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Introduction

Trypanosomes are parasitic protozoa causing infamous 
diseases such as African sleeping sickness (Trypanosoma brucei), 
Leishmaniasis, and Chagas’ disease or American trypanosomiasis 
(Trypanosoma cruzi). In addition, this family of organisms 
serves as an important model system to study the role of post-
transcriptional regulation. These parasites lack conventional 
RNA polymerase II promoters for protein coding genes. However, 
histone modification was shown to play a role in the regulation of 
gene expression of Trypanosoma brucei.1 In these parasites, genes 
are transcribed as polycistronic mRNAs that are processed by 
concerted action of trans-splicing and polyadenylation. These 
processes are coupled, and perturbation of splicing signals affects 
the polyadenylation of the upstream gene.2-5

In trans-splicing, a common spliced leader (SL) is added to 
all mRNAs from a small RNA donor, the SL RNA.6-8 Several 
recent studies shed light on the contribution of trans-splicing 
and polyadenylation to the control of global gene expression, and 
identified alternative processing of transcripts at either their 5′ 
end, or in a larger number of cases, at their 3′ end.9,10 Despite 

these additional pathways, the most robust mechanism regulating 
the trypanosome transcriptome is mRNA stability.11-13

Currently, little is known regarding factors that regulate 
trans-splicing.13 Several RNA binding proteins that were 
shown to participate in splicing regulation in metazoa also 
exist in trypanosomes. Among these, are heterogeneous nuclear 
ribonucleoprotein (hnRNP) and SR proteins carrying a serine 
arginine motif, termed the RS domain.6-8 Polypyrimidine tract 
binding proteins (PTB) or hnRNP I homologs were shown 
to be required for trans-splicing of mRNAs carrying a C-rich 
polypyrimidine tract.14 The PTB proteins were also shown to 
regulate mRNA stability.14,15

SR proteins function in metazoa in the constitutive splicing 
process, but also modulate alternative splicing.16 A genome-wide 
survey in metazoa identified a large number of proteins carrying 
serine-arginine (RS) domains present in SR proteins. The SR 
proteins have a modular structure containing one or two copies 
of an RNA recognition motif (RRM) at the N terminus that 
provides RNA binding specificity, and a C-terminal RS domain 
that acts to promote protein–protein interactions that facilitate 
recruitment to the spliceosome.17,18 SR proteins were identified 
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In trypanosomes, mRNAs are processed by trans-splicing; in this process, a common exon, the spliced leader, is added 
to all mRNAs from a small RNA donor, the spliced leader RNA (SL RNA). However, little is known regarding how this 
process is regulated. In this study, we investigated the function of two serine-arginine-rich proteins, TSR1 and TSR1IP, 
implicated in trans-splicing in Trypanosoma brucei. Depletion of these factors by RNAi suggested their role in both cis- 
and trans-splicing. Microarray was used to examine the transcriptome of the silenced cells. The level of hundreds of 
mRNAs was changed, suggesting that these proteins have a role in regulating only a subset of T. brucei mRNAs. Mass-
spectrometry analyses of complexes associated with these proteins suggest that these factors function in mRNA stability, 
translation, and rRNA processing. We further demonstrate changes in the stability of mRNA as a result of depletion of the 
two TSR proteins. In addition, rRNA defects were observed under the depletion of U2AF35, TSR1, and TSR1IP, but not SF1, 
suggesting involvement of SR proteins in rRNA processing.
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among the hundreds of proteins present in the RNA polymerase II 
transcription complex, and are often loaded co-transcriptionally 
and accompany the fully spliced mRNA to the cytoplasm.19

Since splice site consensus sequences are not sufficient to 
direct assembly of the spliceosome, sequences present in exons 
or introns such as exonic and intronic splicing enhancers (ESE 
and ISE), or exonic and intronic splicing silencers (ESS or ISS), 
are used to bind factors that regulate spliceosome assembly. SR 
proteins stabilize interactions between the U1 snRNP at the 5′ 
splice site and U2AF65 at the 3′ splice site. SR proteins are also 
known to bind to ESE and antagonize the activity of hnRNP 
proteins recognizing ESS.20 In metazoa such as C. elegans, several 
SR proteins are essential, but others are not.21 In mouse, many SR 
proteins are essential for life.22

SR proteins have other functions in addition to their role in 
splicing, such as nuclear export, non-sense-mediated decay, and 
translation. SR proteins affect translation directly and indirectly. 
SF2/ASF was shown to associate with polyribosomes and to 
enhance translation, probably via release of 4E-BP, a competitive 
inhibitor of cap-dependent translation.17

Recent studies support the role of SR proteins not only as 
splicing regulators, but also implicate these proteins in genome 
stability, chromatin binding, transcription elongation, mRNA 
stability, mRNA export, and translation (see review23).

The function of SR proteins is regulated by phosphorylation 
and de-phosphorylation. The RS domain is extensively 
phosphorylated on serine residues and this modification controls 
the localization of the protein. Mammalian SR proteins become 
dephosphorylated during the course of pre-mRNA processing, 
and promote mRNP transit through the nuclear pore complex.24 
SR proteins associate with the exon-junction complex (EJC) and 
this interaction leads to RNP compaction.25 SR proteins were 
also recently shown to control, together with non-coding RNAs, 
the formation of nuclear “speckles;” these domains contain pre-
mRNA processing factors and non-coding RNAs.26

The U2 auxiliary factors U2AF35 and U2AF65 also belong 
to the family of proteins carrying RS domains. Most recently, we 
demonstrated that the trypanosome homologs of these proteins 
not only function in splicing, but also in mRNA stabilization.27 
U2AF35 was also shown to bind to ribosomes and to associate with 
factors involved in rRNA processing and ribosome assembly.27

Three SR proteins were identified in T. brucei, TSR1, TSR1IP, 
and RRM1.28-30 TSR1 contains an RS domain at its C terminus 
and two RRM domains at its N terminus. Using a three-hybrid 
system, it was demonstrated that TSR1 can bind to SL RNA in 
yeast.

TSR1IP was shown to interact with TSR1 by two-hybrid 
screen. The protein shares homology with the U1 70 kDa protein, 
but it is not the U1 70 kDa homolog, since a closer bona fide 
homolog was subsequently identified.31 TSR1IP, however, 
contains a domain present in U1 70 kDa of many eukaryotes that 
interacts with poly (A) polymerase and inhibits its activity. None 
of the functional experiments described above were performed in 
trypanosomes, and thus, the role of these proteins remains elusive.

In this study, we silenced the expression of TSR1 and TSR1IP 
by RNAi, and observed that these proteins affect the transcriptome 

not only by affecting splicing but also by controlling mRNA 
stability. The proteins are found mainly in nuclear speckles, 
but biochemical fractionation also detected the two proteins on 
polyribosomes. Purification of the proteins associated with these 
factors in Leishmania tarentolae demonstrated the co-purification 
not only of splicing factors and proteins involved in mRNA 
stability, but also of ribosomal proteins and proteins involved in 
rRNA processing. Indeed, silencing of TSR1 and TSR1IP as well 
as U2AF35 but not SF1 resulted in rRNA processing defects. 
No effect on rRNA transcription was observed in the TSR1 
and TSR1IP silenced cells, though TSR1IP is also essential for 
transcription of long polymerase II transcripts. Thus, we provide 
evidence for the role of TSR1 and TSR1IP not only in splicing 
regulation but also in mRNA stability and rRNA processing. 
Although evidence is provided for the effect of the two TSR 
proteins on these cellular functions, we cannot rule out the 
possibility that the phenotype observed under depletion may 
result, in part, from secondary effects. This is especially relevant 
for the rRNA processing defects observed under silencing of 
these factors, since the defects observed may also result from 
effects these factors exert on the production and level of mRNA 
encoding for factors involved in rRNA processing. Nevertheless, 
the results presented in this study support our recent experiments 
demonstrating a robust role of splicing factors in mRNA stability, 
which is so far the dominant mechanism controlling mRNA 
abundance in these organisms.

Results

TSR1 and TSR1IP are essential splicing factors whose 
depletion affects both cis- and trans-splicing

The T. brucei TSR1 and TSR1IP factors29,30 were described 
more than 10 y ago. However, these studies did not address the 
role of these proteins in vivo. To examine the role of TSR1 and 
TSR1IP in splicing, the genes were conditionally silenced using 
stem-loop constructs. The two factors are essential for life, since 
their silencing results in growth arrest (Fig. 1A). To evaluate the 
efficiency of silencing, the cells carrying the silencing constructs 
were tagged with the tandem affinity purification (TAP)-C 
epitope/TEV protease cleavage site/protein A tag known as PTP, 
at the authentic sites.32 We observed efficient silencing as early 
as the second day of induction, and complete elimination of the 
protein on the third day (Fig. 1B).

Next, the effect on trans-splicing was examined by determining 
the level of SL RNA and of the Y structure intermediate by 
primer extension using a primer that extends both the Y structure 
intermediate and the SL RNA. Recently, we demonstrated that 
silencing basal splicing factors such as U2AF35 and SF1, increases 
the level of SL RNA; this is accompanied by a decrease in the 
level of Y structure intermediate, suggesting that these factors are 
essential for the first step of splicing.27 An effect on the first step of 
splicing is evident by the decrease in the Y structure intermediate, 
whereas increase in the Y structure intermediate suggests 
effects on the second step of splicing.33 Our results (Fig.  1B) 
demonstrate accumulation of SL RNA and reduction in the Y 
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structure intermediate as early as day 2 of silencing, suggesting 
that these factors globally affect trans-splicing at the first splicing 
step. The early effect on the level of SL RNA suggests a direct 

effect on trans-splicing. TSR1 and TSR1IP silencing affected 
the Y structure intermediate; however, the extent of SL RNA 
increase was lower compared with the effect seen in cells depleted 

Figure 1. TSR1 and TSR1IP are required for trans- and cis-splicing. (A) Growth curves of T. brucei cells silenced for TSR1 and TSR1IP. Growth of uninduced 
cells was compared with growth after tetracycline addition. Both uninduced and induced cultures were diluted daily to 5 × 104 cells per ml. (B) TSR1 
and TSR1IP silencing affects trans- splicing. Cells expressing either the PTP-TSR1 and TSR1 silencing constructs, or PTP-TSR1IP and TSR1IP silencing con-
structs were silenced for the number of days indicated. Upper panel: Total RNA (10 µg) from the same cells was subjected to primer extension with an 
oligonucleotide complementary to the intron region of the SL RNA (S-1). Primer extension of U3 was used to determine the amount of RNA used. The 
products were separated on a 6% acrylamide denaturing gel. The results were quantified using ImageJ. The levels of SL RNA and Y structure intermedi-
ate are given as fold change with respect to the amount present at day 0, and were normalized to the level of U3 snoRNA. Lower panel: Proteins (from 107 
cells) were extracted from the silenced cells at the time points indicated, separated on a 10% SDS polyacrylamide gel, and subjected to western analysis. 
Reactivity with PTB1 antibodies was used as a control for equal loading. (C) cis-splicing of PAP in TSR1 and TSR1IP silenced cells. RNA was prepared from 
uninduced cells, or after 2 d of induction. cDNA was prepared, and subjected to PCR amplification with oligonucleotides specific to the mature or pre-
PAP transcript. The level of 7SL RNA was used to control for equal loading of cDNA. (D) Heat map of the transcriptome of TSR1, TSR1IP, and SRP68 silenced 
cells. Transcripts that differed from the control by > 1.5-fold change (P value < 0.05) were chosen for the analysis. Each column represents the average of 
seven biological replicates. The diagram represents the differential expression or fold change according to the following color scale: red, upregulated 
genes; green, downregulated genes (see Materials and Methods). (E) Functional enrichment analysis of gene sets of down and upregulated genes dur-
ing TSR1 and TSR1IP silencing. The genes presented in Table S2 were categorized based on the gene ontology presented in the figure, as previously 
described.27 The fold change of each category is given, comparing the percentage of a category in the regulated genes to the percentage of the same 
category in the data set (Table S2). The percentage of the genes in each category among the regulated genes is also given. Green or red represent cat-
egories that were significantly enriched (Fisher exact test, one side P value < 0.05) in comparison to the whole genome annotation (in total, we identified 
1493 genes in the “genome” with annotations). (F) Venn diagrams illustrating overlaps between TSR1 and TSR1IP regulated genes.
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of the basal splicing factors SF1 and U2AF35 (4.2- and 6.2-fold 
increase, respectively),27 suggesting that these factors affect the 
splicing of only a sub-set of genes, unlike the basal splicing factors 
mentioned above, which are believed to affect the splicing of the 
majority of mRNAs (details are given below). The lower increase 
in SL RNA could not be attributed to incomplete silencing, since 
the silencing observed was very efficient, based on the reduction 
of the tagged proteins (Fig. 1B).

Since the SR proteins seem to affect only a sub-set of genes, 
it was of interest to determine whether these factors are also 
involved in cis-splicing. To address this question, we examined 
the effect of silencing on production of the poly(A) polymerase 
transcript containing a cis-spliced intron. Silencing resulted in 
defects in cis-splicing (Fig.  1C), suggesting that both proteins 
are essential for cis-splicing, as well. The defects observed in cis-
splicing are reminiscent of the perturbation observed following 
silencing of the U1-specific factor U1 70 kDa, which participates 
exclusively in cis-splicing,34 suggesting the direct role of SR 
proteins in splicing of the PAP1 mRNA.

Silencing of TSR1 and TSR1IP affects only a subset of genes
Based on the small effect of TSR1 or TSR1IP silencing on the 

level of SL RNA (Fig. 1B), we expected to observe a limited effect 
on the transcriptome, compared with the robust effect observed 
under basal splicing factor depletion.27 Cells carrying the TSR1 
and TSR1IP were silenced for 3 d, and RNA was subjected to 
microarray analysis. In previous studies, the third day of silencing 
was used as a preferred time point to analyze splicing defects.27,33,35-39 
Each experiment was repeated seven times (biological replicates), 
and two technical replicates were performed for each experiment. 
Normalized data were used to identify genes whose expression 
was significantly up-or downregulated (P value, 0.05; ANOVA) 
with a magnitude exceeding a cutoff of 1.5-fold. The cut-off was 
heuristically selected to be large enough to enable experimental 
validation and eliminate false positives, and yet small enough to 
capture the maximal number of regulated genes. The number of 
downregulated genes upon TSR1 and TSR1IP silencing was 113 
and 179, and 102 and 150 genes were upregulated, respectively, 
suggesting that SR proteins regulate only a sub-set of mRNAs. 
Lists of the affected genes are provided in S-2. When the 
transcriptomes of the basal splicing factors U2AF35, U2AF65, 
and SF1 silenced cells were analyzed, and differences exceeding a 
cutoff of 1.5-fold (P value 0.05) were considered, approximately 
800 (both up- and downregulated) transcripts were revealed, 
highlighting the stringency of the analysis, since the genome 
contains around 9000 trans-spliced genes.27 Given the stringent 
analysis performed on the basal splicing factors,27 the low number 
of transcripts (200–300) shown here to be affected by the SR 
protein depletion indicates that only a subset of transcripts are 
regulated by the SR proteins, confirming that SR proteins cannot 
be considered basal splicing factors.

Since SR proteins are known to interact with each other, 
sometimes forming a bridge between the 5′ and 3′ splice sites, or 
enhancing the binding of U2AF35/65 to the 3′ splice domain, 
we examined the degree of overlap between the genes affected 
by the two SR proteins. The heat map and Venn diagram 
demonstrate significant overlap between the SR regulated genes 

(Fig. 1D and F) (61 co-regulated genes, P value for the overlap 
is 7 × 10–16).

The transcriptome of cells silenced in essential genes, such 
as the TSR1 and TSR1IP silenced cells, might be influenced by 
the cell death process. To examine whether the changes observed 
are in part due to the perturbation induced by cell death, the 
transcriptome of the SR silenced cells was compared with 
that of SRP68 silenced cells. Silencing of the SRP68 leads to 
perturbations in protein translocation across the ER membrane, 
and eventually to cell death.40 The heat map showed no significant 
overlap between these three transcriptomes (Fig. 1D). As opposed 
to the significant correlation (0.51 [P = 0]) found between the 
co-regulated genes in the two TSR proteins, the correlation 
between co-regulated genes in SRP68 and TSR1 was 0.0073 (P 
= 0.865), and that between TSR1IP and SRP68 was 0.0876 (P 
= 0.053), demonstrating that despite the fact that silencing of 
each of the three genes leads to cell death, the changes in the 
transcriptome do not reflect any shared mechanism, but rather 
indicate changes that are either a consequence of the regulation 
exerted by these factors on gene expression (SR proteins), and/or 
changes that are elicited to cope with the perturbation.

The sets of genes regulated by the SR proteins are enriched with 
distinct biological functions. Since conventional GO analysis 
(http://www.geneontology.org/) provides only a very vague 
annotation of gene families, we manually curated a database of 
all genes that are present in the microarray and were affected by 
silencing of the basal splicing factors.27 These 1493 genes were 
divided into distinct functional groups that are significant for 
parasite homeostasis such as transporters, chaperones, protein 
degradation, or genes involved in metabolism, RNA processing, 
ribosome biogenesis, and others. To examine the validity of the 
enrichment of the gene families among the affected transcripts, 
the percentage of the genes belonging to each category among 
the population of the affected genes was compared with the 
percentage of genes in the same category in the data set described 
above. The fold change in gene abundance in the two data sets 
is presented (Fig.  1E), with enrichment as a positive value, or 
underrepresentation depicted as a negative value.

A striking and significant finding was that many of the 
TSR1 upregulated genes encode proteins that function in DNA 
processing and signaling. However, proteins that are involved 
in ribosome biogenesis were underrepresented. On the other 
hand, among the TSR1IP upregulated genes, are genes involved 
in ribosome function, translation-related functions, and DNA 
processing, whereas the TSR1IP downregulated genes are 
enriched with those lacking chaperones. In comparison, TSR1 
downregulated genes are significantly enriched in signaling 
and surface proteins. Thus, TSR1 and TSR1IP each seem to 
regulate a distinct family of genes in addition to the genes that 
are co-regulated by both proteins.

The finding that the number of upregulated genes was 
similar to the number of downregulated genes, suggests that the 
effect on the transcriptome may reflect other processes beyond 
splicing. Indeed, we recently demonstrated that basal splicing 
factors bind mature mRNAs and regulate mRNA stability.27 
In the case of basal splicing factor silencing, the number 
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of upregulated mRNAs was also similar to the number of 
downregulated transcripts. This result was surprising given the 
fact that depletion of splicing factors was expected to decrease 
the production of mRNA, thereby leading to downregulation of 
gene expression. To verify the effect of the depletion on the level 
of the mRNAs and its corresponding precursors, four different 
transcripts were analyzed over the course of silencing. The kinetics 
of change of mature mRNA and the corresponding precursor 
were subsequently analyzed by northern blotting (Fig. 2). Each 
northern contained, as a control, the transcript and its precursor 
in SmD1 silenced cells, which are severely inhibited for both 
cis- and trans-splicing41 (Fig. 2). The effect on gene expression 
was best observed after the third day of silencing (as used for 
the microarray experiments). Under depletion, the reduction 
or increase of mRNAs appeared before the accumulation of 
the precursor, suggesting that the effect on mature RNA is not 
necessarily due to the effect on splicing (Fig.  2). The level of 
precursor on the third day of silencing was negligible compared 
with that of the mature mRNAs, suggesting that the microarray 
results probably reflect only the level of the mRNAs and not 
those of their corresponding precursors.

Splicing and polyadenylation signal properties of TSR 
regulated transcripts

Because splicing is globally perturbed under the depletion 
of the SR proteins, we sought to determine whether transcripts 
regulated under SR silencing exhibit any special properties 
in their splicing and/or polyadenylation signals. Using recent 
mapping of SL and poly (A) sites in T. brucei genes,9 we examined 

the following properties of the splicing and polyadenylation 
signals: (1) splicing/polyadenylation diversity, a measure of 
the heterogeneity in site selection; (2) polypyrimidine tract 
characteristics such as its length and distance to the AG 
dinucleotide; (3) the pyrimidine fraction upstream of the splice 
site and the purine fraction downstream of it; (4) the distance 
between a poly (A) site and a downstream splice site; and (5) the 
length of the 5′- and 3′-UTRs. A full description of these statistics 
and additional parameters are presented in S-4. Previously, we 
found that for genes up- and downregulated under U2AF65 and 
SF1 depletion, polyadenylation is more heterogeneous than in 
other genes; U2AF65 downregulated genes have significantly 
fewer pyrimidines and shorter PPTs, and U2AF35 regulated 
genes have less diversity in their 3′ splice sites. For the SR 
proteins, we also observed a number of trends. First, transcripts 
downregulated under TSR1IP depletion (and to some extent also 
under TSR1 depletion) have weaker splicing signals manifested 
by shorter and lower pyrimidine content of PPT, and changes 
in 5′-UTR length. No changes in PPT-AG distance or SL site 
selection diversity were observed among the regulated transcripts. 
For both factors, upregulated genes had longer purine-rich 
sequences downstream to the 3′ splice site than downregulated 
genes, which is likely related to the affinity of the TSR proteins 
for purine-rich sequences. Finally, regulated genes (mostly 
upregulated) had higher than expected heterogeneity in poly (A) 
site selection, suggesting that these factors may be involved in 
regulation of polyadenylation. Indeed, SR proteins were shown to 
regulate histone 3′ end formation in mammalian cells.42

Figure 2. TSR1 and TSR1IP silencing results in reduction or elevation of distinct mRNAs. (A and B) Cells expressing the RNAi silencing constructs were 
silenced for the indicated duration. Total RNA (20 µg) was subjected to Northern analysis with T7 transcribed antisense RNA probe specific to the 
gene affected. RNA from SmD1 silenced cells was used to control for the precursors that accumulate under splicing perturbations. To control for equal 
loading, the blot was hybridized with a random-labeled 7SL RNA probe. The results were quantified using ImageJ. The levels of mature transcript are 
given as fold change with respect to their level at day 0, and were normalized to the level of 7SL RNA. Short exposure of the same gel is shown below 
each Northern. (A) TSR1 silenced cells: (i) TSR1- downregulated genes; (ii) TSR1- upregulated genes; (B) TSR1IP silenced cells: (i) downregulated; and (ii) 
upregulated genes.
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TSR1 and TSR1IP affect the stability of mRNA
The changes in the level of mRNA upon silencing may stem 

from the effect of these factors on mRNA stability. To test this 
possibility, the half-life of mRNA was determined following 
treatment of cells with Actinomycin D and sinefungin to inhibit 
transcription and splicing, respectively before and after silencing. 
mRNAs upregulated or downregulated following silencing of the 
two factors were selected. Northern analysis was performed, and 
the mRNA level was measured by densitometry with the values 
normalized using the level of 7SL RNA. Decay of the mRNAs in 
un-induced cells was compared with decay in the silenced cells. 
For most mRNAs, half-lives were significantly altered between 
un-induced and silenced cells (P value < 0.005 [t test]; one-tailed, 
unpaired, equal variance), suggesting that changes in the level of 
mRNAs are correlated with changes in mRNA stability (Fig. 3).

To assess the direct binding of the SR proteins to the mRNAs, 
the T. brucei PTP-tagged SR proteins were used to affinity select 
mRNAs of the regulated transcripts. To stabilize the mRNA–
protein interaction by cross-linking, the cells expressing the 
tagged proteins were exposed to UV irradiation. Extracts were 
prepared from the cells, and the RNA was extracted from the 
affinity selected RNPs. The extracted RNA was subjected 
to RT-PCR using gene-specific antisense primers and an SL 
sense primer, which recognizes all trypanosome mRNAs. The 
results (Fig. 3C) demonstrate binding of TSR1 and TSR1IP to 
transcripts whose levels were either up- or downregulated during 
silencing, mostly as a result of the regulation exerted on mRNA 
stability. No binding was observed for substrates whose level was 
unaffected in the silenced cells. These results demonstrate the 
specific association of the SR proteins with the mature mRNAs 
of the transcripts whose level they regulate.

While we assume that the effect of SR depletion on stability 
mostly reflects direct binding of the factors to the 3′ UTR, we 
cannot exclude the possibility that SR depletion affects the splicing 
of a master regulator that influences the stability of these mRNAs.

TSR1 and TSR1IP are localized in the nuclear speckles but 
also co-purify with ribosomal proteins

To gain further insight into the role of TSR1 and TSR1IP in 
the cell, the proteins associated with these factors were examined 
using the L. tarentolae system. Using Sm, Lsm, U1A, U2AF35, 
and SF1 as bait, we demonstrated the successful purification of 
a large amount of complexes, in quantities sufficient for mass 
spectrometry analysis.27,34 Since expression of the tagged protein 

is episomal, it was necessary to demonstrate that the subcellular 
localization of the tagged factor is identical to its homologous 
protein in T. brucei, which was tagged by PTP and incorporated 
at the authentic gene site. The localization of the protein was 
determined by immunofluorescence. The results, shown in 
Figure  4A-i, suggest that both the L. tarentolae and T. brucei 
proteins are found within nuclear speckles. Next, the distribution 
of L. tarentolae TSR1 and TSR1IP and SF1-tagged protein 
on RNP complexes was examined following fractionation 
on 15–50% sucrose gradients that separate single ribosomes 
(monosomes) from polyribosomes (Fig. 4A-ii). The samples were 
subjected to northern analysis, with SL and U2 snRNA probes 
used to locate the spliceosomal complexes among the RNPs. The 
results indicate that whereas SF1 was found co-migrating with 
spliceosomal complexes where most of the SL and U2 snRNA 
species fractionate, TSR1 and TSR1IP were also found on 
ribosomes and polysomes (Fig. 4A-ii). The fractionation of the 
two SR proteins resembled that of U2AF35,27 which was found 
not only co-migrating with spliceosomal complexes but also in 
complexes enriched with ribosomes, and protein factors involved 
in mRNA stability and regulation of translation.27

Interestingly, several forms of the SR proteins were observed, 
especially for TSR1IP. The fast migrating form was found mostly 
in the top of the gradient (fractions 1–6, form I), while the slow 
migrating forms (form II and III) were found co-migrating with 
spliceosomal complexes (fractions 7–10), ribosomes (fractions 
11–17), and polysomes (fractions 18–29). Since SR proteins 
are known to undergo phosphorylation,43 it was necessary to 
examine whether forms II and III are phosphorylated versions of 
the protein. To this end, fractions from the top of the gradient, 
containing ribosomes or polysomes (Fig. 4A-iii), were subjected 
to de-phosphorylation by treatment with calf-intestine alkaline 
phosphatase. The results indicate that both form II and III are 
phosphorylated, since their migration became faster as result of 
the enzyme treatment. However, the de-phosphorylated forms 
migrated more slowly than the un-modified form (I), suggesting 
that the protein may undergo additional modification(s).

Next, the complexes carrying these proteins were purified, 
separated on a 12% polyacrylamide gel, stained with silver 
(Fig. 4B), and analyzed by mass-spectrometry (Tables 1 and 2;  
Table  S5). The list in Tables 1 and 2 includes only the non-
ribosomal proteins found to interact with TSR1 and TSR1IP, 
whereas the ribosomal proteins are listed in S-5. TSR1 

Figure 3 (see opposite page). Changes in stability of mRNAs upon silencing of TSR1 and TSR1IP. Uninduced and TSR1 or TSR1IP silenced cells (3 d after 
induction) were treated with sinefungin (2 µg/ml) and, after 10 min, with Actinomycin D (30 µg/ml). RNA was prepared at the time points indicated 
above the lanes, separated on a 1.2% agarose-formaldehyde gel, and subjected to northern analysis with the indicated gene-specific probes. 7SL RNA 
was used to control for equal loading. (A) The half-life of downregulated transcripts. (i), TSR1; (ii), TSR1IP. (B) Half-life of upregulated genes. (i) TSR1; 
(ii) TSR1IP. The hybridization signals were measured by densitometry. The decay curves are shown with the blots, and the half-life is illustrated by the 
broken lines. The decay in the absence of induction (-Tet) is indicated by a black line, and following induction (+Tet) by a gray dashed line. The experi-
ments were repeated three times; each data point corresponds to the average, with the standard deviation indicated. The half-life was then calculated 
by fitting the normalized RNA levels to an exponential decay. The half-lives (averaged over the three experiments) are shown as bars with standard 
deviations, along with P values (t test) for the difference between the half-lives in uninduced compared with silenced cells. (C) Affinity selection of TSR1 
and TSR1IP substrates using tagged proteins. Whole cell extracts were prepared from 5 × 109 cells with PTP tagged TSR1 and TSR1IP after 5 min of UV 
cross-linking, and the extract was subjected to affinity purification on IgG beads, as described previously.27 RNA was eluted from the beads, and cDNA 
was prepared from the bead eluate, 5% of the total RNA, and 5% of the RNA from the supernatant. cDNA was subjected to PCR with SL forward primer 
and reverse primer from the ORF of each gene (specified in Supplemental S-1). As a control, two transcripts whose levels were unchanged in the silenced 
cells were used. T, total RNA; S, supernatant; B, beads.
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purification selected splicing factors such as U5-specific proteins, 
Sm proteins, SYF1 from the PRP 19 complex known as the NTC 
complex,34,38 and TRRM1,28 the SR protein that was previously 
shown to co-purify with U2AF35.27 Several helicases also 
co-purified with these proteins and were observed by us in the 
purification of Sm, Lsm, and U1A L. tarentolae complexes,34 as 
well as in the purification of T. brucei spliceosomal complexes.38 

The purification also revealed factors involved in mRNA stability, 
such as UBP2.44,45 Other RNA binding proteins such as DRBD2, 
RBP23, poly (A) binding proteins, and ALBA protein also 
co-purified with TSR1. There are no functional data on DRBD2 
and RBP23.46 However, ALBA proteins associate with T. cruzi 
and T. brucei ribosomes.47,48 Interestingly, MRP1 and MRP2 were 
also shown to be associated with TSR1. These proteins regulate 

Figure 3. See page 720 for figure legend.
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mRNA stability of mitochondrial transcripts, and so far, no 
evidence exists for their role in nuclear mRNA metabolism.49,50 
Although we could not rule out the possibility that these proteins 
are contaminants, their selective capture in this purification 
and not in previous purifications performed by us,34 argue that 
these proteins may also specifically associate with the complexes 
containing TSR1. A growing number of mitochondrial proteins 
were shown recently to have dual functions in the cell.51

Interestingly, the non-spliceosomal proteins associated with 
TSR proteins differed from those associated with SF1 and 
U2AF35. For instance, RBP29 and DRBD10, as well as PUF 

proteins, were shown to associate with 
SF1 and U2AF35, and UBP1 and RBP29 
were shown to associate with U2AF35,27 
whereas TSR proteins were shown to 
associate mostly with RBP26 and UBP2. 
The DRBD2 protein was present in both 
the U2AF35 purification and the TSR 
purification. Both TSR1 and TSR1IP 
selected tens of ribosomal proteins, 
translation factors, and metabolic 
enzymes, suggesting that these proteins 
are associated with ribosomes. Many 
of the metabolic proteins detected here 
were previously shown to be associated 
with translating ribosomes in T. cruzi,47 
as well as with U2AF35.27

Interestingly, TSR1IP was shown 
to interact with SF1, and TSR1 with 
U2AF35. Both proteins were shown 
to interact with the third SR protein, 
TRRM1, as was U2AF35.27 In other 
eukaryotes, SR proteins were shown 
mainly to interact with U2AF35.52

The ribosomal proteins associated 
with the SR proteins are listed in S-5, 
and this list resembles the list observed 
under U2AF35 purification, but not that 
observed with SF1 purification,27 nor with 
the purification of SmD1, Lsm, or U1A.34 
All these purifications were performed 
using the same method. Thus, mass-
spectrometry data and the fractionation 
(Fig.  4A-ii) of the SR proteins indicate 
the specific association of these factors 
with ribosomes and polysomes.

Depletion of TSR1 and TSR1IP but 
not of SF1 affects rRNA processing

Co-purification of U2AF35 revealed 
the association of the factor with proteins 
involved in rRNA processing.27 The 
co-purification of TSR1 and TSR1IP 
also revealed the selection of nucleolar 
proteins, especially snoRNP proteins, 
and of factors such as NRBD2/p37 
and NOG1 that are involved in rRNA 

processing.53 This association may suggest the direct involvement 
of these factors in ribosome biogenesis.

To examine the possible role of these factors and of U2AF35 
in rRNA processing, rRNA processing defects were monitored 
during the silencing of four splicing factors (U2AF35, SF1, 
and the two SR proteins). rRNA processing in trypanosomes 
requires several cleavages; trypanosome-specific cleavages 
generate the two LSU subunits, LSUα, and LSUβ, releasing 
the srRNA fragments sr1, 2, 4, and 6. Cleavage at the internal 
spacer 1 (ITS1) releases a 5.9 Kb precursor that is further cleaved 
at ITS2 and ITS5 to form the 3.9 Kb precursor (depicted in 

Figure 4. Localization of TSR1 and TSR1IP, their association with RNP complexes and with proteins. 
(A) (i) Immunofluorescence of PTP-tagged proteins in L. tarentolae. (a) Immunofluorescence of 
the PTP-tagged factor; (b) DAPI-stained nuclei; (c) merge of (a and b); (d) DIC merged with (c). (ii) 
Fractionation of tagged proteins on RNP complexes in L. tarentolae. Extract from 5 × 108 cells was 
layered on a continuous 15–50% (w/v) sucrose gradient in polysome buffer. Gradients were cen-
trifuged at 4 °C for 2 h at 35 000 rpm in a Beckman SW41 rotor. Then, 1 ml fractions were collected 
using the ISCO gradient fractionation system. The absorbance profile at 245 nm is given and the 
position of 80S monosome and the polysomes are indicated (the identity was verified by the distri-
bution of 18S and 28S rRNAs). RNA and protein were purified from the samples. The proteins were 
subjected to western analysis with an antibody that recognizes the PTP-tag. RNA was subjected to 
northern analysis with SL RNA and U2 snRNA probes. The three isoforms of the TSR1IP are indicated. 
(iii) De-phosphorylation of TSR1IP. Fractions obtained from the experiment described in section (ii) 
were pooled as indicated and subjected to de-phosphorylation with 10 units of CIP. The fractions 
were then incubated for 30 min at 37 °C. The proteins were separated on a 12% gel and subjected to 
western analysis with antibodies recognizing the PTP-tag. (B) The proteins associated with TSR1 and 
TSR1IP in L. tarentolae. Purification was performed using ~2 × 1011 cells, as described in Materials and 
Methods. The purified proteins were separated on a 12% SDS-polyacrylamide gel and stained with 
silver. The molecular mass markers are indicated.
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Table 1. Mass spectrometric identification of TSR1 purification products (L.t) (continued)

Protein 
category and 

accession 
number

Annotation
Trypanosoma 

brucei homolog
Number of 

peptides
e-value Purifications

Reference(s) 
or source

Splicing factors

1 LmjF.07.0870 TSR1/RBSR1 Tb927.8.900 42,22 1E-30 NHP2-Lt, TSR1IP-Lt, U2AF35-Lt 29

2 LmjF.32.2200
U5–116K/

Snu114
Tb11.01.7080 2 0.00000462

PRP19-Tb, Lsm3-Lt, SmB-Tb,65 
SmD1-Tb,38 SmD3-Lt,

34,38,65

3 LmjF.33.3190 SmD2 Tb927.2.5850 1 0.000559
CPSF73, U1A-Lt, Lsm3-Lt, SmB-Tb,65 

SmD1-Tb,38 SmD3-Lt,
65

4 LmjF.35.4460 SmF Tb09.211.1695 1 0.006573
Lsm3-Lt, SmB-Tb,65 SmD1-Tb,38 

SmD3-Lt
65

5 LmjF.23.1550 SYF1 Tb927.5.1340 1 0.000471 PRP19-Tb, SmD1-Tb,38 SmD3-Lt, 34,38

6 LmjF.27.2100 TRRM1 Tb927.2.4710 2 0.000071 TSR1IP-Lt, U2AF65-Tb, U2AF35-Lt 28

7 LmjF.32.0400
ATP-dependent 

RNA helicase, 
putative

Tb927.10.14550 8 0.0000683
CPSF73, SMN-Lt, NHP2-Lt, PRP19-Tb, 
U1A-Lt, Lsm3-Lt, SmD3-Lt, TSR1IP-Lt, 

U2AF65-Tb, U2AF35-Lt, SF1-Lt
34

8 LmjF.07.0340

ATP-dependent 
DEAD/H RNA 

helicase, 
putative

Tb927.8.1510 2 0.000302
CPSF73, SMN-Lt, U1A-Lt, Lsm3-Lt, 

SmD3-Lt, TSR1IP-Lt, U2AF35-Lt, 
SF1-Lt

34

9 LmjF.35.3100
ATP-dependent 

RNA helicase, 
putative

Tb09.211.3510 1 0.000318 U1A-Lt, Lsm3-Lt, U2AF35-Lt, SF1-Lt 34

mRNA metabolism

10 LmjF.35.5040 PABP1 Tb09.211.0930 12,18 3.41E-09
NHP2-Lt, U1A-Lt, SmB-Tb,65 

SmD1-Tb,38 SmD3-Lt, TSR1IP-Lt, 
U2AF35-Lt

82,83

11 LmjF.35.4130 PABP2 Tb09.211.2150 19,25 1.07E-11
NHP2-Lt, PRP19-Tb, SmB-Tb,65 

SmD1-Tb,38 SmD3-Lt, TSR1IP-Lt, 
U2AF35-Lt

84

12 LmjF.25.0080 PABP ** 6,9 7.22E-12
NHP2-Lt, SmB-Tb,65 SmD1-Tb,38 
SmD3-Lt, TSR1IP-Lt, U2AF35-Lt

GeneDB

13 LmjF.35.2200 DRBD2 Tb09.211.4540 5 0.0000665 NHP2-Lt, TSR1IP-Lt, U2AF35-Lt 85

14 LmjF.25.0500 UBP2 Tb11.03.0580 1 0.000466 86-88

15 LmjF.17.0550 RBP23 Tb927.10.11270 1 0.001262 46,85

16 LmjF.27.1110 MRP1 Tb11.55.0009 4 0.000000627 NHP2-Lt, U2AF35-Lt 49,50

17 LmjF.09.1120 MRP2 Tb11.01.4860 3 0.000123 TSR1IP-Lt, U2AF35-Lt 49,89

18 LmjF.13.0450 Alba2 Tb11.02.2030 1 0.00752 47

19 LmjF.25.0540 RAP55 Tb11.03.0530 1 0.009507 Lsm3-Lt, SmD3-Lt, SF1-Lt 34

20 LmjF.35.0370 DHH1 Tb927.10.3990 1 0.00125
CPSF73, SMN-Lt, U1A-Lt, Lsm3-Lt, 

SmD3-Lt, TSR1IP-Lt, U2AF35-Lt, 
SF1-Lt

90

Ribosomal biogenesis and assembly proteins

21 LmjF.15.1380 NOP58 Tb09.160.3820 8 1.28E-08 SMN-Lt, SmD3-Lt, U2AF35-Lt 55

22 LmjF.21.1760 CBF5 Tb927.10.170 5,4 0.00000576 NHP2-Lt, U2AF35-Lt 54

23 LmjF.15.1470 SNU13 Tb09.160.3670 2 0.0000017
SMN-Lt, NHP2-Lt, Lsm3-Lt, SmD3-Lt, 

U2AF35-Lt
55

24 LmjF.10.0210 SIK1/ NOP56 Tb927.8.3750 3 0.0000179 NHP2-Lt, U2AF35-Lt 55

L. tarentolae proteins were identified by mass spectroscopy as described in Materials and Methods. Each protein is described by its accession number 
(http://www.genedb.org), annotation, T. brucei homolog, numbers of peptides, other purifications revealing the same protein, and reference. Proteins 
were grouped into splicing factors, mRNA metabolism, ribosomal biogenesis and assembly proteins, helicases, and hypothetical proteins. The e-value 
reflects the probability of identification of the protein by MS data.
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Fig.  5A). To examine the possible effect on TSR protein 
depletion on rRNA, a northern analysis was performed with an 
ITS4 probe that detects processing of the large rRNA subunit. 
Indeed, accumulation of precursors (3.9, 5.1, and 5.9 Kb) and 
reduction of mature rRNA were detected as early as the second 
day of silencing in U2AF35, TSR1, and TSR1IP, but not in SF1 
silenced cells (Fig. 5B), suggesting a primary defect in rRNA 
processing. Although the data presented indicate a primary 
effect of U2AF35 and TSR proteins on rRNA processing, the 
possibility that this profound phenotype may also result from a 
secondary effect cannot be excluded, due to the fact that factors 
involved in rRNA processing are among the SR regulated 
transcripts. Note, however, that factors involved in rRNA 
processing were upregulated under TSR depletion. The rRNA 
processing defects are severe, to the same extent observed when 
the snoRNA core protein CBF5 or NOP1 are silenced.54,55

The robust phenotype observed on rRNA processing might 
be due to an effect of these factors on transcription. SR proteins 
interact directly with polymerase II as well as with certain 
transcription factors.56 To examine the effect of SR proteins on 
transcription, a permeable cell system was used.57 This system is 
able to detect the transcription of SL RNA, mRNA, rRNA, and 
tRNA. Cells silenced for TSR1 and TSR1IP (un-induced or after 
3 d of silencing) were made permeable in the absence or presence 

of 50 µg/ml α-amanitin. At this α-amanitin concentration, 
polymerase II but not polymerase I transcription is inhibited.57 
The RNA extracted from the different permeabilized cells was 
analyzed on a denaturing gel, or used for hybridization with gene 
probes for rRNA and SL RNA (as a control).

The results (Fig.  5C-a) demonstrate efficient synthesis of 
the SL RNA, tRNAs, and long heterogeneous polymerase II 
transcripts (at the top of the gel) that disappear in cells treated 
with α-amanitin. Interestingly, the silencing of TSR1IP affected 
the accumulation of polymerase II transcripts (at the top of the 
gel), suggesting that this factor might participate in regulating 
polymerase II transcription in trypanosomes, as in higher 
eukaryotes (Fig. 5C-a, lane 6). The inhibition of polymerase II 
transcription by α-amanitin enables the detection of transcripts 
that may be generated from the rRNA locus (top of the gel). 
To verify that rRNA is synthesized in the permeable cells, and 
to examine whether SR protein silencing affects polymerase I 
transcription, the RNA from the permeable cells was used in 
slot blot hybridization (Fig. 5C-b). Nascent-transcribed rRNA 
was detected only in the presence of α-amanitin. However, no 
effect on rRNA transcription could be observed as a result of 
TSR1 or TSR1IP silencing, suggesting that rRNA transcription 
is not affected in the SR protein silenced cells. The reduction in 
the production of mature rRNA observed in SR protein silenced 

Table 1. Mass spectrometric identification of TSR1 purification products (L.t) (continued)

Protein 
category and 

accession 
number

Annotation
Trypanosoma 

brucei homolog
Number of 

peptides
e-value Purifications

Reference(s) 
or source

Ribosomal biogenesis and assembly proteins

25 LmjF.32.0750 NRBD2/P37 Tb11.01.5590 3 0.001042 TSR1IP-Lt, U2AF35-Lt 91

26 LmjF.33.1870 NOG1 Tb11.02.0620 3 0.00000422 U2AF35-Lt 92

Helicases

27 LmjF.22.1500

ATP-dependent 
DEAD/H RNA 

helicase, 
putative

Tb927.6.740 3 0.000409 U2AF35-Lt GeneDB

28 LmjF.27.1300
hypothetical 

protein, 
conserved (p58)

Tb11.46.0009 13 0.0000128 NHP2-Lt, TSR1IP-Lt, U2AF35-Lt GeneDB

Hypothetical proteins

29 LmjF.36.1580
hypothetical 

protein, 
conserved

Tb927.10.6000 2 0.010697 SF1-Lt GeneDB

30 LmjF.28.2330
hypothetical 

protein, 
conserved

Tb11.01.3480 1 0.000000199 PRP19-Tb, SmD3-Lt, 34

31 LmjF.18.0300
hypothetical 

protein, 
conserved

Tb927.10.13800 1 0.007004 SmD3-Lt, 34

32 LmjF.35.5390
hypothetical 

protein, 
conserved

Tb927.4.310 1 0.005636 TSR1IP-Lt, U2AF35-Lt, SF1-Lt GeneDB

L. tarentolae proteins were identified by mass spectroscopy as described in Materials and Methods. Each protein is described by its accession number 
(http://www.genedb.org), annotation, T. brucei homolog, numbers of peptides, other purifications revealing the same protein, and reference. Proteins 
were grouped into splicing factors, mRNA metabolism, ribosomal biogenesis and assembly proteins, helicases, and hypothetical proteins. The e-value 
reflects the probability of identification of the protein by MS data.
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cells must therefore result only from inhibition of processing, 
and not of transcription.

The finding that proteins involved in rRNA processing 
associate with the TSR proteins (Tables 1 and 2) further supports 
the direct role of these proteins in rRNA processing.

Discussion

In this study, we investigated the role of the two T. brucei 
SR proteins in regulating splicing, mRNA stability, and their 
possible involvement in rRNA processing. Transcriptome analysis 

Table 2. Mass spectrometric identification of TSR1IP purification products (L.t.)

Protein category 
and accession 

number
Annotation

Trypanosoma 
brucei homolog

Number of 
peptides

e-value Purifications
Reference(s) 

or source

Splicing factors

1 LmjF.34.0495 TSR1IP Tb927.10.2910 12 0.00000464 SF1-Lt 30

2 LmjF.07.0870 TSR1/RBSR1 Tb927.8.900 6 5.87E-07 NHP2-Lt, TSR1-Lt, U2AF35-Lt 29

3 LmjF.27.2100 TRRM1 Tb927.2.4710 2 0.005601 TSR1-Lt, U2AF65-Tb, U2AF35-Lt 28

4 LmjF.32.0400
ATP-dependent 

RNA helicase, 
putative

Tb927.10.14550 6 1.42E-08
CPSF73, SMN-Lt, NHP2-Lt, PRP19-Tb, 
U1A-Lt, Lsm3-Lt, SmD3-Lt, TSR1-Lt, 

U2AF65-Tb, U2AF35-Lt, SF1-Lt
34

5 LmjF.07.0340

ATP-dependent 
DEAD/H RNA 

helicase, 
putative

Tb927.8.1510 2 0.00000798
CPSF73, SMN-Lt, U1A-Lt, Lsm3-Lt, 

SmD3-Lt, TSR1-Lt, U2AF35-Lt, SF1-Lt
34

mRNA metabolism

6 LmjF.35.5040 PABP1 Tb09.211.0930 1 0.000261
NHP2-Lt, U1A-Lt, SmB-Tb,65 SmD1-Tb,38 

SmD3-Lt, TSR1-Lt, U2AF35-Lt
82,83

7 LmjF.35.4130 PABP2 Tb09.211.2150 6 0.000178
NHP2-Lt, PRP19-Tb, SmB-Tb,65 

SmD1-Tb,38 SmD3-Lt, TSR1-Lt, U2AF35-Lt
84

8 LmjF.25.0080 PABP ** 3 0.000073
NHP2-Lt, SmB-Tb,65 SmD1-Tb,38 SmD3-Lt, 

TSR1-Lt, U2AF35-Lt
GeneDB

9 LmjF.35.2200 DRBD2 Tb09.211.4540 2 0.008095 NHP2-Lt, TSR1-Lt, U2AF35-Lt 85

10 LmjF.09.1120 MRP2 Tb11.01.4860 1 0.006042 TSR1-Lt, U2AF35-Lt 49,89

11 LmjF.19.1270
RNA binding 

protein, putative
Tb927.10.15870 2 0.00000954 GeneDB

12 LmjF.35.0370 DHH1 Tb927.10.3990 1 0.002744
CPSF73, SMN-Lt, U1A-Lt, Lsm3-Lt, 

SmD3-Lt, TSR1-Lt, U2AF35-Lt, SF1-Lt
90

Ribosomal biogenesis and assembly proteins

13 LmjF.32.0750 NRBD2/P37 Tb11.01.5590 2 0.0000288 TSR1-Lt, U2AF35-Lt 91

Helicases

14
LmjF.27.1300 

(p58)

hypothetical 
protein, 

conserved
Tb11.46.0009 2 0.000324 NHP2-Lt, TSR1-Lt, U2AF35-Lt GeneDB

Hypothetical proteins

15 LmjF.35.5390
hypothetical 

protein, 
conserved

Tb927.4.310 1 0.005682 TSR1-Lt, U2AF35-Lt, SF1-Lt GeneDB

16 LmjF.35.4870
hypothetical 

protein, 
conserved

Tb09.211.1230 1 0.0000148 SF1-Lt GeneDB

17 LmjF.08.0340
hypothetical 

protein, 
conserved

Tb927.5.3330 1 0.007234 SF1-Lt GeneDB

L. tarentolae proteins were identified by mass spectroscopy as described in Materials and Methods. Each protein is identified by its accession number 
(http://www.genedb.org), annotation, T. brucei homolog, numbers of peptides, other purifications revealing the same protein, and reference. Proteins were 
grouped into splicing factors, mRNA metabolism, ribosomal biogenesis and assembly proteins, helicases and hypothetical proteins. The e-value reflects 
probability of identification of the protein by the MS data.
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of silenced cells suggests the existence of only a sub-set of targets 
regulated by these SR proteins, indicating that these factors are 
not general splicing factors, but rather, are specific to defined 
substrates. Analysis of the proteins associated with these SR 
proteins supports their role not only in splicing, but also in mRNA 
stability and in rRNA processing. In addition, these factors may 
also regulate translation, since their hyper-phosphorylated form 

seems to fractionate with ribosomes and polyribosomes, and to 
co-purify with ribosome-associated proteins.

Factors involved in splicing regulation in metazoa and the 
role of SR proteins in trypanosomes

Genome-wide studies mapping SL addition sites suggested 
extensive alternative splicing changes throughout the lifecycle 
of the parasite.10,58 Alternative splicing was also recently shown 

Figure 5. The role of splicing factors in rRNA processing. (A) Schematic representation of the rRNA precursor. The positions of intronic sequences; exter-
nal transcribed spacers (ETS), and internal transcribed spacers (ITS) are indicated flanking the mature rRNA, containing the small subunit (SSU) as well as 
the coding sequences (black bars). The structure of the precursors (9.6, 5.9, 5.1, and 3.9 Kb) is depicted. (B) Effect of silencing of splicing factors on rRNA 
processing. Total RNA was extracted from cells carrying the construct during silencing. RNA (10 μg) was separated on a 1.2% agarose gel containing 2.2 
M formaldehyde and probed with an ITS4 probe. The 7SL RNA probe was used to control for equal loading. Marker size is indicated in Kb. Short exposure 
of the blot hybridized with the LSUβ probe is presented on the right side of the blot. The positions of the precursors are indicated by arrows. (i) TSR1, (ii) 
TSR1IP, (iii) U2AF35, and (iv) SF1. (C) TSR1 and TSR1IP silencing has no effect on rRNA transcription. (a). Nascent RNA synthesis in permeable cells before 
and after silencing of TSR1 and TSR1IP. Permeable cells were prepared from the same number of cells carrying the silencing construct, without induc-
tion (-Tet) or after tetracycline induction for 3 d (+Tet), in the presence or absence of 50 μg/ml α-amanitin, as described in Materials and Methods. The 
RNA was fractionated on a 6% (w/v) denaturing gel. The identity of the RNAs is indicated. The location of heterogeneous mRNAs is indicated in boxes. 
Lanes 1 and 5, RNA from uninduced cells; lanes 3 and 7, RNA from uninduced cells treated with 50 μg/ml α-amanitin; lanes 2 and 6, RNA from silenced 
cells; lanes 4 and 8, RNA from silenced cells treated with 50 μg /ml α-amanitin. (b) Slot-blot analysis of transcripts synthesized in permeable cells. RNA 
was prepared from permeable cells, as described in (a), and was used for hybridization with a blot containing DNA encoding for the genes, as indicated.
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to control protein localization, enabling the generation of two 
isoforms of tRNA-synthetase, a mitochondrial, and a cytoplasmic 
enzyme.59 trans-splicing must therefore be a tightly regulated 
process to generate this rich repertoire of alternatively spliced 
forms. However, very little is known about factors that participate 
in such regulation. Early studies from our group suggested that 
PTB proteins are involved in trans-splicing of a distinct subset of 
transcripts bearing a C-rich polypyrimidine tract.14 Recently, we 
found that hnRNP F/H might be a strong candidate for mediating 
stage-specific splicing regulation, since the protein is differentially 
regulated and highly expressed in the bloodstream form. In 
addition, the protein recognition site, AAGAA, is located around 
the 3′ splice site and the poly (A) site.60 In this study, we found 
that substrates downregulated by TSR1 and TSR1IP silencing 
contain weaker splicing signals such as shorter and pyrimidine-
poor PPTs, and that the regulated genes have more heterogeneous 
poly (A) site selection. RNA-seq of these transcriptomes may 
reveal additional substrates, especially non-abundant transcripts 
that are not detected by the microarray analysis but also have weak 
splicing signals, and hence, rely on SR proteins for their splicing.

Recent studies from mammalian cells using CLIP suggest that 
binding sites of SRSF-3 and -4 were more abundant in exons. 
However, binding to introns was also observed in domains close 
to the splice site, suggesting their role in splicing.42 CLIP of TSR1 
and TSR1P will be necessary to determine the binding of these 
factors to intron and exon domains.

Of special interest is the finding that mammalian SRSF-3 
and -4 regulate mRNAs involved in RNA metabolism, including 
spliceosomal functions,42 and that human SFRS1 also shows high 
enrichment of binding to mRNAs involved in RNA metabolism, 
such as SR proteins, and proteins involved in mRNA and rRNA 
processing.61 Similarly, in trypanosomes, TSR1IP upregulated 
transcripts were enriched with genes involved in ribosome function 
and translation.

The role of TSR1 and TSR1IP in mRNA stability
The involvement of splicing factors in functions other than 

splicing was reported recently for the basal splicing factors, 
U2AF35/65 and SF1. It was demonstrated that these factors 
affect mRNA stability most probably due to binding of these 
factors to the 3′ UTR.27 It was argued that in trypanosomes, 
such interactions might be prevalent due to two major specific 
characteristics of gene expression. First, trans-splicing and 
polyadenylation are linked.2-5 In trypanosomes, trans-splicing 
determines which poly(A) site will be selected, and hence, the size 
of the 3′ UTR. Second, extensive alternative polyadenylation was 
observed, with over 400 cases already described in the procyclic 
stage.9 Thus, alternative polyadenylation may generate transcripts 
that contain splicing signals at their 3′ UTR that bind these basal 
splicing factors.

Although we argued that the effect of these basal splicing 
factors on mRNA stability emerges from the direct binding of 
the splicing factor to mature mRNA, and demonstrated this 
mechanism for U2AF65, we must also consider the possibility 
that the observed changes in mRNA stability may stem not only 
from the direct binding of the splicing factors to the 3′ UTR, but 
rather, from secondary perturbations. CLIP-Seq analyses of these 

TSR proteins and basal splicing factors are in progress and should 
shed light on the binding site of these proteins either near the 3′ 
splice site (affecting splicing) or at the 3′UTR, affecting stability 
and possibly translation. Interestingly, despite the fact that the 
CLIP studies of SR proteins observed binding to the 3′ UTR,62,63 
only a single study in mammalian cells demonstrated the role of 
these factors in mRNA stability.64

Purification of complexes containing the splicing factors 
supports their role in mRNA decay and translation

Our mass spectrometry data identified several RNA binding 
proteins that may also function in mRNA stability and even 
translational control. Trypanosome spliceosomal complexes 
were comprehensively identified by purifying Sm proteins in 
both T. brucei38,65 and Leishmania.34 Previously, we observed that 
affinity selection of proteins associated with the basal splicing 
factors failed to detect core components of the spliceosome, such 
as Sm proteins, and U snRNP-specific proteins. However, such 
proteins were selected with TSR1. These results may indicate 
that the spliceosomal complexes carrying the basal factors as 
well as SR proteins are fragile and dissociate during purification. 
However, it is also possible that the level of spliceosomal 
complexes containing these factors is low compared with storage 
sub-spliceosomal complexes that include these factors. Indeed, 
studies in mammals identified a large pool of extra-spliceosomal 
complexes in nuclear speckles.66

The large number of ribosomal proteins selected with TSR1 
and TSR1IP supports the association of these factors with 
ribosomes. As described in the Introduction, SR proteins were 
shown to both directly and indirectly affect translation.17

The phosphorylation state of the SR proteins has been 
under extensive investigation in many systems. The results 
presented here suggest the presence of three distinct TSR1IP 
forms. The two forms (II and III) are present on spliceosomal 
complexes, but also on ribosomes and polysomes. It was 
previously demonstrated that phosphorylation of SR proteins is 
required for the interaction between SR proteins; for instance, 
the phosphorylation of ASF/SF2 is essential for the interaction 
with the U1 snRNP 70 kDa protein.67 However, it was also 
reported that after spliceosome assembly, de-phosphorylation is 
required for the transition to the catalytic step of splicing; thus, 
both phosphorylated and dephosphorylated forms of proteins are 
expected in spliceosomes.67 De-phosphorylation is also required 
for the association of the SR proteins with the export machinery.68

It was of great interest to find that TSR1IP (forms II and III) 
is associated with both ribosomes and polyribosomes. These two 
forms are phosphorylated, as their migration changed as a result of 
de-phosphorylation. Despite the demonstration that SR proteins 
enhance translation, the status of the phosphorylation of the SR 
protein associated with translation was not previously addressed.69

However, TSR1P must undergo additional post-translational 
modification(s), since de-phosphorylation did not convert form 
III to I. Indeed, SR proteins undergo acetylation, methylation, 
and also ubiquitinylation (Ub), as well as modification by the 
small Ubiquitin-like modifier (SUMO).23 Ub conjugation to 
SR proteins was suggested to serve as regulatory signal, rather 
than to direct the protein for degradation.23
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Involvement of splicing factors in rRNA processing
The association described above of TSR1 and TSR1IP with 

nucleolar proteins, especially snoRNP proteins, and also with 
factors such as NRBD2/p37 and NOG1, may suggest the 
direct involvement of these factors in ribosome biogenesis. It 
was previously reported that the yeast PRP43 helicase involved 
in splicing is also directly involved in rRNA processing.70 The 
association of TSR1, TSR1IP, and U2AF35 with proteins 
implicated in rRNA processing and the direct and robust effect 
of the depletion on rRNA production indicate the direct role of 
these SR proteins and U2AF35 in rRNA processing. However, in 
addition, to their primary effect, depletion of rRNA processing 
factors which are TSR targets can also indirectly affect rRNA 
processing. Interestingly, depletion of the TSR proteins led to 
upregulation of mRNAs coding for factors involved in rRNA 
processing, suggesting a possible feedback loop to compensate 
for the loss of the SR proteins. Indeed, in mammalian cells, 
SR proteins also regulate both the level of proteins involved in 
rRNA processing, as well as the level of snoRNA.42 However, 
this is the first study to demonstrate the direct association of 
SR proteins with proteins involved in rRNA processing and 
to demonstrate rRNA processing defects in SR silenced cells. 
Of note, is the recent finding that trans-splicing occurs in the 
nucleolus and may participate in rRNA processing.71 Most 
recently, the two T. brucei RNA binding proteins, PUF7 and 
PUF10, were reported to localize to the nucleolus, and were 
shown to be essential for rRNA processing together with BOP1 
and NRG.72 These four proteins exhibit several interactions. 
However, the most interesting finding regarding these proteins 
is that their depletion results in an increased level of mRNA that 
encodes GPEET procyclin surface protein, under conditions in 
which GPEET is normally repressed. NRG1 was also shown to 
directly bind to mRNAs, suggesting that in trypanosomes the 
two processes of mRNA metabolism and ribosomal processing 
are linked.72 The linkage between nucleolar function and 
splicing is intriguing, since both these processes determine the 
growth rate and proliferation of these parasites.

In sum, this study describes the role of TSR proteins in RNA 
processing. These proteins are among the first SR proteins that 
emerged in evolution, since trypanosomes diverged early in 
the eukaryotic lineage, long before baker’s yeast (Saccharomyces 
cerevisiae), which lack SR proteins.16 Despite the fact that 
trypanosomes are ancient eukaryotes, the function of their two 
SR protein share remarkable resemblance to their metazoal 
counterparts; in addition, their regulated substrates, as in 
mammals, are ribosomal proteins and factors involved in splicing 
and RNA processing. We are only at the earliest stages of a full 
understanding of the interplay between the processes regulated 
by SR proteins.

Materials and Methods

Cell growth and transfection
Procyclic T. brucei strain 29-13, which carries integrated genes 

for the T7 polymerase and the tetracycline repressor, was grown 

in SDM-79 medium supplemented with 10% fetal calf serum in 
the presence of 50 μg/ml hygromycin and 15 μg/ml G418. Cells 
were transfected as previously described.41

Construction of RNAi constructs
Stem-loop constructs were generated to silence TSR1 and 

TSR1IP using primers listed in S-1, as described.73 The constructs 
expressing dsRNA were linearized with EcoRV. The expression of 
dsRNA was induced using 8 µg/ml tetracycline.

Tagging of the splicing factors in L. tarentolae and  
T. brucei

For generation of the tagged constructs, genes were amplified 
using the primers listed in S-1. The fragments were cloned 
into the pSNSAP1 vector (kindly provided to us by Dr Larry 
Simpson, UCLA). The cloned vector (20 μg) was transfected 
into L. tarentolae and selected using neomycin resistance.74 
To generate PTP-tagged constructs in T. brucei that encode 
a triple tag composed of the ProtC binding site, TEV protease 
recognition site, and protein A, the gene of interest was amplified 
with primers listed in S-1 and cloned into the PTP vector.31

Purification of the complexes associated with the SR proteins
Tandem affinity purification was performed from whole L. 

tarentolae cell extracts, as described.34 The proteins were analyzed 
by mass-spectrometry as follows: The samples were digested by 
trypsin, analyzed by LC-MS/MS on LTQ-Orbitrap (Thermo), 
and identified by Sequest 3.31 software against the GeneDB L. 
major-specific database (http://www.genedb.org).

Northern blots and primer extension analysis
Primer extension was performed as previously described.75,76 

The extension products were analyzed on 6% acrylamide 
denaturing gels. For northern analysis, total RNA was extracted, 
separated on agarose-formaldehyde gel, and analyzed using RNA 
probes. Primers are listed in List S1.

Western blot analysis
Whole cell lysates (107 cells) were fractionated by SDS-PAGE, 

transferred to PROTRAN membranes (Whatman, BA-83 
10401387), and reacted with anti rabbit IgG or anti PTB1 
antibodies. The bound antibodies were detected with goat anti-
rabbit immunoglobulin G (IgG) coupled to horseradish peroxidase, 
and were visualized by ECL (Amersham Biosciences, RPN2106).

Immunofluorescence assay
PTP-tagged TSR1 and TSR1IP cells were washed with PBS, 

mounted on poly-l-lysine-coated slides, fixed in 8% formaldehyde, 
and immunofluorescence was performed as described77 using 
FITC-conjugated anti-rabbit IgG. The cells were visualized with 
a Zeiss LSM 510 META inverted microscope.

mRNA stability analysis
Uninduced cells, and cells 3 d after induction (1.5 × 109 

cells) were concentrated and resuspended into 25 ml of SDM-79 
medium. Cells were aliquotted into five batches and incubated at 
27 °C for 30 min. Cells were pre-treated with 2 µg/ml sinefungin 
(Sigma) for 10 min, and then with 30 µg/ml Actinomycin D 
(Sigma). RNA was isolated and subjected to northern analysis, 
as previously described.14 Each experiment was repeated three 
times. The RNA level was normalized to 1 at t = 0, and the 
decay was fitted to Exp[-R*t]. R was calculated by regressing 
-ln([normalized RNA level]) on t (in minutes), using ordinary 
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least squares without the intercept term. The half-life was then 
calculated as ln(2)/R.

Microarray analysis
Total RNA was isolated from uninduced cells, and from 

silenced cells after 3 d of induction. Total RNA was labeled using 
the Ambion Amino Allyl MessageAmp II aRNA kit (Ambion). 
DNA microarrays were obtained through NIAID’s Pathogen 
Functional Genomics Resource Center (managed and funded by 
the Division of Microbiology and Infectious Diseases, NIAID, 
NIH, DHHS, and operated by the J. Craig Venter Institute), 
hybridized using the Gene Expression hybridization kit (Agilent 
Technologies), and processed as previously described in detail.14 
The data from all arrays were first subjected to Normexp-
Background correction78 and Loess within array normalization79 
using the Bioconductor Limma package.80 The subsequent 
analysis was performed using Partek® Genomics SuiteTM 
software, version 6.6 (© 2012 Partek Inc.). Normalized data from 
seven biological replicates were analyzed to identify genes whose 
expression was up- or downregulated by an arbitrary cutoff of 
at least 1.5-fold, and had P value < 0.05 in all replicates when 
testing for differential expression (ANOVA-test). Heat maps were 
generated using Euclidean distance as a similarity measure. An 
annotation table was prepared after annotating regulated genes 
manually, assisted by GeneDB (http://tritrypdb.org/tritrypdb/).

Fractionation of tagged L. tarentolae proteins on RNP 
complexes

Extracts were prepared from L. tarentolae cells expressing 
the PTP-tagged proteins, as previously described34 but using the 
polysome buffer (150 mM KCl, 4 mM MgCl

2
, 20 mM Tris pH 

[7.5], 1 mM DTT, and 10 μg/ml leupeptin). Cycloheximide 
(50 μg/ml) was added to the cells prior to collecting the cells by 
centrifugation. Extract was prepared as previously described.34 
The lysate was cleared at 50 000 × g for 30 min, and centrifuged 
through a 15–50% (w/v) sucrose gradient at 4 °C for 2 h at 35 000 
rpm in a Beckman SW41 rotor.

De-phosphorylation of TSR proteins
Fractions from the gradient were pooled in groups and 

treated with 1 µl of CIP (Calf Intestinal Alkaline Phosphatase  

[10 units/µl, NEB]) in 100 µl reaction volume (final 
concentration 0.1 units/µl) followed by incubation at 37 °C 
for 30 min, according to the manufacturer’s recommendations. 
Pooled fractions (CIP treated/untreated) were then analyzed on a  
12% acrylamide gel.

Cell permeabilization
The permeabilization procedure was similar to that described 

by Tschudi and Ullu.81 The only deviation from the published 
protocol is that transcription buffer TB × 1 (150 mM sucrose, 20 
mM potassium glutamate, 10 mM HEPES-KOH [pH 7.9], 2.5 
mM MgCl2, 1 mM dithiotheritol, 10 μg/ml leupeptin) was used. 
Un-induced or cells after 2 d of silencing were permeabilized. 
Transcription was performed either in the presence or absence 
of 50 µg/ml-amanitin. RNA was extracted from the cells and 
fractionated on a 6% denaturing gel or subjected to slot blot 
hybridization. For slot-blot analysis of the RNA synthesized 
in permeable cells, plasmid DNA was used. Hybridization 
was performed at 55–60 °C in 60% (v/v) formamide, 2 × SSC  
(0.3 M sodium chloride, 0.03 M sodium citrate), 100 μg/ml 
salmon sperm DNA, and 0.1% (w/v) Sarcosyl, with the entire 
RNA fraction extracted from permeable cells. After hybridization, 
filters were washed twice in 2 × SSC and 0.1% (w/v) SDS at  
65 °C for 30 min.
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