MOLECULAR AND CELLULAR BIOLOGY, Sept. 2000, p. 6659-6667
0270-7306/00/$04.00+0

Vol. 20, No. 18

Copyright © 2000, American Society for Microbiology. All Rights Reserved.

trans Splicing of Polycistronic Caenorhabditis elegans
Pre-mRNAs: Analysis of the SL2 RNA

DONALD EVANS"? anp THOMAS BLUMENTHAL'*

Department of Biochemistry and Molecular Genetics, University of Colorado Health Sciences Center,
Denver, Colorado 80262, and Department of Biology, Indiana University, Bloomington, Indiana 47405>

Received 6 April 2000/Returned for modification 30 May 2000/Accepted 27 June 2000

Genes in Caenorhabditis elegans operons are transcribed as polycistronic pre-mRNAs in which downstream
gene products are frans spliced to a specialized spliced leader, SL2. SL2 is donated by a 110-nucleotide RNA,
SL2 RNA, present in the cell as an Sm-bound snRNP. SL2 RNA can be conceptually folded into a phyloge-
netically conserved three-stem-loop secondary structure. Here we report an in vivo mutational analysis of the
SL2 RNA. Some sequences can be changed without consequence, while other changes result in a substantial
loss of trans splicing. Interestingly, the spliced leader itself can be dramatically altered, such that the first
stem-loop cannot form, with only a relatively small loss in trans-splicing efficiency. However, the primary
sequence of stem II is crucial for SL2 frans splicing. Similarly, the conserved primary sequence of the third
stem-loop plays a key role in trans splicing. While mutations in stem-loop III allow snRNP formation, a single
nucleotide substitution in the loop prevents trans splicing. In contrast, the analogous region of SL1 RNA is not
highly conserved, and its mutation does not abrogate function. Thus, stem-loop III appears to confer a specific
function to SL2 RNA. Finally, an upstream sequence, previously predicted to be a proximal sequence element,

is shown to be required for SL2 RNA expression.

The mature 5’ ends of mRNAs in many lower eucaryotes,
including trypanosomes (41, 50), nematodes (28), trematodes
(43), and Euglena (51), are generated through trans splicing.
This process involves the donation of a common spliced leader
(SL) exon and its associated modified cap structure to the 5’
ends of mRNAs. The reaction proceeds via two transesterifi-
cation reactions, analogous to cis splicing of introns, and in fact
requires most of the same U snRNP cofactors, including U2,
U4, US, and U6 snRNAs (12, 22, 36, 54). However, because
the 5’ exon is initially located on a separately transcribed RNA,
the SL RNA, the intermediate of the frans-splicing reaction is
a Y-branched molecule instead of the lariat molecule found in
cis splicing. The SL RNA exists as an RNP particle (20, 33, 52,
55) that includes the Sm core proteins that are also associated
with most of the U snRNAs involved in cis splicing (30). Unlike
the other U snRNPs, which are recycled after catalysis, the SL
RNP is consumed during the #rans-splicing reaction.

In trypanosomes, pre-mRNAs are transcribed polycistroni-
cally (26, 40) and the mature mRNAs are generated by trans
splicing and 3" end formation. Approximately 25% of Caeno-
rhabditis elegans genes are also organized in polycistronic tran-
scription units, or operons (57). However, unlike trypano-
somes, C. elegans possesses a distinct SL RNA, SL2 RNA (25),
that is specifically utilized to process the products of down-
stream genes in operons (46). Therefore, the discovery of SL2
on an mRNA is taken as an indication that the gene is in an
operon (1, 2).

Experiments designed to uncover the mechanism of trans-
splicing specificity in C. elegans have shown that SL1 trans
splicing is usually specified by an outron, an AU-rich sequence
containing a 3’ splice site without a paired 5' splice site up-
stream (8). In support of this discovery, a conventional gene
becomes trans spliced if an outron is added (6). Conversely, a
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trans-spliced gene can be converted to a conventional gene by
adding a 5’ splice site to the outron (7).

Being encoded by a downstream gene in an operon appears
to be the only criterion for pre-mRNAs being frans spliced to
SL2 (46). This hypothesis is supported by the discovery that an
mRNA normally trans spliced exclusively to SL1 becomes trans
spliced to SL2 when placed downstream of another gene (46).
SL2 trans splicing has been shown to be associated with 3’ end
formation of upstream genes. If the polyadenylation signal,
AAUAAA, of an upstream gene is mutated, SL2 trans splicing
to the downstream gene product is reduced (29). The molec-
ular mechanism of this functional association has yet to be
elucidated.

Despite the fact that SL1 and SL2 are trans spliced to dif-
ferent subsets of mRNAs, the SL1 and SL2 RNAs appear quite
similar. Both are small (~100 and 110 nucleotides [nt], respec-
tively), possess a trimethylguanosine cap, lack a poly(A) tail,
and associate with Sm proteins (25, 28, 52, 55). Additionally,
both RNAs can be folded into a secondary structure that is
conserved throughout frans-splicing RNAs (4). This structure
consists of three stem-loops, with the trans-splice site located
on the 3’ side of stem I and the Sm binding site located in a
single-stranded region between stems II and III. These simi-
larities between the SL1 and SL2 RNAs make the question of
substrate specificity even more intriguing.

Recent reports indicate that the SL RNA requirements for
trans splicing vary significantly between species. In particular,
different groups have reported very different results when they
mutate or delete portions of the SL itself (15, 19, 32, 34, 47,
56). In nematodes it is clear that the SL1 sequence can be
replaced by unrelated sequences of various lengths without loss
of in vitro frans splicing (34), but at least one SL mutation was
found to prevent trans splicing in vivo (15). In contrast, muta-
tional analysis of the intron portion of the molecule demon-
strated that both stem-loop II and the Sm binding region are
crucial for SL RNA function in both trypanosomes and nem-
atodes (11, 23, 49). However, it has been possible to signifi-
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cantly alter the third stem-loop without eliminating trans splic-
ing (32, 49).

Phylogenetic comparative sequence analysis of SL2 RNA
genes from the nematodes Dolichorhabditis and C. elegans
identified several conserved features that suggest a functional
significance (13). These conserved features include the 5’ end
of the spliced leader, the frans-splice site, part of stem II, the
Sm binding site, and the top of stem-loop III (13). Similarly,
previous comparative sequence analysis of regions upstream of
each of the U snRNA and SL RNA genes in C. elegans resulted
in the discovery of a putative proximal sequence element
(PSE), thought to be required for transcription of these genes
(53).

Here we tested the idea that the conserved regions are
important for trans splicing by in vivo mutational analysis of the
C. elegans SL2 RNA. The results of this analysis suggest sim-
ilarities between the SL2 RNA and other trans-splicing RNAs,
but they also demonstrate distinct differences. The entire SL
sequence was found to be dispensable for both expression and
trans splicing of the SL2 RNA. In contrast, the primary se-
quence of stem II and the sequence located at the top of
stem-loop III were both found to be necessary for polycistronic
pre-mRNA processing.

MATERIALS AND METHODS

Worms. The basic procedures for handling and maintaining worms have been
described elsewhere (3). Transgenic worms were generated (39) by injecting
young hermaphrodite gonads of strain MT2597 [rol-6 (n1178)] (J. Kramer, per-
sonal communication) with both the test plasmid and the selection plasmid,
PRF5 [rol-6 su 1006dom)] (7), at 50 to 100 wg/ml in water (16). Plasmid DNAs
for injection were prepared as previously described (17).

Mutated SL2 RNA gene construction. Plasmid pASL2 was generated by di-
gesting pSL2+ (containing an ~3.8-kb BamHI fragment isolated from ASL2/9
[25] and subcloned into pGEM-3Z+) with BamHI and HindIII and inserting the
approximately 2.0-kb fragment containing the SL2« gene into pBluescript (pBS)
SK(+). Mutated SL2 RNA genes were generated by PCR using oligonucleotides
that incorporated the mutations to be introduced (24). The C17G mutation was
generated using pASL2 as template with oligonucleotides 1012 plus T3 primer
and 1013 plus T7 primer, respectively. The products were gel purified and fused
by performing PCR using a mixture of these products as template and using the
T3 and T7 primer pairs. The resulting product was digested with BamHI and
HindIII and cloned into pBS SK(+) digested with BamHI and HindIIl. The
presence of the desired mutation was confirmed by sequencing the SL2 RNA
coding region. The U4A, USA, Stem 3 sub, and APSE mutated RNAs were
created as above using the C17G plasmid as template and pairing the T3 and T7
primers with oligonucleotide pairs 1224-1223, 1246-1247, and 1011-1010, respec-
tively (see below for sequences). The SL sub mutation was created as above,
using pASL2 as template and oligonucleotides 1325 and 1324 as primers. The
Stem 2 sub, G93C,A96C, G93C, and A96C mutated RNAs were created using a
single “runaround” PCR (9) with the C17G plasmid as template and SL2 oligo-
nucleotide pairs 1392-1393, 1394-1395, 1394-1397, and 1396-1395 respectively.

Mutated SL1 RNA gene construction. Plasmid pSL15S [containing a 985-bp
BamHI fragment including both the C. elegans SL1 RNA and 5S rRNA genes
cloned into pBS II SK(—) (14)] was used as template to generate mSLI by
runaround PCR with oligonucleotide pair 1412-1413. mSL1 then served as tem-
plate to generate Stem 3 sub mSL1 by runaround PCR with oligonucleotide pair
1414-1415.

Oligonucleotides. The oligonucleotides used were T3 primer (1015; 5'-AATT
AACCCTCACTAAAGGG-3"), T7 primer (1016; 5'-GTAATACGACTCACTA
TAGGGC-3', 1012 (5'-CGTACCTTGACTAACTGGGTT-3"), 1013 (5'-AACC
CAGTTAGTCAAGGTACG-3"), 1224 (5'-AACTGGGTTATTACCGAAGAT
A-3"),1223 (5'-TATCTTCGGTAATAACCCAGTT-3'), 1246 (5'-CGTGTGTA
CCCTGTCATTTCGAGG-3"), 1247 (5'-CCTCGAAATGACAGGGTACACA
CG-3'), 1011 (5'-CCGCTCTGCTCCTCTCGGGGGGTAGAGCAA-3"), 1010
(5'-TTGCTCTACCCCCCGAGAGGAGCAGAGCGG-3'), 1325 (5'-CAGCGT
ACCTAATCATTGACCCAATTTTGGGAAGATACCA-3"), 1324 (5'-TGGT
ATCTTCCCAAAATTGGGTCAATGATTAGGTACGCTG-3'), 1392 (5'-GA
AACTTTCTCAGTAACGACTTTAATTTTTGGAACC-3"), 1393 (5'-CTTTC
CAGTGAACTCCAGCGTACCTTGAG-3'), 1394 (5'-GCCCAGCAGAGCGG
TTCC-3"), 1395 (5'-TCCTCCGGTAGAGCAAAATAATTG-3"), 1396 (5'-CCC
CAGCAGAGCGGTTCC-3"), 1397 (5'-TCATCCGGTAGAGCAAAATAATT
G-3'), 1412 (5'-AAGGTAAACATTGAAACTGAC-3'), 1413 (5'-AAACTTGG
GTAATTAAACCGA-3'), 1414 (5'-TCATCCAGACAAAAATACTAA-3'), and
1415 (5'-CCCCAGACGTTCCAAAATTTA-3").
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Strains. Strains are listed in the order in which they appear in the figures. The
strain carrying the rol-6 amber mutation (MT2597) is referred to as WT (wild
type). All other strains carry mutated SL2 or SL1 RNA genes in extrachromo-
somal arrays with rol-6 (sul006dom). They are named as follows: BL1300-01,
C17G; BL1305-07, U4A,USA; BL1311-13B, SL sub; BL1317-19, Stem 2 sub;
BL1302-04, Stem 3 sub; BL1320-22, G93C,A96C; BL1327-30, G93C; BL1331-33,
A96C; BL1308-10, APSE; BL1323-26, mSL1; and BL1334-36, Stem 3 sub mSLI.

RNA isolation. Large-scale preparations of RNA were made from mixed
stages of worms grown on plates as described previously (6).

Primer extensions. Gel-purified oligonucleotides were end labeled with
[y-**P]ATP and T4 polynucleotide kinase. Labeled oligonucleotides (0.2 ng)
were mixed with 20 pg of total RNA in 1X annealing buffer (150 mM KCl, 10
mM Tris [pH 8.3]), heated to 95°C, and annealed at 42°C for 1 h. Reverse
transcription was performed for 30 min at 42°C in 1X RT (reverse transcriptase)
buffer (12 mM Tris [pH 8.3], 8 mM MgCl,, 4 mM dithiothreitol [DTT], 0.01%
NP-40, actinomycin D [50 ng/ul, 1 mM dATP, 1 mM dGTP, 1 mM dTTP, 0.75
mM ddCTP, 5 U of avian myeloblastosis RT [Promega]). The products were
ethanol precipitated, resuspended in formamide dye, electrophoresed on 20%
polyacrylamide gels containing 7 M urea, and analyzed by autoradiography.
Quantitation was performed on a Molecular Dynamics PhosphorImager using
ImageQuant software. The primers used were gpd3-5" end (5'-GCGTTGAAC
GACTTTCCC-3'), SL2 PE (5'-GGT CAGAACTCCAGCGTACC-3"), SL2
short PE (5'-GAACTCCAGCGTACC-3'), SL1 PE (5'-GGTCAGTTTCAATG
TTTACC-3'), and gpd-2 PE (5" ATTTGGCTTTGGCATGGC-3")].

Calculating trans-splicing efficiencies. trans-splicing efficiencies (ratio of trans
spliced to expressed) were calculated from the primer extension data shown. The
background value at the +5 mSL2 (or +6 mSL1) in the WT lane was subtracted
from the experimental lanes to arbitrarily set the mSL2 trans-splicing efficiency in
the WT lane at 0%. The trans-splicing efficiency value of the mutated RNA was
then normalized to the endogenous RNA level for each strain. Means and
standard deviations are shown.

Immunoprecipitations with antibodies against snRNP core proteins. Protein
A-Sepharose (200 pl, packed volume) was incubated at room temperature for 1 h
with 100 pl of anti-Sm lupus antiserum (10, 18, 37, 38) in NP-40 lysis buffer (20
mM Tris [pH 8.0], 250 mM NaCl, 1 mM EDTA, 0.5% NP-40) with rotation. The
antibody-bead conjugates were washed three times with 500 pl of NP-40 lysis
buffer and then blocked with NP-40 lysis buffer—0.1% nonfat dry milk for 1 h at
room temperature with rotation. The beads were washed three times with 500 pl
of NP-40 lysis buffer and resuspended in 400 pl of NP-40 lysis buffer. BL1304
(Stem 3 sub) extract (50 pl) was incubated rotating at 4°C for 2 h with 150 pl of
bead slurry, 1 pl of RNasin (Promega), and 300 pl of NP-40 lysis buffer. The
unbound fraction was removed, and the beads were washed three times with
NP-40 lysis buffer. The entire unbound, wash, and bound fractions were treated
with proteinase K followed by phenol-chloroform extraction and chloroform
extraction. The RNAs were ethanol precipitated and resuspended in Tris-EDTA
for both ddC primer extension and Northern blot analysis.

Northern analysis. RNAs were analyzed on 10% denaturing polyacrylamide
gels, transferred by electroblotting to Hybond N (Amersham), and hybridized to
either a C. elegans Ul snRNA RT-PCR product or a C. elegans 5S rRNA PCR
product labeled using a Prime-It IT random primer labeling kit (Stratagene).
Hybridization was carried out in a mixture of 50% formamide, 5X SSC (1X SSC
is 0.15 M NaCl plus 0.015 M sodium citrate), 1X Denhardt’s solution, 50 mM
NaPOy,, 0.1% sodium dodecyl sulfate (SDS), and 0.2 mg of sheared DNA per ml
overnight at 42°C. Wash conditions were 2X SSC-0.2% SDS for 20 min at 24°C
followed by 0.1X SSC-0.1% SDS for 30 min at 55°C.

BL1304 crude embryonic extract preparation. Attempts to integrate the ex-
trachromosomal array of strain BL1304 using vy irradiation (27) were unsuccess-
ful, so the progeny of irradiated worms were screened for high transmittance of
the array as assayed by expression of the dominant marker. Rolling worms picked
from the best clone were inoculated into 1 liter of liquid S-basal medium and
grown at 20°C with Escherichia coli NA22 as a food source. The worms were
allowed to form dauers to synchronize the culture. Dauers were purified by
treatment with 1% SDS for 30 min at 23°C followed by water washes, sucrose
flotation, and water washes. The dauers were then used to inoculate a fresh
1-liter culture of S-basal containing NA22 to release the developmental arrest.
Embryos were collected from gravid adults grown in S-basal with NA22 by
hypochlorite treatment (0.5 M KOH, 20% bleach) for 10 min at 23°C. Embryos
were washed twice with homogenization buffer (10 mM KCI, 1.5 mM MgCl,, 1
mM DTT, 10 mM Tris-HCI [pH 8.0], 50 mM sucrose, 0.05% NP-40, Complete
[Boehringer Mannheim] protease inhibitor cocktail tablets [4 tablets/100 ml of
homogenization buffer]). The embryos were resuspended in 3 ml of homogeni-
zation buffer per ml of packed embryos and homogenized by approximately 20
strokes with a stainless steel Dounce homogenizer. The homogenate was centri-
fuged for 5 min at high setting on a tabletop clinical centrifuge at 4°C to pellet
cellular debris. The supernatant was removed, placed in a glass Dounce homog-
enizer, and homogenized by approximately 10 strokes with a loose-fitting pestle
followed by centrifugation in a Beckman JA-17 rotor at 8,000 rpm (8,817 X g) for
30 min at 4°C. The supernatant was dialyzed for 6 h against 1 liter of dialysis
buffer (50 mM KCI, 1 mM DTT, 0.5 mM EDTA, 10% glycerol, 20 mM Tris-HCI
[pH 8.0], Complete protease inhibitor cocktail tablets [4 tablets/2 liters of dialysis
buffer]). The buffer was changed after 3 h. The dialysate was centrifuged in a
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FIG. 1. Mutations examined in this study. (A) Schematic diagram of SL2 RNA with point mutations. Phylogenetically perfectly conserved positions are shaded (14).
The stem-loops are labeled (I, II, and III) as discussed in the text. The arrow marks the site of frans splicing. Point mutations are indicated. The Sm binding site
consensus sequence is RAU, (GR (reviewed in reference 42). (B) Large substitution mutations (boxed) are shown next to the wild-type SL2 RNA structure. Nucleotide
positions marked with an asterisk remain unchanged in the mutated SL2 RNA. (C) PSE mutation. The sequences shown are the consensus C. elegans PSE and the
proposed PSE from the SL2«a gene (53). Invariant positions are indicated by dots (53). The 5’ end of the PSE in this gene is 65 bp upstream of the transcription start

site (53). The mutated sequence tested is boxed.

Beckman JA-17 rotor at 10,000 rpm (13,776 X g) for 5 min at 4°C and transferred
to a fresh tube; 100-pl aliquots were frozen in liquid nitrogen.

RESULTS

Marked SL2 RNA is expressed. To determine the functional
importance of conserved regions of SL2 RNA in C. elegans, a
marked copy of the SL2a RNA gene was expressed in vivo
from an extrachromosomal tandem array. The marked gene
was created by substituting a single nucleotide at position C17
in SL2 to G (Fig. 1A, C17G). The mutation allowed analysis of
the fate of the mutated SL2 RNA in a background of wild-type
SL2 RNA by primer extension in the presence of ddC. Primer
extension products from the mutated SL2 RNA (+5) could
easily be resolved from those expected for endogenous SL1
(+2) and SL2 (+9). Furthermore, none of the reported SL2
RNAsS contain a G at position 17 (13). Therefore, this mutation
should eliminate any background that would otherwise have
resulted from SL2 variants (45).

The marked SL2 RNA gene, under the control of its own
promoter, was injected into young adult hermaphrodite go-
nads, along with a rol-6(d) marker gene, and transgenic strains
were selected. To determine whether these genes were ex-
pressed, we isolated RNA from two strains and performed
primer extension using an oligonucleotide (SL2 PE) comple-
mentary to bases 22 to 41 of C. elegans SL.2a RNA. The
transgene was expressed, as evidenced by the primer extension
product at position +5 (Fig. 2A, C17G lanes). Primer exten-
sion on RNA isolated from an uninjected strain resulted in a
product only at the +9 position, as expected from endogenous
SL2 RNA (Fig. 2A, WT lane). The quantity of C17G RNA
averaged 68% of the amount of endogenous SL2 RNA, indi-
cating that expression of the transgene is quite robust.

Marked SL2 RNA is competent for SL2 trans splicing. To
determine whether the marked SL2 RNA was trans spliced to
the product of a downstream gene in an operon, we tested for
C17G trans splicing to gpd-3 mRNA, an abundant mRNA that
is normally trans spliced almost entirely to SL2 (25). trans
splicing was assayed by ddC primer extension using an oligo-
nucleotide (gpd3-5’ end) complementary to bases —1 to +17
relative to the frans-splice site of the gpd-3 mRNA. As can be
seen in Fig. 2B, C17G RNA frans spliced efficiently to gpd-3
mRNA. Primer extension on RNA isolated from an uninjected
strain resulted in a product only at the +9 position, as expected
for endogenous SL.2 RNA, while the RNA isolated from the
C17G-containing strains produced a strong +5 primer exten-
sion product along with the +9 product. trans-splicing effi-
ciency of the C17G RNA was approximately 45% that of the
wild type (Fig. 2C). This result confirms the potential utility of
the marked SL2 RNA for studying the requirements of the SL2
RNA for trans splicing.

Mutations in the SL still allow trans splicing. All SL2 RNAs
discovered to date begin with the sequence GGUUU (13, 25,
45). To test the functional significance of this conserved 5’ end
of SL2, the SL2 sequence was changed to GGUAA in the
context of the C17G mutation (Fig. 1A, U4A,U5A). This mu-
tated RNA functioned almost as well as C17G alone. The
primer extension product at +5 demonstrates that the mutated
SL2 RNA is abundantly expressed and trans spliced to gpd-3
(Fig. 2A and B). The U4A,USA mutated RNA was frans
spliced ~50% as efficiently as C17G (Fig. 2C).

To determine whether any of the sequences in the SL2 RNA
spliced leader were required for function, we changed the
entire sequence to its complement, except for the C at position
19, which was changed to U, and the conserved AG found just
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upstream of the trans-splice site, which was maintained (Fig.
1B, SL sub). Surprisingly, this mutated RNA was expressed
abundantly and even retained the ability to be trans spliced to
the SL.2-accepting substrate (Fig. 2A and B, SL sub lanes). It
should be noted that the conserved secondary structure of the
SL2 RNA is completely disrupted in the SL sub mutated RNA.
Nonetheless, trans splicing occurred at approximately 20% of
the level of the C17G construct (Fig. 2C). This result demon-
strates that neither the sequence of SL2 nor the presence of a
first stem-loop is required for SL2 trans splicing.

The primary sequence of the second stem is important for
trans splicing. The importance of the second stem-loop struc-
ture of the SL2 RNA in frans splicing was investigated by
changing its primary sequence while maintaining the potential
to form a stem (Fig. 1B, Stem 2 sub). This was accomplished by
changing each base in the stem to its complement while main-
taining the sequence of the GNRA tetraloop and the bulged
uridine. Since part of the sequence that hybridized to the SL.2
oligonucleotide (SL2 PE) had been changed in this mutated
RNA, expression was assayed using a different oligonucleotide
(SL2 short PE) complementary to bases 22 to 36 of SL2«a
RNA, which hybridizes equally well to endogenous and Stem 2
sub RNA. The data in Fig. 2A and B demonstrate that al-
though this mutated RNA is expressed well, it is trans spliced
very poorly. One strain consistently exhibited very weak frans
splicing (1% of the level of endogenous SL2 RNA), while the
other two strains showed no detectable trans splicing (Fig. 2C).
This result implies that the primary sequence of the second
stem structure is important for SL2 trans splicing.

The top of the third stem-loop is required for SL2 trans
splicing. The importance of the phylogenetically conserved
third stem-loop sequence in SL2 frans splicing was tested by
replacing the top of the third stem-loop of SL2 RNA with a
sequence identical to the top of the third stem-loop of SL1
RNA (Fig. 1B, Stem 3 sub). While this mutated RNA was
abundantly expressed, trans splicing to gpd-3 mRNA was not
detected (Fig. 2). This result demonstrates a clear requirement
for a sequence element located in the top of stem-loop III of
SL2 RNA in trans splicing.

This observation, coupled with the conservation of the pri-
mary sequence in this region of the RNA, suggests that an SL2
RNP-specific RNA-RNA or RNA-protein interaction may be
disrupted in this mutated RNA. Alternatively, the ability of the
mutated SL2 RNA to form a core snRNP might be affected,
resulting in a secondary effect on trans splicing. This hypothesis
was tested by performing immunoprecipitations from crude
embryonic extracts made from a Stem 3 sub mutated RNA
strain using a human systemic lupus erythematosus patient
serum containing antibodies against the Sm proteins. The SL2
RNAs precipitated by this serum were examined by ddC
primer extension. Figure 3 shows that both the endogenous
and mutated SL2 snRNPs were efficiently immunoprecipitated
by this serum, suggesting that the defect of Stem 3 sub was not
simply an inability to form a core snRNP. To control for the
specificity of the immunoprecipitation, RNAs precipitated by
the serum were subjected to Northern analysis. As expected,
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FIG. 3. Stem 3 sub does not prevent core snRNP formation. RNAs were
immunoprecipitated from a Stem 3 sub crude embryonic extract with a human
systemic lupus erythematosus patient serum of the Sm type. The RNAs con-
tained in the unbound (U), the first of three washes (W), and bound (B) fractions
were analyzed by ddC primer extension to analyze SL2 RNA and by Northern
blotting for the Ul and 5S RNA controls. The Northern blot was hybridized to
a Ul snRNA probe, stripped, and hybridized to a 5S rRNA probe. 5S RNA,
which is not bound to Sm proteins, was not immunoprecipitated, whereas all
three snRNAs, U1, SL2, and mSL2, were.

Ul snRNA was efficiently precipitated, while 5S rRNA was not
(Fig. 3). Similar results were obtained using the monoclonal
Sm antibody Y12 (31) (data not shown).

To determine whether the loop nucleotides were required
for SL2 trans splicing, a mutation in which two bases in the
third loop were changed was tested (Fig. 1A, G93C,A96C).
This mutated RNA was highly expressed, but again no frans
splicing to gpd-3 was detected (Fig. 2A and B). This result
demonstrates that mutation of these two loop nucleotides by
themselves is sufficient to prevent the SL2 RNA from partici-
pating in trans splicing.

Two additional mutated SL2 RNAs were designed to test
the importance of each of these loop nucleotides individually
(Fig. 1A, G93C and A96C). Both mutated RNAs, containing a
single base change in the context of the C17G RNA, were
expressed at a high level (Fig. 2A). Interestingly, no detectable
trans splicing was observed for any of the four transgenic
strains containing a single base change on the 5’ side of the
loop (Fig. 2B, G93C). In contrast, the mutated RNA contain-
ing a single base change on the 3’ side of the loop was trans
spliced to gpd-3 mRNA in each of the three strains tested (Fig.
2B, A96C). The average trans-splicing efficiencies of G93C and
A96C were 0 and 9% of the level of endogenous SL2 RNA,
respectively (Fig. 2C). Thus, the G at position 93 is required for

FIG. 2. (A) Expression of mutated SL2 RNAs. Multiple strains carrying each construct were grown, and RNA was extracted. Expression of mutated SL2 RNAs was
measured by primer extension in the presence of ddC, using an oligonucleotide that hybridizes to the SL2 RNA just 3’ of the trans-splice site. The band at the +9
position corresponds to endogenous SL2 RNA, while the band at the +5 position corresponds to mutated SL2 RNA. (B) trans splicing of mutated SL2 RNAs to gpd-3
mRNA. trans splicing of wild-type and mutated SL2 RNAs was measured by primer extension in the presence of ddC, using a primer that anneals just 3" of the
trans-splice site of the SL2-accepting gpd-3 mRNA. Multiple strains carrying each construct were tested. The band at the +9 position corresponds to endogenous SL2
RNA trans spliced to gpd-3 mRNA, while the band at the +5 position corresponds to mutated SL2 RNA trans spliced to gpd-3 mRNA. (C) trans-splicing efficiencies
of mutated SL2 RNAs, calculated from the data in Fig. 2A and B as described in Materials and Methods. For each strain the frans-splicing efficiency (trans
splicing/expression) of the introduced construct was normalized to the calculated efficiency of the endogenous SL2. Means and standard deviations are shown.
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SL2 trans splicing, while mutation of the A at position 96
results in a product that is still functional, although at a re-
duced level, similar to that obtained with the SL sub mutation.

Stem-loop III is necessary but not sufficient for SL2 trans
splicing. The above experiments demonstrated that the top of
the third loop of SL2 RNA is necessary for SL2 trans splicing.
To address whether this sequence is also sufficient for SL2
trans splicing, the top of stem-loop III of SL1 RNA was re-
placed with the sequence from SL2 stem-loop III in a marked
SL1 RNA (Fig. 4A, Stem 3 sub mSL1). As a control, strains
containing the marked SL1 RNA with the wild-type stem-loop
III were also created (Fig. 4A, mSL1). The injected constructs,
under the control of the SL1 RNA promoter, contained a
single nucleotide substitution in SL1 but were nevertheless
expressed. This change, G20 to A, resulted in a shift of the ddC
primer extension product from +2 for endogenous SL1 to +6
for the marked SL1. Expression of both constructs was studied
by ddC primer extension with the SL1 RNA using an oligonu-
cleotide (SL1 PE) complementary to bases 22 to 41 of C.
elegans SL1 RNA. The ddC primer extension product at +6
demonstrates that both mSL1 and Stem 3 sub mSL1 are ex-
pressed, although at a lower level than the endogenous SL1
RNA product at +2 (Fig. 4B). trans-splicing specificity was
assayed by performing ddC primer extension with the gpd3-5’
end primer. The absence of a detectable product at +6 dem-
onstrated that the sequence of the top of stem-loop III of SL2
RNA is not sufficient to enable SL1 RNA to trans splice onto
this SL2-accepting pre-mRNA (Fig. 4C).

The ability of the mutated SL1 RNAs to trans splice onto a
pre-mRNA that normally receives SL1 was assayed by ddC
primer extension using an oligonucleotide (gpd-2 PE) comple-
mentary to bases —1 to +17 of the abundant and predomi-
nantly SLl-accepting gpd-2 mRNA (Fig. 4D). The gpd-2
mRNA is also encoded by a downstream gene in the mai-1/
gpd-2/gpd-3 operon and has been shown to be frans spliced to
SL2 at some level (46). The results of the experiment depicted
in Fig. 4D demonstrate that approximately 10% of endogenous
gpd-2 mRNA is trans spliced to SL2 (+9), while 90% is trans
spliced to SL1 (+2). The presence of a product at +6 shows
that both mSL1 and Stem 3 sub mSL1 form functional snRNPs
that participate in SL1 trans splicing. These results demon-
strate that the top of the third stem-loop from SL2 RNA is not
sufficient to confer SL2 trans-splicing specificity. However, a
key difference between SL1 and SL2 frans splicing is revealed
by these experiments. While the SL2 RNA is very sensitive to
mutations in the third stem-loop, the SL1 RNA is not (Fig.
4E), since the substitution of SL1 sequence for SL2 sequence
did not significantly inhibit its ability to function as an SL1
snRNP.

Transcription of the SL2 RNA in vivo requires an intact
PSE. Transcription initiation of snRNA genes requires a PSE
(reviewed in reference 42). This element has been found to
have very different sequences in different organisms but to be
highly conserved between different snRNA genes within the
same organism. Based on high conservation, a sequence be-
ginning approximately 65 bp upstream of C. elegans U snRNA
genes was predicted to constitute the C. elegans PSE (53). To
determine whether the putative PSE of the SL2 a gene was in
fact required for SL2 RNA expression, four highly conserved
positions of this element were mutated in the marked SL2
RNA gene (Fig. 1C). Three transgenic lines were tested for
marked SL2 RNA expression by ddC primer extension with
SL2 RNA as template. Expression was 10-fold lower than in
the C17G strains (Fig. 2A, APSE lanes). The presence of the
transgene was confirmed by PCR (data not shown). This result
confirms the hypothesis that this sequence is required for ex-
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pression of the SL2 RNA gene in vivo and presumably consti-
tutes the C. elegans PSE.

DISCUSSION

The SL RNAs from several trypanosomes and nematodes
have been dissected at the molecular level and analyzed for
loss of trans-splicing ability. The SL RNA requirements for
trans splicing appear to be unique in each of the organisms
examined. Here we report the results of the first in vivo mu-
tational analysis of an SL2 RNA, that of C. elegans. This SL
RNA is different from the C. elegans SL1 RNA in that it is
specifically utilized to process the products of downstream
genes in operons. Although trypanosomes also have polycis-
tronic transcription, it appears that they only have a single type
of SL RNA. Thus, a mechanism distinguishing #rans splicing to
upstream gene products or downstream gene products need
not exist. In contrast, there must be such a mechanism in C.
elegans since the level of SL1 RNA is 7 to 10 times the level of
SL2 RNA (S. Kuersten, R. Conrad, and T. Blumenthal, un-
published data), yet many downstream mRNAs are trans
spliced almost exclusively to SL2.

Previous in vivo analysis of the C. elegans SL1 RNA took
advantage of a genetic mutation (r7s-7) in which all of the SL1
RNA and 5S rRNA genes, which are clustered together in
tandem repeats, are deleted (14). Functional requirements of
the SL1 RNA were examined by rescue of the rrs-1 mutant with
wild-type or mutated SL1 RNA genes (15, 56). A similar ge-
netic tool to examine the SL2 RNA would be extremely diffi-
cult to generate because there are multiple, nonidentical SL2
RNA genes scattered throughout the C. elegans genome (13,
25, 45). Therefore, we chose to examine the requirements of
SL2 RNA in trans splicing by expressing marked SL2 RNA in
transgenic worms. This strategy allowed us to determine the
fate of mutated SL2 RNA in the presence of endogenous
wild-type SL2 RNA. Thus, in order to be scored as functional,
the mutated SL2 RNAs had to be able not only to frans-splice
but also to compete successfully with the wild-type SL2 snRNP.

Watson-Crick base pairing across the trans-splice site is not
required. The ability of the marked SL2, C17G, to be trans
spliced was intended to serve merely as a marker for transgene
SL2. However, our results also suggested that Watson-Crick
base pairing between the SL and the frans-splice site might not
be required for trans splicing in vivo. SL RNAs from several
different organisms were predicted to fold into similar second-
ary structures composed of three stem-loops (4). In each of
these structures the SL was predicted to base pair with the
trans-splice site. It had been previously demonstrated that the
mechanism of trans splicing did not require the Ul snRNA
(22). Therefore, it was hypothesized that the base pairing of
the trans-splice site with the SL. mimicked the interaction of the
5’ splice site with the U1 snRNA (5). However, the Ascaris SL
RNA can function in vitro without such base pairing (34).
Indeed, the entire SL exon is dispensable and can be replaced
with sequences varying in length from two to 246 nt while
maintaining the ability to frans splice (34). The ability of our
marked SL2 RNA to function demonstrates that this interac-
tion is not required for SL2 trans splicing in vivo. A close
phylogenetic inspection of SL2 RNA genes (13) lends addi-
tional support to this conclusion. In those cases where the
nucleotide at position +5 is not a C, it is an A, which is not
predicted to form a Watson-Crick base pair with the trans-
splice site (13).

SL sequence is dispensable for both expression and SL2
trans splicing. The regions of SL2 that are perfectly conserved
in all SL2 RNAs include the very 5" end of the spliced leader,
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FIG. 4. Analysis of a mutated SL1 RNA containing part of SL2 stem-loop
III. (A) Schematic diagram of SL1 RNA with mutations. The predicted second-
ary structure of the C. elegans SL1 RNA is shown with the mSL1 mutation and
the portion of SL1 changed to the equivalent region of SL2 boxed. Nucleotide
positions marked with an asterisk remain unchanged in the mutated SL1 RNA.
The arrow marks the trans-splice site. (B) Expression of mutated SL1 RNAs.
Expression of mutated SL1 RNAs was assayed by primer extension with ddC
using a primer that anneals to the SL1 RNA just 3’ of the trans-splice site. The
band at the +2 position corresponds to endogenous SL1 RNA, while the band at
+6 corresponds to mSL1 RNA. Primer extension from two strains carrying the
SL2 mutated C17G RNA is included as a control. (C) trans splicing of Stem 3 sub
mSL1 to gpd-3 mRNA. The ability of the mutated SL1 RNAs to frans splice to
SL2-accepting mRNAs was determined by primer extension with ddC from the
gpd-3 mRNA, as in Fig. 2B. The predicted primer extension terminations at +9,
+6, and +5 correspond to endogenous SL2, mSL1, and mSL2, respectively. No
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GGUUU. SL1 also begins with this sequence. In contrast to
SL2, the SL1 sequence is almost perfectly conserved through-
out all nematodes. The only reported exception is the SL from
Meloidogyne incognita, which differs from the canonical 22-nt
nematode SL at one position (44). Interestingly, in most SL2
RNAs there is at least a fourth U and in some of the SL2 RNA
genes a fifth U following the 5" GG (13, 25, 45). Additionally,
this region of SL2 is predicted to be single stranded by RNA
folding programs, while the analogous region of the SL1 RNA
is predicted to be base paired in the first stem. The ability of
SL2 RNAs with mutations in this conserved region to splice
efficiently demonstrates that this region is not required for SL2
trans splicing. The conservation of this region of the RNA may
be explained in other ways. For example, this sequence may be
conserved due to a selective pressure on frans-splicing effi-
ciency. Alternatively, the conservation could be the result of an
unknown role of the leader after splicing, such as translation
(35) or mRNA stability.

In contrast to SL1, SL2 has diverged substantially, even
within the C. elegans genome. This obvious difference between
the two SLs could account for their different frans-splicing
specificities. The ability of the SL sub mutated RNA, in which
nearly the entire sequence of the SL has been mutated, to be
both expressed and trans spliced was therefore surprising. The
fact that the RNA is expressed demonstrates that unlike the
Ascaris SL RNA or the C. elegans SL.1 RNA, the C. elegans SL.2
sequence itself is not required for transcription of the SL2
RNA gene (21, 56). While trans-splicing efficiency of the SL
sub mutated RNA was only approximately 20% the level of the
C17G RNA, it clearly was able to trans splice. Several studies,
both in vivo and in vitro, have suggested that the overall length
and sequence of the nematode SL1 are not required for SL1
trans splicing (15, 34, 56). However, it was demonstrated that a
portion of the leader sequence or the SL1 RNA secondary
structure was essential for trans splicing in vivo (15). Again the
combination of conserved regions in this sequence and the
ability of the SL mutated RNA to trans splice may indicate a
role for the SL sequence on the mRNA after splicing. Since we
were assaying only for ability to frans splice, if the mutated SL
was unable to fulfill a role once transferred to the mRNA, we
would not have detected the defect. However, it is clear that
the SL2 sequence is not required for the SL2 snRNP to trans
splice onto polycistronic pre-mRNAs.

The primary sequence of the second stem is required for
SL2 trans splicing. If there is one requirement for SL RNA
trans splicing that seems to be universal, it is the requirement
of the stem II structure. However, even this result depends on
the RNA being studied. The presence of a Y-structure inter-
mediate demonstrated that the trypanosome Leptomonas col-
losoma SL RNA was able to participate in the first step of trans
splicing with an 8-nt insertion in loop II (19). While the SL
RNA from the trypanosome Leptomonas seymouri requires the

trans splicing of the mSL1 or Stem 3 sub mSL1 mutated RNAs to gpd-3 was
observed. (D) trans splicing of Stem 3 sub mSL1 to gpd-2 mRNA. The ability of
the mutated SL1 RNAs to frans splice to an SL1-accepting mRNA was deter-
mined by primer extension with ddC, using a primer that anneals to gpd-2 mRNA
just 3" of the trans-splice site. The bands at the +6 and +2 positions correspond
to mSL1 and endogenous SL1 trans splicing, respectively. The bands at the +9
and +13 positions correspond to endogenous SL2 trans-splicing (46) and un-
processed RNA, respectively. trans splicing of mSL2 at +5 can be seen in the
C17G lanes upon longer exposure (data not shown). (E) frans-splicing efficiency
of mSL1 and Stem 3 sub mSL1 to gpd-2 mRNA. trans-splicing efficiencies (trans
splicing/expression) were calculated as described in Materials and Methods. The
samples were normalized to the endogenous SL1 trans-splicing levels. Means and
standard deviations are shown.
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stem II structure, the primary sequence of the stem can be
changed (32). The stem II primary sequence appears to be
required for trans splicing in the trypanosome Leishmania
tarentolae (49), in the nematode Ascaris lumbricoides in vitro
(11, 23), and now in SL2 RNA in C. elegans. Based on the
importance of this structure in trans splicing, it would be some-
what surprising if the primary sequence of stem II of SL2 RNA
had not been conserved between Dolichorhabditis and C. el-
egans (13). Indeed, close inspection of the sequences of SL2
RNA in these two nematode genera reveals conservation of
the central portion of the second stem, surrounding the bulged
nucleotide.

The primary sequence of the third loop is essential for SL2
trans splicing. A requirement for stem-loop III in a trans-
splicing RNA has been demonstrated only once; trans splicing
of the L. tarentolae SL RNA is dependent on the formation of
stem III, although the primary sequence is unimportant (49).
The effect of mutations to L. tarentolae SL RNA stem-loop III
could be the result of incorrect 3’ end formation, however (48).
The specificity and efficiency of in vitro 3’ end formation of the
A. lumbricoides SL. RNA also requires stem-loop III sequences
(21), although chemical modification interference analysis of
the A. lumbricoides SL RNA failed to identify specific positions
in stem III that are required for in vitro trans splicing (23).
Mutation of Leptomonas collosoma SL RNA by insertion of 8
nt into loop III was tolerated (20). Amazingly, deletion of the
entire stem III structure from the trypanosome Leptomonas
seymouri SL RNA did not prevent trans splicing (32). Here we
present the first evidence that the primary sequence of stem-
loop III of a spliced leader RNA is required for trans splicing.
Northern analysis failed to detect any aberrantly sized mutated
SL2 RNAs (data not shown), consistent with ability of these
mutated RNAs to form correct 3’ ends. Replacing the top of
SL2 stem-loop III with the sequence from the top of SL1
stem-loop III resulted in a nonfunctional SL2 RNA, even
though assembly of a core snRNP by association with Sm
proteins was normal. The discovery that even a single base
substitution to loop III of SL2 RNA prevented frans splicing
suggests an important role for this region. While attempts to
determine whether this element is sufficient for conferring SL2
trans-splicing specificity did not show that it is, the ability of
SL1 RNA to function with large changes to the same region
(Fig. 4) suggests a key difference between SL1 and SL2 RNAs.
The stem-loop III region of SL1 RNA was not sensitive to
mutation, while stem-loop III of SL2 RNA was very sensitive
to mutation.

Transcription of the SL2 RNA requires an intact PSE. PSEs
are located upstream of U snRNA coding regions, specifying
the site of transcription initiation, and are essential for U
snRNA transcription (reviewed in reference 42). The location
of an element upstream of the C. elegans U snRNA genes as
well as its conservation suggested that this sequence might be
a PSE (53). However, the primary sequence did not resemble
the PSE described for other organisms. The results presented
here demonstrate that the conserved sequence element, begin-
ning approximately 65 bp upstream of the snRNA genes and
previously predicted to be the C. elegans PSE (53), is in fact
required for SL2 RNA expression in vivo. It is interesting that
the SL1 RNA genes in C. elegans have only a weak match to
the PSE consensus (53) and also have a promoter element
located within their SLs (56). It is possible that the presence of
a promoter element within the spliced leader sequence of SL1
RNA genes alleviates the requirement for a PSE.

Conclusion. We conclude that the sequence of the entire
SL2 exon is dispensable for trans splicing, whereas intron stem-
loops II and III are essential. trans-splicing of SL1 RNAs with
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mutations in stem-loop III suggest a key difference between
SL1 and SL2 trans splicing. This region of the RNA may be
involved in conferring SL2 frans-splicing specificity. Finally,
proper in vivo expression of SL2 RNA requires an intact PSE.
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