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ABSTRACT

Processing of primary transcripts in trypanosomes
requires trans splicing and polyadenylation, and at
least for the poly(A) polymerase gene, also internal
cis splicing. The trypanosome U1 snRNA, which is
most likely a cis-splicing specific component, is
unusually short and has a relatively simple second-
ary structure. Here, wereporttheidentification ofthree
specific protein components of the Trypanosoma
brucei U1 snRNP, based on mass spectrometry and
confirmed by in vivo epitope tagging and in vitro RNA
binding. Both T.brucei U1-70K and U1C are only dis-
tantly related to known counterparts from other euka-
ryotes. The T.brucei U1-70K protein represents a
minimal version of 70K, recognizing the first loop
sequence of U1 snRNA with the same specificity as
the mammalian protein. The trypanosome U1C-like
protein interacts with 70K directly and binds the
5 terminal sequence of U1 snRNA. Surprisingly,
instead of U1A we have identified a novel U1
snRNP-specific protein, TbU1-24K. U1-24K lacks a
known RNA-binding motif and integrates in the U1
snRNP via interaction with U1-70K. These data result
in a model of the trypanosome U1 snRNP, which devi-
ates substantially from our classical view of the U1
particle and may reflect the special requirements for
splicing of a small set of cis-introns in trypanosomes.

INTRODUCTION

Messenger RNA processing of primary polycistronic tran-
scripts in trypanosomes involves both frans-splicing and poly-
adenylation (1,2). The resulting mRNAs always carry a 39 nt

non-coding spliced leader (SL) sequence at their 5’ ends,
which is derived from the S RNA. The discovery of a single,
cis-spliced intron in the poly(A) polymerase (PAP) genes
from Trypanosoma brucei and Trypanosoma cruzi changed
this view of gene expression in trypanosomes, suggesting
there is a small subset of genes that require both trans and
cis splicing (3). The interesting question about differential
factor requirements leads to the Ul snRNP, which was iden-
tified in the trypanosome system only recently and probably
represents a component specific to the cis-splicing machinery.
As shown in the nematode system, Ul snRNA is not essential
for trans splicing (4).

Among the spliceosomal snRNPs, Ul represents the best-
characterized particle, both structurally and with regard to
its role in spliceosome assembly (5,6). It consists of the Ul
snRNA and 10 protein components highly conserved from
yeast to man: the heteroheptameric Sm protein complex
bound at the Sm site, and three Ul-specific polypeptides:
U1-70K, UlA and UIC. Both U1-70K and UlA associate
with the Ul snRNA directly through their RNA recognition
motifs, recognizing conserved loop positions in stem—loops I
and II, respectively. On the other hand, U1C integrates via
protein—protein interactions in the Ul snRNP, requiring 70K
and the Sm complex (7).

In the classical role of the Ul snRNP, early 5’ splice site
recognition by RNA-RNA base pairing, the UIC protein
appears to play a particularly important role (8,9). There is
evidence that U1C alone is able to recognize the 5’ splice site
sequence in the absence of an intact Ul snRNP, at least in
yeast (10—12). In contrast to U1C, U1A is not important for the
assembly of early spliceosomal complexes, consistent with the
finding that Ul snRNAs lacking binding sites for either 70K
(stem—loop I) or UlA (stem-loop II) were active in in vitro
splicing (13). Interestingly, the UIA protein also plays other
roles: 5’ and 3’ splice site communication (14), and regulation
of polyadenylation (15-17).
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The trypanosomatid Ul snRNA is unusual in that it is much
smaller than all other known homologs (~75 versus 164 nt for
the mammalian and 568 for the yeast Ul), suggesting that a
minimal or specialized Ul snRNP operates in trypanosomes
(18-20). Specifically, the trypanosomatid Ul snRNA lacks
stem—loops II and III, but contains an Sm site for binding
of a set of common proteins, which are present in all spliceo-
somal snRNPs (21). Moreover, the Ul snRNA can form an
extensive base-pairing interaction with the PAP 5 splice site
(19), and point mutations in the PAP 5’ splice site that are
predicted to disrupt base pairing, abolish splicing in vivo (3).

The cis-spliceosomal Ul snRNP of T.brucei has been
affinity-purified in a functional form; an initial analysis of
the protein components of this ~10S RNP yielded, in addition
to the Sm protein set, preliminary evidence for a 70K-
homologous protein (20). This provided the starting
point for our current study: using the putative 70K
protein from T.brucei (TbUI-70K) and tandem affinity
purification (TAP), we established that TbUI-70K is Ul
snRNP-specific. Moreover, TbU1-70K purification resulted
in mass-spectrometric identification of two additional Ul
snRNP components: a UIC homolog of 22 kDa (TbUI1C)
and a novel 24 kDa protein (TbU1-24K). For both of them,
we demonstrated Ul specificity, and we investigated their
interactions within the Ul snRNP. In conclusion, a model
is presented for the trypanosomal Ul snRNP, which deviates
substantially from our classical view of the Ul snRNP.

MATERIALS AND METHODS
T.brucei cell culture and extract preparation

Cells of wild-type and stably transfected procyclic form
T.brucei brucei strain 427 were cultured as described previ-
ously (22). Extract was prepared in PA-150 buffer (20 mM
Tris—HCI, pH 8.0, 150 mM KCI, 3 mM MgCl, and 0.5 mM
DTT) using a Polytron PT 3100 cell homogenizer (Kinematica
AG, Switzerland).

Antibodies and immunoprecipitation analysis

Polyclonal antibodies were raised in rabbits against recombin-
ant glutathione S-transferase (GST) TbU1-70K protein. Anti
common-protein antibodies against the 7.brucei Sm proteins
are described previously (23), as well as the U1 snRNP affinity
selection (20). For immunoprecipitations, 50 pl of rabbit sera
or the corresponding non-immune sera were reacted with
100 ul total cell extract (23). Coimmunoprecipitated RNAs
were analyzed by primer extension or by 3’ end labeling with
[**PIpCp.

Database analysis

The accession numbers of the trypanosomatid genes are
annotations of GeneDB (http://www.genedb.org/).

Plasmid constructs

Construct pTb70K-PTP-NEO is a derivative of pBluescript
SK+ (Stratagene) and contains two separate gene cassettes
arranged in tandem. The first cassette comprises 745 bp of
the TbU1-70K C-terminal coding region (nt 88—831), the PTP
tag coding sequence (Bernd Schimanski, Tu N. Nguyen and

Arthur Giinzl, manuscript submitted) and 470 bp of 3’ flank
from ThRPAI, the gene encoding the largest subunit of RNA
polymerase 1. The second cassette contains the neomycin
phosphotransferase gene as a selectable marker (24).

Constructs where the original TAP tag (25) had been
replaced by the PTP-tag are based on the same vector. Instead
of the TbU1-70K coding region, they contain the TbU1C open
reading frame (nt 13-582) or the TbU1-24K open reading
frame (nt 112-636).

Stably transfected T.brucei cell lines were obtained by
electroporation of 10 ug linearized plasmid, as described
previously (24). Transfected cells were selected in the pres-
ence of 40 pg/ml of G418 (Geneticin, Gibco BRL). Expression
of tagged proteins was analyzed by western blotting using the
PAP reagent (Sigma) for detection.

PTP tandem affinity purification of the
T.brucei Ul snRNP

For Ul snRNP TAP by means of the PTP-tagged TbU1-70K
protein, a 2.5 1 culture of stably transfected procyclics was
grown to a density of 2 x 107 cells per ml, harvested and
processed to a crude extract (26). The extract had a volume
of 6 ml and contained 150 mM sucrose, 150 mM potassium
chloride, 20 mM potassium L-glutamate, 3 mM MgCl,, 20 mM
Tris—HCL, pH 7.7, 1 mM DTT, 10 pug/ml leupeptin and 0.1%
Tween-20. In addition, the extract was mixed with 0.5 ml of a
I ml PA-150 buffer aliquot (20 mM Tris—HCI, pH 8.0,
150 mM KCI, 3 mM MgCl, and 0.5 mM DTT) containing
0.1% Tween-20, and a Complete Mini, EDTA-free protease
inhibitor cocktail tablet (Roche). PTP purification was carried
out as recently described in detail (Bernd Schimanski, Tu N.
Nguyen, Arthur Giinzl, manuscript submitted). For the first
purification step, the extract was added to 200 ul settled bead
volume of IgG—Sepharose 6 Fast Flow beads (Invitrogen)
equilibrated with PA-150 buffer in a 0.8 X 4 cm Poly-Prep
chromatography column (Bio-Rad) and rotated for 2 h at 4°C.
Subsequently, the flow-through was collected by gravity flow
and the column washed with 25 ml of PA-150 buffer. After
equilibration in 15 ml of TEV protease buffer (PA-150 with
0.5 mM EDTA), the beads were resuspended in 2 ml of TEV
protease buffer containing 300 U of AcTEV protease (Invit-
rogen) and rotated in the closed column at 4°C overnight. The
TEV protease eluate was collected by gravity flow, diluted to
6 ml by a wash of the I[gG—Sepharose beads with 4 ml of PC-
150 buffer (PA-150 buffer containing 1 mM calcium chloride)
and mixed with the remaining 0.5 ml of the protease inhibitor
cocktail. For anti-ProtC affinity purification, calcium chloride
was added to the TEV protease eluate to a final concentration
of 2 mM, which was then combined in a new column with
200 pl settled bead volume of anti-protein C affinity matrix
(Roche) equilibrated in PC-150 buffer. After rotation for 2 h,
the flow-through was collected and the matrix washed with 60
ml of PC-150 buffer. Finally, the Ul snRNP was eluted by four
consecutive steps in which the beads were resuspended in 1 ml
of EGTA elution buffer (5 mM Tris—HCI, pH 7.7, 10 mM
EGTA, 5 mM EDTA, 10 pg/ml leupeptin and 0.1% Tween-
20) and rotated for 15 min at room temperature.

For protein analysis, the volume of the final eluate was
reduced to ~800 Ul by evaporation in a vacuum concentrator.
Subsequently, the proteins were bound to 10 pul of the
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hydrophobic StrataClean resin (Stratagene), released into SDS
loading buffer at 80°C, separated on a 16% SDS/polyacryl-
amide gel and Coomassie-stained with the GelCode blue stain
reagent (Pierce). Two bands (labeled X1 and X2 in Figure 2C)
were excised from the gel and identified by LC/MS/MS
mass spectrometry. The following peptide sequences were
determined: (X2) TbUIC, VDDQEIIVGGLPKPSR and
VAGVLVASAAPPVVK; (X1) TbUI1-24K, AAME-
WESWKK, CVIPPSSTR and GSSVPIPAVVAGR.

TAP pull-down assays

For TAP-tag pull-down assays, extract from stably transfected
cells was prepared and incubated with IgG—Sepharose beads.
After washing, co-selected RNAs were released and ana-
lyzed by denaturing PAGE, followed by silver staining, or
by northern blotting, using DIG-labeled probes (27). For sub-
sequent immunoprecipitations, bound material was released
by TEV protease (16 h at 4°C).

Protein—RNA or protein—protein interaction assays by
GST pull-down

The open reading frames of TbU1-70K, TbU1C and TbU1-
24K were amplified by PCR from genomic DNA, cloned into
pGEX.2TK vector (Pharmacia) and expressed in Escherichia
coli BL-21 (DE3) pLysS. For studying protein-RNA or
protein—protein interactions, 5 pg of a GST-fusion protein
or GST alone (as negative control) was immobilized on
25 ul glutathione—Sepharose 4B beads (Amersham) and incub-
ated in 200 pl binding buffer (20 mM HEPES-KOH, pH 8.0,
150 mM KCI, 5 mM MgCl,, 0.01% NP-40, 1 mM DTT and
1 ul RNasin), containing either in vitro translated *°S-labeled
proteins (Flexi Rabbit Reticulocyte Lysate System, Promega),
or 50 ng in vitro transcribed **P-labeled Ul snRNA or mutant
derivatives (see Supplementary Materials). The 17 nt control
RNA was T7-transcribed from pCR2.1 TOPO vector linear-
ized by Xbal. Total RNA (10 pg) purified from HeLa nuclear
extract or T.brucei cells was used for GST pull-down assays
in the same way, but including 10 pg of a GST protein. After a
1 h incubation at 25°C, the beads were washed and the sele-
cted proteins were analyzed on a 12.5% SDS-PAGE by
fluorography (Amersham). RNAs were released, ethanol-
precipitated, fractionated on a denaturing 10% polyacrylamide
gel and detected by autoradiography.

DNA oligonucleotides

DNA oligonucleotides are listed in the Supplementary
Materials.

RESULTS AND DISCUSSION

The T.brucei U1-70K protein (TbU1-70K):
identification, domain structure and Ul snRNP
specificity

We had previously affinity-purified the Ul snRNP from
T.brucei, based on a biotinylated antisense 2’-O-methyl
RNA oligonucleotide (20); this resulted in the identification
of a putative T.brucei homolog of the 70K protein, which is a
classical Ul snRNP-specific protein well characterized in the
yeast and mammalian systems. The T.brucei 70K homolog
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(Tb08.4A8.530) represents a minimal version of 70K, with
only 278 amino acids (32 kDa), and—compared with the
human protein (437 amino acids; 50 kDa)—missing the entire
C-terminal half with mixed-charge (R/D; R/DE), Gly-rich and
SR (serine-arginine rich) domains (see Figure 1A for the
domain structure). To demonstrate definitively the Ul
snRINP specificity of TbU1-70K, we raised polyclonal antibod-
ies (Figure 1B) and used them in immunoprecipitation from
T.brucei extract, followed by 3’ end labeling of the immuno-
precipitated RNA by [**P]pCp (Figure 1C). The anti TbU1-
70K antiserum specifically precipitated an RNA of 73 nt
(compare lanes NIS and U1-70K); this RNA was also precip-
itated by antibodies specific for the common Sm proteins,
together with the U2, SL, U4 and U5 snRNAs (lane Sm). The
identity of this band as Ul snRNA was confirmed by primer-
extension assays with the same samples (Figure 1D). We
conclude that the trypanosome U1 snRNP contains, in addition
to an Sm core, the 70K protein as a Ul-specific component.

Mutational analysis of Ul snRNA-binding specificity of
TbU1-70K

Next, we determined the RNA-binding specificity of the
TbU1-70K protein. Although the 73 nt trypanosome Ul
snRNA appears to be a minimal version of the Ul snRNA
(Figure 1F for the T.brucei Ul snRNA), the loop sequence
(nt 19-28) is highly conserved; for example, it deviates from
the corresponding human sequence only in the two terminal
positions, leaving eight continuous nucleotides identical (posi-
tions 20-27). Previous work in the mammalian system had
established that this first loop is critical for U1-70K recogni-
tion of the Ul snRNA. Therefore, we studied by mutational
analysis whether this 70K-U1 snRNA interaction is conserved
in the trypanosome system (for the mutant derivatives, see
Figure 1F). Besides the full-length Ul snRNA (Tb-Ul
WT), we analyzed a truncated RNA, in which the 5’ stem—
loop was precisely deleted (Tb-U1 Astem—loop), and a series
of short stem—loop RNA derivatives. Those comprise the wild-
type sequence (Tb-Ul stem—loop WT), a stem mutation
(nt 15-18 and 24-27) with similar stability as the wild-type
stem, an inverted loop sequence (nt 19-28), a chimeric RNA
consisting of the human loop and the trypanosome stem
sequence (human loop), and finally, a derivative thereof car-
rying a single point mutation in the human loop, predicted to
disrupt the recognition of the human loop by the human 70K
protein (U21A; mutant human loop).

These in vitro transcribed **P-labeled RNAs were incubated
with recombinant GST TbU1-70K protein, and coprecipitated
RNAs were analyzed by gel electrophoresis (Figure 1E, com-
pare lanes I and P, representing 10% of the input and the total
pellet, respectively). We conclude that the wild-type Ul
snRNA was recognized efficiently by TbU1-70K (lanes 1/2),
in contrast to the derivative without the stem-loop, which
was not detectably precipitated (lanes 3/4); both the short
stem-loop and its mutant stem derivative interacted with
TbUI-70K at an efficiency similar to the full-length Ul
snRNA (lanes 5/6 and 9/10), whereas no interaction was
detected, when the loop was substituted (lanes 7/8). This
clearly identified the loop of the T.brucei Ul snRNA as the
critical determinant of UIl-70K interaction. Finally,
TbU1-70K recognized very well the short stem—loop RNA
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Figure 1. TbU1-70K is a Ul snRNP-specific protein and binds in vitro specifically to the 5’ loop sequence of Ul snRNA. (A) Comparison of the domain
structures of T.brucei (Tb08.4A8.530) and the human U1-70K (A25707) proteins. (B) Western blot analysis of T.brucei Ul snRNP proteins. Ul snRNPs
were affinity-purified from T.brucei extract by a 2'-O-methyl RNA antisense oligonucleotide, protein was prepared and analyzed by SDS-PAGE and
western blotting, using polyclonal rabbit antibodies against TbU1-70K (U1-70K) or non-immune serum (NIS). The arrow points to the immunostained
TbU1-70K band of apparent molecular weight 40 kDa. Protein markers are on the right (in kDa). (C) Ul snRNA is specifically coprecipitated from T.brucei
extract by anti-Tb U1-70 antibodies. Immunoprecipitations were carried out from T.brucei extract, using NIS, or with antibodies against the TbU1-70K
protein (U1-70K) or against the trypanosome Sm proteins (Sm). RNA was purified from the immunoprecipitates and analyzed by 3’ end labeling with
[*>P]pCp. The positions of the SL RNA and snRNAs are marked on the right. M, >’P-labeled pBR322/Hpall markers. (D) RNA from the same
immunoprecipitates was also analyzed by primer extension with a Ul-specific oligonucleotide. In addition, RNA from a 10% aliquot of the input
was included; the positions of the primer (p) and the Ul-specific primer-extension product (U1) are marked on the right. M, **P-labeled pBR322/Hpall
markers. (E) **P-labeled T.hrucei Ul snRNA and mutant derivatives [as indicated above the lanes; see (F)] were in virro transcribed and incubated with
GST-TbU1-70K, followed by GST pull-down. For each reaction, 10% of the input (/) and the total precipitated material (P) were analyzed. M, 32p_labeled
pBR322/Hpall markers. (F) Sequences and proposed secondary structures of the T.brucei Ul snRNA and its mutant derivatives. The boxed sequence in the
T.brucei Ul snRNA indicates the Sm site; the two arrows indicate a potential second stem—loop. Below, the sequences of the stem—loop derivatives are
given; the circled nucleotides mark the two positions in the human loop that differ from the T.brucei sequence, and the single-nucleotide mutation (A21) in
the mutant human loop.



with the human loop sequence (lanes 11/12), but not at all the
mutant version with a single point mutation in the loop (lanes
13/14).

The RNA-binding specificity of TbU1-70K was further sub-
jected to a very stringent test, using GST TbU1-70K and total
RNA from T.brucei or, in a heterologous assay, using total
RNA from HeLa nuclear extract (Supplementary Figure S1).
As a result, TbUI-70K was able to specifically recognize
intact Ul snRNA from both total trypanosome and HeLa
RNA, demonstrating the high specificity of the recombinant
TbU1-70K protein.

In sum, these binding experiments demonstrate that the loop
sequence of the T.brucei Ul snRNA is essential and sufficient
for recognition by the trypanosome 70K protein. Remarkably,
the detailed snRNA sequence requirements are highly con-
served between the trypanosome and human systems, although
the sequence and secondary structure drastically differ from
each other.

TAP-tag affinity purification through ThU1-70K:
mass-spectrometric identification of two new Ul snRNP
protein components

After the identity of the TbU1-70K as a Ul-specific
protein was established, we tagged this protein at its C-
terminus in a procyclic cell line with the PTP tag, which is
a modified TAP tag consisting of two protein A domains, a
TEV protease cleavage site and the protein C epitope (Bernd
Schimanski, Tu N. Nguyen and Arthur Giinzl, manuscript
submitted). The PTP-tagged protein (TbU1-70K/PTP) was
purified from crude extracts by IgG affinity chromatography,
elution from the IgG column by TEV protease cleavage, fol-
lowed by anti-protein C epitope immunoaffinity chromato-
graphy. Since the selection of TbU1-70K/PTP and its
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complexes should result in the purification of the entire Ul
snRNP, we followed the two stages of the affinity purification
first by silver staining (Figure 2A), as well as by northern
blotting, using a mixed snRNA probe (Figure 2B). Silver
staining of RNA prepared from aliquots of the input, TEV-
eluted and protein C-eluted material (lanes 1-3) clearly
showed that an RNA of the expected size (73 nt) was selected
and enriched by the second step (protein C elution). In fact, it
was the only strong band detected. Since the input Ul snRNA
was obscured by large quantities of tRNA, the purification was
also followed by northern blotting, demonstrating both the
highly efficient enrichment of Ul snRNA and the specificity
of its selection through both steps (Figure 2B, compare lanes 1,
2 and 3).

Next, we determined the protein composition of the Ul
snRNPs selected through two affinity steps, again following
the enrichment from the extract to the TEV- and protein
C-eluted material (Figure 2C, lanes 1-3). Protein analysis
by Coomassie staining demonstrated that only after the second
step a number of protein bands became predominant, the stron-
gest of them representing by size the TEV-released TbU1-70K
protein; in addition, a cluster of bands in the 10-15 kDa range
most likely represents the Sm set of proteins. There were two
further bands (labeled X1 and X2) of apparent molecular
masses 24 and 22 kDa, respectively, that were strongly
enriched after the second, protein-C elution step and that
were subjected to mass-spectrometric analysis. Based on
several peptides, each of these bands could be assigned to a
hypothetical T.brucei protein (see Materials and Methods).
Finally, there are three bands above U1-70K. The two lower
ones in the 50 kDa range appear to be nonspecific, since they
are not enriched during the second step of purification
(compare lanes 2 and 3). The top band on the other hand is
enriched and most likely represents the 65 kDa protein, which
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Figure 2. Identification of two new Ul snRNP-specific protein components. (A) Extract was prepared from a T.brucei cell line, which stably expresses
PTP-tagged TbU1-70K protein, and used to affinity-purify PTP-tagged complexes. The three stages of purification were analyzed for copurifying RNAs by silver
staining: 1% of the input (lane 1), 5% of the TEV-eluted material (lane 2) and 50% of the protein C-eluted material (lane 3). The position of the Ul snRNA is indicated
on the right. Note that in the input the Ul snRNA band is completely obscured by large quantities of tRNA. M, pBR322/Hpall markers. (B) The same fractions
as described in (A) were analyzed for copurifying RNAs by northern blotting, using a mixed snRNA probe (snRNA positions indicated on the right). M, DIG
marker V (Roche). (C) Protein analysis of the same fractions as described in (A), using SDS-PAGE and Coomassie staining. On the right, positions are marked
of the TbU1-70K protein, the cluster of Sm proteins and the two new polypeptides (X1 and X2), which were identified by mass spectrometry. M, protein marker

(in kDa).
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we previously identified as T.brucei poly(A) binding protein I
(PABP 1) (20).

T.brucei U1C (TbU1C): a second Ul snRNP-specific
protein, which binds the 5’ terminal sequence of Ul
snRNA

Sequence analysis and alignments revealed that one of the
two hypothetical proteins, derived from the X2 protein band,
a basic protein (pI 9.8) with a molecular mass of 21.7 kDa,
represents a putative T.brucei homolog of ULIC, which
has been characterized well in the human and yeast systems
(Tb10.70.5640). In addition, homologs exist as hypothetical
proteins in T.cruzi and Leishmania major (Figure 3A).

A characteristic feature of U1C sequences from other known
species is an N-terminal C,H,-type Zinc finger motif within
the highly conserved first 40 amino acids, whereas the remain-
ing C-terminal sequences are very diverged [e.g. for a
sequence alignment, see (9)]. All three trypanosomatid U1C
sequences possess a conserved C,H, Zinc finger, but they
carry an additional, highly basic N-terminal extension before
the C,H, Zinc finger: 44, 46 and 73 additional amino acids in
T.brucei, T.cruzi and L.major, respectively. Because except
for the Zn finger motif the sequences of the putative trypano-
some U1C proteins diverge very much from other known U1C
homologs, we cannot rule out that they are non-related pro-
teins that have acquired a U1C-like Zn finger.

Since this putative UIC protein from T.brucei was iden-
tified by mass spectrometry, we had to demonstrate its Ul
snRNP specificity in vivo. A C-terminal TAP-tag sequence
was added to the TbU1C open reading frame, the construct
was integrated into the T.brucei genome, and lysate was
prepared from this cell line stably expressing TAP-tagged
TbUIC. TbUIC-containing complexes were affinity-
purified on IgG—Sepharose, followed by release through TEV
protease cleavage. As the northern blot analysis shows,
this single affinity step resulted in a fraction highly enriched
in Ul, and free of detectable levels of the other spliceosomal
snRNAs (Figure 3B, compare lanes 1 and 2). Released
Ul snRNP was further analyzed by immunoprecipitations,
using non-immune serum (NIS) as a control, anti-70K and
anti-Sm antibodies (lanes 3-5). These assays were positive
for both 70K and Sm proteins, and no background was
detectable in the non-immune control. Taken together, this
establishes TbUIC as a second Ul snRNP-specific protein
component; in addition, we have demonstrated that the
affinity-purified T.brucei Ul snRNP contains, within the same
RNP complex, TbU1C, TbU1-70K and the Sm core proteins.

Based on the presence of the Zn finger motif, we
tested TbUIC for direct binding to the Ul snRNA
(Figure 3C). *?P-labeled full-length U1 snRNA and various
derivatives were transcribed in vitro and incubated with
the GST version of TbUIC. Bound RNA was recovered
by GST pull-down and analyzed by denaturing gel
electrophoresis. Full-length Ul snRNA bound TbUIC (with
an efficiency of ~5%; lanes 1 and 2), whereas Ul snRNAs
lacking either the 5’ terminal stem-loop (Ul Astem—loop), the
first 14 nt [U1 A5’ (1-14)], or the first 30 nt [Ul A5 (1-30)]
bound undetectably or at very low efficiency (lanes 3—8). Note
that the negative result for binding of the U1 Astem—loop RNA
is likely owing to a folding problem of this mutant derivative,

since after heat denaturation some binding could be recovered
(data not shown). The stem—loop of Ul snRNA by itself
(which is sufficient for Ul-70K interaction; see Figure 2)
was also negative in TbUIC binding (Ul 5 stem-loop;
lanes 9-10); in contrast, the first 14 nt of Ul were sufficient
for TOU1C binding [U1 5'(1-14); lanes 11-12], but not a non-
specific control RNA of similar length (control; lanes 13—14).
In sum, these results provide evidence for a direct RNA
interaction of TbUIC, with specificity for the 5’ terminal
sequence of Ul snRNA (nt 1-14), the same region, where
the Ul snRNP interacts with the 5 splice site (see below).

T.brucei U1-24K (TbU1-24K): a third, novel Ul
snRNP-specific protein

The other putative Ul snRNP protein (see protein band X1
in Figure 2C) was identified in the trypanosome database
also as a hypothetical protein, based on three peptide
sequences (Tb03.27F10.160). Unexpectedly and in contrast
to TbU1C, it shows no significant homology or relationship
to any other known snRNP protein and contains neither
obvious protein motifs nor domain organization. In particular,
it carries no identifiable RNA-recognition motifs and, there-
fore, cannot correspond to the missing U1A protein. In sum, this
acidic T.brucei protein of 24.1 kDa (pl 4.5) represents a novel,
putative Ul snRNP component. Among the trypanosomatids,
two T.cruzi genes coding for almost identical hypothetical
proteins are clearly homologous to the T.brucei Ul1-24K
protein, indicating that it is conserved at least in trypanosomatid
species and demonstrating two highly conserved regions in this
novel protein, i.e. in TbU1-24K the N-terminal 37 amino acids
and a region near the C-terminus with amino acids 120-200
(Figure 4A).

As performed for TbUI1-70K and TbUIC, we next
studied the Ul snRNP specificity of the novel TbU1-24K
protein in vivo, using a stable T.brucei cell line, which expresses
TbU1-24K protein with a C-terminal TAP tag. Cell lysate was
prepared, and TbU1-24K protein-containing complexes were
affinity-purified on IgG—Sepharose. As the northern blot ana-
lysis of co-selected snRNAs shows, this single affinity step
resulted in a fraction highly enriched in U1, and almost free of
detectable levels of the other spliceosomal snRNAs (Figure
4B, compare lanes 1 and 2). In another experiment shown in
Figure 4C, bound material was released by TEV protease
cleavage (compare lanes 1 and 2), and the resulting released
fraction was further analyzed by immunoprecipitations, using
NIS as a control, anti-70K and anti-Sm antibodies. These tests
were positive for both 70K and Sm proteins (lanes 4 and 5),
and no background was detectable in the non-immune control
(lane 3). Taken together, this clearly establishes TbU1-24K as
a third, novel Ul snRNP-specific protein component; in addi-
tion, we have demonstrated that the affinity-purified Ul
snRNP contains, within the same RNP complex, Ul-24K,
70K and the Sm core proteins.

Finally, TbU1-24K was tested in vitro for direct binding
to Ul snRNA, using GST pull-down assays (Figure 4D). No
significant coprecipitation was observed with TbU1-24K
(compare lanes 1 and 3). In contrast, both GST TbU1-70K
and TbUIC were able to associate individually with Ul
snRNA (lanes 4 and 5), and there was no detectable back-
ground with GST protein (lane 2).



Nucleic Acids Research, 2005, Vol. 33, No. 8 2499

A

TBrndal = = 0 oomnemeaeeee e e e e MSDS--FALDDARRIKRRRRLSRMSIEGRRRQL 31
Toeruzi =0 s MEGSSELSQEERRRRQRRRRLAAKSPETRRRRL 33
L.major MDPSAVAALGTAAGAGQHHPHNGSGNGVLSAGQPSEAEMKRIRQRRRLACKTPEQRRKLQ 60
HUBIRIT = o i o oo e i e o v s e i e e e

T.brucei QYRRRHNERDGRLLYCDYCDLFVCS-SLRSWGEHVISERHMENMECYYA-MVEAYEPSWL 89
T.cruzi QYSRRHNEKDGRLLYCDYCDLFVSS-AQRTWMQHLRGVR AYYA-MVEARDPAWV 91
L.major QYQRRHNEKDERLYYCDYCDLFISS~-RHRTWMTHLRSARHTDAFQSYYD~LVAHVESVWV 118
Haman === = ==cscseeed MPKFYCDYCDTYLTHDSPSVRKTHCSGRKHKE YYQKWMEEQAQSLI 50

* %k kk kK ts * . :* S : :
T.brucei GSICDDVSRAHVENHVRRHQSVSGKGSSVPIPAVVAGRVDDQEI IVGGLPKP-———SRTA 145
T.cruzi KAFREDVVRAHVEERIRQQOLALGKGASVPMPAMTLGYVGHOGIVVGGTQQPGGTHTRVG 151
L.major AEINREVELARSREVHRLOQRSAGKGAATPLTAQQVA----PGIVVGGAPAPGRLPPPPP 174
Human DKTTAAFQQGKIPPTPFSAPPPAG--AMIPPPPSLPG~-PPRPGMMP-~-APHMGGPPMMPM 105
. * - * ..
T.brucei AETY-NNSCNIAGTPSVR--VAGVLVASAAPPVVKVGNKPVTPTPLSVTKRE====== 194
T.cruzi GGNN-NSTSPQCGSPSVR--VGGLLVAAAT PPVVKIDGKALPMPRSNQTTHQP -~~~ 201
L.major FPHPPHGSAQVVPTPTIR--VGTKTILPPAASVASPASPLTAAERSRTSEDEPRLSMP 230
Human MGPPPPGMMPVGPAPGMR PPMGGHMPMMPG PPMMRPPAR PMMVPTRPGMTRPDR--—-~ 159
. % %k . -
2 S
< o o
B C &$FIFSHIT s
g S & N o
S~
g & s ¥ e s @
"or:f\é‘ "?hvhvhvl'f):.’g
-~ ™
OIJ39 S OSSS S ¢
M1 _TEVrel 1lP1P1PIPIP1P1P
-w
= =15 e
ks &
- -
— -U4
=
e -U6
-
—

1.2 3 45 12345678 91011121314

Figure 3. T.brucei UIC (TbU1C): a Ul snRNP-specific component binding specifically to the 5’ terminal sequence of Ul snRNA. (A) ClustalW alignment of the
protein sequences for the newly identified U1C homologs from T.brucei, T.cruzi and L.major, in comparison with the human U1C sequence. The conserved C,H,-
type Zn finger within the boxed sequence is highlighted by large-size letters; asterisks indicate absolutely conserved amino acid positions. Accession numbers
(GeneDB): T.brucei (Tb10.70.5640), T.cruzi (Tc00.1047053511367.354) and L.major (LmjF21.0320); human U1C (P09234). (B) Extract was prepared from a
T.brucei cell line, which stably expresses TAP-tagged TbU1C protein, and used to affinity-purify TAP-tagged complexes. Purification was followed by analyzing
copurifying RNAs by northern blotting, using a mixed snRNA probe (snRNA positions indicated on the right). M, DIG marker V (Roche). Lane 1, 1% of input; lane 2,
10% of IgG-selected and TEV-released material. Affinity-purified complexes were then immunoprecipitated with NIS (lane 3), anti TbU1-70K (lane 4) or anti-Sm
antibodies (lane 5), using 30% for each immunoprecipitation. (C) TbU1C protein binds specifically to the 5 terminal sequence of Ul snRNA. GST TbU1C protein
was incubated with 3*P-labeled full-length U1 snRNA (lanes 1 and 2) and various U1 snRNA derivatives: Ul Astem—loop (lanes 3 and 4), Ul A5'(1-14) (lanes 5, 6),
U1 A5'(1-30) (lanes 7 and 8), U1 5’ stem—loop (lanes 9 and 10), U1 5/(1-14) (lanes 11 and 12) ora 17mer control RNA (lanes 13 and 14). In each case, 10% of the input
(1) and the total GST pull-down material (P) were analyzed.

Protein—protein interactions in the 7T.brucei Ul snRNP . . . .

. . (Figure 5). Figure 5A shows the input of the three GST-fusion
Ul-70K interacts both with ULC and Ul-24K progteins and GgST itself. Either of tEe three specific U1 snRNP
After we had demonstrated two specific RNA—protein inter- proteins (TbU1-70K, TbUIC and TbU1-24K) was in vitro
actions in the T.brucei Ul snRNP, we next searched for translated in the presence of 358-labeled methionine and incub-
protein—protein contacts, using in vitro GST pull-down assays ated with the GST form of either of the two other proteins,
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Figure 4. Identification and U1 snRNP association of a novel, Ul-specific protein component: TbU1-24K. (A) Clustal W alignment of the novel protein component
of the T.brucei U1 snRNP, TbU1-24K, with two putative homologs from T".cruzi. Two conserved regions are indicated by the boxed regions; the positions with asterisks
are identical. Accession numbers (Gene DB): T.cruzi 877 (Tc00.1047053503877.10), T.cruzi 455 (Tc00.1047053509455.110) and T.brucei (Tb03.27F10.160).
(B) TbU1-24K is a Ul snRNP-specific component. Extract was prepared from a T.brucei cell line, which stably expresses TAP-tagged TbU1-24K protein, and used to
affinity-purify TAP-tagged complexes. Copurifying RNAs were analyzed by northern blotting, using a mixed probe (snRNA positions indicated on the right). Lane 1,
1% of input; lane 2, all of IgG-selected and TEV-released material; M, DIG marker V (Roche). (C) TbU1-24K coexists with TbU1-70K and Sm proteins in the same
RNP complex. TAP-tag affinity purification of TbU1-24K complexes and RNA analysis was carried out as described in (A) (lane 1, 1% input; lane 2, 10% of IgG-
selected and TEV-released material). Affinity-purified complexes were then immunoprecipitated with NIS (lane 3), anti TbU1-70K (lane 4) or anti-Sm antibodies
(lane 5), using 30% for each immunoprecipitation. The snRNA positions are marked on the right. The slightly slower mobility of Ul snRNA in the immuno-
precipitates (lanes 4 and 5) is most likely caused by comigrating tRNA released from the blocked protein A—Sepharose beads. M, DIG marker V (Roche). (D) Invitro U1
snRNA binding of Ul snRNP proteins. GST derivatives of the three Ul-specific proteins TbU1-24K, TbU1C and TbU1-70K (lanes 3-5) were incubated with
in vitro transcribed T.brucei Ul snRNA, followed by GST pull-down and analysis of coprecipitated RNA by northern hybridization with a Ul-specific probe.
A total of 10% of the input material was analyzed (lane 1), and a control precipitation was carried out with GST protein (lane 2). M, DIG marker V (Roche).

followed by GST pull-down. As a control, each *>S-labeled ~ ways: GST U1-70K/*S-labeled UIC (lane 4) and GST
protein was also incubated with GST protein. The data on U1C/**S-labeled U1-70K (lane 11). TbU1-70K also interacted
Figure 5B clearly indicate that TbU1-70K interacts with  with the novel protein, TbU1-24K; however, this contact
TbUIC, an interaction that could be demonstrated in two could be demonstrated only in the combination GST
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Figure 5. Protein—protein interactions in the trypanosome Ul snRNP: TbU1-70K interacts with both TbU1C and TbU1-24K. (A) GST-fusion proteins of TbU1C,
TbU1-24K and TbU1-70K, as well as GST alone as a control were immobilized on glutathione-Sepharose. Corresponding aliquots of immobilized proteins were
analyzed for their protein content by SDS-PAGE and Coomassie staining. The arrows point to the proteins listed above the lanes. M, protein marker (in kDa).
(B) Immobilized GST proteins (as indicated above the lanes) were incubated with 33S-labeled TbU1C (lanes 1-4), TbU1-24K (lanes 5-8) or TbU1-70K (lanes 9—12).
After washing, bound proteins were recovered and analyzed by SDS—PAGE and fluorography. The arrows point to the respective **S-labeled proteins.

T.brucei Human U1A

U1-24K
U1-70K ¢

Figure 6. Model of the trypanosome U1 snRNP, in comparison with the human
counterpart. Schematic model of RNA—protein and protein—protein interac-
tions known for the human U1 snRNP (right) and, as analyzed in this study, for
the trypanosome Ul snRNP (left). Lines indicate the RNA secondary struc-
tures; the boxed region indicates the Sm site; heavy lines indicate the conserved
loop sequence. Protein homologies are represented by the same colors
(U1-70K; UIC; Sm core). It is not known whether the Sm core proteins in
the trypanosome Ul snRNP interact with Ul-specific protein components.
Note that in contrast to the human system, the trypanosome U1C contacts
the 5’ terminal sequence of Ul snRNA (see Figure 3C).

U1-24K/*S-labeled U1-70K (lane 12), not the other way (lane
8), which is most likely owing to steric hindrance by the GST
tag. Finally, for the combination UIC/U1-24K, these assays
resulted in either orientation in very low or undetectable levels
of interaction (lanes 3 and 7). In controls, none of the three *S-
labeled proteins interacted significantly with GST protein
(lanes 2, 6 and 10). Taken together, these data can be sum-
marized in a model for the trypanosome Ul snRNP shown in
Figure 6 and discussed below.

Model of the T.brucei Ul snRNP

Although the trypanosome Ul snRNA represents the shortest
known Ul homolog, it contains a 5’ terminal stem-loop
with highly conserved loop positions as well as an Sm site
(Figure 6). Therefore, it was not surprising to also find the
protein components binding these elements: a U1-70K homo-
log, which recognizes the loop nucleotides (see Figure 1E),

and the Sm core polypeptides (20). The T.brucei Ul-70K
homolog represents a minimal version, yet we can be certain
about its identity, based on its RNA-binding specificity. Since
the RS domain in the human 70K protein engages in protein—
protein interactions with ASF/SF2 (28), the absence of an RS
domain in the trypanosomatids indicates differences in the
early stages of cis-spliceosome assembly. Alternatively, in
trypanosomes an yet undiscovered separate polypeptide
may have taken over this function and may cooperate with
TbU1-70K. An earlier report (29) had proposed an SR-domain
containing protein, called TSR1 IP, as the T.brucei 70K homo-
log; based on three-hybrid assays in yeast, the protein had been
suggested to bind specifically to SL RNA. No evidence for this
RNA-binding property, however, had been obtained in the
trypanosome system, and using epitope tagging in T.brucei,
we were unable to confirm the SL RNA-specificity of TSR1 IP
(Z. Palfi and A. Bindereif, unpublished data).

More unusual and surprising are the other two specific pro-
tein components of the trypanosome Ul snRNP, TbU1C and a
novel protein, TbU1-24K. Both integrate into the Ul snRNP
via protein—protein interaction with TbU1-70K. In addition,
we have identified and mapped a new RNA—protein interac-
tion between the TbU1C protein and the 5 terminal, single-
stranded region of Ul snRNA, which is in contrast to the
mammalian Ul snRNP, where human U1C has failed to
bind Ul snRNA (30). Our result raises the interesting mech-
anistic question whether 5’ splice site interaction of the Ul
snRNP might be accompanied by a conformational switch,
with the 5’ terminal Ul sequence either in an inactive, U1C-
bound state (RNA—protein interaction) or in the active state,
available for RNA-RNA base pairing with the 5’ splice site.
Further mutational studies should address whether this intri-
guing RNA-binding specificity of the trypanosome UIC is
related to certain differences within the Zn finger region, or
to the highly basic N-terminal extension.

Strikingly, one of the classical Ul snRNP core components,
U1A, appears to be missing in the trypanosome Ul snRNP.
Although the absence of a ULA homolog in the trypanosome
Ul snRNP is in fact very unusual and unprecedented, it is
plausible, considering that the T.brucei Ul snRNA lacks a
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canonical UIA binding site. Therefore, the classical direct
RNA contact of UlA with the second stem-loop of Ul
snRNA may be replaced in the trypanosome Ul snRNP by
the novel TbU1-24K protein interacting with Ul snRNA-
bound TbU1-70K.

In sum, compared with the mammalian and yeast com-
plexes, our analysis of the trypanosome Ul snRNP revealed
an RNP with at least 10 polypeptides, the same number as
the mammalian U1 snRNP contains. On the other hand, in the
yeast Ul snRNP at least 16 polypeptides are assembled on the
Ul snRNA, which with 568 nt is much larger than the mam-
malian counterpart (31,32). The relatively simple composition
of the trypanosome Ul snRNP may reflect not only species-
specific differences, but also the restricted requirements of
splicing a small set of cis-introns in these organisms.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at NAR Online.
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