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Trans mRNA splicing in trypanosomes: cloning and
analysis of a PRP8-homologous gene from
Trypanosoma brucei provides evidence for a
U5-analogous RNP

to conventionalcis mRNA splicing. In analogy tocisStephan Lücke, Thomas Klöckner1,
splicing, we assume thattrans splicing requires theZsofia Palfi, Michael Boshart1 and
assembly of the two precursor RNAs, the SL RNA andAlbrecht Bindereif2

the polycistronic pre-mRNA, into a complex RNA–protein
Institut für Biochemie, Humboldt-Universita¨t/Charité, structure, atrans spliceosome. Only a few RNA and
Monbijou-Strasse 2a, D-10117 Berlin and1Max-Planck-Institut fu¨r protein components have been identified in trypanosomes
Biochemie, Genzentrum, Am Klopferspitz 18a, D-82152 Martinsried, that are relevant fortrans splicing. In particular, U2, U4Germany

and U6 snRNAs are essential co-factors (Tschudi and
2Corresponding author Ullu, 1990) and occur in the form of snRNPs in the cell
S.Lücke, T.Klöckner and Z.Palfi contributed equally to this work (Michaeli et al., 1990; Crosset al., 1991; Günzl et al.,

1992). The SL RNP is an additional,trans-splicing specific
In trypanosomes all mRNAs are generated through factor and has been proposed as a U1 snRNP equivalent
trans mRNA splicing, requiring the functions of the (Bruzik et al., 1988; discussed in Steitz, 1992); although
small nuclear RNAs U2, U4 and U6. In the absence of it contributes its miniexon during thetrans-splicing reac-
conventional cis mRNA splicing, the structure and tion, it also resembles an snRNP on the basis of its protein
function of a U5-analogous snRNP in trypanosomes composition (Palfiet al., 1991). Using affinity purification
has remained an open question. Incis splicing, a U5 of Trypanosoma bruceisnRNPs, five common low-
snRNP-specific protein component called PRP8 in yeast molecular-weight polypeptides have been identified that
and p220 in man is a highly conserved, essential splicing are shared by the U2, U4/U6 and SL RNPs; in addition,
factor involved in splice-site recognition and selection. this analysis revealed several snRNP-specific protein com-
We have cloned and sequenced a genomic region ponents (Palfiet al., 1991). In contrast to the yeast and
from Trypanosoma brucei, that contains a PRP8/p220- mammaliancis-splicing systems, only one snRNP protein
homologous gene (p277) coding for a 277 kDa protein. gene has been cloned so far from the trypanosometrans-
Using an antibody against a C-terminal region of splicing system, coding for a U2-specific 40 kDa protein
the trypanosomal p277 protein, a small RNA of ~65 with homology to thecis-spliceosomal U2 A9 protein
nucleotides could be specifically co-immunoprecipit- (Crosset al., 1993).
ated that appears to be identical with a U5 RNA (SLA2 An important open question has been whether there is
RNA) recently identified by Dunganet al.(1996). Based a trans-spliceosomal homologue of the U5 RNA. U5 RNA
on sedimentation, immunoprecipitation and Western is the least conserved among the spliceosomal RNAs, and
blot analyses we conclude that this RNA is part of a phylogenetic comparisons showed that essentially only
stable ribonucleoprotein (RNP) complex and associated the 11-nucleotide 59 loop sequence is conserved (Guthrie
not only with the p277 protein, but also with the and Patterson, 1988; Franket al., 1994). The 59 loop of
common proteins present in the other trans-spliceo- U5 RNA is functionally important incis splicing, in
somal snRNPs. Together these results demonstrate particular during 59 and 39 splice-site recognition and
that a U5-analogous RNP exists in trypanosomes and selection; this has been established in yeast usingin vivo
suggest that basic functions of the U5 snRNP are mutational studies (Newman and Norman, 1991, 1992)
conserved betweencis and trans splicing. and also in the mammalian splicing system (Wyattet al.,
Keywords: snRNA/snRNP/trans splicing/trypanosomes/ 1992; Corteset al., 1993; Sontheimer and Steitz, 1993).
U5 A recent in vitro snRNP reconstitution study in yeast,

however, demonstrated that the U5 loop sequence is not
essential for the first step of splicing, but critical for
holding the splicing intermediates together (O’Keefeet al.,

Introduction 1996). The latter study pointed to an important role for
U5-associated proteins.Transsplicing is an essential step in the expression of all

The U5 snRNP-specific protein PRP8, which appearsprotein-coding genes in trypanosomes and involves the
to function in close collaboration with the U5 RNA, hasaddition of a short, non-coding miniexon derived from
first been cloned in yeast (PRP8; Jacksonet al., 1988); itthe spliced leader (SL) RNA onto each protein-coding
has also been identified in man (p220; Andersonet al.,exon sequence present within long polycistronic precursor
1989) and in other species examined (Caenorhabditistranscripts. Besides trypanosomes, this SL-typetranssplic-
elegans, rice, Arabidopsis, Plasmodium; reviewed ining occurs also in nematodes, trematodes andEuglena
Hodgeset al., 1995). This largest known protein in the(reviewed by Agabian, 1990; Nilsen, 1993, 1995).
spliceosome is evolutionarily highly conserved (HodgesAlthough discovered in trypanosomes 10 years ago
et al., 1995) and is required for spliceosome assembly(Murphy et al., 1986; Sutton and Boothroyd, 1986),trans

mRNA splicing is still not well understood in comparison before the first splicing step (Jacksonet al., 1988; Brown
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and Beggs, 1992), and for uridine-tract recognition and
fidelity of 39 splice-site utilization (Umen and Guthrie,
1995a,b, 1996). Consistent with a central role during
splicing, the PRP8/p220 protein makes direct contact with
pre-mRNA (Whittacker and Beggs, 1991; Wyattet al.,
1992; Staknis and Reed, 1994; Teigelkampet al., 1995a,b;
Reyeset al., 1996).

Based on the functional correlation between the U5
RNA and the PRP8/p220 protein and the importance of
these two components of thecis spliceosome, it would in
fact be very surprising if there were no equivalents in the
trans spliceosome. Very recently Dunganet al. (1996)
reported the RNA sequence of a 62-nucleotide ‘U5-like
RNA’ from T.brucei containing the 59 loop sequence
conserved in all known spliceosomal U5 RNAs. Additional
evidence for this RNA being thetrans-spliceosomal U5
counterpart was derived from crosslinking experiments,
showing a contact between the U5 loop sequence and
the free SL miniexontrans-splicing intermediate, an
interaction analogous to that between thecis-spliceosomal
U5 RNA loop and the free first-exon splicing intermediate.
In nematodes, where bothcis and trans splicing occur, a
recentin vitro study demonstrated that U5 RNA is present Fig. 1. Graphic representation of the sequence comparison between the
in cis as well as intrans spliceosomes (Maroneyet al., T.bruceip277 protein and theS.cerevisiaePRP8 protein. The

percentage of identical amino acids is given for blocks of 100 amino1996); in trans splicing one role of U5 appears to be
acids each across the entire protein (numbering referring to theto hold onto the free SL exon after the first step of
T.bruceip277 sequence). For comparison, the proposed domain

the reaction. structure of the yeast PRP8 protein (Umen and Guthrie, 1996) is
Our approach to address the question of U5 snRNP schematically shown below; the N-terminal proline-rich region is

represented by a black box, and the domains implied in 39 splice-sitefunction was to identify a PRP8/p220 homologous gene
fidelity and pyrimidine-tract recognition by shading. The accessionin trypanosomes and to search for an associated RNA,
numbers for theT.bruceip277 and theS.cerevisiaePRP8 sequenceswhich would represent the bona fide U5-analogous RNA are Y12638 and Z24732 respectively.

in the trans-splicing system. We report here the sequence
of a PRP8-homologous gene ofT.brucei coding for a
277 kDa protein; using specific antibodies against the T.bruceigenomic DNA indicated that p277 is encoded by

a single copy gene (data not shown). A single transcripttrypanosomal protein, we have identified a small RNA of
~65 nucleotides that appears to be identical to the U5- of 7.8–8 kb in length was detected at equal abundance in

two major stages of the trypanosome life cycle (slenderlike RNA identified by Dunganet al. (1996). We demon-
strate that the trypanosome U5 RNA is part of a stable bloodstream forms and procyclic forms; data not shown).

The major 39 splice site (spliced leader acceptor site) wasribonucleoprotein (RNP) complex and associated not only
with the p277 protein, but also with the common proteins mapped by reverse transcription (RT)–PCR and sequenc-

ing of the products to an AG located 112 nucleotidespresent in the othertrans-spliceosomal snRNPs. In sum,
a U5-analogous RNP exists in trypanosomes suggesting upstream of the putative AUG start codon. This 39 splice

site is preceded by a pyrimidine-rich tract (betweenthat basic functions of the U5 snRNP are conserved
betweencis and trans splicing. positions –7 and –52 relative to the 39 splice site with

76% pyrimidines). The major polyadenylation sites were
mapped by RACE–PCR between 169 and 178 nucleotidesResults and discussion
downstream of the stop codon. Thus, the calculated
length of the transcript without poly(A) tail (7530 bp) isGenomic cloning and expression of a

PRP8-homologous gene (p277) from T.brucei compatible with the observed length on Northern blots,
and use of the first ATG downstream of the spliced leaderIn a polycistronic transcription unit encoding two catalytic

subunits of theT.bruceiprotein kinase A (T.Klo¨ckner and acceptor site is very likely. In addition, Western blot
analysis with specific antibodies confirmed that a proteinM.Boshart, manuscript in preparation) an open reading

frame homologous to the C-terminal part of thePRP8gene of the expected size is detectable inT.bruceiextract (see
below and Figure 3).from Saccharomyces cerevisiaewas found by database

searches. Using this region as a probe, several phage
clones were isolated and mapped from a genomicT.brucei Comparison of the T.brucei p277 protein sequence

with known cis-spliceosomal homologuesλDASH II library (see Materials and methods). Sequencing
of ~8 kb of aλ clone revealed a long open reading frame Since PRP8 conservation is exceptionally high (e.g. 61%

identity between the yeast PRP8 protein and the corres-coding for a PRP8-homologous protein of 2403 amino
acids with a predicted molecular weight of 276 921 and pondingC.eleganssequence; see Hodgeset al., 1995),

we compared the new sequence of theT.brucei p277pI of 8.35 (designated p277 in the following; see accession
number Y12638 for genomic nucleotide sequence and protein with the known PRP8 homologues (Figure 1 and

data not shown). To maximize the alignment betweendata not shown). Southern blot hybridization analysis of
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p277 and PRP8, several gaps had to be introduced into Taken together, the high overall conservation of the
PRP8/p277 protein sequences implies that basic functionsthe trypanosome protein sequence (two of them spanning

more than 10 amino acids); the sizes of the three proteins of this protein splicing factor are conserved betweencis
and trans splicing. This argues in favour of the sameare strikingly similar (T.brucei, S.cerevisiaeandC.elegans:

2403, 2413 and 2329 amino acids respectively). Signific- catalytic mechanism operating in both splicing systems.
However, not all of the amino acid positions criticalantly, the trypanosomal p277 protein shares only 40%

identical and 61% similar amino acids with the yeast for function of thecis-spliceosomal PRP8 protein are
conserved in p277, suggesting that certain differencesPRP8 sequence (T.brucei/C.elegans: 41% identical and

64% similar amino acids). The overall sequence conserv- exist between PRP8 functions incis and trans splicing.
For example, one can envision that the same mechanismation of theT.bruceisequence is more pronounced in the

central region of the protein (approximately amino acids that ensures 39 splice-site fidelity operates incis andtrans
splicing, whereas the U-rich region is recognized in a500–2000) than in the N- and C-terminal regions (see

Figure 1 for a schematic representation). There is an area different manner.
with a particularly high degree of identity (62%) between
amino acids 535 and 703. Towards the C-terminus the The trypanosomal p277 protein is associated with

a small RNAproportion of identical positions strongly declines, from
56% (between amino acids 1551 and 1600) to values of Based on its similarity with PRP8, we expected p277 to

be associated with atrans-spliceosomal homologue of thebetween 20 and 30% at the C-terminal region (amino
acids 2100–2403). Yet all three sequences are almost U5 RNA. In order to study RNA and protein interactions

of p277 in T.brucei, in particular to identify a putativecolinear at their carboxy termini. As previously noted
(Hodges et al., 1995), there are two extended highly trans-spliceosomal U5 homologue, we raised polyclonal

antibodies against a C-terminal portion of p277 (for aconserved regions in the yeast andC.elegansprotein
sequences, corresponding to yeast amino acids 1600–1660 characterization by Western blot analysis, see below).

Affinity-purified anti-p277 antibodies and the corres-(97% identity) and amino acids 1889–1947 (93% identity);
significantly, the corresponding regions of the trypanosome ponding non-immune control were used for immuno-

precipitation from T.brucei extract; in parallel,p277 protein do not exhibit this high level of homology.
In contrast toC.elegans, where bothcis andtranssplicing immunoprecipitation was done with anti-common protein

antiserum, which is specific for five protein componentsoccur, trypanosomes had to retain onlytrans splicing.
Therefore the function implied by these conserved regions shared by the U2 and U4/U6 snRNPs as well as the SL

and SLA RNPs (Palfi and Bindereif, 1992; Palfiet al.,may have adapted during evolution to the particular
requirements of thetrans-splicing machinery. 1994). RNA was purified from the immunoprecipitate and

labelled with [32P]pCp and RNA ligase. As Figure 2Similarly as for the yeast andC.eleganshomologues, no
known protein motifs in the trypanosomal p277 sequence shows, anti-p277 antiserum specifically precipitated a

small RNA (‘RNA X’) migrating as a triplet with a majorcould be identified. The only exception is the N-terminal
sequence of yeast PRP8, where four runs of proline-rich species of ~65 nucleotides (see lane anti-p277). The other

RNA species in the 80-nucleotide range most likelyregions interspersed by acidic residues occur (amino acids
1 to ~80, Hodgeset al., 1995). This region appears to be represent non-specifically precipitated tRNAs also seen

with the control non-immune serum. Significantly, anyeast-specific, since it is missing not only in theC.elegans
(Hodgeset al., 1995), but also in theT.brucei sequence RNA of the same mobility as RNA X was recognized by

anti-common protein antibodies (see lane anti-CP), in(this study).
The mutational analysis of the yeast PRP8 protein has addition to a collection of RNAs, the major species of

which have previously been identified as U2, SL, U4, andrevealed two separate domains involved in 39 splice-site
fidelity and in uridine-tract recognition (Umen and Guthrie, U6 (Palfi and Bindereif, 1992). Based on partial RNase

T1 digestion patterns of gel-purified material, RNA X co-1996; see Figure 1). These two domains are close to each
other, and the two highly conserved regions (see above) precipitated by either anti-p277 or anti-CP antibodies

appeared to be identical (data not shown). In sum, wefall into the same area. First, most of the yeast PRP8
mutations that affected 39 splice-site fidelity cluster within conclude that a small RNA of ~65 nucleotides is specific-

ally associated with both p277 and common proteins;a small internal region and concern positions that are
identical in theC.eleganssequence (Umen and Guthrie, therefore this RNA represents a likely candidate for the

U5-analogoustrans-spliceosomal snRNA ofT.brucei.1996). Significantly, three of these five amino acid posi-
tions in yeast are identical in the trypanosome sequence
(yeast M1399/T.brucei M1386; yeast T1565/T.brucei Stable association of the T.brucei U5 RNA with

p277 protein and common proteins:T1554; yeast W1609/T.brucei W1598), one is similar
(yeast W1575/T.bruceiF1564), and only one differs (yeast a trans-spliceosomal U5-analogous RNP

Recently Dunganet al. (1996) identified a novel RNAE1576/T.brucei N1565). A second striking result of the
mutational analysis in yeast by Umen and Guthrie (1996) called SLA2/U5-like RNA as a good candidate for the

U5-homologue ofT.brucei. Therefore we have testedwas that a collection of U-tract recognition mutations
were all mapped to two positions of yeast PRP8, F1834 whether the p277 protein is associated with this RNA,

using primer-extension assays and a primer specific forand E1960, which were found to be conserved in various
species. The former position is not conserved in the the 39 terminal region of the SLA2/U5-like RNA (hereafter

referred to as U5 RNA).trypanosome sequence (yeast F1834→T.brucei G1823);
the latter position is replaced by a similar amino acid To characterize the putative trypanosomal U5 RNP,

T.brucei S100 extract was fractionated through glycerol(yeast E1960→T.bruceiD1951).
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Fig. 3. Glycerol gradient sedimentation of theT.bruceiU5 and U4/U6
snRNPs. S100 extract was fractionated through a 10–30% glycerol
gradient (fractions #1–23, from top to bottom); the distribution of U4,
U5 and U6 snRNAs was assayed by primer extension (upper and
middle panels), the distribution of p277 by Western blotting (lower
panel). The positions of size markers (5S, 16S and 23S) are indicated
on the top, protein size markers on the right.

fraction lanes) clearly shows that the U5 RNA could beFig. 2. Immunoprecipitation of small RNAs with anti-p277 and anti-
efficiently and specifically immunoprecipitated with anti-common protein antibodies. RNAs immunoprecipitated fromT.brucei

S100 extract with anti-p277 antibodies (lane anti-p277), the p277 antibodies; however, neither U4 nor U6 RNA could
corresponding non-immune serum (lane control) and anti-common be detected in the anti-p277 immunoprecipitate. This
protein antibodies (lane anti-CP) were32P 39 end-labelled and

confirms that the anti-p277 immunoprecipitated RNAseparated on a denaturing 10% polyacrylamide gel. The positions of
species (‘RNA X’) we have detected by 39 end-labellingimmunoprecipitated RNAs and their sizes (in nucleotides) are

indicated on the right. (see above and Figure 2) and by primer extension with a
U5 RNA-specific oligonucleotide (Figure 4) are identical.
Using anti-common protein antiserum, U5 RNA was alsogradient sedimentation. RNA was prepared from gradient

fractions and analysed by primer extension for U4, U5 efficiently immunoprecipitated, as well as U4 and U6
RNAs. Taken together, these data establish that the try-and U6 RNAs. In parallel, protein was purified, and the

p277 distribution was tested by immunoblotting with panosomal U5 RNA is stably and specifically associated
with both p277 protein and common proteins in an RNPaffinity-purified p277 antibodies. Figure 3 shows that most

of the U5 RNA is concentrated in fractions #7–11, representing thetrans-spliceosomal U5 snRNP. Somewhat
surprisingly U4 and U6 RNAs were not found in thiscorresponding to the 20S region. The distribution of U4

and U6 RNAs across fractions #5–9 (corresponding to the complex; therefore under our conditions the major fraction
of U5 RNA (at least 95%) appears not to be present in a16S region) overlaps with the U5 region, is slightly shifted

towards the top of the gradient, and reflects the occurrence U4/U5/U6 triple-snRNP form. Since we might have missed
a small fraction of U5 in the triple-snRNP form sedi-of both U4/U6 snRNP and free U6 RNP. As the Western

blot analysis shows, p277 was detected above the 220 kDa menting outside of the pooled region of the gradient, the
same set of immunoprecipitations was carried out withmarker protein as the only protein band, with a peak

in fraction #9. This fractionation of p277 reflects the unfractionatedT.brucei S100 extract, yielding identical
results as with the pooled gradient fractions (Figure 4,distribution of the U5 RNA at ~20S.

To assess whether U5 RNA and p277 are associated S100 extract lanes).
Core particles of snRNPs are characteristically stablewith each other, fractions containing U4, U5, and U6

RNAs were pooled, followed by anti-p277 and anti- during isopycnic centrifugation in CsCl (Lelay-Tahaet al.,
1986), as shown previously for the RNPs of SL, U2, U4/common protein immunoprecipitations and U4, U5, and

U6 RNA primer extensions. In parallel, non-immune U6, and SLA RNAs (Michaeliet al., 1990; Crosset al.,
1991; Günzl et al., 1992; Palfiet al., 1994). To characterizeserum was used in control reactions. Figure 4 (gradient
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Fig. 4. Immunoprecipitation analysis of theT.bruceiU5 and U4/U6
snRNPs. snRNPs were immunoprecipitated fromT.bruceiS100 extract

Fig. 5. CsCl density gradient fractionation and immunoprecipitation(left half) and from pooled glycerol gradient fractions (right half; #5–9
analysis of theT.bruceiU5 snRNP. (A) T.bruceiS100 extract wasfrom glycerol gradient shown in Figure 3), using anti-common protein
subjected to isopycnic CsCl gradient centrifugation, and gradientantibodies (lanes anti-CP), the corresponding non-immune serum
fractions #1–10 (from top to bottom) were assayed by primer(lanes control) and anti-p277 antibodies (lanes anti-p277). snRNAs
extension for U4, U5, and U6 RNAs. (B) U5 core snRNP-containingwere detected in immunoprecipitates and in 10% of the input (lanes
peak fractions (#3–5) were pooled and analysed byinput) by primer extension. The positions of the primer-extension
immunoprecipitation with anti-common protein antibodies (lanes anti-products (U4, U5 and U6) and the primers (P) are indicated on the
CP), the corresponding non-immune serum (lanes control) and anti-right. M, pBR322–HpaII marker fragments.
p277 antibodies (lanes anti-p277). U5 RNA (U5) was detected in 10%
of the input (lane I), the total pellet (lanes P) and 10% of the
supernatant fractions (lanes S) of the immunoprecipitation reactions bythe U5 RNP ofT.bruceifurther, S100 extract was fraction- primer extension with a U5-specific oligonucleotide (P).

ated through a CsCl density gradient, RNA from the
fractions was prepared, and the distribution of U4, U5,
and U6 RNAs was analysed by primer extension. As Comparison between cis and trans-splicing:

functional role and interactions of the U5 snRNPFigure 5A shows, U5 core snRNPs are concentrated in
fractions #3–6 and are clearly separated from U4/U6 core The U5-specific p277 protein ofT.bruceirepresents only

the second protein factor identified and cloned in the SL-snRNPs (fractions #8–10). The peak fractions of the U5
core RNP (#4) and the U4/U6 core snRNP (#9) correspond typetrans-splicing system from trypanosomatids; the first

case was the U2-specific 40K protein ofT.brucei, theto densities of 1.36 g/ml and 1.51 g/ml respectively; based
on an empirical formula (Spirin, 1969), the RNA–protein N-terminal half of which is homologous to thecis-

spliceosomal U2 A9 protein (Crosset al., 1993). Inmass ratio of the U5 core snRNP was calculated to be
18:82, corresponding to a total protein mass of ~93 kDa contrast, homology between thetrans-spliceosomal p277

protein and its cis-spliceosomal counterparts extendsper 62-nucleotide U5 RNA. For the U4/U6 core snRNP,
an RNA–protein mass ratio of 43:57 would reflect a total throughout their entire length, although the level of homo-

logy changes considerably across the length of the proteinprotein mass of ~89 kDa per U4/U6 RNA molecule. The
close correspondence between the total mass of the U4/ (see Figure 1). It is of interest that not all functionally

important positions, which were identified in the yeastU6 and U5 core protein components (90 kDa) suggests
that they share the same set of proteins; however, since PRP8 protein and which are conserved in the othercis-

spliceosomal homologues, occur in the trypanosome p277the common proteins we have identified previously add
up to a total mass of 60 kDa (Palfiet al., 1991), either sequence. However, there is no evidence at present for an

additional, potentiallytrans-splicing specific domain intheir stoichiometry is not equimolar, or there are more,
unidentified core protein components. the p277 protein. Since all known PRP8 homologues lack

any recognizable protein motifs (with the exception of theTo identify the protein components of the trypanosomal
U5 core snRNP immunoprecipitations were carried out yeast PRP8-specific proline-rich repeats), a mutational

analysis of the trypanosomal p277 protein should help to(Figure 5B). Pooled CsCl gradient fractions containing
U5 core snRNPs were dialysed and reacted with anti- define the domain structure conserved betweencis- and

trans-splicing. Finally, because of the large size of thisp277 and anti-common protein antibodies, and—as a
control for specificity—with non-immune serum. Precipit- protein factor it might be a key component to identify

other interacting protein and snRNA elements in thetransates and supernatants of the immunoreaction were then
analysed by primer extension for their U5 RNA content. spliceosome.

Based on the results of this study and that of DunganThe U5 core snRNP was efficiently precipitated by
anti-common protein antibodies, but not detectably by et al. (1996) it was surprising to find that conservation of

the U5 snRNP is quite different on the protein and RNAanti-p277 antibodies, demonstrating clearly that common
proteins, but not the U5-specific p277 protein, are present level: whereas with the exception of the 59 loop the

trypanosomal U5 RNA sequence greatly differs in itsin the U5 core snRNP.
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from bloodstream forms as described (Vassella and Boshart, 1996). Totaloverall secondary structure and sequence from all thecis-
RNA was isolated using the guanidinium isothiocyanate/CsCl cushionspliceosomal U5 RNAs, at least one protein component
method (Ausubelet al., 1987) and 5µg were separated on a 1% agarose–

(PRP8/p220/p277) is highly homologous. This indicates formaldehyde gel, blotted, and hybridized as described in Boshartet al.
that important functional properties reside in the protein (1991) with a riboprobe covering amino acid positions L2017–I2323.

The polyadenylation site was mapped by RACE techniques using thecomponents of the splicing machinery and are conserved
Marathon cDNA amplification kit (Clontech), poly(A)1-RNA frombetweencis and trans splicing.
procyclic forms and the p277-specific primer 59-GAGGCTGTGT-One of the most important open questions in thetrans- CTGTGCGTCTG-39 (corresponding to amino acid positions E2040–

splicing field is how both splice sites on the two separate L2046). Amplification products were cloned using the internalSalI site
at amino acid position S2330 and sequenced. The 59-end was mappedprecursor RNAs are recognized and how they interact
by RACE techniques, using a p277-specific primer (59-GGGTACTT-stably with each other. Although it is now established that
CATCCTTTTG-39; corresponding to amino acids Q58 to P64) and ana U5-analogous RNP exists in the trypanosome system,
SL-specific primer, 59-AACTAACGCTATTATTAGAA-3 9 (nucleotides

we still know only very little about how it acts during 1–20 of theT.brucei SL RNA), followed by direct sequencing of the
trans-spliceosome assembly andtrans splicing. Since a PCR product.
model has been proposed that incorporates both U1 and

Antibodies and bacterial expression of proteinsU5 RNA functions into the trypanosomal SL RNA (Steitz,
The C-terminal region of p277 from position P2019 to T2331 was PCR-1992), the question remains how the U5 RNA—in conjunc- amplified and cloned inBamHI/SalI cut bacterial expression vectors

tion with its associated p277 protein—functions in splice- pGEX4T3 (Pharmacia) and pQE30 (Qiagen) via a primer-derivedBamHI
and the genomicSalI site at amino acid position S2330. Fusion proteinssite recognition. Incis splicing U5 enters the spliceosome
were expressed using the protocols provided by the suppliers andin the form of the U4/U5/U6 triple-snRNP; our analysis
extracted from the insoluble fraction with 8 M urea followed by affinityin the trypanosometrans-splicing system gave no evidence
purification on Ni-NTA columns (Qiagen) or by SDS–PAGE and blotting

for such a stable snRNP complex in significant abundance,onto nitrocellulose. Rabbits were immunized with powdered or DMSO-
although Dunganet al. (1996) showed evidence for a dissolved nitrocellulose strips (200µg fusion protein) using either

Freund’s adjuvant or Titermax™ (Vaxcel, Inc.) and boosted four timessmall fraction of U5 existing together with U4 and U6
at 4–5 week intervals. Sera and preimmune controls were affinity purifiedsnRNAs as a triple-snRNP. These results do not rule out
on nitrocellulose strips (Pringleet al., 1991) using 200µg His-taggedthat U5 formsin vivo—in analogy to thecis-spliceosomal fusion protein per ml of serum.

complex—a triple-snRNP that functions as a precursor in
trans-spliceosome assembly, yet is not stable under extractGlycerol gradient centrifugation

One millilitre of T.bruceiS100 extract was mixed with 0.5 ml of bufferconditions.
G (20 mM KCl, 20 mM HEPES pH 8.0, 1 mM MgCl2) and fractionatedIn the absence of anin vitro system derived from
through an 11 ml glycerol gradient in buffer G (10–30% glycerol; SW

trypanosomes it will be particularly important to establish 40 rotor, 6 h, 40 000 r.p.m., 4°C). Fractions of 0.5 ml were collected
functional in vivo systems to carry out mutational studies from the top of the gradient. RNA was prepared from 100µl aliquots

of every second fraction and assayed for U4, U5 and U6 RNA by primerof the p277 protein and the U5 RNA components. A
extension with DNA oligonucleotides complementary to nucleotides 50–detailed comparison between results from such studies
62 of U5 RNA (Dunganet al., 1996), 53–72 of U4 RNA and 40–59 ofand those fromcis-splicing systems as well as the use of U6 RNA (Crosset al., 1991). For primer extension reactions, RNA and

heterologous systems promises to provide novel insightsprimers were co-precipitated with ethanol and dissolved in 13 Expand™
reverse transcriptase buffer containing 0.5 mM of each dNTP. Followingnot only into the pathway oftrans-spliceosome assembly
denaturation for 10 min at 65°C and cooling on ice, the reactions wereand the basictrans-splicing mechanism, but also into
supplemented with RNasin (0.5 U/µl), 10 mM DTT and 25 U ofthe cis- and trans-specific characteristics of these two
Expand™ reverse transcriptase (Boehringer Mannheim). Incubation was

important spliceosome components. for 10 min at 30°C followed by 45 min at 42°C. Primer-extension
products were ethanol precipitated and fractionated by denaturing poly-
acrylamide gel electrophoresis (10%).

Materials and methods
CsCl density gradient centrifugation

Trypanosome cell culture and extract preparation CsCl was dissolved in buffer D (Dignamet al., 1983) containing 15 mM
Cultures of the procyclic form ofT.bruceistrain 427 (Cross, 1975) were MgCl2 to a density of 1.48 g/ml. Two hundred microlitres ofT.brucei
grown at 28°C in SDM-79 medium (Brun and Scho¨nenberger, 1979) S100 extract were fractionated through a 1 ml gradient (centrifugation
supplemented with 5% (v/v) fetal calf serum and 5 mg/l haemin. S100 in Beckman TL 100 tabletop ultracentrifuge; TLA-100.2 rotor; 90 000
extract was prepared as described previously (Crosset al., 1991). r.p.m. for 20 h at 4°C). Fractions of 100µl were collected from the top

of the gradient. The density distribution across the gradient was measured
Cloning and sequencing of the p277 gene in a gradient run in parallel to range from 1.31 g/ml (fraction #1) to
The C-terminus of p277 was identified by sequencing the genomic clone 1.54 g/ml (fraction #10). RNA prepared from 50µl of each fraction was
pC3-1, which harbours a protein kinase A catalytic subunit gene of assayed by primer extension with U4, U5 and U6 RNA-specific primers.
T.brucei (T.Klöckner and M.Boshart, manuscript in preparation). A U5 RNA peak fractions were pooled, dialysed against buffer D supple-
genomicT.brucei(strain AnTat 1.1) library of partially digestedSau3A mented with 1 mM DTT and 1 mM PMSF, and used for immunoprecipit-
fragments (R.Kra¨mer and M.Boshart, unpublished results) constructed ation reactions.
in λDASH II (Stratagene) was screened with a riboprobe covering amino
acid positions L2017–I2323 of p277. Four phage clones were isolated Immunoprecipitation and primer-extension analysis
and mapped, andλ#6 carrying a 12.4 kb insert with the entire p277 Fifty microlitres of a rabbit serum containing antibodies against the
reading frame was selected for subcloning and construction of nested common snRNP proteins ofT.brucei (‘anti-CP9; Palfi and Bindereif,
deletions (Pharmacia). Both strands of the region covering the p277 1992) and the corresponding non-immune serum were coupled to 25µl
reading frame were sequenced by automated cycle sequencing. Nucleo-of pre-swollen protein A–Sepharose beads (Pharmacia) in 400µl NET-
tide sequences were compiled and analysed using the GCG package150 buffer [50 mM Tris–HCl, pH 8.0, 150 mM NaCl, 0.01% Nonidet
(version 8); protein sequence alignment and statistical analysis were P-40 (v/v), 0.5 mM DTT] at 4°C overnight. For anti-p277
performed using the GAP program (Devereuxet al., 1984). immunoprecipitations affinity-purified rabbit anti-p277 antibodies were

used. The pre-coated beads were washed four times with 0.5 ml of NET-
150 each and resuspended in 400µl of the same buffer. One hundredNorthern blot and RACE analysis

Slender bloodstream forms ofT.brucei strain AnTat 1.1 were purified microlitres ofT.brucei S100 or gradient fraction respectively, were
incubated with the protein A–Sepharose bound antibodies for 2 h atfrom infected rat blood. Procyclic forms were differentiatedin vitro

4438



U5-analogous RNP of Trypanosoma brucei
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purified from both pellet and supernatant of the immunoprecipitation Günzl,A., Cross,M. and Bindereif,A. (1992) Domain structure of U2 and
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S.Lücke et al.

Teigelkamp,S., Whittaker,E. and Beggs,J.D. (1995b) Interaction of the
yeast splicing factor PRP8 with substrate RNA during both steps of
splicing.Nucleic Acids Res., 23, 320–326.

Tschudi,C. and Ullu,E. (1990) Destruction of U2, U4, or U6 small
nuclear RNA blockstrans splicing in trypanosome cells.Cell, 61,
459–466.

Umen,J.G. and Guthrie,C. (1995a) A novel role for a U5 snRNP protein
in 39 splice site selection.Genes Dev., 9, 855–868.

Umen,J.G. and Guthrie,C. (1995b) Prp16p, Slu7p, and PRP8p interact
with the 39 splice site in two distinct stages during the second catalytic
step of pre-mRNA splicing.RNA, 1, 584–597.

Umen,J.G. and Guthrie,C. (1996) Mutagenesis of the yeast genePRP8
reveals domains governing the specificity and fidelity of 39 splice site
selection.Genetics, 143, 723–739.

Vassella,E. and Boshart,M. (1996) High-molecular mass agarose matrix
supports growth of bloodstream forms of pleomorphicTrypanosoma
bruceistrains in axenic culture.Mol. Biochem. Parasitol., 82, 91–105.

Whittaker,E. and Beggs,J.D. (1991) The yeast PRP8 protein interacts
directly with pre-mRNA.Nucleic Acids Res., 19, 5483–5489.

Wyatt,J.R., Sontheimer,E.J. and Steitz,J.A. (1992) Site-specific cross-
linking of mammalian U5 snRNP to the 59 splice site before the first
step of pre-mRNA splicing.Genes Dev., 6, 2542–2553.

Received on February 20, 1997; revised on March 24, 1997

4440


