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trans splicing in Trypanosoma brucei involves the ligation of the 40-nucleotide spliced leader (SL) to each of
the exons of large, polycistronic pre-mRNAs and requires the function of small nuclear ribonucleoproteins
(snRNPs). We have identified and characterized snRNP complexes of SL, U2, U4, and U6 RNAs in T. brucei
extracts by a combination of glycerol gradient sedimentation, CsCl density centrifugation, and anti-m,G
immunoprecipitation. Both the SL RNP and the U4/U6 snRNP contain salt-stable cores; the U2 snRNP, in
contrast to other eucaryotic snRNPs, is not stable under stringent ionic conditions. Two distinct complexes of
U6 RNA were found, a U6 snRNP and a U4/U6 snRNP. The structure of the SL RNP was analyzed in detail
by oligonucleotide-directed RNase H protection and by in vitro reconstitution. Our results indicate that the 3’
half of SL RNA constitutes the core protein-binding domain and that protein components of the SL RNP also
bind to the U2 and U4 RNAs. Using antisense RNA affinity chromatography, we identified a set of
low-molecular-mass proteins (14.8, 14, 12.5, and 10 kDa) as components of the core SL RNP.

In trypanosomes, all nuclear mRNAs analyzed to date are
generated through a trans-splicing reaction whereby a non-
coding 40-nucleotide spliced leader (SL) is joined to each
protein-coding exon. Both of these RNAs are independently
transcribed as precursors, an SL RNA of approximately 140
nucleotides with the SL portion at the 5' end and pre-
mRNA s derived from long, polycistronic transcription units.
trans splicing proceeds through a two-step mechanism of
cleavage-ligation reactions formally analogous to conven-
tional cis splicing of other eucaryotic systems: the first step
results in a branched RNA intermediate corresponding to the
lariat intermediate RNA of the cis-splicing reaction; in the
second step, the SL exon is ligated to the protein-coding
exon and the intron portion is released in the form of a
Y-shaped RNA molecule (38, 47; for reviews, see references
1 and 7).

Through the development of in vitro processing systems
derived from Saccharomyces cerevisiae and mammalian
cells, we have gained a wealth of detailed knowledge about
the cis-splicing machinery, its components, and the bio-
chemical mechanism. The coordinate interactions of small
nuclear ribonucleoproteins (snRNPs) with themselves, the
splicing substrate, and other splicing factors are essential for
the assembly of the pre-mRNA into spliceosomes and for
efficient and accurate cis splicing (for recent reviews, see
references 3, 26, 29, and 46). In contrast, we know very little
about the biochemical components and mechanism of trans
splicing in trypanosomes, partly because trans splicing has
yet to be reproduced in a trypanosomal in vitro system. On
the basis of their structural homology with higher eucaryotic
snRNAs, the Trypanosoma brucei U2, U4, and U6 RNAs
have been identified and their respective genes have been
cloned (36, 50, 51). Experimental evidence was recently
obtained from oligonucleotide-directed RNase H cleavage
studies with permeabilized trypanosomes that, in analogy to
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cis splicing, U2, U4, and U6 RNAs are necessary ftrans-
splicing factors (52). In addition, RNA B, an RNA without a
strong homology to any known eucaryotic snRNA, was
identified as an m;G-capped RNA of T. brucei (36). We do
not know at present whether RNA B plays a role in trans
splicing. As in all eucaryotic systems analyzed to date (18),
U4 and U6 RNAs could be coimmunoprecipitated from total
RNA by anti-m;G antibodies, suggesting that also in try-
panosomes these RNAs interact via base pairing within a
single RNP (36). In contrast, no Ul and U5 RNA homologs
are known in trypanosomes; the SL RNA, however, has
been proposed to function both as a Ul-like snRNP and as a
donor of its own 5’-terminal 40 nucleotides (11, 54). This has
recently been directly demonstrated in a mammalian in vitro
system, in which the 5'-terminal domain of Lepromonas
collosoma SL RNA could substitute for the 5’ end of Ul
snRNA in pre-mRNA cis splicing (10). In support of such a
functional role, the SL sequence as well as the overall
secondary structure of the SL RNA are strongly conserved
between different trypanosome and nematode species (11,
22, 32, 40; for the T. brucei SL RNA structure, see Fig. 3A).

The trypanosomal snRNAs deviate most significantly
from the otherwise strongly conserved sequence and sec-
ondary structure of eucaryotic snRNAs (18). For example,
none of the known T. brucei snRNAs carry an Sm binding
site, a sequence motif with the consensus PuAU, ,NUGPu,
which is present in Ul, U2, U4, and US RNAs of all other
eucaryotic species and usually located in a single-stranded
region between two stem-loops (18, 28). In the mammalian
system, the Sm binding site is essential for the trimethyl
capping of snRNAs and for the cytoplasmic-nuclear trans-
port of snRNPs (reviewed in reference 31). Furthermore,
human anti-Sm antibodies do not cross-react with T. brucei
snRNPs (33). There are other deviations of the T. brucei
snRNAs from the eucaryotic consensus sequences and sec-
ondary structures, such as the lack of stem-loop III and of a
branch point interaction region in T. brucei U2 RNA (20, 36,
53). Finally, the cap structure of the SL RNA is exceptional
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in that it carries an unusual, so-called cap 4 structure with a
7-methylguanosine cap and additional, internal ribose mod-
ifications (14, 15, 42, 48).

The requirement of snRNPs in trans splicing and the
conservation of certain sequence and structural elements in
the trypanosomal snRNAs and in the frans-splicing substrate
suggest that, in analogy to cis splicing, snRNPs play essen-
tial roles during the assembly of trans spliceosomes. In trans
splicing, the U2 and U4/U6 snRNPs may also be involved in
mediating the interactions between the two precursor RNAs.
It is the underlying rationale of our study that structural
deviations of trypanosomal snRNPs from the otherwise
highly conserved eucaryotic snRNPs reflect important func-
tional differences between the cis- and trans-splicing mech-
anisms.

In this report, we describe the identification and initial
characterization of snRNP complexes containing SL, U2,
U4, U6, and RNA B from T. brucei extracts, with particular
focus on the domain structure of the SL. RNP, which we
have analyzed by RNase H protection and protein binding
assays. The core domain was mapped to the 3’ half of the SL
RNA; significantly, S RNP reconstitution experiments
provided evidence for common proteins binding to the SL,
U2, and U4 RNAs. Through affinity chromatography with
biotinylated, antisense 2’'-O-methyl RNA (2’-OMe) oligonu-
cleotides, we succeeded in purifying the core SL RNP and
identifying at least some of its protein components.

MATERIALS AND METHODS

Templates for T7 transcription. 7. brucei SL, U2, U4, and
U6 (34, 36, 51) and Crithidia fasciculata SL (37) sequences
coupled to an upstream T7 promoter were amplified from
genomic DNA by polymerase chain reaction methods and
cloned into pEMBLS (7. brucei SL and U4), pUC19 (U2 and
U6), or pEMBL19 (C. fasciculata SL) to give recombinant
plasmids pT7-TbSL, pT7-TbU2, pT7-TbU4, pT7-TbU6, and
pT7-CfSL, respectively. The sequence of each construct
was confirmed by dideoxynucleotide sequencing with Se-
quenase (U.S. Biochemical). In vitro transcription was done
as described previously (4, 35). The sequences of the syn-
thetic snRNAs deduced from the DNA sequence are (the
extra nucleotides of the synthetic snRNAs are separated
from the natural snRNA sequence by the slash): T7-TbSL,
GGC/AACU-SL-coding sequences—ACUC/CCGG (Aval
runoff); T7-TbU2, GGG/AUAU-U2-coding sequences—CG
GU/CUAG (Xbal runoff); T7-TbU4, GGGAG/AAGC-U4-
coding sequences—-GGGA/UC (BamHI runoff); T7-TbUS6,
G/GGAG-U6-coding sequences-UUUU/CUAG (Xbal run-
off); and T7-CfSL, GGC/AACU-SL-coding sequence-
GCUG/AAUU (EcoRI runoff).

Growth of trypanosomes and preparation of cell extracts.
The procyclic form of T. brucei brucei 427 (12) was culti-
vated at 28°C in SDM-79 medium (9) supplemented with 5%
(vol/vol) fetal calf serum and 5 mg of hemin per liter. For cell
extract preparation, trypanosomes were harvested, washed
with phosphate-buffered saline and resuspended in cold
nuclei preparation buffer [20 mM piperazine-N,N’-bis(2-
ethanesulfonic acid) (PIPES; pH 7.5), 15 mM NaCl, 60 mM
KCl, 0.5 mM EGTA, 4 mM EDTA, 14 mM B-mercaptoeth-
anol, 0.15 mM spermine, 0.5 mM spermidine, 0.125 mM
phenylmethylsulfonyl fluoride (PMSF)] at a density of 10°
cells per ml. Cells were lysed by passage through a Stansted
Cell Disruptor at 1,000 Ib/in?, and the disrupted material was
collected by centrifugation. The disrupted cell pellet was
used to prepare nuclear extract essentially as described
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previously (13). S100 extract was prepared from the super-
natant by addition of KCI to 140 mM and centrifugation at
100,000 x g for 60 min, the resultant supernatant being
retained. All extracts were finally dialyzed against buffer D
containing 100 mM KCl (13), flash-frozen, and stored at
—80°C. Nuclear and S100 extracts were found to contain
similar concentrations of snRNAs, as assayed by primer
extension (data not shown), although the total yield of
snRNAs was generally some 15- to 20-fold greater from S100
extract than from nuclear extract.

DEAE chromatography of T. brucei extract was used to
prepare a fraction enriched in snRNPs (33). Undialyzed S100
extract (50 ml) was adjusted to a MgCl, concentration of 3
mM and applied to a 5-ml DEAE-Sepharose column (Phar-
macia LKB) equilibrated in buffer D, (100 mM KCl, 3 mM
MgCl,, 20 mM N-2-hydroxyethylpiperazine-N'-2-ethane-
sulfonic acid [HEPES; pH 8.0], 0.5 mM PMSF, 0.5 mM
dithiothreitol, 5% glycerol). After washing with buffer D, ,,
bound material was eluted with buffer D,q, (as D, but with
400 mM KCl), and fractions were assayed for SL RNA by
primer extension and for total RNA content by denaturing
polyacrylamide gel electrophoresis and silver staining (Bio-
Rad).

Sedimentation, CsCl gradient, and immunoprecipitation
analyses. T. brucei S100 or nuclear extract (200 nl) was
mixed with 250 pl of buffer G (20 mM KCl, 20 mM HEPES
[pH 8.0], 1 mM MgCl,) and fractionated through a 3.8-ml 10
to 30% glycerol gradient in buffer G (SW60, 6 h, 35,000 rpm,
4°C). RNA was prepared from each fraction and assayed for
SL, U2, U4, U6, and RNA B by primer extension with DNA
oligonucleotides complementary to nucleotides 110 to 121 of
SL RNA, 83 to 102 of U2, 53 to 72 of U4, 40 to 59 of U6, and
48 to 64 of RNA B. Immunoprecipitation analysis with
anti-m;G antibodies (R. Lihrmann) was carried out as
described previously (3), followed by primer extension anal-
ysis of RNA prepared from the immunoprecipitates. S100 or
nuclear extract (200 pl) was subjected to CsCl density
centrifugation as described previously (43). RNA was pre-
pared from gradient fractions and assayed by primer exten-
sion.

RNase H protection analysis of the SL RNP. Oligonucleo-
tides a to f were complementary to the following SL RNA
sequences: a, nucleotides 1 to 15; b, nucleotides 16 to 27; c,
nucleotides 31 to 45; d, nucleotides 40 to 54; e, nucleotides
66 to 85; and f, nucleotides 110 to 121 (see also Fig. 3A). The
nonspecific control oligonucleotide was complementary to
nucleotides 40 to 59 of T. brucei U6 RNA. The standard
RNase H reaction mix (25 pl) contained 15 pl of extract (or
deproteinized RNA prepared from the same extract), 2 U of
Escherichia coli RNase H (Boehringer), 40 pg of oligonucle-
otide per ml, and 3 mM MgCl,. Reaction mixes were
incubated at 30°C for 60 min; RNA was prepared and
analyzed by primer extension with an oligonucleotide com-
plementary to nucleotides 125 to 144 of SL RNA.

Reconstitution and tagging of the core SL RNP. The stan-
dard 25-ul reconstitution reaction mix contained 1 ng of
32p_labeled synthetic T. brucei SL RNA, 10 mM HEPES (pH
8.0), 2 mM MgCl,, and 5 pl of the DEAE fraction. Incuba-
tion was for 30 min at 37°C; during the last 5 min, heparin (1
mg/ml) was added. Complexes were resolved by native RNP
gel electrophoresis as described previously (39). For the
competition experiments, unlabeled competitor RNA was
added at the start of the reconstitution reaction.

SL RNA or RNP present in the DEAE fraction was
labeled by tagging with 1 ng of >’P-end-labeled 2’-OMe RNA
oligonucleotide SL-5', complementary to nucleotides 1 to 15
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of SL RNA. Incubation was as described for the reconstitu-
tion reaction.

Purification of the 7. brucei SL RNP. T. brucei S100 extract
(50 ml; 10! cell equivalents) was subjected to DEAE chro-
matography as described above. The S RNP-containing
fractions were pooled (2 ml) and loaded onto an 11-ml 10 to
30% glycerol gradient prepared with buffer D,y,. After
centrifugation (SW40, 24 h, 29,000 rpm, 4°C), the gradient
was fractionated and assayed for total RNA content. Frac-
tions containing the SL RNP were pooled (5 ml), adjusted to
800 mM KClI, and used for affinity purification of the SL
RNP with a biotinylated 2’-OMe RNA oligonucleotide com-
plementary to nucleotides 40 to 54 of SL RNA (5'-GGGA
GCUUCUCAUACXXXXA-3', X denoting a biotinylated
2’-deoxycytidine [45]) applied at a concentration of 8 pg/ml.
Incubation was for 30 min at 30°C. As controls, affinity
selections were carried out either in the absence of biotiny-
lated oligonucleotide or in the presence of an unrelated,
biotinylated 2’-OMe RNA oligonucleotide (5'-UXXXXU
ACUGCCACUGCGCAAAGCU-3'; complementary to the
5’ end of human U4 RNA). A one-fifth volume of a 1:1
suspension of preblocked streptavidin-agarose beads (2) in
washing buffer (WBgqo; 20 mM Tris-HCI [pH 7.5], 0.01%
Nonidet P-40, 0.5 mM PMSF, 0.5 mM dithiothreitol, 800 mM
KCIl) was then added, and the mixture incubated at 4°C for
60 min. The streptavidin-agarose beads were then collected
by centrifugation and washed five times with WBg,. First,
selected proteins were eluted by incubation with 9 M urea
for 30 min at room temperature and precipitated by acetone.
RNA was subsequently released by the addition of PK buffer
(100 mM Tris-HCI [pH 7.5], 12.5 mM EDTA, 150 mM Na(l,
1% sodium dodecyl sulfate [SDS]) and incubation at 80°C for
10 min. Affinity-selected RNA was analyzed after phenol
extraction on 8% denaturing polyacrylamide-urea gels and
detected by silver staining. The efficiency of SL RNP affinity
selection was determined by primer extension of SL RNA
and scanning the subsequent autoradiograph with an LKB
Ultroscan XL. Affinity-selected proteins were analyzed by
SDS-polyacrylamide gel electrophoresis and visualized by
staining with Coomassie brilliant blue G-250.

RESULTS

T. brucei snRNAs are in the form of distinct snRNP com-
plexes. To identify and characterize RNP complexes of the
trypanosomal snRNAs, we used a combination of sedimen-
tation through glycerol gradients, isopycnic centrifugation in
cesium chloride, and anti-m;G immunoprecipitation. Since
snRNAs occur in T. brucei extracts in concentrations of only
between 1 and 10% of those found in mammalian extracts
(data not shown), a sensitive primer extension assay was
developed for their detection. Several different oligonucleo-
tides against the known T. brucei snRNAs were chosen so
that in a single assay the extension products of SL, U2, U4,
U6, and RNA B could be detected (Fig. 1 and 2). Figure 1
shows the fractionation of snRNA complexes from T. brucei
nuclear extract by glycerol gradient sedimentation. SL and
U2 RNAs both sediment at approximately 8S, and U4 RNA
and RNA B sediment at approximately 12S. The SL RNA
complexes have a size much more distinct than those of the
other snRNAs, which distribute more heterogeneously. In
contrast, U6 RNA complexes peak at around 7S, with some
also spreading into the 12S region. Under these sedimenta-
tion conditions, free snRNAs fractionate below 5S (data not
shown). Fractionation of S100 extract produced an snRNP
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FIG. 1. Glycerol gradient sedimentation of 7. brucei snRNPs.
Nuclear extract was fractionated through a 10 to 30% glycerol
gradient (fractions 1 to 10, from top to bottom), and the distribution
of SL, U2, U4, U6, and RNA B was detected by primer extension.
(A) Analysis of total fractions (the apparent reduction of extension
products in lanes 6 and 8 was not reproducible); (B) analysis after
anti-m;G immunoprecipitation. The positions of size markers (5S
and 16S) are indicated at the top. Lane M, pBR322 Hpall-digested
marker fragments.

distribution very similar to that obtained with nuclear extract
(data not shown).

To determine whether there are different U6 RNA com-
plexes, we immunoprecipitated fractions of an identical
gradient with anti-m,G antibodies prior to the primer exten-
sion assay (Fig. 1B). U6 RNA, which has no m;G cap
structure, is immunoprecipitated only when associated with
an m;G-capped RNA, most likely U4 (36). It is clear that
only the 128 fraction of U6 RNA is immunoprecipitated (Fig.
1B). Immunoprecipitated U4 RNA complexes peak in the
same region of the gradient, consistent with their represent-
ing the U4/U6 snRNP, although we cannot rule out the
possibility that an m;G-capped RNA other than U4 is
associated with U6 RNA. In sum, two different U6 RNA
complexes could be distinguished from each other, a U6
snRNP of approximately 7S and a 12S RNP complex, most
likely the U4/U6 snRNP (see also below and Fig. 2). U2
RNA and RNA B complexes of heterogeneous size were
also immunoprecipitated; as expected, complexes of SL
RNA, which has a 7-methylguanosine cap, did not react with
anti-m;G antibodies.

Besides sedimentation, isopycnic centrifugation in cesium
chloride provides a useful approach to characterize snRNP
complexes because it allows the separation of free proteins,
RNA-protein complexes, and free RNA according to den-
sity. In the presence of MgCl,, snRNP core complexes are
characteristically stable under these stringent conditions
(27). Figure 2 displays the distribution of snRNP complexes
from T. brucei nuclear extract after fractionation in a CsCl
gradient. The SL RNA distributed in fractions 2 to 4, and
RNA B, U4, and U6 RNAs distributed in fractions 3 to 5,
corresponding to buoyant densities of 1.43 and 1.45 g/ml,
respectively. Less than 20% of RNA B and of SL and U4
RNAs, but about 50% of U6 RNA, behaved as free RNA
(Fig. 2, fraction 10). The cofractionation of U4 and U6 RNAs
in fractions 3 to 5 supports the notion that they interact in the
form of a U4/U6 snRNP (compare with Fig. 1). Significantly
and in contrast to SL, U4, U6, and RNA B, we found that
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FIG. 2. Isopycnic CsCl gradient centrifugation of T. brucei
snRNPs. Nuclear extract was subjected to CsCl density centrifuga-
tion, and RN As from gradient fractions 1 to 10 (from top to bottom)
were assayed by primer extension. Lane M, Hpall-digested pBR322
marker fragments.

U2 fractionated almost completely as free RNA (Fig. 2,
fraction 10), indicating that the T. brucei U2 snRNP is not
stable under these stringent conditions. The same result was
obtained when S100 extract was fractionated (data not
shown). In sum, with the exception of the U2 snRNP,
complexes of all RNAs tested (SL, U4/U6, and RNA B)
possess salt-stable cores. We therefore conclude that not all
T. brucei snRNPs appear to share the same core domain, in
contrast to the U1, U2, U4/U6, and U5 snRNPs of all other
eucaryotic species examined, which have the Sm domain as
a common core structure.

Domain structure of the SL RNP: the 3’ half of SL RNA
constitutes a core protein-binding domain. The foregoing data
show that in T. brucei extracts, SL RNA exists in the form
of an RNP particle. To investigate which regions of SL RNA
are sites for protein binding, we analyzed the SL RNP by
oligonucleotide-directed RNase H cleavage and protection.
Six oligonucleotides were synthesized, each complementary
to a specific region of the proposed SL RNA secondary
structure (Fig. 3A), and tested for their ability to direct
cleavage of SL RNA. S100 extract (Fig. 3B, lanes S) was
incubated with each oligonucleotide and RNase H at 30°C
for 60 min. In parallel, deproteinized RNA (lanes R) pre-
pared from the same extract was used to determine whether
protection against cleavage was due to either protein binding
or SL RNA secondary structure. Specific cleavage of SL
RNA was assayed by primer extension. The cleavage-
protection patterns produced by each oligonucleotide were
similar under both low- and high-salt conditions (60 and 300
mM KCl, respectively), with different S100 extracts, and
also with nuclear extract (data not shown).

Incubation of extracts with a nonspecific control oligonu-
cleotide did not result in degradation of SL RNA (Fig. 3B,
lanes ctr; the primer extension product of ca. 55 nucleotides
was not SL RNA dependent; data not shown). This was also
the case with oligonucleotide e, which is complementary to
part of the predicted large, central stem-loop of SL RNA
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(lanes e), consistent with the proposed secondary structure;
therefore, we cannot draw any conclusions about protein
binding in this region. In contrast, most of the SL RNA-
specific oligonucleotides were able to induce cleavage of SL
RNA in S100 extract or in RNA prepared from extract (Fig.
3B). Oligonucleotides ¢ and d, complementary to nucleo-
tides 31 to 54 (Fig. 3A), induced complete cleavage of SL
RNA in both extract and deproteinized RNA, yielding the
expected shorter cleavage products (Fig. 3B, lanes c and d).
The small primer extension products of between 30 to 40
nucleotides seen in lane d/R are probably due to cross-
hybridization of oligonucleotide d with nucleotides 109 to
116 (GGGAAUCU, six matches from eight) and 118 to 123
(GAAGGU, five matches from six). We conclude that the
region of SL RNA spanning the 5’ splice site is sufficiently
free of protein to allow oligonucleotide-RNA hybridization
and subsequent cleavage by RNase H. Oligonucleotide a,
complementary to the S’'-terminal 15 nucleotides of the
spliced leader, induced partial cleavage of SL RNA in
deproteinized extract but almost complete cleavage in un-
treated extract, indicating that the end of the spliced leader
is exposed in the SL RNP complex (lanes a).

The proposed secondary structure of the 3’ half of the
trypanosomatid S RNAs consists of a phylogenetically
conserved, single-stranded region flanked by two stem-
loops, reminiscent of the eucaryotic Sm binding site (11). To
test whether this single-stranded region of T. brucei SL RNA
is protected in an extract-dependent manner, we used oligo-
nucleotide f against nucleotides 110 to 121 (Fig. 3A). Depro-
teinized RNA could be completely degraded by oligonucle-
otide fand RNase H, whereas in S100 extract, full protection
against cleavage was observed (Fig. 3B, lanes f). This
striking extract-dependent protection strongly suggests pro-
tein binding within the single-stranded region between the
two 3'-terminal stem-loops. This conclusion was further
supported by the previous result obtained with oligonucleo-
tide d, showing that secondary cleavage sites within the
single-stranded region were protected in S100 extract but not
in free RNA (see above and Fig. 3B, lanes d). Extract-
dependent protection against cleavage was also reproducibly
observed between nucleotides 16 and 27 of the SL, albeit to
a lesser extent (Fig. 3B, lanes b).

On the basis of the evidence of efficient RNase H protec-
tion in the 3’-terminal half of SL RNA (Fig. 3), we next
investigated whether this SL RNA region is sufficient for
core complex stability. First, SL RNA present in T. brucei
S100 extract was cleaved by oligonucleotide d (Fig. 3) and
RNase H. Second, the resulting fragments of the SL RNP
were fractionated by CsCl density gradient centrifugation
and analyzed by primer extension. Two primers were used
to assay for the 3’ and 5’ halves of the S RNA (comple-
mentary to nucleotides 125 to 144 and 31 to 45, respectively).
Figure 4A displays the fractionation of the SL RNP after
control RNase H cleavage with a nonspecific oligonucleo-
tide; intact SL. RNA migrated as a core complex with a
buoyant density of approximately 1.43 g/ml (fractions 3 and
4; compare with Fig. 2). Significantly, after RNase H cleav-
age with the SL RN A-specific oligonucleotide d, the 3’ half
of SL RNA remained in the form of an RNP complex
resistant to the stringent conditions of CsCl density centrif-
ugation (Fig. 4B). The mobility of this residual core complex
was shifted to fractions 1 and 2, corresponding to a buoyant
density of 1.39 g/ml or less. In contrast to the 3’ half, the 5’
half of the SL. RNA was found at the bottom of the CsCl
gradient, behaving as free RNA (Fig. 4C). We conclude
therefore that the 3'-terminal half of SL RNA constitutes a
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FIG. 3. RNase H protection analysis of the T. brucei SL RNP. (A) Proposed secondary structure of 7. brucei SL RNA (11).
Oligonucleotides a to f complementary to SL RNA are shown as solid lines. Arrowheads indicate the approximate positions of
oligonucleotide-directed RNase H cleavage of SL RNA in S100 extract. The 5’ splice site (5'ss) is shown by an arrow. (B) Primer extension
analysis of the SL RNA products after RNase H cleavage in deproteinized extract (lanes R) and S100 extract (lanes S). The oligonucleotides
are specified above the lanes (a to f; ctr, a nonspecific oligonucleotide). Lane M, Hpall-digested pBR322 marker fragments.

domain sufficient for stability of the salt-resistant SL RNP
core.

Reconstitution of the core SL RNP: evidence for common
core protein components of trypanosomal snRNPs. We used a
reconstitution approach to investigate in more detail RNA-
protein interactions in the SL. RNP. RNA-protein binding
reactions in crude S100 extract gave rise to several hetero-
geneously migrating complexes when analyzed by native gel
electrophoresis (data not shown); therefore, reconstitution
was performed in a DEAE fraction enriched in snRNPs (33;
see Materials and Methods). Incubation of 32P-labeled T.
brucei SL RNA in the DEAE fraction followed by heparin
treatment resulted in the formation of one complex (Fig. 5,
lane R). This complex was resistant to increased ionic
strength (400 mM KCl), and its formation depended on
protein since no complex was present after incubation with
deproteinized extract (data not shown).

To assess the authenticity of the reconstituted SL. RNP
complex, we compared its electrophoretic mobility with that
of the endogenous core SL RNP, which was detected by
tagging with a 3?P-labeled 2’-OMe RNA oligonucleotide
(SL-5’) complementary to the 5’ end of SL RNA. Oligonu-
cleotide tagging did not alter the mobility of the SL RNP
complex, as demonstrated by comparison of tagging and
Northern (RNA) analysis (data not shown). As shown in Fig.
S, the reconstituted and the endogenous SL RNP core

complexes were found to comigrate during native gel elec-
trophoresis (compare lanes R and T). A further characteris-
tic of the endogenous core S RNP is its stability during
CsCl density centrifugation (Fig. 4). We confirmed that after
reconstitution, a significant portion of the 3?P-labeled SL
RNA fractionated in the form of an RNA-protein complex
with a buoyant density of 1.43 g/ml (data not shown). This
value compares favorably with the estimated density of the
endogenous SL RNP (Fig. 2). In conclusion, we have
reconstituted an RN A-protein complex which resembles the
endogenous core SL RNP by the criteria of heparin resis-
tance, mobility on native gels, and buoyant density.

Next, we performed reconstitution reactions under com-
petitive conditions to determine the specificity of RNA-
protein binding in the core SL RNP. Addition of a 50-fold
molar excess of unlabeled SL RNA was found to dramati-
cally reduce the amount of specific complex formed; higher
concentrations of competitor almost completely eliminated
complex formation, whereas lower amounts competed only
partially (Fig. 5, panel TbSL, and data not shown). Yeast
tRNA was used as a nonspecific competitor and was found
to have only a very limited effect on reconstitution, even at
a 1,000-fold molar excess (panel tRNA). These results con-
firmed further the specific nature of the reconstituted SL
RNA-protein complex. Since SL. RNAs of trypanosomatids
share a common secondary structure element, we also
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FIG. 4. Mapping of the salt-resistant core domain of the T.
brucei SL. RNP. S100 extract was first incubated with a nonspecific
control oligonucleotide (A) or with the SL RN A-specific oligonucle-
otide d (B and C). The resulting fragments of the SL RNP were then
fractionated by CsCl density gradient centrifugation. Full-length SL
RNA (A) and its 3'- and 5'-terminal cleavage fragments (B and C,
respectively) were detected by primer extension of RNA prepared
from gradient fractions 1 to 10 (from top to bottom). The expected
positions of full-length and cleaved SL RNA are indicated. Lane M,
Hpall-digested pBR322 marker fragments.

competed SL RNA complex formation with SL RNA of
C. fasciculata, a distant relative of T. brucei (37). Competi-
tion of the reconstituted SL. RNP occurred, albeit at a
slightly reduced efficiency compared with T. brucei SL RNA
(panel CfSL), suggesting that C. fasciculata SL. RNA binds
the same protein(s) that interact with the T. brucei SL
RNA.

To determine whether the protein binding observed with
SL RNA is common with the other T. brucei snRNAs, we
extended the competition experiments to T. brucei U2, U4,
and U6 RNAs. Addition of synthetic U2 or U4 RNA to the
binding reaction resulted in competition of SL RNP forma-
tion at levels comparable to those found with SL RNA (Fig.
S, panels U2 and U4). In contrast, U6 RNA was unable to
compete for SL RNP formation (panel U6). These results
suggest that the same protein or set of proteins bind to SL,
U2, and U4 RNAs but not to U6 RNA.

Identification of T. brucei SL RNP core proteins. We next
wanted to identify the protein components of the core SL
RNP. UV cross-linking of 3?P-labeled SL RNA to protein
during in vitro reconstitution failed to detect specific label
transfer to protein (data not shown); therefore, we purified
the endogenous SL RNP from T. brucei S100 extract through
a combination of DEAE chromatography, glycerol gradient
sedimentation, and antisense RNA affinity chromatography.
Our purification strategy is schematically presented in Fig. 6.
The steps prior to RNA affinity selection were necessary to
reduce the amount of contaminating RNA and protein to an
acceptable level (data not shown). At each step of the
procedure, total RNA content was analyzed by polyacryl-
amide gel electrophoresis and silver staining, and the level of
SL RNA was quantitated by primer extension (Fig. 7).
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FIG. 5. Reconstitution of the core SL RNP. 3?P-labeled T. brucei
SL RNA was incubated with DEAE extract, and complex formation
was analyzed by native gel electrophoresis (lane R). Endogenous SL
RNP present in the DEAE extract was detected by 2'-OMe RNA
oligonucleotide tagging (lane T). Lane FP, free SL RNA. The other
panels show the competition of core SL RNP reconstitution by T.
brucei SL RNA (TbSL), yeast tRNA (tRNA), C. fasciculata SL
RNA (CfSL), and T. brucei U2 (U2), U4 (U4), and U6 (U6) RNAs.
The molar excess of unlabeled competitor RNA is indicated. The
position of the reconstituted SL RNP core complex is marked by an
arrowhead.

S100 extract was first fractionated by anion-exchange
chromatography with DEAE-Sepharose (33). The SL RNP
remained bound at 100 mM KCl, whereas ca. 70% of the
protein from the S100 extract was found in the flowthrough
fraction. At 400 mM KCIl, the SL RNP was quantitatively
eluted, resulting in a ninefold purification relative to protein
(data not shown). RNA analysis indicated that high-molec-
ular-weight RNA, 7S RNA, small rRNAs, 5SS rRNA, and
tRNA still contaminated the SL. RN A-containing fractions
(Fig. 7C; compare lanes S and D). To reduce nonspecific
interactions to a minimum, the subsequent purification steps
were performed at increased ionic strength (800 mM KCl).
Our previous experiments had demonstrated that a core SL
RNP remains stable under stringent conditions (Fig. 2 and
4). This was confirmed through 2’-OMe RNA tagging and
Northern hybridization, by which we could detect only one
SL RNP complex in the DEAE fraction (Fig. 5, lane T, and
data not shown).

The DEAE fraction was then subjected to glycerol gradi-
ent sedimentation (Fig. 7A). Primer extension assays of
RNA from the glycerol gradient fractions revealed that the
SL RNP complexes sedimented under these conditions at
around 6S (Fig. 7B). This reduced mobility in sedimentation
of the SL RNP, compared with that under low-salt condi-
tions (Fig. 1A; SL RNA sedimented as an 8S complex), is
consistent with the notion that S RNA was at this purifi-
cation step in the form of a salt-stable core SL RNP.
Analysis of the total RNA content of the gradient fractions
by gel electrophoresis and silver staining showed that 7S
RNA, 5S rRNA, about 75% of tRNA, and a fraction of the
small rRNAs still cosedimented with the SL RNA (Fig. 7A).
In contrast, high-molecular-weight RNA sedimented above
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FIG. 6. Schematic summary of the purification of the T. brucei
SL RNP.

16S, the great majority pelleting under these conditions (Fig.
7A, fractions 10 to 13 and pellet).

For further purification by antisense RNA affinity chro-
matography, gradient fractions 3 to 7 containing the S RNP
were pooled. On the basis of our RNase H protection
experiments (Fig. 3), the nucleotide sequence immediately
following the 5’ splice site of the SL RNP had been found
accessible to hybridization. Therefore, a 2'-OMe RNA oli-
gonucleotide complementary to nucleotides 40 to 54 of SL
RNA (equivalent to DNA oligonucleotide d; Fig. 3A) was
synthesized and biotinylated at its 3’ end. This oligonucleo-
tide was incubated with the pooled gradient fractions, allow-
ing hybridization with the SL RNA and subsequent recovery
of the SL RNP by streptavidin-agarose affinity selection.
The immobilized SL RNP was incubated with urea to elute
the bound proteins and then subjected to SDS and heat
treatment to release the selected RNA, all of which was done
sequentially with the same sample.

Figure 7C (lane sel/SL) shows that an RNA with the
apparent size of SL. RNA was selected, together with only a
very low level of smaller RNA species which could represent
SL RNA degradation products or tRNA. As expected,
selection of this RNA depended on the presence of the SL
RNA-specific oligonucleotide, since no RNA could be de-
tected from a parallel mock affinity selection without oligo-
nucleotide (lane sel/mk). To confirm that the major RNA
species was indeed SL RNA, affinity-purified RNA was
cleaved with a SL-specific DNA oligonucleotide and RNase
H, resulting in the loss of this RNA and the concomitant
appearance of the expected cleavage products (data not
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shown). The efficiency of SL RNP affinity selection was ca.
33%, as determined by primer extension analysis (data not
shown).

Prior to the release of RNA, the affinity-selected material
was treated with urea and the released proteins were sepa-
rated by SDS-polyacrylamide gel electrophoresis (Fig. 7D).
Coomassie staining identified four small polypeptides of
14.8, 14, 12.5, and 10 kDa as well as very faint bands above
the 14.8- and 14-kDa polypeptides (lane sel/SL). None of
these proteins appeared in the mock selection (lane sel/mk).
This was also the case when an unrelated, biotinylated
2’-OMe RNA oligonucleotide was used for affinity selection
(data not shown). For comparison, the protein compositions
of total S100 extract and of the depleted fractions are also
shown (lanes S, dep/mk, and dep/SL). Although we cannot
exclude the possibility that other, less abundant proteins
remain to be identified, the dramatic purification achieved
through this approach provides strong evidence that only a
small set of low-molecular-weight polypeptides is associated
with the core SL RNP.

DISCUSSION

We have presented results on the identification and initial
characterization of snRNP complexes from T. brucei, in
particular on the SL RNP. We found all known spliceosomal
snRNAs of T. brucei (SL, U2, U4, and U6) in the form of
RNA-protein complexes, as had been determined recently
for T. brucei SL and U2 RNAs (33). Similarly to the
mammalian snRNPs, salt-stable core complexes of the SL
RNP and of the U4/U6 snRNP were detected in CsCl
gradients. In contrast, the U2 snRNP behaved differently
and was unstable under these stringent ionic conditions. A
recent study had reported on the stability of core complexes
of the T. brucei SL RNP and U2 snRNP in Cs,SO, gradients
(33). Apparently, only the more stringent conditions of CsCl
density centrifugation (see, for example, reference 24) re-
vealed this striking difference between the mammalian and
the trypanosomal U2 snRNP. We have obtained further
evidence for a special core structure of the trypanosomal U2
snRNP: only the U2 snRNP was unstable at high ionic
strength, whereas the SL RNP and U4/U6 snRNP were in
the form of core particles, as detected by native gel electro-
phoresis and Northern hybridization analysis (17). Similarly
to U6 RNA from other eucaryotes (6, 8, 19, 21), the T. brucei
U6 RNA was identified as a component of the U6 snRNP
and of a larger complex, most likely the U4/U6 snRNP. A
large fraction of U6, but not of U4 RNA complexes, was
dissociated to free RNA under the conditions of CsCl
density gradient centrifugation (Fig. 2). This result is most
likely explained by the instability of the U6 snRNP under
stringent conditions. We have recently identified a protein in
T. brucei extract that binds specifically to the 5’-terminal
domain of U6 RNA and that may be a component of the U6
snRNP (16). In contrast to the mammalian system, in which
most of the U4 and U6 RNAs are in the form of a U4/U5/U6
multi-snRNP (25), our analysis by glycerol gradient sedimen-
tation has so far given no indication of a larger, U4/U6-
containing snRNP complex in T. brucei. Although no US
RNA analog is known in T. brucei (36), we cannot rule out
the possibility that there is an additional spliceosomal sn-
RNA without any strong homology to U5 RNA, that a
putative T. brucei multi-snRNP represents only a minor
snRNP fraction, or that it is not stable under our fractiona-
tion conditions.
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FIG. 7. Affinity purification of the T. brucei SL RNP and identification of its protein components. (A) Glycerol gradient sedimentation of
the SL RNP-containing DEAE fraction from 50 ml of T. brucei S100 extract. Gradient fractions 1 to 13 (from top to bottom) were analyzed
for RNA composition by denaturing gel electrophoresis and silver staining. In addition, RNA from the pelleted material (lane P) and from 10
nl of the DEAE fraction before glycerol gradient sedimentation (lane T) were analyzed. The major RNAs identified by their electrophoretic
mobility are indicated at the left (small rRNAs [srRNAs]), and the positions of the size markers (5SS and 16S) are shown at the top. (B) Analysis
of the SL RNA distribution across the glycerol gradient by primer extension. (C) RNA analysis of SL RNP affinity purification. Gradient
fractions containing the SL RNP (fractions 3 to 7) were pooled and subjected to affinity selection, using a 2'-OMe RNA oligonucleotide
complementary to SL RNA (lanes SL). As a control, a mock affinity selection was done in the absence of oligonucleotide (lanes mk). RNA
from 10 pl of 7. brucei S100 extract (lane S), 10 ul of the DEAE fraction (lane D), 10 pl of the unbound fractions after affinity selection (dep),
and all the affinity-selected material (sel) was analyzed by denaturing gel electrophoresis and silver staining. The affinity-selected material was
equivalent to 5 x 10'° cells. The position of the SL RNA is indicated at the right. (D) Protein analysis of affinity-purified SL RNP. Bound
proteins (from the equivalent of 5 x 10'° cells) were released from the affinity-purified SL RNP and analyzed by SDS-polyacrylamide gel
electrophoresis and Coomassie blue staining (sel, lane SL). As a control, protein analysis of the mock selection (5 X 10° cell equivalents) was
included (sel, lane mk). For comparison, the protein composition of 4 ul of S100 extract (lane S) and of 4 ul of unbound fractions after affinity

selection (dep) is shown. Lane M, protein molecular weight markers (sizes in kilodaltons are indicated on the right).

Since the SL RNP is unique to the zrans-splicing mecha-
nism, we concentrated our further characterization of try-
panosomal snRNPs on this RNP complex, which by the
criteria of sedimentation and CsCl density centrifugation
also appeared most homogeneous among the T. brucei
snRNPs. We mapped two regions in the S RNP that are
protected against RNase H in an extract-dependent manner:
one in the 5'-terminal region (Fig. 3, oligonucleotide b) and
one in the single-stranded region between the central and
3’-terminal stem-loops (oligonucleotide f). These regions
may thus contain sites for protein binding or for interaction
with another snRNP. Significantly, oligonucleotide b dem-
onstrated protection of the SL RNP in a region previously
proposed to interact with the U2 snRNP (51). Although we
did not detect an SL-U2 snRNP complex in gradient-frac-
tionated snRNPs, in crude extract the U2 snRNP or a
protein factor may interact with the SL RNP. Of potential
significance for the trans-splicing mechanism is our finding
that within the SL RNP, the 5’ splice junction was accessible

to RNase H probing (Fig. 3, oligonucleotides ¢ and d). This
result is in agreement with the finding that nucleotides 17 to
60 of the SL. RNA are accessible in permeabilized T. brucei
cells (52).

A comparison of the sequences from a variety of trypano-
some and nematode species revealed that the 3’ half of the
SL RNA can be folded into a conserved secondary structure
consisting of two stem-loops separated by a single-stranded
region (11). In some species, for example, Caenorhabditis
elegans or C. fasciculata, this single-stranded region con-
tains an A(U),G sequence conforming to the Sm binding
motif (28); other species, such as T. brucei, have a single
cytidine interspersed in the U stretch of an Sm-like sequence
(AUCUG, nucleotides 113 to 117; Fig. 3A). There are
naturally occurring, functional Sm binding sites where the U
stretch is interrupted by other nucleotides (for a review, see
reference 18). In addition, an extensive genetic analysis of
yeast U5 RNA demonstrated that the Sm binding site is
surprisingly tolerant to mutation (23). Does therefore the
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3’-terminal domain of all SL RNPs constitute the equivalent
of the Sm domain? The C. elegans SL RNP is in fact
immunoprecipitated by anti-Sm antibodies (49, 54), and
synthetic nematode SL. RNA can associate with Sm antigen
when incubated in nematode extract (30). The latter study
also provided evidence for a role of the Sm proteins in the
nematode ‘rans-splicing reaction, underlining the impor-
tance of this SL RNP domain. In contrast, the T. brucei SL
RNP is not Sm immunoprecipitable from T. brucei extract
(33). We have presented two lines of experimental evidence
that in T. brucei this conserved region is indeed a protein-
binding domain. First, the T. brucei SL. RNP is protected
against RNase H in this single-stranded region. Second, we
found that after oligonucleotide-directed RNase H cleavage
of the SL RNP, only the 3’-terminal fragment retains RNP
stability under stringent conditions. On the basis of the
density of the SL RNP core complex (1.43 g/ml), we estimate
a protein/RNA ratio of 70:30 (44). The 3’-terminal fragment
of the SL RNP obtained after RNase H cleavage with
oligonucleotide d has a density of at most 1.39 g/ml. Assum-
ing that none of the core proteins were lost, the protein/RNA
ratio of the 3’-terminal S RNP domain would change to
70:21 and its density would change to 1.388 g/ml. From the
agreement between the observed and calculated densities, it
seems likely therefore that all of the proteins of the SL RNP
core complex remain associated with the 3'-terminal RNA
domain.

We also performed in vitro reconstitution and competition
experiments to identify potential common trypanosomal
snRNP proteins. First, this approach yielded evidence that
the SL RNP core structure may be conserved between T.
brucei and C. fasciculata. Although the C. fasciculata SL
RNA contains a functional Sm binding site when assayed in
mammalian extract (11), the SL RNP is not immunoprecip-
itated from Crithidia extract by Sm antibodies (our unpub-
lished observations). The trypanosome SL. RNPs therefore
appear to possess a core domain which, although antigeni-
cally distinct from, shows certain similarities with the Sm
domain of other eucaryotic snRNPs, namely, RNA second-
ary structure and stable protein binding. The development of
an in vitro trans-splicing system derived from trypanosomes
will be required to evaluate the possible functional signifi-
cance of this domain in trans splicing. Second, competition
assays demonstrated that the same protein or set of proteins
bind to the T. brucei SL, U2, and U4 RNAs, suggesting that
the SL RNP and the U2 and U4/U6 snRNPs have similar
core structures. Indeed, both U2 and U4 RNAs have the
potential to form a 3’ domain with a secondary structure
similar to that of the SL RNA, that is, a single-stranded
region flanked by stem-loops, although no obvious sequence
similarities can be identified between them. Significantly,
despite this evidence for a common core RNA-protein
domain, the U2 snRNP differs from the S RNP and the
U4/U6 snRNP with respect to its instability under conditions
of high ionic strength. Whether this reflects the absence of
certain core protein components in the U2 snRNP or U2
RNA-specific protein-binding determinants can be defini-
tively decided only after the biochemical analysis of purified
T. brucei snRNPs. It will be of particular interest to analyze
in more detail the structure, protein composition, and inter-
actions of the T. brucei U2 snRNP, since this particle
appears to have specially adapted to the requirements of the
trans-splicing mechanism and may thus reveal some of the
specific features of this RNA processing reaction.

Finally, by purifying the salt-stable core SL. RNP through
antisense RNA affinity chromatography, we were able to
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identify a small set of SL RNA-associated low-molecular-
weight proteins. It is very unlikely that these proteins are
degradation products since the purification is reproducible;
in addition, we have recently identified some proteins of the
same apparent molecular weights as components of the core
U2 and U4/U6 snRNPs (41). We note that this result differs
from a recent analysis of the proteins copurifying with the
SL RNP through a highly stringent procedure (33); our
purification scheme is relatively straightforward and most
effective through the use of antisense RNA affinity chroma-
tography. Since it relies on RNA sequence-specific selec-
tion, it demonstrates directly that the proteins identified are
specific components of the SL. RNP. Because of the different
experimental strategies used, the set of low-molecular-
weight proteins that we identified could not have been
detected by the previous approach. Unfortunately, the re-
covery of RNA and protein after affinity chromatography is
not quantitative; therefore, we cannot determine the stoichi-
ometry of protein to RNA in the core SL RNP. Neverthe-
less, from the observed density of the core particle, we
estimate a total mass of 87 kDa for the SL RNA-associated
proteins (44). By assuming a 1:1 stoichiometry, the observed
total mass of the proteins copurifying with the SL RNA is
51.3 kDa. This implies either that the SL RNP core proteins
are not complexed in equimolar amounts or that we have not
yet identified them all by this procedure. We are currently
analyzing in more detail the structural organization of the SL
RNP, in particular its relationship with the other trypanoso-
mal snRNPs. To assess homologies with the known eucary-
otic snRNP proteins, we are also working on molecular
cloning of the T. brucei genes for the newly identified snRNP
proteins.
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