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Abstract

We have previously shown that the poly(A) polymerase (PAP) gene of Trypanosoma brucei is interrupted by an intervening
sequence. It was postulated that removing this intron by cis-splicing requires a yet unidentified U1 small nuclear RNA (snRNA),
which in other organisms engages in base-pair interactions across the 5% splice site during early spliceosome assembly. Here we
present a characterization of a 75 nucleotide long candidate T. brucei U1 snRNA. Immunoprecipitation studies indicate that a
trimethylguanosine cap structure is present at the 5% end and that the RNA is bound to core proteins common to spliceosomal
ribonucleoprotein particles. The U1 snRNA has the potential for extensive intermolecular base pairing with the PAP 5% splice site.
We used block replacement mutagenesis to identify sequences necessary for in vivo expression of U1 snRNA. We found that at
least two cis-acting elements, tRNA-like A and B boxes, located in the 5%-flanking region are necessary for U1 snRNA synthesis;
no internal sequences close to the transcription start site are essential, suggesting a promoter architecture distinct from other
trypanosome U-snRNA genes. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

It is well established that in trypanosomes trans-splic-
ing plays an integral part in the production of mature
mRNAs by transferring an identical 39-nucleotide (nt)

spliced leader (SL) sequence from the donor SL RNA
to the 5% end of every mRNA. After its discovery in
trypanosomes [1–3], trans-splicing was subsequently
described in nematodes [4], euglenoids [5], and certain
trematodes [6]. Trans-splicing is mechanistically
analogous to cis-splicing, the removal of intervening
sequences [7,8], and cis- and trans-splicing share a
common set of small nuclear ribonucleoprotein (sn-
RNP) cofactors, namely U2, U4, U5, and U6 snRNPs
[9–11]. However, in contrast to cis-splicing, trans-splic-
ing proceeds without the U1 snRNP [9] and it has been
proposed that in trans-splicing the SL RNA replaces

Abbre6iations: nt – nucleotide(s); PAP – poly(A) polymerase; SL –
spliced leader; snRNA – small nuclear RNA; snRNP – small nuclear
ribonucleoprotein particle; TMG – trimethylguanosine.
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the function normally carried out by the U1 snRNA in
cis-splicing [12].

Ever since the discovery of trans-splicing in try-
panosomes, the belief developed that these organisms
lack the machinery to carry out cis-splicing. This was
based on the apparent absence of intervening sequences
and of the U1 snRNA, which in cis-splicing engages in
base-pair interactions across the 5% splice site during early
spliceosome assembly. Since this conviction was not
substantiated by experimental data, it was not too
surprising that very recently a candidate U1 snRNA was
identified in two trypanosomatids, namely Crithidia
fasciculata and Leishmania tarentolae [13], and interven-
ing sequences were discovered in the Trypanosoma brucei
and T. cruzi PAP gene [14]. Examination of the nucle-
otide sequences of the C. fasciculata and L. tarentolae U1
snRNA revealed an extensive sequence complementarity
with the boundaries of the 5% splice site of the try-
panosome introns across 11 nucleotides [14]. Indeed,
mutations introduced in this region of the T. brucei intron
abolished cis-splicing in vivo [14], thus supporting a
possible interaction of the U1 snRNA with the 5% splice
site.

To begin to address the role of U1 snRNA in the
removal of intervening sequences in trypanosomes, we
report here the identification of the T. brucei U1 snRNA,
which is 75 nt long and highly similar in sequence to the
C. fasciculata and L. tarentolae U1 snRNA. The T. brucei
U1 snRNA possesses a trimethylguanosine (TMG) cap
structure and is complexed with common core proteins.
In vivo expression analysis revealed promoter elements
reminiscent of the RNA polymerase III-transcribed U2
snRNA gene of T. brucei [15] and of the U4 snRNA gene
of Leptomonas collosoma [16].

2. Material and methods

2.1. Plasmid constructions

Plasmid pTbU1 represents a subclone of the T. brucei
U1 snRNA locus of 2049 bp assembled by database
mining (accession nos. AZ218384, AQ651810,
AQ657735, AQ943660, AQ943659, and AQ9416) and
contains the U1 snRNA coding region of 75 and 375 bp
of 5% and 450 bp of 3% flanking region in pBluescript II
KS (Stratagene). This gene was marked by the insertion
of 19 nt with the sequence 5%-TTCCATGGTATG-
GCGCCAG-3% at pos. +36 relative to the transcription
start site using PCR methodology and two complemen-
tary oligonucleotides. The resulting construct
(pTbU1tag) was used for subsequent transfection stud-
ies. Base substitutions in the U1 snRNA gene and
flanking regions were introduced by two sequential PCRs
as described previously [15]. The sequences of the A and
B boxes (Fig. 1A) were changed to 5%-TAGGATCC-

CAC-3% and 5%-GGATCCTCCA-3%, respectively. The
−50 and −70 elements (underlined in Fig. 1A) were
mutated to 5%-GGATCCGAGG-3% and 5%-GGATCCCT-
GCGC-3%, respectively. Nucleotides 2–11 of the U1
snRNA coding region were changed to 5%-CACGGA-
TCCA-3%. Constructs were verified by DNA sequencing.

2.2. RNA analysis and DNA transfection

Transfections, RNA isolation, primer extension anal-
ysis, and Northern blot hybridizations were carried out
as described [15,17]. The following oligonucleotides were
used in primer extension analysis: U1A, complementary
to nt 40–58 of the U1 snRNA; U1tag, complementary
to both the U1 and SL RNA tag [18], giving rise to a
product of 55 and 72 nt in primer extension analysis for
the tagged U1 and SL RNA, respectively.

2.3. Immunoprecipitations

Cell extracts were immunoprecipitated with antibodies
against the T. brucei common proteins [19] bound to
protein A-Sepharose [20] and RNA was processed for
Northern blot hybridization. TMG-specific immunopre-
cipitations on total RNA were carried out essentially as
described [21] with a mouse anti-m3G monoclonal anti-
body (generously provided by Adrian Krainer, Cold
Spring Harbor Laboratory, NY).

3. Results and discussion

3.1. Structure of the Trypanosoma brucei U1 snRNA
gene

To identify a candidate U1 snRNA gene in T. brucei,
we used the BLAST algorithm [22] to search the available
databases for sequences with similarity to the C. fascic-
ulata U1 snRNA gene [13]. This resulted in the identifi-
cation of a genome survey sequence (accession no.
AZ218384) with significant similarity to the first 30 nt of
the C. fasciculata U1 snRNA: 28 out of 30 nt were
identical (Fig. 2). Further database mining allowed us to
assemble a contiguous stretch of 2049 bp encompassing
the U1 snRNA gene locus, and part of this sequence is
shown in Fig. 1A. Whereas there are no recognizable
genes in the 1069 bp downstream of the U1 snRNA gene,
we identified four tRNA genes in the 905 bp upstream
of the transcription start site: tRNAArg, tRNAThr,
tRNALeu and tRNAGly. One characteristic of most Kine-
toplastid U-snRNA genes is the presence of a divergently
transcribed tRNA gene 95–99 bp upstream of
the U-snRNA gene with the tRNA gene internal A
and B box elements being required for expression of
both the tRNA and the accompanying U-snRNA
gene [17]. Whereas the L. tarentolae U1
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snRNA gene has a tRNAArg gene at that position
(accession no. L20948), the candidate T. brucei U1
snRNA gene does not appear to have this genomic
arrangement, since the closest bona fide tRNA gene
(tRNAGly) is 260 bp upstream. However, upon closer
examination we found an organization reminiscent of
the T. brucei U2 snRNA gene [15] and of the L.
collosoma U4 snRNA gene [16] with tRNA-like A and

B boxes positioned and oriented relative to each other
in the way they are normally found in tRNA coding
regions (Fig. 1A). Both boxes, and in particular the B
box, have diverged from the consensus sequences (Fig.
1B) and as a consequence the surrounding sequences
cannot be folded into a convincing cloverleaf structure
(data not shown). This is similar to what we noted for
the U2 snRNA gene [15]. Nevertheless, their position

Fig. 1. DNA sequence of the T. brucei U1 snRNA gene locus. (A) A contiguous sequence of 2049 bp was assembled for the U1 snRNA gene locus
through database mining starting with a sequence tag containing the U1 snRNA coding region (accession no. AZ218384). Only the part of the
sequence used for in vivo expression studies is shown, but the entire sequence can be assembled with the following accession nos.: AQ651810,
AQ657735, AQ943660, AQ943659, and AQ9416. Numbering is with respect to the U1 snRNA transcription start site, which is taken as 1. The
coding regions of the U1 snRNA and tRNAGly genes are underlined and in bold, and the direction of transcription is indicated by an arrow. The
A and B boxes upstream of the U1 snRNA gene are indicated and mutations introduced around position −50 and −70 are underlined. (B)
Comparison of tRNA A and B box consensus sequences and U1 upstream elements. Invariant positions in the A and B box consensus sequences
are underlined. The complementary sequence of the A and B box indicated in (A) is shown.
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Fig. 2. (A) Alignment of U1 snRNA sequences from T. brucei (Tb), C. fasciculata (Cf) and L. tarentolae (Lt). Asterisks indicate nt deletions and
a dash denotes a match with the T. brucei sequence. Putative base pairings are indicated by boxed regions connected by lines as suggested by
Schnare and Gray [13] for the C. fasciculata U1 snRNA. A putative binding site for spliceosomal core proteins, analogous to the Sm site in higher
eukaryotes, is underlined in the T. brucei sequence. (B) Diagram of potential interactions between the T. brucei PAP intron 5% splice site and the
U1 snRNA 5% end (top), the PAP intron 5% splice site and the SL RNA 5% end (middle), and the SL RNA 5% splice site and the U1 snRNA 5%end
(bottom). The exon–intron boundaries are indicated by a slash.

with respect to the U1 snRNA gene makes the tRNA-
like A and B boxes likely candidates for being involved
in U1 snRNA gene expression (see below).

An alignment of the T. brucei, C. fasciculata and L.
tarentolae U1 snRNAs is displayed in Fig. 2A. The T.
brucei U1 snRNA is 72% and 74% identical with the C.
fasciculata and the L. tarentolae sequences, respectively.
The three sequences show little divergence in the first 30
nt of the coding region and are most dissimilar in the 3%
half of the molecule. In particular, the sequences we
proposed to base-pair with the PAP intron 5% splice site
(nt 1–12) are completely conserved [14]. Fig. 2 also
shows boxed areas connected by lines indicating puta-
tive base-pairing interactions in the Kinetoplastida U1
snRNAs. This structure was first proposed for the C.
fasciculata U1 snRNA [13]. Of particular interest are
those potential helical regions that display compensa-
tory base changes, because such changes support the
existence of stem structures. This is the case at nt
position 16 and 31 of the first stem and at nt 59 and 69
of the second stem. However, at present there are too

few sequences available to make a strong case for the
existence of these intramolecular base-pairing
interactions.

It is worth mentioning that the 5% end of U1 snRNA
bears a striking similarity to the corresponding posi-
tions of the SL RNA. Consequently, the SL RNA has
the potential to form extensive base-pairing interactions
with the PAP intron at the 5% splice site (Fig. 2B). In
contrast, fewer base pairs can be formed between the
U1 snRNA 5% end and the sequences at the 5% splice site
of the SL RNA. Whether the SL RNA can substitute
for the U1 snRNA in cis-splicing will require further
studies. Nilsen and colleagues, using chimeric SL-U1
RNAs, have identified two sequence elements in the
snRNA-like domain of the Ascaris lumbricoides SL
RNA that are important for its participation in trans-
splicing [23]. One of these sequences corresponds to the
Sm binding site [23], which is the binding site for the
core Sm antigens analogous to the common proteins of
T. brucei [24]. Interestingly, the U1 Sm-binding se-
quence cannot functionally replace the corresponding
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SL sequence. This implies that specific proteins binding
to the U1 or the SL RNA direct each of the two RNAs
to the appropriate site on the pre-mRNA, namely for
the SL RNA the 3% splice site of trans-spliced mRNAs
and for U1 snRNA the 5% splice site of cis-spliced
mRNAs. Perhaps in trypanosomes a similar mechanism
exists to insure recognition of intron boundaries by the
appropriate snRNA.

3.2. Characteristics of the Trypanosoma brucei U1
snRNA

Previous experiments in C. fasciculata revealed a
candidate U1 snRNA with a methylguanosine cap
structure. However, the monoclonal antibody used did
not differentiate between m7G and TMG caps [13]. To
examine the structure of the T. brucei U1 snRNA 5%
end, immunoprecipitations were carried out with anti-
TMG antibodies as described in Section 2 (Fig. 3) and
Northern blots were probed with a U1 snRNA-specific
probe. To control for immunoprecipitations, Northern
blots were also probed for the SL RNA, which carries
a m7G cap structure. Whereas the SL RNA was not
precipitated to any detectable level (Fig. 3B, lane 3),
most of the U1 snRNA was present in the immunopre-
cipitate (Fig. 3A, lane 3). Thus, our results support the
presence of a TMG cap structure at the 5% end of the T.
brucei U1 snRNA.

The three Kinetoplastid U1 snRNAs contain a puta-
tive binding site for spliceosomal core proteins (under-
lined for the T. brucei sequence in Fig. 2A). It was
therefore of interest to test whether the T. brucei U1
snRNA assembled with common proteins. Total cell
extracts were immunoprecipitated with antibodies
raised against common proteins [19] and immunopre-
cipitates were assayed by Northern blot analysis (Fig.

Fig. 4. Northern blot analysis of anti-common protein immunopre-
cipitates. Total RNA was immunoprecipitated with an antibody
specific for T. brucei spliceosomal common proteins [19]. RNA from
input (lane 1, I) and immunoprecipitates (lane 2, IP) was separated on
a 6% polyacrylamide per 7 M urea gel, blotted onto nylon membrane
and hybridized sequentially to probes complementary to the U1
snRNA (U1, panel A), U2 snRNA (U2, panel B) and 7SL RNA
(7SL, panel C). Only 10% of the input material was loaded on this
gel.

4). To control for immunoprecipitations, Northern
blots were also probed with a U2 snRNA and 7SL
RNA probe. As expected from previous experiments
[19], the U2 snRNA was immunoprecipitated with anti-
common protein antibodies (Fig. 4B, lane 2). In con-
trast, the 7SL RNA, which does not associate with
common proteins, was not immunoprecipitated to any
detectable level (Fig. 4C, lane 2). Probing with a U1
snRNA probe revealed a substantial amount of the U1
snRNA in the immunoprecipitate (Fig. 4A, lane 2),
indicating that this RNA forms a core ribonucle-
oprotein particle.

3.3. Promoter architecture of the Trypanosoma brucei
U1 snRNA gene

To identify DNA elements required for expression of
the T. brucei U1 snRNA gene, transcription of different
plasmid constructs was analyzed in vivo by transfection
of insect form trypanosome cells. For this we used
templates, which are marked by the insertion of a short
sequence (tag) in the coding region. Following transfec-
tion, transcripts were detected by primer extension
analysis.

A tagged version of the U1 snRNA gene was made
by inserting a 19 nt tag at position +36 relative to the
transcription start site. The resulting construct contain-
ing 375 bp of 5% flanking and 450 bp of 3% flanking
sequences (pTbU1tag) was first tested by transient
transfection of procyclic trypanosome cells. Total RNA
was prepared 4 h post-transfection and primer extended
using an oligonucleotide complementary to nt 40–58 of
the U1 snRNA. In the control transfection a cDNA of

Fig. 3. Northern blot analysis of anti-TMG immunoprecipitates.
RNA from input (lane 1, I), supernatant (lane 2, S) and immunopre-
cipitate (lane 3, IP) was separated on a 8% polyacrylamide -7 M urea
gel, blotted onto nylon membrane and hybridized sequentially to
probes complementary to the U1 snRNA (U1, panel A) and the SL
RNA (SL, panel B).
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58 nt was obtained which correspond to the endoge-
nous U1 snRNA (Fig. 5B, lane 2). Samples transfected
with the tagged U1 snRNA gene (lane 3) gave two
distinct primer extension products. The first of 58 nt in
length was derived from endogenous U1 gene expres-
sion, whereas the second product of 77 nt had the
predicted size for transcripts originating from the
tagged U1 snRNA gene. To confirm this result, the
primer extension analysis was repeated with an oligonu-
cleotide complementary to the tag. As shown in Fig.
5C, lane 3), this allowed specific detection of transcripts
originating from pTbU1tag by the presence of 53–55 nt
long primer extension products. The fact that we ob-
served a cluster of three major extension products,
rather than a single cDNA species, might indicate that
the terminal 3 nt of U1 snRNA are methylated, as
described for the C. fasciculata U1 snRNA [13].

Thus, in the next set of experiments we set out to
identify sequence elements essential for U1 snRNA
gene expression. Visual inspection of the upstream se-
quences revealed a number of putative regulatory ele-
ments (Fig. 1). Similar to what we found previously for
the U2 snRNA gene promoter [15], a degenerate A and
B box was located at position −105 and −168, re-
spectively. On the other hand, an alignment of the
upstream sequences with the corresponding sequences
of the SL RNA gene revealed elements centered around
position −50 and −70 with significant similarity to
promoter elements previously localized upstream of the
SL RNA transcription start site [18]. As a first test to
assay for the importance of the A and B boxes, se-
quences upstream of −88 were deleted. With this
construct the accumulation of U1 snRNA was reduced
to undetectable levels (Fig. 5B and 5C, lane 4). In a
second set of constructs, both boxes were targeted
separately by block substitutions (lanes 5 and 6). Since
both mutations did not allow detection of U1 snRNA,
this clearly established that U1 snRNA gene expression
requires two extragenic elements resembling the A and
B box consensus sequences of the internal control re-
gions of tRNA genes.

None of the other sequence substitutions we intro-
duced affected transcription of the U1 snRNA gene at
a detectable level. Sequences around position −50 and
−70 do not appear to provide promoter function (Fig.
5B and 5C, lanes 7 and 8). Thus, we concluded that the
structure of the U1 snRNA promoter most likely re-
sembles that of the U2 snRNA gene with both intra-
genic and extragenic regulatory elements. However, we
were surprised to find that substitution of nt 2–10 of
the coding region did not affect U1 snRNA accumula-
tion (Fig. 5B and 5C, lane 9), since the corresponding
sequences in the U2 snRNA gene are an integral part of
the U2 snRNA gene promoter [15].

Thus taken together, the candidate T. brucei U1
snRNA has many of the characteristics of a spliceoso-
mal snRNA and its promoter architecture closely re-
sembles that of the RNA polymerase III-transcribed U2
snRNA gene. However, there is one major distinction
in that expression of the U1 snRNA gene does not
require intragenic sequences close to the 5% end of the
coding region. One important question that remains to
be solved is whether the isolated U1 snRNA indeed
participates in cis-splicing. Future efforts will test
whether compensatory mutations in the U1 snRNA 5%
end can suppress the observed effect of 5% splice site
mutations in the PAP intron [14].
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