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Trypanosomes use trans splicing to place a common 39-nucleotide spliced-leader sequence on the 5' ends of
all of their mRNAs. To identify likely participants in this reaction, we used antiserum directed against the
characteristic U RNA 2,2,7-trimethylguanosine (TMG) cap to immunoprecipitate six candidate U RNAs from
total trypanosome RNA. Genomic Southern analysis using oligonucleotide probes constructed from partial
RNA sequence indicated that the four largest RNAs (A through D) are encoded by single-copy genes that are
not closely linked to one another. We have cloned and sequenced these genes, mapped the 5' ends of the encoded
RNAs, and identffied three of the RNAs as the trypanosome U2, U4, and U6 analogs by virtue of their sequences
and structural homologies with the corresponding metazoan U RNAs. The fourth RNA, RNA B (144
nucleotides), was not sufficiently similar to known U RNAs to allow us to propose an identity. Surprisingly,
none of these U RNAs contained the consensus Sm antigen-binding site, a feature totally conserved among
several classes of U RNAs, including U2 and U4. Similarly, the sequence of the U2 RNA region shown to be
involved in pre-mRNA branchpoint recognition in yeast, and exactly conserved in metazoan U2 RNAs, was
totally divergent in trypanosomes. Like all other U6 RNAs, trypanosome U6 did not contain a TMG cap and
was immunoprecipitated from deproteinized RNA by anti-TMG antibody because of its association with the
TMG-capped U4 RNA. These two RNAs contained extensive regions of sequence complementarity which
phylogeneticaily support the secondary-structure model proposed by D. A. Brow and C. Guthrie (Nature
[London] 334:213-218, 1988) for the organization of the analogous yeast U4-U6 complex.

Eucaryotic cells contain many small nuclear (sn) U RNAs
complexed in vivo with proteins to form ribonucleoprotein
(RNP) particles termed snRNPs (3, 9). Individual snRNPs
are distinguished by the U snRNA species they contain and
by their complement of unique and shared protein antigens
(2, 6, 40). Eleven U snRNAs have been detected in mam-
mals; eight of these (Ul through U8) have been isolated and
sequenced (21, 41, 42). They are abundant RNAs (104 to 106
copies per cell) ranging in size from 57 to 216 nucleotides (nt)
and are usually encoded by multicopy gene families. With
the exception of U6, the U snRNAs are characteristically
capped at their 5' termini by 2,2,7-trimethylguanosine
(TMG). In Saccharomyces cerevisiae, 24 U snRNA species
have been identified; these are approximately 100-fold less
abundant than their metazoan counterparts, range in size
from 70 to 1,000 nt, and, except for the U3 analog, are
encoded by single-copy genes (1, 36, 43, 59). Several of the
yeast U RNA genes have been shown genetically to be
necessary for cellular viability (3, 8, 22, 38, 50, 51). The
indispensable yeast U RNAs (Ul, U2, U5, and U4-U6)
belong to the subclass whose snRNPs are immunoprecipita-
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ble by autoimmune antisera having Sm specificity (44).
These Sm snRNPs play essential roles in the processing of
nuclear mRNA precursors in both metazoa and yeasts; in
vitro, each is required for formation of the 40- to 60S
pre-mRNA splicing complex, or spliceosome, which carries
out the reactions leading to the excision of introns and
ligation of exons (3, 30, 49).
Trypanosome mRNAs differ significantly in formation and

structure from those of most other eucaryotes. All trypano-
some mRNAs share an identical 39-nt noncoding leader
sequence at their 5' ends termed the spliced leader (SL; 14,
37). The SL is encoded not by these structural genes but
rather by a highly reiterated and tandemly organized family
of SL genes (13, 33) which are transcribed to produce a
primary transcript of 139 nt (10, 20, 31). This SL RNA
contains the 7-methylguanosine-capped SL sequence at its 5'
end (39) followed by a consensus 5' splice site dinucleotide,
GU. Although little is known of the detailed structure of
structural-gene primary transcripts in trypanosomes, it is
clear that they contain a single exon which is immediately
preceded at its 5' end by a consensus 3' splice site dinucle-
otide, AG; it is at this location that the SL is found in the
mature mRNA. To date, no trypanosome gene that is
interrupted by a conventional intervening sequence has been
found.
The SL RNA acts as a 5' exon donor in an intermolecular

or trans-splicing reaction which places the SL on structural
gene transcripts (32, 55). As in cis splicing, the first step in
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the reaction is thought to be cleavage at the 5' splice site
coupled to formation of a 5'-2' phosphodiester branched
intermediate containing the SL RNA intron and structural
gene intron-exon. In trypanosomes, this intermediate has a
Y rather than a lariat structure, since the intervening se-
quence separating the SL and structural-gene exons is com-
posed of introns derived from two primary transcripts.
These findings suggest that the basic biochemical reac-

tions involved in cis and trans splicing are related and are
probably mediated by spliceosomes containing similar U
snRNPs (48). Formation of a trans spliceosome, however,
would require the recognition, assembly, and juxtaposition
of two distinct substrate RNAs into one complex; these
functions might be carried out by a novel U snRNP(s) unique
to trans-splicing organisms or by a common U snRNP(s) that
has developed additional functions. To examine this hypoth-
esis, we have begun to identify and characterize trypano-
some U RNAs-RNPs and to define their roles in trans
splicing. This report describes six candidate TMG-capped U
RNA species in Trypanosoma brucei and the cloning and
sequencing of four of the corresponding single-copy genes.
These data definitively identify three of these RNAs as the
trypanosome U2, U4, and U6 analogs.

MATERIALS AND METHODS

RNA and DNA preparation. IsTat L.A or 1.1 bloodstream
trypanosomes (53) were prepared as described previously
(32). Trypanosomes were collected by centrifugation, sus-
pended in a minimal volume of phosphate-buffered saline-
glucose, and lysed by addition of 10 volumes of lysis buffer
(120 mM NaCl, 10 mM EDTA, 25 mM Tris hydrochloride
[pH 7.5], 2% Sarkosyl [27]) containing 1 mg of proteinase K
per ml. The lysate was incubated at 37°C for 90 min and
extracted with equal volumes of phenol-chloroform and
chloroform; the nucleic acids were then precipitated by the
addition of 2.5 volumes of ethanol. After RNase A digestion
(0.1 mg/ml, 37°C, 60 min), DNA was extracted and precip-
itated as described above. Alternatively, RNA was purified
in the same manner after digestion with DNase 1 (0.05
mg/ml, 37°C, 90 min) in 20 mM Tris hydrochloride (pH 7.5),
10 mM CaCl2, and 0.5 mg of proteinase K per ml (58). RNA
was also prepared by the LiCl-urea and guanidine thiocya-
nate-CsCl centrifugation procedures as described previously
(32); no qualitative differences were noted in the anti-TMG
immunoprecipitation patterns obtained with the three types
of RNA preparation.
RNA immunoprecipitation, end labeling, and sequencing.

Total RNA (2 mg) and anti-TMG immunoglobulin G (0.3 mg)
(28) were incubated on ice for 60 min in 1 ml of 50 mM Tris
hydrochloride (pH 7.4)-150 mM NaCI-1 mM EDTA-0.05%
Nonidet P-40. A 5-mg (0.2-ml) amount of swollen protein
A-Sepharose was added, and incubation was continued for
30 min. Immune complexes were pelleted by centrifugation
and washed 10 times in the same buffer by centrifugation.
The final pellet was digested with proteinase K (2 mg/ml,
37°C, 30 min) in 0.2 ml of lysis buffer; after centrifugation,
the supernatant was deproteinized as described above and
extracted with diethyl ether; RNA was precipitated with
ethanol.
RNA samples were 3' end labeled with [5'-32P]pCp (3,000

Ci/mmol; Dupont, NEN Research Products, Boston, Mass.)
and T4 RNA ligase (Pharmacia Fine Chemicals, Piscataway,
N.J.) as described by England et al. (15). Alternatively, after
removal of the terminal cap with tobacco acid pyrophos-
phatase (Promega Biotech), RNA samples were 5' end

labeled with [y-32P]ATP (3,000 Cilmmol; Dupont, NEN) and
polynucleotide kinase (39). End-labeled RNAs were frac-
tionated on an 8% acrylamide-7 M urea sequencing gel;
individual RNAs were excised from the gel and recovered by
elution into 0.5 M ammonium acetate, 0.2% sodium dodecyl
sulfate, and 0.4 mM EDTA. The filtered eluate was extracted
twice with phenol-chloroform and diethyl ether, and the
labeled RNA was ethanol precipitated in the presence of 1
,ug of tRNA carrier. Equal portions of each RNA were
partially digested with base-specific RNases Ti (G), U2 (A),
CL3 (C), Phy M (A+U), and Bacillus cereus (C+U) as
recommended by the supplier (Bethesda Research Labora-
tories, Inc., Gaithersburg, Md.). The sequencing reactions
were resolved on 8 and 16% acrylamide-7 M urea gels and
visualized by autoradiography.

Oligonucleotide probes complementary to portions of the
enzymatically determined RNA sequences were synthesized
by, and were the kind gift of, P. Barr of Chiron Corp. The
following oligonucleotides were used: RNA A-1, 5'-CTGA
TAAGAACAGTTTAATAAC; RNA B-3, 5'-TTATTTCTC
ATTTRARAGGTT; RNA C-2, 5'-AAA(G/T)TTTCCCCGA
AGAGTACCGG; and RNA D-1, 5'-TCTTCTCTGTTGAA
TTTCC.
Northern and Southern hybridizations. For Northern

(RNA) analysis of small RNAs, 10 ,ug of total RNA was
electrophoresed on an 8% polyacrylamide-7 M urea gel and
electroblotted to a Nytran membrane (Schleicher & Schuell,
Inc., Keene, N.H.). Genomic Southern analysis using 5 ,ug
of DNA per lane was performed as described previously
(52). Hybridization probes were prepared by 5' end labeling
20 pmol of each oligonucleotide with [_y-32P]ATP and poly-
nucleotide kinase (29). Membranes were hybridized at 37°C
with 107 cpm of probe in 5x SSC (SSC is 0.15 M NaCl plus
0.015 M sodium citrate) (29), 0.25% Sarkosyl, and 100 ,ug of
heparin per ml. After hybridization, the filters were washed
three times at room temperature and once at 45°C in 5x
SSC-0.1% sodium dodecyl sulfate. Hybridization and wash
conditions were the same for both Northern and Southern
blots with each of the probes.

Isolation and sequencing of U RNA genomic clones. Recom-
binants containing the RNA A, B, and D genes were isolated
from a T. brucei IsTat 1.1 genomic library in X1059 by plaque
hybridization using the corresponding oligonucleotide
probes. An RNA C genomic clone was isolated by colony
hybridization from a minilibrary constructed in pUC19 from
HindIII-digested genomic DNA which had been size se-
lected to contain the 5.5-kilobase-pair fragment that hybrid-
ized most strongly with the RNA C-2 probe (see Fig. 3).
DNA was isolated and purified from bacteriophage and

plasmid clones as described elsewhere (29). Small restriction
enzyme fragments, 300 to 400 base pairs, containing the U
RNA coding region were subcloned in both orientations in
M13mpl8 or -mpl9 and fully sequenced by the dideoxy
method of Sanger et al. (47). The fragments that were
subcloned and sequenced for each U RNA gene and their
designations are as follows: RNA A, 384-nt AccI fragment,
M13-AA1 and -AA2; RNA B, 300-nt DdeI/HaeIII fragment,
M13-BD2 and -BD4; RNA C, 368-nt AluI fragment, M13-
CA22 and -CA11; and RNA D, 342-nt HaeIII fragment,
M13-U619 and -U6H1. In each case, the first M13 clone
designated contained the U RNA coding strand.
The 5' ends of RNAs B through D were mapped by primer

extension sequencing from total RNA as described by Mur-
phy et al. (32). The 3' ends of these RNAs were approxi-
mately determined on the basis of the known positions of the
5' ends and the sizes of the RNAs estimated from a sequenc-
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FIG. 1. Identification of candidate trypanosome U RNAs by
immunoprecipitation. Trypanosome or mouse NSO myeloma cell
total RNA was incubated with anti-TMG serum, and immune
complexes were collected with protein A-Sepharose. Total and
precipitated RNAs were 3' 32P end labeled and electrophoresed on
an 8% polyacrylamide-7 M urea gel. Lanes: 1, total T. brutcei RNA;
2, immunoprecipitated T. brucei RNA; 3, total mouse myeloma
RNA; 4, immunoprecipitated mouse myeloma RNA.

ing gel calibrated with SS and 5.8S trypanosome rRNAs and
HpaII-digested pBR322 DNA size standards. We believe
that the positioning of the 3' ends in this manner is accurate
to within a few nucleotides.

RESULTS

Immunoprecipitation of trypanosome RNAs by anti-TMG
antiserum. Candidate U RNAs were isolated by immunopre-
cipitation from total RNA by using polyclonal antiserum
directed against the characteristic U snRNA TMG cap (Fig.
1). The autoradiographic pattern of end-labeled total try-
panosome RNA before immunoprecipitation (lane 1) was
identical to the ethidium bromide staining pattern and re-
vealed a number of putative tRNA species of 70 to 90 nt and
the five abundant small ribosomal RNAs unique to kineto-
plastid protozoa. Immunoprecipitation with anti-TMG anti-
serum (lane 2) identified six candidate trypanosome U RNAs
(arbitrarily labeled A through F) of approximately 150 nt (A
and B), 110 nt (C), 95 nt (D), 85 nt (E), and 75 nt (F). As a

positive control for antibody specificity, we also examined
the pattern of RNAs immunoprecipitated by this antiserum
from mouse myeloma cell total RNA (lane 4). The precip-
itated RNAs had the sizes expected for the most abundant
TMG-capped metazoan U snRNAs: Ul, U2, U4, and U5
RNAs as well as the nucleolar U3 RNA. All candidate
trypanosome U RNAs differed in size from their metazoan
analogs.
Although this work focused on RNAs A through D, the

region of RNAs E through F in lane 2 contained at least three
RNA species that were not resolved in this gel (data not
shown). Furthermore, no RNAs of these exact sizes were

observed in end-labeled total RNA. Thus, immunoprecipita-
tion with anti-TMG cap antibody highly enriched for at least
seven trypanosome RNA species that are relatively rare in
total RNA.

Partial sequencing of candidate U RNAs and isolation of the
cognate genes. Total immunoprecipitated RNA was 5' or 3'
end labeled and fractionated on a preparative sequencing
gel. RNAs A through D were eluted from gel slices and
subjected to enzymatic RNA sequencing analysis (Fig. 2).
Although it was not possible to determine the complete
sequence of any of these RNAs because of sequencing
ambiguities caused by nucleotide modifications and RNA
secondary structure, this analysis did allow us to identify
regions of relatively unambiguous sequence of sufficient
length to permit the synthesis of complementary oligonucle-
otide probes (see Materials and Methods). To verify the
specificity of these probes, each oligonucleotide was 5' 32p
end labeled and hybridized with a single lane from a North-
ern blot of total trypanosome RNA. Each probe hybridized
specifically with a single RNA species of the expected size
(data not shown).
The genes encoding RNAs A through D were identified by

genomic Southern analysis using the oligonucleotide probes
(Fig. 3). Oligonucleotides A-1, B-3, and D-1 hybridized with
a single DNA restriction fragment of variable size in each of
five enzymatic digests, which suggested that these RNAs are
encoded by single-copy genes that are not closely linked.
Although oligonucleotide C-2 hybridized with several re-
striction fragments in each digest, in every case one frag-
ment hybridized more strongly than did the others. Subse-
quent Southern analysis using the cloned RNA C gene as a
probe detected only the strongly hybridizing fragment in
each digest, which indicated that RNA C is also encoded by
a single-copy gene (data not shown).

X1059 bacteriophage clones containing the RNA A, B, or
D gene were isolated from a T. brucei genomic library by
using the oligonucleotide probes. The RNA C gene was
isolated from a pUC19 library constructed with the 5- to
6-kilobase fraction of HindIll-digested genomic DNA by
using the RNA C-2 probe. Small restriction fragments (300 to
400 base pairs) containing each candidate U RNA gene were
subcloned into M13 vectors, and each was sequenced on
both strands (see below).
To map the U RNA coding regions within the sequenced

DNA subclones, we analyzed the 5' ends ofRNAs B through
D by primer extension dideoxy sequencing, using the respec-
tive oligonucleotides to prime synthesis from total RNA.
The RNA A 5' terminus was not mapped since it has been
determined for the analogous Trypanosoma brucei subsp.
gambiense RNA (56). Primer extension reactions were ana-
lyzed in parallel with sequencing reactions obtained with the
same primer and the M13 subclone containing the respective
noncoding strand. Both the RNA B and C reverse transcript
sequences were colinear with the corresponding DNA se-
quences and showed strong stops at the last two positions of
a CTT triplet (Fig. 4). Therefore, both the RNA B and C 5'
ends begin with the same trinucleotide, AAG, and are
positioned within the DNA sequence as indicated in Fig. 5.
The RNA D reverse transcript sequence showed strong
stops at a location corresponding to a GG dinucleotide in the
noncoding-strand sequence. Although the sequences derived
from both the RNA and the DNA templates contained
identical ambiguities just 3' of these stops, the DNA sub-
clone sequence immediately 5' to these stops was clear and
allowed us to position the 5' end of RNA D as shown in Fig.
5.
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FIG. 2. Partial enzymatic sequence determination of RNAs A through D. Trypanosome RNAs immunoprecipitated by anti-TMG serum

were 32p end labeled, separated on a sequencing gel, individually eluted, and subjected to partial di,gestion with base-specific RNases. RNase
digests were resolved by electrophoresis on 8% (RNA B) or 16% (RNAs A, D, and C) polyacrylamide-7 M urea sequencing gels. Shown are
autoradiographs of sequencing ladders generated with 5'-32P-end-labeled RNAs A, B, and D and 3'-32P-end-labeled RNA C. Lanes: L,
alkaline partial hydrolysis ladder; G, guanine-specific RNase Ti ladder; A, adenine-specific RNase U2 ladder; AU, adenine-uridine-specific
RNase Phy M ladder; UC, uridine-cytosine-specific RNase B. cereus ladder; C. cytosine-specific RNase CL3 ladder; E-, no enzyme control.
RNA sequences indicated adjacent to each panel are those for which complementary oligonucleotides were synthesized as hybridization
probes (see Materials and Methods).

The RNA A, C, and D genes encode the trypanosome U2,
U4, and U6 RNA analogs. Comparison of the trypanosome
RNA A through D gene sequences with U snRNA gene
sequences present in the structural RNA data base of the
GenBank Genetic Sequence Data Bank revealed that the
RNA A, C, and D coding regions had considerable sequence
homology with metazoan U2, U4, and U6 snRNAs, respec-
tively (>50% identity). The sequence of the T. brucei subsp.
brucei RNA A gene (data not shown) was almost identical to
the sequence of a small RNA gene isolated from T. briucei
subsp. gambiense, also identified as encoding U2 (56). The
sequences differed only by a single C-to-T transition within
the coding region at nt 134 and a C-to-G transversion at nt
+89 in the 3'-flanking region. The computer-optimized align-
ments (using the program Malign) of the RNA C and D
coding sequences with the corresponding Drosophila U4 and
U6 RNA genes (12, 46) are shown in Fig. 5B and C,
respectively. Search of the data base with the RNA B coding
sequence revealed limited sequence homologies with several
metazoan U RNA genes; the most statistically significant
alignment was obtained with rat U3b RNA (54). Although we
do not believe that these data are sufficiently definitive to
identify RNA B as the trypanosome U3 analog (see below),
we also present this sequence alignment (Fig. SA).
The sequence of trypanosome U4 RNA (111 nt; Fig. SB)

was the least evolutionarily conserved of the three identified

U RNAs. It was 57% identical to the 143-nt Drosophila U4
RNA after the introduction of 11 and 5 single-nucleotide
gaps, respectively, in the two sequences. There were three
blocks of sequence identity between the RNAs: 9 of 10 nt
from positions 5 through 15, 8 of 9 nt from positions 33
through 41, and 5 of 5 nt from positions 49 through 53. Each
of these conserved regions is hypothesized to be involved in
intermolecular base pairing with U6 RNA. Trypanosome U4
was 33 nt smaller than Drosophila U4 and is the smallest U4
RNA yet identified. The 5' ends of the two RNAs aligned
reasonably well, and almost the entire size difference is
attributed to a 30-nt section missing from the 3' end of the
protozoan RNA (Fig. SB). This deletion began at a position
corresponding to the Sm antigen-binding site (RAUnGR) in
Drosophila U4, a sequence that was absent from the try-
panosome analog. Interestingly, sequence divergence be-
tween the trypanosome and Drosophila U2 RNAs also began
precisely at the position of the Drosophila U2 Sm-binding
site; trypanosome U2 RNA did not contain this sequence
(data not shown).
Trypanosome U6 RNA (99 nt) was 69% identical to its

Drosophila analog (106 nt) after allowance for eight single-
nucleotide gaps in the trypanosome sequence and one in the
Drosophila sequence (Fig. SC). There were three blocks of
perfect identity between the RNAs: 6 nt from positions 7
through 12, 16 nt from positions 37 through 52, and 12 nt
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FIG. 3. Identification of genes encoding RNAs A through D. Trypanosome genomic DNA (5 ,ug) was digested with five different restriction
endonucleases, and the digests were electrophoresed on a 0.8% agarose gel, transferred to a Nytran membrane, and hybridized with
5'-32P-end-labeled oligonucleotide probes A-1, B-3, C-2, and D-1 in panels RNA A through D, respectively. Lanes: M, 32P-labeled DNA size
markers (lambda DNA digested with HindlIl and pBR322 DNA digested with EcoRI-AvaI and BamHI-AvaI); 1 through 5, trypanosome DNA
digested with EcoRI, HindlIl, BamHl, PstI, and HinclI, respectively.

from positions 57 through 68. The extensive sequence ho-
mology (-90% identity) in the central region (nt 37 through
68) of these molecules is also shared with all other U6 RNAs
that have been sequenced and has been hypothesized to
reflect the presence of a site of U4-U6 intermolecular base
pairing.
The trypanosome RNA B gene encodes an unidentified U

RNA. The 144-nt RNA B was not sufficiently similar to any
of the major U RNAs whose trypanosome counterparts have
not been identified (Ul, U3, U5, U7, and U8 RNAs) or to
four sequenced nonessential yeast U RNAs (snR3, snR5,
snR8, and snR9; 36) to allow assignment of its identity.
Although the RNA B sequence could be aligned at 63% of its
positions with identical residues in the 215-nt rat U3b
sequence (Fig. SA), most of these residues occurred in
blocks of three or fewer contiguous nucleotides which were

often separated by large gaps. Most relevant to the proposi-
tion that RNA B may be the trypanosome U3 equivalent are

the results of sequence and secondary-structure compari-
sons of the U3 RNAs from a number of eucaryotes (17, 34).
These phylogenetic comparisons have shown that although
the generic U3 sequence is poorly conserved in its entirety,
four blocks of primary sequence (boxed in Fig. SA), and the
overall secondary structure, are much more strongly con-
served. The RNA B sequence contained a good match to
only one of the four regions of conserved sequence (7 of 9 nt
in box C), and it could not be folded into the consensus U3
secondary structure. Therefore, if RNA B is the trypano-
some U3 analog, it has diverged much further from its
metazoan and yeast counterparts than have the other try-
panosome U RNAs identified in this study.
As described for U3 RNA, comparisons of the metazoan

and yeast U1-snR19 (22, 51) and U5-snR7 (38) RNAs have

shown that although the generic Ul and U5 sequences are
only poorly conserved, certain domains of strict primary-
sequence and secondary-structure conservation are present.
RNA B contained none of the conserved primary- or sec-
ondary-structure motifs revealed in these comparisons, nor
did it contain a consensus Sm antigen-binding-site sequence.
However, at least as judged by the criterion of possessing a
TMG cap, RNA B is a legitimate U RNA (see below).
Trypanosome U6 RNA does not contain a TMG cap. Among

the U snRNAs analyzed to date, U6 has a unique set of
properties: it does not contain the characteristic TMG cap
(7), it is transcribed by RNA polymerase III (23), it is the
only U RNA known to be essential for pre-mRNA process-
ing that lacks an Sm antigen-binding site (4), and it is found
in vivo both as a free snRNP and as an intermolecularly base
paired component of the U4-U6 snRNP (5, 8, 16, 50). It is
because of its association with U4 RNA, which contains
both an Sm antigen-binding site and a TMG cap, that
metazoan and yeast U6 RNAs can be immunoprecipitated
from nuclear extracts by anti-Sm and anti-TMG sera and
from deproteinized RNA by anti-TMG serum.
To determine whether trypanosome U6 RNA also lacks a

TMG cap and to verify that the trypanosome U4 and B
RNAs contain this cap, we examined the anti-TMG immu-
noprecipitability of the individual RNAs isolated from total
RNA by hybrid selection. Trypanosome U2 RNA has been
shown to contain a TMG cap (56) and was not included in
this analysis. Figure 6 shows each isolated RNA fraction
before incubation with antibody (initial) as well as the RNAs
immunoprecipitated by the anti-TMG serum (pellet) and
those remaining in the supernatant. Both the hybrid-selected
B and U4 RNAs were found predominantly in the pellet after
immunoprecipitation, whereas U6 RNA was found exclu-
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FIG. 4. Primer extension mapping of the 5' ends of RNAs B, C, and D. Trypanosome total RNA (25 p.g) was annealed with
5'-32P-end-labeled oligonucleotides B-3, C-2, and D-1 (panels RNA B through D, respectively), divided into five equal portions, and extended
by avian myeloblastosis virus reverse transcriptase in the absence (lane 5) or presence (lanes 6 through 9) of dideoxynucleotide GTP, ATP,
TTP, and CTP. The same primers were annealed with M13 subclones containing the respective noncoding DNA strand and extended by
Klenow polymerase in the presence of the same dideoxynucleotide triphosphates (lanes 1 through 4). The RNA sequence predicted by the
cDNA sequence is shown on the right of panels RNA B and C, and the predicted noncoding-strand DNA sequence extending upstream from
position -2 is shown to the left of panel RNA D.

sively in the supernatant. The trypanosome B and U4 RNAs
must, therefore, contain a TMG cap. Conversely, these data
and those of Fig. 1 (lane 2) indicate that although U6 RNA
can be precipitated from total trypanosome RNA by anti-
TMG antiserum, the isolated RNA itself is not precipitable.
Therefore, like all other U6 RNAs examined, the trypano-
some analog is not capped with TMG and hence must
associate, presumably through intermolecular base pairing,
with another U RNA which is. In other organisms this RNA
is, of course, U4. The extensive sequence complementarity
between the trypanosome U4 and U6 RNAs (see Discussion)
suggests that this is also the case in trypanosomes.

DISCUSSION
The experiments described here were undertaken to iden-

tify molecular components likely to be involved in the
formation and functioning of the trans-splicing apparatus in
trypanosomes. Since trans and cis splicing appear to be
mechanistically related, it is probable that U RNAs essential
for cis splicing might also be used in trans splicing. We have
therefore identified U RNA species in T. brucei by immuno-
precipitation with antiserum specific for the U RNA TMG
cap. The six RNAs identified in these experiments represent
the minimum number of immunoprecipitable RNAs, since
longer autoradiographic exposures often reveal additional
species. However, given the limitations inherent in estimat-
ing mass and stoichiometry by 3' end labeling with RNA
ligase, these appear to be the most abundant TMG-capped
trypanosome RNAs.

Cloning and sequencing of the single-copy genes encoding
the four largest immunoprecipitated RNAs (A through D)

definitively identified RNAs A and D as the trypanosome U2
and U6 analogs, respectively. The RNA C sequence is less
homologous to its proposed metazoan U4 RNA counterpart;
however, the fact that the sequence is extensively comple-
mentary to the trypanosome U6 RNA sequence strongly
supports this assignment. The RNA B sequence is not
sufficiently similar to any of the other known U RNA
sequences to permit identification of a metazoan or yeast
analog. Whether RNA B represents a very divergent exam-
ple of a major U RNA species, a U RNA whose analog has
not been identified in other organisms, or a U RNA specific
to trypanosomes remains to be determined.
Trypanosome U RNAs do not contain a consensus Sm

antigen-binding site. In mammals and yeasts, the subset of U
snRNPs which are essential for pre-mRNA splicing contain
proteins carrying the Sm antigenic determinant (30, 44).
Each of these Sm RNPs is associated with a U RNA
containing the Sm antigen-binding sequence RAU3>6GR.
This sequence typically occurs in a single-stranded region of
U RNA secondary structure, and its location is phylogenet-
ically conserved within each of the Sm U RNAs (3, 4). None
of the trypanosome U RNAs we have sequenced contain the
consensus Sm-binding sequence, nor do they contain a
shared sequence motif that might have the same function as
the Sm-binding site has in other eucaryotes. These observa-
tions are consistent with preliminary experiments suggesting
that T. brucei U snRNPs are not precipitable from whole-cell
extracts with a number of anti-Sm (and anti-RNP) sera
(R. G. Nelson, unpublished observations; S. Michaeli, per-
sonal communication). Nevertheless, it is clear that each of
the trypanosome U RNAs (and the SL RNA) is associated
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A. RNA B sequence; comparison to Rat U3b.

- 73 CTG AGGTTGAATA CATAAGAAAC
- 50 TGTTTATTAC CGATATTAGA CTATCGCGAT AATTTTGGAC GCCGGATGTT

1 AAGACCGTAC TCTGAACA A AT........ .... GAGTAC RNA B
1 -----TA--- -T-...-- G ---A---C- --A TCGTT ACTA---A-G R U3b

37 AACCTCTTAA A.TG.AGAAA TAACCAACAA CCA..AA... ..........

48 TTT----G-C TG--T---GC ..---CGA-- ---CG-GGAC GAGACATAGC

70. TCCT|GATGATGAAG GT CT... G ..GCTCCGCC CGGAGAGCTG
96 GTCCCC------GCG----- CCG--CTA- GT---G-TT- T-TGC-----

109 ..TTC . .. T GAACG GAGCCG GTTCC..... ...AGAAGGA
146 CC-CTTGCCA Tt----T-- CTTCT-TC C---GGGGGG GTA---G---

142 [ TCC ..|

196 GGGAACAG --TGAGGA

+ 1 TTTTTTTTGT TCCACCTTGG CTCGCTGCAA CGGGAACTGC CTGGCTCGCT
+ 51 TCTTTTGAGG CC

B . RNA C sequence; comparison to Drosophila U4.

-129 AGCTACGAA GGCAGTTGCA GAAACCGACG
-100 AGGACGGCGT TTGTTTATCT TGTTTTGATT CCTAAAAATA AAAACGTTAT
- 50 TTTGTTAGAC TATAGTCCGT TTCTATGGGC ATTTTGGCTT TCCCCGGCGC

1 AAGCCTT.GC GCAGGGAGGT GTG... AACG CAAGAT.... CCTCAGGTG RNA C
1 -.-.---A-- ----T-GCAA TACCGT---C A-T--AGCCT C---G----- D U4

42 A..TTGTTCA CTAGTGCAAT ACTATATCCG GTACTCCTTC GGGGAAAGTT
49 CGG--A--G. -----TG--A ---T--A--A ACC-A-GCCA T----C.--G

90 TGCTACCCAC CACGGGTGGG A................... ........

97 AAA----GT- ---TAC.--C -ATTTTTGGA AGCCCTTACG AGGGCTAA

+ 1 GGTCCTTTTT CGTCTGCGGA CAGATGCAGT TTCTTTTTTC TTACGGGCTG
+ 51 CCTTGTGACT GCTGCGGCCC TCAAAGGCGA GTGACGCATA TGGCCATTAA
+101 CTGGACAAAG TGTAAGAGCT

C. RNA D sequence; comparison to Drosophila U6

-101 GGCCACGCCG AAGCAGGGAT ATTTTTAGTG TTTTGTTTTT ATTTAGAAAT
- 51 GACTTTTTCC ATAAAATGTT AGAGAAGGAA CAATAGTGGT GGCGCCGAGT

1 GGAGCC..CT TCGG..GGAC ATCCAC.AAA CTGGAAATTC AACAGAGAAG RNA D
1 .-TT-TTG-- ----CA-A-- --AT--T--- A-T-G--CGA T--------- D U6

46 ATTAGCACTC TCCCTGCGCA AGGCTGATGT .CAA..TCTT CGAGAGATAT
50- TGG C-A---CAC G---AA--G- GA--C-T-CC

93 AGCTTTT.
100 -CA----T

+ 1 CGGTTGATGC AGTCATTCGT CTTTAATAAT ATGTCTGATC TTTTTTCTTC
+ 51 GCCGAAGTAG AGTCGGAGTC GGAGTTGGGG GGGTTTCCGT CCACATTTGT
+101 CCCCATCGGC AGAGAGTTAC CTGCCGCCCT GTTCCGGCC
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FIG. 6. Trypanosome U6 RNA does not contain a TMG cap.
RNA B, U4 RNA, and U6 RNA were hybrid selected from total
trypanosome RNA with the complementary M13 clones. RNAs
were 3' 32P end labeled and incubated with anti-TMG serum, and
immune complexes were collected with protein A-Sepharose. The
panel labeled INITIAL shows each hybrid-selected RNA fraction
before exposure to antiserum; the other two panels show RNAs
present in the pellet and supernatant fractions after immunoprecip-
itation. Lanes: B, RNA B; U4, U4 RNA; U6, U6 RNA. Arrows
indicate locations of the RNAs after immunoprecipitation; i.e.,
RNA B and U4 RNA are present in the pellet, and U6 RNA is
present in the supernatant. The migration of denatured DNA size
markers (pBR322 digested with HpaIl) is shown on the left. The
origin and identity of the ca. 85-nt RNA in lane B of the supernatant
fraction is unknown.

with several proteins in vivo and that these RNPs have
properties characteristic of metazoan U snRNPs (S. Michaeli
et al., manuscript in preparation). Further experiments are
required to determine whether any of these trypanosome
proteins are structurally or functionally analogous to meta-
zoan and yeast proteins that contain the Sm epitope.
The putative pre-mRNA branchpoint recognition sequence

of trypanosome U2 RNA is divergent. The sequences of the T.
brucei subsp. brucei (RNA A; data not shown) and T. bricei
subsp. gambiense (56) U2 RNA genes are almost identical;
the coding sequences differ by a single C-to-T transition at
position 134. As pointed out by Tschudi et al. (56), trypano-
some U2 is extensively homologous with both metazoan and
yeast U2 RNAs over the first 100 nt. This 5' or U2 domain
region is highly conserved among all known U2 RNAs and is
thought to contain sequence or structural determinants that
are required for the function of the U2 snRNP in pre-mRNA

processing. A model of yeast U2 RNA-pre-mRNA interac-
tion based on in vivo evidence suggests that base pairing
between the two RNAs leads to recognition of the adenosine
residue selected for 2'-5' branching (35). Metazoan and yeast
U2 RNA sequences are exactly conserved in the putative
branchpoint-binding region; pre-mRNA branchpoint se-
quences are conserved exactly in S. cerevisiae (26) and less
so metazoa (18, 19). In Fig. 7A we compare the sequences of
the region of U2 RNA surrounding the putative branchpoint
recognition sequence from trypanosomes, rats, Drosophila
melanogaster, and S. cerevisiae. The RNA sequences are
very similar with a single exception: the trypanosome se-
quence is totally divergent over the position corresponding
to the putative branchpoint recognition sequence of the
other U2 RNAs. An examination of sequences upstream of
the acceptor splice site of many trypanosome structural-gene
pre-mRNAs reveals no conserved, complementary sequence
that could bind this region of U2 RNA in a way analogous to
that proposed for the metazoan or yeast U2-pre-mRNA
interaction (18, 19, 35). Therefore, if this region of U2
sequence is involved in selection or recognition of trypano-
some pre-mRNA branchpoints, the latter sequences must be
both degenerate and different from those used in metazoan
and yeast pre-mRNAs.
U2-SL RNA sequence complementarity. An unusual feature

of the trypanosome U2 RNA sequence is its extensive
complementarity to the SL RNA. In Fig. 7B, we have
arranged the 5' ends of the U2 and SL RNAs to maximize
potential intermolecular base pairing; portions of this model
have also been suggested by Tschudi et al. in their discussion
of the T. brucei subsp. gambiense U2 RNA sequence (56).
The largest block of uninterrupted base pairing occurs
between the central portion of the SL and a 10-nt region of
the U2 RNA which overlaps (2 nt) the putative branchpoint
recognition sequence (8 of these 10 nt are directly repeated
downstream in the stem of the large intramolecular U2
hairpin). A smaller, 7-nt block of uninterrupted complemen-
tarity occurs between the SL intron sequence adjacent to the
donor splice site and residues 6 through 12 near the 5' end of
the U2 RNA. The remainder of the intermolecular pairing
shown in Fig. 7B is less compelling, since several loops and
bulges must be introduced into both sequences to optimize
the interaction.

Experimental data bearing on the validity of this particular
model or on the existence of an intermolecular interaction
between the U2 and SL RNAs-RNPs are lacking. Unlike the
case with U6 RNA, which also does not contain a TMG cap,
we have never observed coprecipitation of the SL RNA from
total RNA with anti-TMG serum. This suggests that if the U2
and SL RNAs interact directly by base pairing in vivo, this
pairing is either less extensive or more labile than that
between the U4 and U6 RNAs. Given the short half-life of
the SL RNA (24), any intermolecular pairing between the SL

FIG. 5. Nucleotide sequences of the genes encoding RNAs B through D; comparison with metazoan U RNA sequences. (A through C)
Nucleotide sequences of the trypanosome RNA B through D genes, respectively. In the central region of each panel, the trypanosome DNA
sequence corresponding to the encoded U RNA is aligned with the DNA sequence of its closest metazoan U RNA counterpart. Numbering
begins at +1, which reflects the experimentally determined 5' end of each trypanosome U RNA. (A) RNA B gene sequence compared with
the rat U3b RNA gene sequence (54, 76). Boxed regions correspond to sequences that are phylogenetically conserved among U3 RNAs (17,
34); only one of these is also conserved in the RNA B sequence. (B) RNA C gene sequence compared with the Drosophila U4 RNA gene
sequence (46). (C) RNA D gene sequence compared with the Drosophila U6 RNA gene sequence (12). Symbols: -, identity between
sequences; ., gaps inserted to optimize alignment. A hexanucleotide sequence (lTTTGG) that is well conserved in location relative to the
transcription start sites ofRNA B, U2 RNA, U4 RNA, and the SL RNA is underlined in the 5'-flanking sequences of the RNA B and U4 RNA
genes.
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FIG. 7. (A) Comparison of U2 RNA sequences in the putative pre-mRNA branchpoint recognition region. The 5'-terminal 50 nt of the U2
RNA sequences from S. cerevisiae (S.c.), D. melanogaster (D.m.), and T. brucei (T.b.) are compared with the sequence of rat U2 RNA over
the same region. Symbols: -, sequence identity with the rat U2 sequence; ., nucleotides not present in a particular sequence. Above the rat
sequence, the absolutely conserved yeast pre-mRNA branchpoint sequence (5'-UACUAAC) is shown paired to the putative branchpoint
recognition sequence of U2 RNA (pairing with rat U2 is shown, but the yeast sequence is identical in this region). At least for yeasts, there
is very good evidence that these two molecules do, in fact, base pair over at least a portion of this region (35). This pairing is hypothesized
to result in a bulged adenosine residue (A*) at the site of branch formation (35). Note that although these U2 domain sequences are very
similar, the trypanosome sequence diverges from the others over the region thought to be involved in pre-mRNA branchpoint recognition.
(B) Potential base pairing between the trypanosome U2 and SL RNAs. Hypothetical model arranged to maximize potential intermolecular
base pairing between the 5' domain of U2 RNA and the 5' end of the SL RNA. The region of trypanosome U2 corresponding to the
branchpoint recognition sequence of yeast U2 is enclosed in a small box. The SL sequence, enclosed in a large box, is immediately followed
by the donor splice site. Vertical lines indicate A T and G C pairing; central dots indicate G. U pairing. This model is an extension of one
proposed by Tschudi et al. for T. brucei subsp. gambiense U2 RNA (56).

and U2 RNAs must be transient and perhaps occurs only
during the trans-splicing reaction.
U4-U6 RNA sequence complementarity. A number of in-

vestigators have shown that U4 and U6 RNAs are com-
plexed within a single snRNP in vivo and have suggested
that the two RNAs are complexed within the particle by
intermolecular hydrogen bonding (5, 8, 12, 16, 50). Consis-
tent with these results, extensive intermolecular comple-
mentarity exists in every case in which both the U4 and U6
RNAs have been sequenced (8, 12, 41, 46, 50). This is also
true for the trypanosome U4 and U6 sequences. In Fig. 8,
the trypanosome RNAs have been arranged in a hypothetical
secondary structure based on the model proposed by Brow
and Guthrie for the interaction of the analogous yeast RNAs
(8). In fitting the trypanosome sequences to this model, the
central three-stemmed core and the U6 5'-terminal hairpin
have been retained, but we have changed a few areas of U4
and U6 intramolecular structure to better fit the protozoan
data. For example, although neither the U4 nor U6 3'-

terminal hairpin shown in Fig. 8 can be formed in yeasts,
both can be formed in metazoa as well as trypanosomes.
The proposed model contains two main regions of U4-U6

base pairing (indicated in Fig. 8 by I and II) separated by a
U4 hairpin loop. Stem I, which occurs between residues 2
and 17 of U4 RNA and residues 55 through 70 of U6 RNA,
makes up the longest uninterrupted block of potential inter-
molecular base pairing. Within this 16-nt stem, trypanosome
and yeast U6 RNAs differ in sequence at five positions and
the trypanosome and mammalian (or Drosophila) U6 se-
quences differ at three. Each of the differences between the
trypanosome and yeast U6 RNAs, and two of the three
differences between the trypanosome and mammalian (or
Drosophila) U6 RNAs, is accompanied by compensatory
changes in the respective U4 sequences which maintain base
pairing in the stem (see legend to Fig. 8 for locations).
Therefore, the available phylogenetic data strongly support
the existence of stem I.
The second region of proposed U4-U6 base pairing (stem
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FIG. 8. Hypothetical secondary structure of the U4-U6 RNA complex. The trypanosome U4 and U6 RNA sequences are fit to the model
proposed by Brow and Guthrie (8) for the secondary structure of the yeast U4-U6 complex. Most of the intermolecular base pairing shown
is similar to that proposed for the yeast RNAs; however, several features of U4 and U6 intramolecular structure have been altered to better
fit the protozoan data (see text). I and II, above the intermolecularly hydrogen bonded region of the U4 sequence, refer to the two stems that
make up the interaction. Symbols: *, compensatory base changes between yeast and trypanosome U4; +, compensatory changes between
mammal-fly and trypanosome U4; 0, substitutions or alterations that increase the comparative length or stability of stem II.

II) is supported by photochemical cross-linking data ob-
tained with intact snRNPs in HeLa cell extracts (45). This
study suggested that the 8-nt U6 sequence 3'-ACGAUUAG-
5' is base paired to a complementary U4 sequence, 5'-
UGCUAGUU-3', within the intact HeLa U4-U6 snRNP.
The U6 octanucleotide sequence is exactly conserved in
trypanosome U6, and although the trypanosome U4 octanu-
cleotide (5'-UGCAAUAC3') differs from its HeLa counter-
part, the two sequences can base pair at six of eight positions
by bulging the underlined U6 adenosine residue.
Two additional features of the model deserve comment.

First, the trypanosome data provide strong phylogenetic
support for the existence of the U4 hairpin loop separating
the two base-paired U4-U6 stems. As for yeast and mam-
mals, this structure is composed of an 8-base-pair stem and
a 17-nt loop. Comparison of the yeast and trypanosome U4
sequences reveals that six of the eight nucleotide pairs in this
stem reflect compensatory base changes in the trypanosome
U4 sequence. Second, as is the case for the mammalian,
Drosophila, and yeast U6 RNAs, trypanosome U6 RNA also
has the potential to form a 5'-terminal hairpin loop. This
structural feature is conserved between trypanosomes and
metazoa and consists of a 7-base-pair stem with 5'-CG
closure preceding a conserved 5'-UUCG loop. Such CU-
UCGG hairpins have been shown to form unusually stable
secondary structures in which the loop sequence makes a
significant contribution to the overall free energy of the

structure (57). Although the larger yeast U6 hairpin loop
contains two UUCG sequences, neither is accompanied by
CG closure and both reside within the stem of the structure
(8). Perhaps what is important about this region of U6 is not
the loop sequence itself but the overall stability of the
hairpin, which may be provided in S. cerevisiae by the
presence of a longer stem.

Implications for trypanosome trans splicing. Our results
indicate that trypanosomes contain at least three (U2, U4,
and U6) of the five U RNAs that are known to be required
for pre-mRNA processing in mammalian and yeast cells. Do
individual trypanosome U RNAs-RNPs play the same role in
trans splicing as their respective yeast and metazoan analogs
play in cis splicing? A definitive answer to this question will
require development of an in vitro trans-splicing system;
however, some differences between the two systems might
be expected. In trypanosomes, for example, every 5' exon,
i.e., the SL, is identical and the small SL RNA containing
this sequence and donor splice site is itself complexed with
proteins to form a particle with snRNP-like properties
(Michaeli et al., manuscript in preparation). Therefore, it is
possible that trypanosomes do not require a separate Ul
snRNP-based mechanism for the recognition and discrimi-
nation of 5' splice sites; the SL RNP may provide both
functions. With respect to this hypothesis, it is of some note
that no Ul RNA analog was detected among the four largest
trypanosome U RNAs examined here, nor was a Ul candi-

5' U4 K
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date identified by Northern analysis using oligonucleotide
probes complementary to phylogenetically conserved re-
gions of Ul RNA sequence (K. P. Watkins, personal com-
munication).

Second, unlike other U2 RNAs, portions of the trypano-
some U2 sequence are complementary to the donor splice
site and SL sequence, which may be thought of in this
context as the pre-mRNA 5' exon. In other organisms it is
Ul, not U2, RNA that interacts with the 5' splice site by
base pairing (60). If trypanosome U2 RNA is able to simul-
taneously base pair with both the SL RNA and the pre-
mRNA 3' branchpoint sequence, it might function to juxta-
pose the two pre-mRNAs in an appropriate geometry for
initiation of the trans-splicing reaction. After cleavage at the
5' splice site, U2 RNA bound at the branchpoint might also
serve to retain the SL sequence within the splicing complex
in preparation for ligation to the 3' exon.

Finally, it appears possible that the function or mechanis-
tic role of the trypanosome U4-U6 snRNP might differ,
perhaps subtly, from that of its metazoan and yeast counter-
parts. The protozoan complex appears considerably more
stable than the analogous yeast and mammalian structures;
stem I of the trypanosome complex contains the largest
number of G . C pairs and the longest potential run of
uninterrupted and perfect base pairing among known U4-U6
RNAs. Since U4 RNA dissociates from the U4-U6 complex,
and from the spliceosome, before the first pre-mRNA cleav-
age reaction of cis splicing (11, 25), the greater (apparent)
thermodynamic stability of the trypanosome complex might
indicate an altered role of this snRNP in trans splicing.
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