related parasite Leishmania contains all
enzymes necessary for the Arg to Pro conversion and thus
might be less suited for a SILAC approach with labelled
Arg. As expected for a gel-based approach detection was
slightly biased against very small proteins, proteins with
>1 trans-membrane domain and very basic proteins, the
latter possibly due to trypsin based cleavage of these
proteins in very small peptides that are subsequently
missed in the LC mass spectrometry. However, with more



Figure 7 Correlation of mRNA and protein changes between LS and PC T. brucei. (A) Scatter plot comparing RNA (x-axis) and protein
(y-axis) change in log2 between LS/PC. The colour of the circles change from red to green based on the correlation. The dashed lines indicate
difference in fold-change ≤ 4 fold between RNA and protein. Spearman’s rank correlation rho=0.61 (p-value< 2.2E-16) and Pearson’s product
moment correlation is 0.74 (p-value < 2.2E-16). The dotted lines indicate difference in fold-change ≤ 2 fold between RNA and protein. Spearman’s
rank correlation rho=0.8339 (p-value< 2.2E-16) and Pearson’s product moment correlation is 0.9 (p-value < 2.2E-16). (B) Correlation and variability of
mRNA and protein abundance changes during development based on the first two Principal components (PC).
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than 2500 different proteins detected we achieved very
good coverage of the T. brucei proteome (Figure 1D). The
comparison with a recently published study by Urbaniak
and coworkers showed overall excellent correlation of
protein abundance-changes between blood (LS) and insect
(PC) form cells (rho=0.83, p-value < 2.2e-16; Figure 4B)
despite the fact that the growth conditions (in vitro vs.
in vivo for the bloodstream cells) and the cell lines (mono-
morphic vs pleomorphic) were quite different. Interest-
ingly, many mitochondrial proteins showed a decrease in
fold-change between the blood and insect-form in the
monomorphic when compared to the pleomorphic cell
line. At this point we cannot distinguish if this is due to an
increase of mitochondrial proteins in the bloodstream
form, a decrease in the insect-form or a combination of
both. However, it is well established that in vitro grown
monomorphic bloodstream form cells differ in shape and
motility from their in vivo grown pleomorphic counter-
parts (reviewed in [35]). Furthermore it has been specu-
lated that the monomorphic cells are more similar to the
intermediate forms of the pleomorphic cells, a differenti-
ation step in between the LS and SS forms. When we
compared our results to a recent study of the related
parasite T. congolense we also detected strong positive cor-
relation of protein changes during development (LS and
PC), however less strong than when compared to the
monomorphic T. brucei strain [30]. Similar to T. brucei,
the T. congolense parasite is transmitted by the Tsetse and
infects a variety of mammalian hosts. However, there are a
number of differences in the mammalian host pathogen-
esis between the two parasites including the localization in
the host [36], suggesting that there are likely differences in
the underlying protein expression in the mammalian
blood stage. These differences in biology could explain the
discrepancies we find between the two studies, especially
the significant number of proteins that are regulated in
opposing directions. Additionally, the differences in the
expression profiles could also be a result of the techniques
applied in the two studies. Isobaric tags for relative and
absolute quantitation (iTraq), which was used by Eyford
and co-workers requires that the samples are individually
processed, protease treated and labelled with the isobaric
tags, while SILAC allowes the combined processing of the
samples after growth in the heavy and light isotope media.
We feel that the combined processing is an advantage of
SILAC over iTraq since no variability in processing is
introduced between two samples. iTraq on the other hand
offers the advantage to measure up to eight samples
together and thus save mass spectrometry resources and
costs (for a review on iTraq see [37]).
Analyzing the changes during development we could

show that about 45% of the proteins change in abun-
dance in each of the comparisons, while more than 50%
remained unchanged (Figure 1D, Figure 3A). Among the
unchanged protein groups we detected 102 ribosomal
proteins with mean and median fold-change of close to
one in each of the life-stage comparisons (Figure 3B and
Additional file 6: Table S5). This is not unexpected since
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ribosomal proteins are part of the cell’s core machinery and
as such unlikely to undergo large changes in abundance.
Among the proteins that change abundance during
differentiation we found very good correlation to previously
published data of a number of proteins including the alter-
native terminal oxidase (TAO; Tb927.10.7090; [38]) a glyco-
somally targeted phosphatase (TbPIP39; Tb09.160.4460,
[3]) and the surface transporter family proteins associated
with differentiation (PAD1; Tb927.7.5930 and PAD2;
Tb927.7.5940, [2]). The overall increase in protein abun-
dance during the transition from the LS to the SS cells is
explained by the specific requirements for this intermediate
life cycle stage. The SS cell is adapted to the nutrients, pH
and temperature of the mammalian host, while at the same
time it is pre-adapted to the conditions in the tsetse midgut
as particularly through the increase in abundance of mito-
chondrial proteins [39]. It is well established that the blood-
stream form trypanosomes are devoid of cytochromes and
consequently lack oxidative phosphorylation activity [6].
The data presented here now suggests that one of the final
activation steps of energy production in the mitochondrion
rests in the production and assembly of complexes III and
IV of the oxidative phosphorylation chain, while complexes
I, II and V are already present in the quiescent SS cells. This
is in good agreement with the abundance of the trypano-
some alternative oxidase (TAO) in the bloodstream form
parasites. TAO is the terminal electron acceptor in the
bloodstream cells necessary to re-oxidize the reduction
equivalents produced during Glycolysis, essentially substi-
tuting complex IV. Only after the transition to the procyclic
form and the activation of the regular oxidative phosphoryl-
ation chain including complex III and IV the abundance of
the TAO protein decreased. At first glance the presence of
many of the procyclic-specific enzymes in the SS stage is
seemingly at odds with some of the metabolome data. The
major end product of glucose metabolism in the SS cells,
for example, has been shown to be pyruvate and not acetate
as it is found in the PC cells [40]. This poses the question
as to why the excess pyruvate is not converted to acetate if
the enzymes of the corresponding pathway (PDH, ASCT,
SCoAS) are present. We identified a potential pyruvate de-
hydrogenase phosphatase (Tb927.5.1660), a homolog of the
PDH activating enzyme in other systems, which is upregu-
lated at the protein level only upon transition to the insect-
form. The developmental regulation of the phosphatase
thus would explain the lack of ASCT activity due to a lack
of acetyl CoA substrate (Additional file 1: Figure S5).
Clearly this is only a hypothesis and requires experimental
verification, but it demonstrates the power of the SILAC
comparative approach to study the specific biology of
trypanosomes. Furthermore we would like to remind the
reader that the in vitro grown insect-form cells, although
fly transmissible, are possibly different from the trypano-
somes in the in vivo situation in the tsetse.
The recent discovery of a large number of novel tran-
scripts prompted us to specifically search for corre-
sponding protein products, however we only detected
peptides for 3% of these transcripts. Many of the novel
transcripts contain very small open reading frames
(<25aa) and thus there is the possibility that these small
proteins were missed on SDS PAGE, although we
detected peptides belonging to a very small protein
(41 aa) encoded by a novel transcript. Overall we think
that a majority of the novel transcripts, although poly
adenylated and capped are likely non-coding and thus
present a large repertoire of potentially regulatory RNA
species in the T. brucei genome as has recently been
demonstrated for two of the novel transcripts by
Michaeli and co-workers [41].
One of the enigmas of gene expression regulation is

the apparent lack of correlation between the changes at
the mRNA level and the protein level in some systems.
A recent study, for example, described the concordance
of mouse proteome and transcriptome from different
mouse strains to be at a modest level (rho=0.27; p<0.05)
with about 40% of the detected proteins not correlating
to the changes in mRNA level [42]. On the other hand,
a study in yeast showed that correlation of protein and
mRNA levels following a perturbation in osmolarity was
strong for the genes up-regulated at the mRNA level,
however there was no correlation for mRNAs down-
regulated during this process. The authors propose a
model in which decrease in mRNA abundance serves
purposes different from the down regulation of protein
abundance during osmolarity stress [43]. In our study
the comparison of LS/PC showed a similar behaviour.
RNA/protein abundance-changes correlated much better
when RNA was increased at least two fold (Spearman,
up r=0.36; p<0.0001) than if RNA was decreased at
least two fold (down, r=0.11; p<0.02), however this
phenomenon was reversed when PC was compared to
the SS form (up r=0.07, p<0.1; down r=0.24, p<0.001). In
order to test if the lack of correlation between RNA and
protein is due to biological variability at the RNA level
we restricted the set to transcripts with good correlation
between a previous microarray study of bloodstream and
procyclic T. brucei and our SLT data and compared it to
the protein data (Additional file 1: Figure S6). Of the
3451 genes with a robust regulation pattern at the RNA
level 677 were represented in our mass spectrometry
data. The correlation coefficient of the restricted dataset
(rho=0.35; p<2.2e-16) was only marginally higher than
the entire dataset (rho=0.28; p<2.2e-16) thus even for
transcripts with a robust expression pattern, protein
abundance-changes do not correlate very well. Although
we cannot entirely exclude that the difference in regula-
tion at the RNA and protein level is due to the variabil-
ity in biological replicates it seems likely that a
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significant portion of the protein abundance-changes are
due to regulation of translation or protein stability and
thus are not reflected at the RNA level.
Conclusions
In summary we show (i) the effective use of SILAC for
the analysis of whole proteome changes during the life
cycle in T. brucei, especially also to uncover potential
regulatory proteins that control the differentiation (ii)
the likely N-termini of 109 proteins and that number of
them possibly produce several N-terminal isoforms; (iii)
a surprising difference between the protein and RNA
changes during the life cycle, that are possibly explained
by a significant level of translational/posttranslational
regulation that has yet to be explored, (iv) that the
massive changes, especially in the mitochondrial prote-
ome of the quiescent SS form support its status as a dis-
tinctly differentiated subpopulation of cells committed
to life in the fly.
Methods
Cells and growth conditions
Procyclic Antat 1.1 [44] cells were pre-adapted to SDM
80 with 10% dialyzed fetal bovine serum (FCS; 10,000
molecular weight cut-off; Amimed) for seven days at
27°C; cells were then washed with PBS and transferred
into 10 ml SDM 80 with 10% dialyzed fetal bovine
serum (FCS) and the stable isotope labelled amino
acids Arginine (1,1 mM; 13C6, 99%, CIL) and Lysine
(0,4 mM; 13C6, 99%, CIL) that replaced the non labelled
amino acids. Cells were harvested after 0, 2 and 11 cell
division cycles (doubling time 8 hours) and the incorp-
oration of stable isotope labelled amino acids was mon-
itored by mass spectrometry. For the final experiments
cells were harvested 5 × 107 cells (5 × 106 cells/ml) after
11 cell division cycles in SDM with stable isotope
labelled amino acids. Cells were washed with PBS and
lysed directly in Laemmli buffer at a concentration of
5*105 cells/μl. Lysates were stored at −80°C.
Bloodstream form cells were grown in rats (Wistar).

Long slender cells were harvested at day three post-
intraperitoneal injection of 5 × 106 cells at a density of
5 × 107 cells/ml blood. For short stumpy cells rats were
immunosuppressed with 200 mg/kg cyclophosphoamide
(Sigma) 24 hours prior to intraperitoneal injection of
1 × 106 cells. Short stumpy cells were harvested at day
five from immunosuppressed rats at a density of 5-8 × 108

cells/ml blood. 85% of cells harvested at day five displayed
the typical short stumpy appearance with the flagellum
significantly shortened, while >90% of cells harvested at
day three showed a long slender appearance with the fla-
gellum extending anterior to the cell body, as seen by light
microscopy after methanol fixation. Bloodstream form
cells were purified from whole rat blood using DE-52
anion exchange resin (Whatman) equilibrated to pH 8
with a bicine glucose buffer (50 mM bicine, 50 mM NaCl,
5 mM KCl, 50 mM glucose).

Mass spectrometry
Two technical replicates were done each using 5 × 106

procyclic cells that were mixed with 5 × 106 LS or SS
cells in Laemmli buffer, boiled at 95°C for 5 min and
resolved on a 10% acryl amide gel (1,0 mm). Gels were
stained with standard Coomassie Brilliant Blue G-250
solution (2.5 g Coomassie Brilliant Blue G-250 from
Applichem in 450 ml methanol, 100 ml acetic acid and
400 ml water) and destained in the same solution without
Coomassie. Subsequently gels were stored in 20% (v/v)
ethanol at 4°C until MS analysis that was done in dupli-
cate on two SDSPAGE lanes (within 2 days). For this,
each gel lane was cut into ten bands. Each band was cut
into several little cubes that were transferred to a low-
binding reagent tube (Sarstedt, Nümbrecht, Germany).
Gel slices were washed with 50 mM Tris/HCl pH 8 (Tris
buffer) and Tris buffer/acetonitrile (LC-MS grade, Fluka,
Buchs, Switzerland) 50/50 before protein reduction with
50 mM DTT (Fluka, Buchs, Switzerland) in Tris buffer
for 30 min at 37°C, and alkylation with 50 mM iodoace-
tamide (Fluka, Buchs, Switzerland) in Tris buffer for 30
min at 37°C in the dark. After washing with Tris buffer
and dehydration with acetonitrile the gel cubes were
soaked with trypsin solution composed of 10 ng/ml
trypsin (Promega) in 20 mM Tris/HCl pH 8, 0.01%
ProteaseMax (Promega) for 30 min on ice. Gel cubes
were covered by addition of 5–10 ml 20 mM Tris/HCl
before digestion for 60 min at 50°C. The supernatant
liquid was combined with a single gel extract performed
with 20 ml 20% (v/v) formic acid (Merck) in polypro-
pylene HPLC vials. An aliquot of 10 ml from each digest
was loaded onto a self-made pre-column (Magic C18, 5
mm, 300 Å, 0.15 mm i.d. x 30 mm length) at a flow rate
of ~5 ml/min with solvent A (0.1% formic acid in water/
acetonitrile 98:2). After loading, peptides were eluted in
back flush mode onto the analytical nano-column (Magic
C18, 5 mm, 100 Å, 0.075 mm i.d. × 75 mm length) using
an acetonitrile gradient of 5% to 40% solvent B (0.1%
formic acid in water/acetonitrile 4.9:95) in 60 min at a
flow rate of ~400 nl/min. The column effluent was dir-
ectly coupled to an LTQ-orbitrap XL mass spectrometer
(ThermoFisher, Bremen, Germany) via a nanospray ESI
source operated at 1700 V. Data acquisition was made in
data dependent mode with precursor ion scans recorded
in the Fourier transform detector (FT) with resolution of
60’000 (@ m/z =400) parallel to five fragment spectra of
the most intense precursor ions in the linear iontrap.
CID mode settings were: Wideband activation on;
precursor ion selection between m/z range 360–1400;
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intensity threshold at 500; precursors excluded for 15
sec. Further tune parameter settings were: Max. injection
time LTQ MS2 = 200 ms, orbitrap MS 500 ms; auto-
matic gain control orbitrap = 5 × 105, LTQ MS = 3 × 104,
MS2 = 1 × 104.
Mass Spectrometry data and SILAC ratio interpret-

ation was made with MaxQuant version 1.1.1.36 run
under Windows7 against a T. brucei sequence database
(version available in May 2011) from the Wellcome
Trust Sanger Institute Pathogen Sequencing Unit. The
default contamination database in Andromeda (Max-
Quant) was searched together with the target database.
We applied the following MaxQuant default settings: for
precursor masses in the first search (+/− 20ppm), in the
second search (re-calibrated mass values; +/− 6ppm).
For fragment spectra default was set to +/− 0.5 Da and
only the top 6 peaks per mass interval of 100 were kept
(peak filtering; [45]). Other Maxquant parameters were:
Peptide and protein FDR set at 1%; carbamidomethyl-
cystein set as fixed modification; allowed dynamic
modifications were Met oxidation, protein N-terminal
acetylation, Phosphorylation on Ser/Thr/Tyr. For SILAC
ratio at least two unique or razor peptides without
modification were required. A strict trypsin cleavage rule
was applied i.e. cleavage c-terminal after K or R, no
cleavage if a P follows R or K!. The normalisation was
done using the default settings in MaxQuant [46].

Western blotting
For western blotting total cell protein from 1 × 107 cells
of bloodstream (long slender, short stumpy) and procyc-
lic cells was resolved on 10% SDSPAGE, transferred to a
PVDF membrane (Immobilon FL, Millipore) and probed
with antibodies shown in Additional file 3: Table S1. Sig-
nals were quantified using the Odyssey Infrared Imaging
System (LI-COR).

Bioinformatics
Analysing MSMS data
Perl (perl, v5.10.1), unix (in Ubuntu 10.04.3 LTS (Lucid
Lynx)) and R (R version 2.14.1 (2011-12-22)) scripts
were used to analyse RNA and protein data. The statis-
tical analyses were performed using R scripts. The
scripts will be provided upon request. All plots except
the circular visualisation of protein abundance along the
chromosomes of T. brucei, which was produced using
Circos software [47] were produced using R and sup-
portive packages.

Detecting novel transcripts and genes with N-terminal
extensions
Peptide coverage for novel transcripts and n-terminal
extensions was detected using Trans Proteomic Pipeline
(TPP, [48]). The raw files containing MS/MS spectra
were converted into mzXML files and subsequently files
were used for database searches. The database searches
were done using the X!Tandem search-engine. Protein
databases were created based on DNA sequences of the
novel transcripts and genes with N-terminal extensions
for the database search. Precursor mass tolerance was
set to −2 and +4 Da. We used this mass tolerance
window together with the other default parameters
for the X!Tandem database search. The output files of
X!Tandem search engine were converted into pepXML
(XML format) files, which were used for subsequent
peptide level analysis. Validation of peptide spectrum
assignment was done using PeptideProphet with the
“accurate mass binning” option enabled. The minimum
peptide length considered in the analysis is seven
amino acids. The results were filtered to a 1% FDR at
the peptide and protein levels. Finally, the protein iden-
tifications were converted into protXML files, which
contain the information for protein level analysis.

Principal component analysis
The SLT and MS/MS data sets are modelled as a numer-
ical matrix of M ×N, where M is number of genes under
N comparisons (3 × SLT and 3 × MS/MS datasets). The
eigenvalues and eigenvectors were computed by solving
the following equation:

��C � λ
� �

�V ¼ 0

Where ��C is the correlation matrix, i.e. square symmet-
ric and λ is the eigenvalue and �V is the eigenvector. The
size of the eigenvectors is equal to number of variables
and the eigenvectors are orthogonal to each other, i.e.
�V1 � �V 2 ¼ 0:
We have used R, rgl and lattice packages to compute

the matrix of variable loadings, rotated data and to plot
rotated variables.
The data can be accessed online through: http://splicer.

unibe.ch/, TritrypDB ( http://tritrypdb.org) and Proteome
Commons (http://www.proteomecommons.org).

Additional files

Additional file 1: Figure S1. Comparison of procyclic T. brucei cell
growth in different media. (A) Cells grown in SDM 79/80 with regular FCS
and SDM 80 with dialyzed FCS (dFCS). (B) Comparison of procyclic T.
brucei cell growth of cells in SDM 80 dFCS regular amino acids and cells
in SDM 80, dFCS and heavy isotope labeled amino acids (Arg; Lys).
Figure S2. Labelling efficiency of procyclic T. brucei whole cell proteome
after zero, two and 11 cell division cycles. (A) Box plot depicting mean
ratios of heavy/light peptides from the whole proteome. (B) Shows the
relative abundance shift of mass spectrometry peaks (m/z) during the
course of labelling (0, 2 and 11 cell division cycles) with heavy amino
acids towards higher m/z ratios. Data corresponds to one peptide of the
triosephosphate isomerase gene (Tb11.02.3210). Figure S3. Expression
profile of 166 mitochondrial proteins during T. brucei development. Each

http://splicer.unibe.ch/
http://splicer.unibe.ch/
http://tritrypdb.org
http://www.proteomecommons.org
http://www.biomedcentral.com/content/supplementary/1471-2164-13-556-S1.pdf
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circle indicates a cluster of co-regulated proteins. Circle size is
proportional to the number of proteins in the cluster. The midpoint of
the circle marks the mean fold change between the life cycle stages.
Expression profile is depicted as fold change (log2) between the different
life cycle stages. Figure S4. Protein expression profile of oxidative
phosphorylation complexes I-V during development. (A and B) Complex
one. (C and D) Complex two. (E and F) Complex three. (G and H)
Complex four. (I and J) Complex five. Each gene is assigned a sign. x-axis
indicate the fold regulation in log2 between life stages. Figure S5.
Procyclic specific metabolism genes and their regulation during
development. (A) Abundance profile of eight different proteins likely
involved in pyruvate to acetate conversion in the mitochondrion of
insect form trypanosomes. (B) Model depicting the conversion of
pyruvate to acetate. Green arrow indicates activation of the pyruvate
dehydrogenase complex through dephosphorylation. Figure S6. Gene
expression comparison between SLT, microarray and MS/MS. (A) A set of
highly correlated genes between microarray (Jensen et al.) and SLT
(Nilsson et al.). The Pearson’s product moment correlation is 0.82 (p-value
< 2.2e-16). (B) Correlation of the same set between SLT and MS/MS. The
Pearson’s product moment correlation is 0.35 (p-value < 2.2e-16). (C)
Correlation of mRNA and protein changes between LS and PC. The
Pearson’s product moment correlation is 0.28 (p-value < 2.2e-16). Colors
of the circles in the scatter plot indicate correlation between the two
studies (red high correlation, green low correlation).

Additional file 2: Table S13. Peptide information of PC/LS and PC/SS.

Additional file 3: Table S1. Antibodies and conditions used in this
study.

Additional file 4: Table S2. Proteins detected in both the heavy
fraction PC and light fraction LS. Raw – The raw excel sheet generated by
MaxQuant system on heavy fraction PC and light fraction LS.
Table S3 – Proteins detected in both the heavy fraction PC and light
fraction SS. Raw – The raw excel sheet generated by MaxQuant system
on heavy fraction PC and light fraction SS.

Additional file 5: Table S4. Proteins detected in both PC/LS and PC/SS
experiments (overlaps).

Additional file 6: Table S5. GO terms with gene IDs.

Additional file 7: Table S6. Proteins only detected in PC/LS
experiment.

Additional file 8: Table S7. Proteins only detected in PC/SS
experiment.

Additional file 9: Table S8. Proteins having difference in fold change
>= 5 fold between Urbaniak and our study.

Additional file 10: Table S9. Alternative splicing to diversify protein
production.

Additional file 11: Table S10. Change of mitochondrial protein
abundance during differentiation.

Additional file 12: Table S11. Coverage of novel transcripts.

Additional file 13: Table S12. Overlaps of SLT and MS/MS data.
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