
MOLECULAR AND CELLULAR BIOLOGY,
0270-7306/99/$04.0010

Mar. 1999, p. 1892–1900 Vol. 19, No. 3

Copyright © 1999, American Society for Microbiology. All Rights Reserved.

Alterations in the Conserved SL1 trans-Spliced Leader of
Caenorhabditis elegans Demonstrate Flexibility in

Length and Sequence Requirements In Vivo
KIMBERLY C. FERGUSON† AND JOEL H. ROTHMAN*

Department of Molecular, Cellular, and Developmental Biology and Neuroscience
Research Institute, University of California, Santa Barbara, California 93106

Received 10 August 1998/Returned for modification 5 October 1998/Accepted 7 December 1998

Approximately 70% of mRNAs in Caenorhabditis elegans are trans spliced to conserved 21- to 23-nucleotide
leader RNAs. While the function of SL1, the major C. elegans trans-spliced leader, is unknown, SL1 RNA, which
contains this leader, is essential for embryogenesis. Efforts to characterize in vivo requirements of the SL1
leader sequence have been severely constrained by the essential role of the corresponding DNA sequences in
SL1 RNA transcription. We devised a heterologous expression system that circumvents this problem, making
it possible to probe the length and sequence requirements of the SL1 leader without interfering with its
transcription. We report that expression of SL1 from a U2 snRNA promoter rescues mutants lacking the
SL1-encoding genes and that the essential embryonic function of SL1 is retained when approximately one-third
of the leader sequence and/or the length of the leader is significantly altered. In contrast, although all mutant
SL1 RNAs were well expressed, more severe alterations eliminate this essential embryonic function. The one
non-rescuing mutant leader tested was never detected on messages, demonstrating that part of the leader
sequence is essential for trans splicing in vivo. Thus, in spite of the high degree of SL1 sequence conservation,
its length, primary sequence, and composition are not critical parameters of its essential embryonic function.
However, particular nucleotides in the leader are essential for the in vivo function of the SL1 RNA, perhaps
for its assembly into a functional snRNP or for the trans-splicing reaction.

In a number of eukaryotes, including trypanosomes and
nematodes, an RNA-processing reaction called trans splicing
results in the addition of a small (22- to 41-nucleotide [nt])
leader exon-like sequence (referred to here as a leader exon or
spliced leader [SL]) onto the 59 ends of some or all mRNAs
(reviewed in references 1, 3, 4, 29, and 30). The leaders are
derived from larger (;100-nt) RNAs (referred to here as SL
RNAs), that contain a leader exon at their 59 ends and a 39
intron-like domain. These RNAs appear to function in trans
splicing of their leader exon following their assembly into an
SL ribonucleoprotein (RNP) complex, similar to the small
nuclear RNPs (snRNPs) that function in cis splicing (6, 21, 24,
26, 27, 32, 39, 40). In the nematode Caenorhabditis elegans,
;60% of all messages are trans spliced to the major 22-nt SL1
leader, which is identical in sequence to the leaders found in
most other nematodes (18, 29, 43). A minor leader, SL2, ap-
pears to be appended specifically to the ;10% of messages
that are downstream in operons (16, 36, 43). A family of ad-
ditional SL2-like leaders, whose functions are unknown, has
also been identified in this organism (10, 34).

Although the mechanism of trans splicing and the sequence
requirements for the trans-splicing reaction have been well
characterized in vitro and in vivo (reference 19; reviewed in
references 1, 3, 4, 29, and 30), the biological functions of
spliced leaders in vivo, and the sequences required for these
functions, are not as well understood. trans-splicing functions

at least in part to process polycistronic messages into individual
coding units in trypanosomes and C. elegans (1, 36, 43). How-
ever, as only a fraction (;25%) of messages appear to be
organized into operons in C. elegans (43), it is likely that trans-
spliced leaders perform additional functions in mRNA metab-
olism. For example, once a leader is trans spliced onto an
mRNA, it may play an active role in controlling the stability,
transport, or translation of messages. Indeed, in vitro-transla-
tion experiments have shown that the SL leader sequence of
the nematode Ascaris lumbricoides (which is identical in se-
quence to C. elegans SL1), in conjunction with the specialized
trimethylguanosine cap structure found on all nematode SL
RNAs, results in maximal mRNA translation in vitro (23).
However, rather than serving an active role, trans splicing of
the leader onto a message may instead function solely to re-
move inhibitory sequences in the 59 untranslated region that
might otherwise prohibit efficient translation, consistent with
the observation that leader sequences are often spliced close to
the initiating AUG codon (2).

There appears to be some flexibility in the primary sequence
of the leader relative to its potential function in mRNA me-
tabolism in C. elegans, since SL2, which is only ;45% identical
to SL1 (16), has been shown to substitute functionally for SL1
in the embryo, and it can be trans spliced onto SL1 acceptor
sites (12). In addition, although the function of the other minor
leaders in C. elegans is not known, they are also quite divergent
from SL1 in sequence (10, 34). However, some features of SL
leaders in nematodes are well conserved: all are 21 to 23 nt in
length, and all those examined exhibit a predicted secondary-
structure element, a stem-loop involving the leader and a por-
tion of the SL RNA intron-like sequences (6, 10, 14, 29, 34, 42).
Although the conservation of at least some of these features
may reflect a requirement for the corresponding DNA se-
quences in transcription of the SL RNAs, as has been shown
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for the Ascaris SL gene in vitro (15), these evolutionarily con-
served features may also reflect structural requirements of the
leader exon.

Our previous identification of mutants that lack zygotic SL1
RNA (12) provided the opportunity to address the in vivo
requirement for the SL1 leader sequence. These mutants carry
deletions of the rrs-1 cluster, which contains ;110 tandem
copies of a 1-kb sequence encoding both 5S rRNA and the
105-nt SL1 RNA (12, 18, 28). An SL1 RNA encoding gene is
necessary and sufficient to rescue the embryonic lethality as-
sociated with the rrs-1 deletions (12).

In this study, we evaluate the in vivo requirements for the
SL1 leader RNA sequence by using rescue of the embryonic
lethality of the rrs-1 mutants as an assay. Our approach makes
it possible to examine sequences required both for trans splic-
ing and for the function of the trans-spliced leader in vivo. A
recent study also took advantage of the rrs-1 mutants as a
system to analyze mutant SL1 RNAs in vivo (41). However,
since this study relied on the wild-type SL1 promoter to drive
expression of various mutant constructs, all major changes in
SL1 eliminated or dramatically decreased detectable expres-
sion of the mutant SL RNA. While this finding confirmed
results in other systems demonstrating that the leader DNA
sequence contains elements essential for SL RNA transcrip-
tion (15), it prevented functional analysis of all changes in the
SL1 leader sequence other than single-nucleotide changes at
three positions. We developed a heterologous expression sys-
tem that uncouples the SL1 RNA sequence per se from se-
quences required for its transcription, allowing extensive ma-
nipulation of the leader by using the rrs-1 mutants. We find
that SL1 leader variants containing substantial deletions, in-
sertions, or substitutions involving conserved regions are able
to rescue embryonic lethality of rrs-1 deletions, suggesting that
in spite of the conserved features of the SL1 leader sequence,
the precise primary sequence of the leader does not appear to
be essential for its embryonic function. The rigid conservation
in the length of trans-spliced leaders in nematodes also does
not appear to relate to their essential role in embryogenesis, as
substantially shorter and longer variants of SL1 support em-
bryonic development. In contrast, several sequence alterations
abolish the embryonic function of SL1 and appear to identify
limited portions of the leader responsible for this function.

MATERIALS AND METHODS

Plasmid constructions. A 341-bp fragment containing the promoter region
from the C. elegans U2-3 gene was amplified from a plasmid containing the U2-3
snRNA gene (a kind gift from Tom Blumenthal) by PCR with Taq polymerase
(Perkin-Elmer) and the buffer provided by the manufacturer; this fragment
corresponds to nt 47 to 388 of the U2-3 snRNA GenBank sequence (39). The
upstream primer used for PCR contains an XbaI site followed by nt 47 to 67 of
the U2-3 sequence (KF 101), and the downstream primer contains a BamHI site
followed by nt 388 to 371 of the U2-3 sequence (KF 99). PCR was performed for
25 cycles under the following conditions: 94°C, 30 s; 50°C, 1 min; 72°C, 1 min.
The PCR product was digested with XbaI and BamHI and subcloned into the
Stratagene pBluescript SKII(2) vector. The wild-type SL1 RNA gene was am-
plified from a plasmid containing the SL1 gene by PCR with Pfu polymerase
(Stratagene) and the buffer provided by the manufacturer. The upstream primer
(KF 65) used for PCR corresponds to the first 22 nt of the SL1 RNA (nt 231 to
210 of the GenBank rrs-1 repeat sequence, the 1-kb sequence that encodes SL1
and 5S rRNA [18, 28]), and the downstream primer (KF 102) contains an EcoRI
site, followed by nt 27 to 7 of the GenBank sequence of the rrs-1 repeat. These
primers amplify a 224-bp fragment that contains the SL1 RNA gene followed by
120 nt of 39 sequence. This 39 sequence was included to ensure proper 39 end
formation of the SL1 RNA (15). PCR was performed for 25 cycles under the
following conditions: 94°C, 30 s; 40°C, 1 min; 72°C, 1 min. To construct the U2
promoter-SL1 chimera, the U2 promoter plasmid described above was digested
with ScaI (which cuts after the last nucleotide of the U2 promoter) and EcoRI.
The EcoRI-digested SL1 PCR product was then subcloned into this vector; this
resulted in a construct in which the last nucleotide of the U2 promoter was fused
to the first nucleotide of the SL1 RNA gene. To construct the SL1 RNA genes
with the mutant leaders, upstream primers were used that contained the leader

deletions, substitutions, or additions described in the text, followed by 9 to 21 nt
of downstream sequence corresponding to the wild-type SL1 gene (D3–12, KF
103; D11–21, KF 104; 11–20 shuffle, KF 106; 59 (5) extra As, KF 107; SL2-SL1
chimera, KF 108; G20 to A20, KF 110; DGU loop, KF 116; loop sub, KF 123).
PCRs were performed with a plasmid containing the SL1 RNA gene, each of the
upstream mutant primers, and the downstream SL1 39 end primer (KF 102)
under the conditions described above for the wild-type SL1 PCR. These frag-
ments were then individually subcloned into the U2-3 promoter-containing plas-
mid as described above for all constructs except the 7U loop insert. For the 7U
loop insert construct, the mutant insert was PCR amplified from an SL1 RNA-
encoding plasmid under the conditions described above, except an upstream
primer containing a 59 BbsI site was used to facilitate cloning, followed by the
mutant leader sequence (KF 144) and the downstream SL1 39 end primer
described above (KF 102). In order to create a vector containing complementary
BbsI and EcoRI sites at the 59 and 39 ends, respectively, the U2-3 vector sequence
described above was PCR amplified with a primer complementary to nt 388 to
369 of the U2-3 snRNA GenBank sequence preceded by a 59 BbsI site (KF 139)
and with a primer specific for nt 711 to 686 of the pSKII(2) vector GenBank
sequence (Stratagene) preceded by a 59 EcoRI site (KF 140). PCR was per-
formed for 20 cycles under the following conditions: cycle 1, 94°C for 3 min, 50°C
for 1 min, 72°C for 7 min; cycles 2 to 20, 94°C for 35 s, 50°C for 1 min, 72°C for
7 min. BbsI and EcoRI digestion and subsequent ligation yielded a construct with
the last nucleotide of the U2-3 promoter fused to the first nucleotide of the SL1
RNA gene as described above. For each construct generated, appropriate se-
quences and junctions were confirmed by sequence analysis.

Worm culture, strains, microinjection, and analysis of rescue. Nematodes
were cultured as described previously (12). Microinjection of DNAs was per-
formed as described previously (25). Heterozygous animals of the genotype
unc-76(e911) wDf1 / unc-61(e228) dpy-21(e428) were used in the transformation
experiments. wDf1, formerly called e2482 (12), is one of two rrs-1 deletion alleles.
For scoring of rescue and for determining levels of SL RNAs, hermaphrodites of
the genotype pha-1(e2123) III; unc-76(e911) wDf1 / unc-61(e228) dpy-21(e428) V
were used. The pha-1(e2123) mutation allows the pha-1(1) gene to be used as a
selectable marker for transformation (13). pha-1(e2123) results in 100% embry-
onic lethality at the nonpermissive temperature of 25°C (35). Introduction of a
wild-type pha-1(1) transgene rescues this phenotype and allows for growth of
the animals at 25°C. Therefore, only transformed animals are propagated at this
temperature. This procedure allows for enrichment of transformed animals in
the population, which was useful for subsequent RNA analysis (described be-
low). Mutant leader RNA constructs were injected at a concentration of ;40 to
100 mg/ml, along with an 8-kb plasmid containing the wild-type pha-1 gene
(pBX1 [13]; kindly provided by Peter Barrett) at a concentration of ;35 mg/ml
and the pRF4 plasmid containing the rol-6(su1006dm) gene (a second selectable
marker used to confirm that the surviving animals contained the extrachromo-
somal array) at a concentration of ;40 mg/ml. Following transformation, F1 Rol
animals were shifted from 15°C to 25°C, and stably transformed lines were
identified as those F1s which gave rise to surviving F2 Rol progeny. Rescue of the
embryonic lethality of wDf1 was scored as described previously after shifting the
animals back to 15°C (12). In the case of the 7U loop insertion construct, the
heterozygous wDf1 strain without the pha-1(e2123) mutation was used for trans-
formation (since this construct was not analyzed for SL RNA expression). In this
experiment, the lines were maintained at 20°C and transformed animals were
identified by using the Rol marker only. For each experiment, total progeny were
generally counted from several worms obtained from each line. The percent
embryonic lethality from each line was calculated; the average percent arrested
embryos was determined for all lines from a given experiment and was used in
the calculation of percent rescue reported (see Tables 1 to 4). Percent rescue was
calculated by the formula 100[1 2 (average percent arrested embryos observed/
average percent arrested embryos from the parental strain)]. The average per-
cent arrested embryos for the wDf1 parental line was 25.3%, as expected for
heterozygotes carrying a recessive lethal mutation. For the constructs that rescue
embryonic lethality, the percentage of arrested embryos was found to be signif-
icantly different from that of the parental strain, with P values of less than 0.01.

RNA isolation and primer extension analysis. Stably transformed wDf1/1
lines were grown at 25°C to enrich for transformants (as described above) on
agarose nematode growth medium (NGM) plates. One line for each construct
that gave rise to a representative number of arrested embryos or rescued animals
was chosen for RNA preparation. The average percentages of arrested embryos
from these selected lines were as follows: wild-type SL1, 17.5%; D3–12, 26%;
D11–21, 25%, DGU loop, 17.8%; G20 to A20, 13.3%; loop sub, 13.8%; 11–20
shuffle, 33%; SL2-SL1 intron, 32%; 59 (5) extra As, 11.4%. Mixed-stage worms
were harvested, and RNA was prepared with guanidine isothiocyanate, phenol-
chloroform, and glass bead disruption as previously described (8), with the
following modifications. After disruption by vortexing and centrifugation, the
aqueous phase was extracted with 1 volume of acid phenol-chloroform, pH 4.7
(Ambion). After centrifugation, the RNA was precipitated with 0.1 volume of 5
M ammonium acetate and 2.5 volumes of 100% ethanol. After being washed with
70% ethanol, the pellets were resuspended in 0.1 mM EDTA, pH 8.

For primer extension, primers were end labeled with [g32P]ATP and T4
polynucleotide kinase (Promega) and gel purified on 20% denaturing polyacryl-
amide gels. Probes were eluted overnight in 300 mM sodium acetate–0.01%
sodium dodecyl sulfate (SDS). For analysis of RNAs that differed in length from
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the endogenous SL1 RNA (see Fig. 4A), ;10 ng of labeled primers correspond-
ing to nt 190 to 168 (KF 111) of the SL1 RNA gene from the GenBank sequence
of the 1-kb rrs-1 repeat (i.e., nt 61 to 39 of the SL1 RNA [18, 28]), and nt 121 to
100 (KF 126) of the U6 snRNA GenBank sequence (nt 41 to 20 of the U6
snRNA [38]) were added to 20 mg of mixed-stage total RNA, heated to 70°C for
10 min, and annealed at 50°C for 1 h. Reverse transcription (RT) was performed
at 50°C for 30 min with 400 U of Superscript II reverse transcriptase (Gibco-
BRL), with the buffer and conditions specified by the manufacturer. Reactions
were run on 12% sequencing gels, and the products were detected by autora-
diography. For analysis of RNAs that are the same size as the endogenous SL1
RNA (see Fig. 4B), a dideoxy primer extension experiment was performed.
Primers were labeled and purified as described above. The following primers
were used for each reaction. For N2 (wild-type), G20 to A20, and loop sub
reactions, an SL1 primer (KF 114) corresponding to positions 192 to 210 of the
rrs-1 repeat GenBank sequence (nt 40 to 22 of the SL1 RNA [18, 28]) was used;
for the SL2-SL1 chimera, a primer (KF 125) corresponding to positions 199 to
211 of the rrs-1 repeat GenBank sequence (nt 33 to 21 of the SL1 RNA) followed
by nt 134 to 130 of the SL2a GenBank sequence (nt 20 to 16 of the SL2a RNA)
was used; for the 11–20 shuffle, a primer (KF 112) corresponding to positions 200
to 211 of the rrs-1 repeat GenBank sequence (nt 32 to 21 of the SL1 RNA),
followed by 6 nt complementary to the shuffled sequence (see Table 3), was used.
For each reaction, a U6 control primer (KF 82) corresponding to nucleotide
positions 227 to 196 of the U6 snRNA GenBank sequence (nt 70 to 39 of the U6
snRNA, [38]) was used. Total RNA (20 mg) was annealed to ;10 ng of each
labeled primer at 46°C for 1 h. RTs were performed as above, except 10 mM
dideoxycytosine was used in place of deoxycytosine. The reactions were run on an
18% sequencing gel and analyzed by autoradiography. Densitometry was per-
formed on an LKB UltroScan XL, using two different exposures to confirm the
RNA levels for each experiment. The levels of mutant SL RNAs were normal-
ized to the levels of U6 snRNA to correct for loading differences.

RT-PCR analysis. Total RNA isolation and RT-PCR from homozygous wDf1
mutant embryos was performed as described previously (12). In these experi-
ments, RNA was isolated from wild-type (N2) embryos, homozygous, arrested
wDf1 embryos, embryos derived from stably transformed heterozygous wDf1
animals carrying a wild-type SL1 transgene under the control of the U2-3 snRNA
promoter, or an 11–20 shuffle transgene. Single elongated embryos (in the case
of the wild-type embryos) or arrested, unelongated embryos (in the case of
homozygous wDf1 embryos) were picked ;10 to 12 h postfertilization. In the
case of the embryos rescued with the wild-type transgene, embryos were picked
;16 to 18 h postfertilization; at this time, the wild-type embryos have hatched,
so only elongated embryos which are rescued with the wild-type transgene re-
main. For the 11–20 shuffle, it was not possible to distinguish homozygous mutant
embryos that carry the transgene from those that did not, since the lethal
phenotype does not allow scoring of the transgenic marker (extrachromosomal
arrays are not transmitted to all progeny [25]). Therefore, ;20 to 30 unelon-
gated, homozygous mutant embryos were picked, and three independent RNA
samples were prepared, to ensure that RNA transcribed from this transgene
would be represented in the sample. Annealing of the downstream primer spe-
cific to a portion of the myo-3 coding region (200 ng; KF 79, listed below [9]) to
the total RNA preparation, followed by RT, was performed as described previ-
ously (12), with the following modifications: one-half of each annealing reaction
was added to a RT mixture of 50 mM Tris-HCl (pH 8.3), 50 mM KCl, 20 mM
MgCl2, 5 mM dithiothreitol, 6.7 mM (each) deoxynucleoside triphosphate, 20 U
of RNasin ribonuclease inhibitor (Promega), and 8 U of avian myeloblastosis
virus reverse transcriptase (Promega). After RT for 30 min at 42°C, the reaction
mixture was diluted to 50 ml with distilled water. Fifty nanograms of each primer
(described below) and 5 ml of diluted cDNA were added to a 25-ml PCR mixture,
and 35 cycles were performed with the following parameters: 94°C for 30 s, X°C
for 1 min, and 72°C for 1 min, where X, the annealing temperature, varied
according to the melting temperatures of the primers used in the reactions. In the
case of the PCRs with cDNA from wild-type embryos, from embryos carrying
wild-type SL1 transgenes, or from homozygous wDf1 arrested embryos, an an-
nealing temperature of 50°C and the primers KF 45 and KF 79 (listed below)
were used. In the case of reactions with cDNA from embryos carrying the 11–20
shuffle transgene (primers KF 151 and KF 79), a temperature of 47°C was used.
In the case of control reactions performed to amplify an internal portion of the
myo-3 message (9) (primers KF 92 and KF 79), 50°C was used. The products
were separated on 1.3% agarose gels, the gels were blotted, and the filters were
probed with [a-32P]dATP-labeled probes corresponding to an internal portion of
the myo-3 message and prepared by PCR (using primers KF 90 and KF 78), as
described previously (12).

Oligonucleotide sequences. The sequences of the oligonucleotides used were
as follows: KF 45, GGTTTAATTACCCAAGTTTG; KF 65, GGTTTAATTAC
CCAAGTTTGAG; KF 78, CTCGAGATTCCCAAGAATGGG; KF 79, CCAC
GGTCACCTGTTCGCCG; KF 82, CATCCTTGCGCAGGGGCCATGCTAA
TCTTCTC; KF 90, AGAAATGTCTGGAAATC; KF 92, CCAGACGCATTC
GAAA; KF 99, CGGGATCCAGTACTGAATGGAGGAGAGGG; KF 101,
GCTCTAGAGGACTCCGGCTTCAGCACGAC; KF 102, CGGAATTCGTTC
CCCAATCAATATCATC; KF 103, GGCAAGTTTGAGGTAAACATTGA;
KF 104, GGTTTAATTAGGTAAACATTGAAACTG; KF 106, GGTTTAATT
AAGATCTCTCGAGGTAAACATTGAAAC; KF 107, AAAAAGGTTTAAT
TACCCAAGTTTG; KF 108, GGTTTTAACCCAGTTACTCAAGGTAAACA

TTGAAAC; KF 110, GGTTTAATTACCCAAGTTTAAGGTAAAC; KF 111,
AGCTAACGCCAAATTTCTTTGGG; KF 112, CAATGTTTACCTCGAGAG;
KF 114, GTCAGTTTCAATGTTTACC; KF 116, GGTTTAATTACCCAAAG
GTAAACATTG; KF 123, GGTTTAATTACCAGGCGAATAGGTAAACAT;
KF 125, TCAATGTTTACCTTGAGT; KF 126, CTCTGTATTGTTCCAATTT
TAG; KF 139, GAAGACTTACTGAATGGAGGAGAGGGTA; KF 140, CGG
AATTCGATATCAAGCTTATC; KF 144, GAAGACCTCAGTGGTTTAATT
ACCCAATTTTTTTGTTTGAGGTAACA; and KF 151, GGTTTAATTAAGA
TCTCTCG.

RESULTS

Expression of SL1 under the control of the U2 snRNA pro-
moter supports embryonic development. The 22-nt DNA se-
quence encoding the SL leader of A. lumbricoides contains an
element that is essential for efficient in vitro transcription of
the SL RNA (15); moreover, substantial alterations of the SL1
RNA sequence have suggested that it is similarly required for
transcription in C. elegans in vivo (41). Because of this require-
ment for the SL1 leader sequence, it has not been possible to
analyze substantial sequence alterations in the leader without
eliminating expression of SL1 RNA. In a recent study (41),
only very limited information regarding sequences essential for
SL1 function, involving changes at three single-nucleotide po-
sitions, could be obtained; all deletions of the leader com-
pletely blocked its function and generally eliminated detect-
able levels of SL1 RNA. It could not be determined from this
study whether such deletions eliminated expression or desta-
bilized the RNA. To address the sequence requirements for
the SL1 leader distinct from the role of the corresponding
DNA sequence in its expression, it was necessary to develop a
system in which the leader sequence could be altered without
affecting its transcription. To accomplish this, we expressed the
SL1 RNA gene under the control of the C. elegans U2-3
snRNA gene promoter (38). In other organisms, transcription
of U snRNAs does not require downstream transcribed se-
quences (33), and we found that the U2-3 snRNA promoter
similarly does not appear to require downstream sequences in
C. elegans (see below). Since the U2 snRNA participates in cis
and trans splicing (20, 29), both of which are ubiquitous pro-
cesses in C. elegans, we reasoned that expression from the U2-3
promoter might be sufficient to drive SL1 expression through-
out the animal in a manner similar to that of the SL1 promoter.

We tested a chimeric gene fusion (U2-SL1), in which the
SL1 RNA transcription unit is expressed from the U2-3 pro-
moter, for its ability to rescue the pleiotropic embryonic de-
fects of wDf1, a deletion of the rrs-1 cluster (12), by transfor-
mation into wDf1 heterozygotes (Fig. 1 and Table 1). Deletions
of the rrs-1 cluster result in arrest of embryos as differentiated,
unelongated masses of cells and in embryonic lethality; the
wild-type SL1 gene rescues this embryonic lethality (12). The

FIG. 1. Expression system used to analyze mutant leader RNAs. Shown is a
schematic of the U2-SL1 construct. Fragments (;240 nt) of each mutant SL
RNA gene, including 135 nt of 39 nontranscribed sequence (used to ensure
correct 39 end formation), were cloned directly behind a 340-nt fragment con-
taining the U2-3 snRNA promoter. This latter fragment contains the C. elegans
U snRNA consensus proximal sequence element sequence (beginning 65 nt
before the start site of transcription [38]), which is likely to be an important
transcriptional regulatory element, based on studies in other systems (33).
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U2-SL1 construct was also found to rescue this lethality: ap-
proximately the same fraction of mutant embryos were rescued
with the U2-SL1 construct as we had found previously for the
intact wild-type SL1 gene (Table 1) (12). Rescue was indicated
by a significant decrease in the fraction of arrested, unelon-
gated embryos from transgenic wDf1 heterozygotes relative to
the ;25% arrested embryos produced by the same strain lack-
ing the transgene and by the presence of homozygous wDf1
larvae or arrested, but elongated, embryos. (Such embryos and
larvae are never observed in progeny of control wDf1 heterozy-
gotes). Rescue of all wDf1 homozygotes is never observed even
with the wild-type SL1 RNA gene, since extrachromosomal
arrays produced by transformation are inefficiently transmitted
to subsequent generations (25) (Table 1). We conclude that
SL1 RNA can effectively support embryonic development even
when expressed from a heterologous promoter.

One observation indicated that expression of SL1 RNA from
the U2-SL1 construct was not identical to that of the endoge-
nous SL1 RNA genes. When a 5S ribosomal DNA construct is
cotransformed with the wild-type SL1 RNA construct, ho-
mozygous viable wDf1 lines can be generated and propagated
for many generations (12). In contrast, cotransformation of 5S
ribosomal DNA with the U2-SL1 construct failed to produce a
viable transgenic line and the majority of rescued animals died
during early larval stages (11). Therefore, it is possible that
either the levels or spatiotemporal expression of the SL1 RNA
produced from the U2-SL1 construct is not sufficient for rescue
to adulthood. However, rescue of embryonic lethality was quite
efficient. In addition, we were able to detect the SL1 leader on
trans-spliced messages (see below).

Deletions identify essential structural elements of SL1. The
U2-SL1 expression system and our rescue assay allowed us to
analyze large structural changes in the leader sequence for
their effects on the essential in vivo function of the leader. The
design of leader sequence alterations was guided by previous
studies of the sequence requirements for trans splicing in nem-
atodes (22, 23) and by the proposed secondary structure of the
leader (14, 42). All known SL RNAs are predicted to fold into
similar secondary structures (6, 8, 10, 16, 29, 31, 37). The first
stem-loop of this structure includes the leader sequence, a
portion of which can form base pairs with nucleotides sur-

rounding and including the splice donor site; this interaction is
predicted to be conserved in all SL RNAs (Fig. 2). The exis-
tence of two similar structures in the first stem-loop of the SL1
RNA has been determined by nuclear magnetic resonance
(NMR) (14, 42); both structures include the base pairing of the
splice donor site nucleotides (Fig. 2). Previous work has sug-
gested that this interaction may be important for trans splicing,
perhaps for splice donor site recognition in analogy to the U1
snRNA–pre-mRNA intron interaction required for cis splicing
(5, 6). However, experiments with A. lumbricoides extracts sug-
gested that neither the composition nor the length of the
leader sequence is a critical parameter for efficient trans splic-
ing in vitro (22). For example, SL leaders carrying deletions of
either the 59 or 39 half of the leader were trans spliced in vitro
with approximately the same efficiency as that of the wild-type
leader. This study indicated that neither the primary sequence
nor the first stem-loop secondary structure is relevant for ef-
ficient trans splicing in vitro (22).

We reasoned that if portions of the leader sequence are
similarly dispensable for trans splicing in vivo, it might be
possible to address whether these sequences performed any
essential postsplicing functions on a trans-spliced message.
Therefore, we first tested whether SL1 RNAs containing
leader sequence deletions identical to those analyzed in in vitro
trans-splicing reactions eliminate the essential function of SL1.
The D3–12 mutation deletes nt 3 to 12 of the leader; in the
predicted structure of the SL1 RNA, as well as the structures
determined for a portion of the wild-type SL1 RNA, 8 of these
10 nucleotides form base pairs with nucleotides that span the
splice donor site (6, 14, 42) (Table 2; and Fig. 2). In addition,
6 of 10 nt are conserved among all known C. elegans leaders
(allowing for gaps) (10, 34) (Fig. 3). The D11–21 construct
deletes nt 11 to 21 of the leader. In the solution structures of

TABLE 1. SL1 driven by the U2-3 promoter can rescue lethalitya

Construct
No. of rescued
lines/total no.

of lines

% Rescue of wDf1
embryonic lethality

(n)b

Embryonic
rescuec

None NA 0 (2,039)e NA
SL1-SL1 promoter 4/5d 49 (1,394)e 1
SL1-U2 promoter 6/7d 54 (2,525) 1

a NA, not applicable. Heterozygous animals of the genotype unc-76 (e911)
wDf1 / unc-61 (e228) dpy-21 (e428) were used in transformation experiments (see
Materials and Methods).

b n, total number of progeny counted, including arrested embryos and larvae.
Percent rescue was calculated by the formula 100[1 2 (average percent arrested
embryos observed/average percent arrested embryos from the parental strain)].
The average percent arrested embryos for the wDf1 parental line was 25.3%, as
expected for heterozygotes carrying a recessive lethal mutation (see Materials
and Methods).

c Embryonic rescue was scored as “1” if the average percentage of arrested
embryos was below 20% and arrested elongated embryos and/or extra Unc-76
larvae (defined as significantly greater than the ;2% of Unc-76 recombinants
usually observed in the parental strain) were observed. (Since the unc-76 muta-
tion is linked in cis to the lethal wDf1 mutation, Unc-76 animals are infrequently
observed in the parental strain [12].)

d Lines that showed no apparent rescue were not used in the calculation of
percent rescue.

e As reported in reference 12.

FIG. 2. Predicted secondary structures of SL1 RNA. (A) Predicted second-
ary structure of SL1 RNA (6); the stem loop structure depicted for nucleotides
1 to 38 was determined by NMR (14). An outline of the rest of the structure (67
nt), generated by computer prediction (6), is indicated. The position of the 8-nt
Sm binding site is represented by a solid box. The arrow indicates the position of
the splice donor site; the sequence 59 of this site comprises the leader exon. The
G/GUA of the splice donor site (outlined letters) is conserved in all known SL
RNAs, except in the recently identified minor SL RNAs in C. elegans (SL3, SL4,
and SL5), which contain the sequence G/GUU (10, 34). In addition, the pre-
dicted base pair interactions that occur between these nucleotides and the leader
are also highly conserved in SL RNAs (6). (B) An alternative structure deter-
mined by NMR analysis for the first stem-loop of the SL1 RNA (42); an outline
of the rest of the structure as predicted (6) is shown and labeled as in panel A.
This structure differs from that in panel A in that the nucleotides at positions 13,
14, 19, and 20 are base paired instead of forming part of the single-stranded loop.
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a portion of the SL1 RNA, 2 or 4 of 11 deleted nucleotides are
base-paired; however, in both cases, one of these nucleotides is
predicted to participate in the GU base pair comprising the
splice donor site, which is conserved in all SL RNAs (6, 14, 42)
(Table 2 and Fig. 2). In addition, three of the deleted nucleo-
tides are conserved among all C. elegans leaders (10, 34) (Fig.
3). We found that neither of these deletion constructs was able
to rescue embryonic lethality in several independent trans-
formed lines (Table 2). By analyzing the mutant SL1 RNAs
produced by these constructs in transgenic animals, we found
that they were present at approximately the same level as other
SL RNAs which rescue embryonic lethality (see below) (Tables
2 to 4 and Fig. 4A), demonstrating that the inability of the
larger deletion mutants to rescue is not a result of their poor
expression or instability per se. Smaller deletions of the leader
analyzed by Xie and Hirsh (41), using the SL1 promoter, gen-
erally eliminated detectable SL1 RNA levels; our results imply
that the deletions in that study probably did not destabilize the
mutant RNAs but instead eliminated their transcription, con-
sistent with in vitro transcription studies (15). We conclude
that deletion of the 59 or 39 half of the leader eliminates the in
vivo function of the SL1 RNA or SL1 leader without dramat-
ically altering its expression or stability.

Although removal of half of the SL1 leader sequence abol-
ishes its essential embryonic function, analysis of an additional

deletion mutant led to the surprising observation that a sub-
stantial portion of the SL1 leader sequence is dispensable for
embryogenesis. A deletion mutation (DGU loop) in which nt
16 to 20 of the leader were removed and which deletes 5 of the
11 nucleotides that were also deleted in the D11–21 construct,
did not abolish SL1 function. This DGU loop RNA was effi-
ciently expressed and was able to rescue embryonic lethality,
albeit at a reduced efficiency compared to that of the wild type
(Table 2 and Fig. 4A). This diminished efficiency might reflect
a requirement for the precise structure observed by NMR for
this region, either for the base pairs of 2 of 5 of these nucle-
otides, at positions 19 and 20 (42), or for the non-Watson-
Crick nucleotide interactions within this loop region (14). The
result with this deletion further underscores the importance of
uncoupling analysis of RNA requirements from promoter se-
quence requirements: the same deletion construct expressed
from the SL1 promoter was found not to rescue, presumably
owing to defects in its transcription, and no definitive conclu-
sion could be made regarding the functional requirements in
this region of the leader (41). Our observation that the DGU
loop mutant SL1 supports embryonic development demon-
strates that neither the normal length of the leader nor the
sequence of the loop region is essential for trans splicing or for
leader function on trans-spliced mRNAs.

Substitutions that identify essential SL1 sequences. As de-
scribed above, elimination of either half of the leader sequence
abolishes the essential embryonic function of SL1. This defect
might result from removal of essential sequence elements per
se. Alternatively, as all known trans-spliced leaders are at least
21 nt long, there may be a length requirement for these leaders
and this result might indicate that the mutant leaders are
simply too short to provide SL1 function. To address possible
sequence requirements of the leader without altering its
length, we tested the effects of several nucleotide substitutions.

To examine whether any sequence substitutions could be
tolerated at all, we first analyzed the effects of a single-nucle-
otide change, a G-to-A transition at position 20 (Table 3).
Position 20 is not predicted to participate in the first stem of
SL1 RNA (6, 14) (Fig. 2), although it has been observed to be
base paired with the C at position 9 in one of the two solution
structures (42) (Fig. 2). However, the nucleotide at this posi-
tion in the SL2 leader and most of the other minor leaders that
have been identified in C. elegans is an A (10, 16, 34) (Table 3
and Fig. 3). We found that this construct rescued embryonic
lethality efficiently, suggesting that the identity of the nucleo-
tide at this position is not crucial for SL1 RNA or SL1 leader
function (Table 3).

Next, we examined the effects of randomly rearranging the

TABLE 2. Analysis of leader deletion constructsa

Sequence of mutant leaderb SL RNA
expressionc

No. of rescued lines/
total no. of lines

% Rescue of wDf1 embryonic
lethality (n) Embryonic rescue

No construct injected NA NA 0 (2,039) NA
GGUUUAAUUACCCAAGUUUGAG (wild type) NDd 6/7e 54 (2,525) 1
GG-----------------------CAAGUUUGAG (D3–12) 71 0/8 0 (3,278) 2
GGUUUAAUUA-------------------------G (D11–21) 76 0/4 0 (1,850) 2
GGUUUAAUUACCCAA------------AG (DGU loop) 100 3/8e 26 (2,909) 1

a NA, not applicable. Percent rescue was calculated and embryonic rescue was scored as described in notes b and c to Table 1 and Materials and Methods.
b Dashes represent nucleotides deleted from the wild-type sequence.
c Expression level is shown as a percentage of the level seen for the highest-expressing mutant (DGU loop) (Fig. 4A) after normalizing for loading.
d ND, not determined. Presumably, the wild-type RNA under the control of the U2 promoter is efficiently expressed, since this construct rescues lethality. We were

not able to determine relative levels of this RNA, since high levels of endogenous SL1 RNA are present in the mixed-stage RNA samples analyzed (Fig. 4) (Materials
and Methods).

e Lines that showed no apparent rescue were not used in the calculation of percent rescue.

FIG. 3. Alignment of C. elegans SLs. The sequences of the C. elegans trans-
spliced leaders that have been identified are shown (10, 34). In some cases, SL
RNA genes contain identical leader sequences but divergent sequences corre-
sponding to the rest of the RNA (for example, SL genes encoded by the SL2 a
and b genes, as well as SL genes encoded within the cosmids C17C3 and ZK1248,
have identical leader sequences [10, 16, 34]). Gaps (indicated by dashes) are
positioned in the alignment to maximize the degree of identity between the
leaders. The consensus sequence for the leaders is shown at the bottom; the AG
dinucleotide is also highly conserved in C. elegans cis-splice donor sites (17).
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sequence of the second half of the leader (nt 11 to 20) without
altering its base composition (11–20 shuffle) (Table 3). One
result of this shuffle is that the nucleotides at positions 11 and
12, which are predicted to base pair with the splice donor site
(as described above) (6, 14, 42) are rearranged, thereby likely
disrupting these base pairs (Table 3 and Fig. 2). Although this
mutant SL RNA was expressed at high levels from the U2
promoter, the mutant RNA failed to rescue embryonic lethal-
ity (Table 3 and Fig. 4B). We were unable to detect this
shuffled leader RNA sequence on trans-spliced mRNAs by
RT-PCR, although the normally trans-spliced mRNAs are
present in the embryonic extracts (Fig. 5). It appears, there-
fore, that this leader is not trans spliced onto messages. This
result suggests that a portion of the leader sequence or the SL1
RNA secondary structure is essential for efficient trans splicing
of the leader in vivo.

To further investigate primary sequence requirements in this
region of the leader, we tested a mutant in which the 8 nucle-
otides in the loop region were substituted (loop substitution
mutant). The nucleotides at each position in this region (po-
sitions 13 to 20) were made different from those found in all
other spliced leaders in C. elegans; this change also altered the
composition of this sequence significantly (e.g., the purine con-
tent was increased from 50 to 75%) (Table 3 and Fig. 3). This
mutant RNA was expressed, albeit at 30% of the level of the
11–20 shuffle construct, and rescued embryonic lethality at a
somewhat reduced efficiency, similar to that of the DGU loop
mutant (Table 3 and Fig. 4B). This observation demonstrates
that the SL1 leader can tolerate certain major changes in

primary sequence (i.e., altering more than one-third of the
sequence) without abolishing its essential embryonic function.

The SL2 leader cannot substitute for the SL1 leader when
conjoined with the SL1 RNA intron. We showed previously
that SL2 RNA, when overexpressed from an extrachromo-
somal array, can rescue the lethality of embryos lacking zygotic
SL1 RNA (12). We also demonstrate that the normally ex-
pressed SL2 is trans spliced onto SL1 splice acceptor sites when
SL1 RNA is absent. These experiments suggested that, al-
though the leaders are only ;45% identical (16) (Fig. 3), the
22-nt SL2 leader can perform the essential embryonic function
normally carried out by SL1. We further explored whether the
SL2 leader can substitute for the SL1 leader by asking whether
it could be efficiently trans spliced when coupled to the SL1
RNA intron-like sequence (the SL1 RNA sequence down-
stream of the leader). A chimeric SL RNA-encoding construct
containing the 22-nt SL2 leader fused to the SL1 intron-like
sequence was assayed for rescue of embryonic lethality (Table
3). Surprisingly, we found that the SL2-SL1 chimeric construct
could not rescue embryonic lethality (Table 3). Since an SL2
leader can apparently functionally substitute for the SL1 leader
once it is donated by the SL2 RNA (12), the failure of the
SL2-SL1 construct to rescue may result from the inability of
the SL2 leader to be trans spliced from the chimeric RNA (see
Discussion).

The SL1 leader can tolerate a substantial increase in length.
Though all known nematode SLs are nearly identical in length
(21 to 23 nt) (10, 16, 18, 34), our deletion studies demonstrated
that SL1 can function when substantially shorter than normal

TABLE 3. Analysis of leader substitution constructsa

Sequence of mutant leaderb SL RNA
expressionc

No. of rescued lines/
total no. of lines

% Rescue of wDf1 embryonic
lethality (n) Embryonic rescue

No construct injected NA NA 0 (2,039) NA
GGUUUAAUUACCCAAGUUUGAG (wild type) NDd 6/7e 54 (2,525) 1
GGUUUAAUUACCCAAGUUUAAG (G20 3 A20) 68 9/11e 56 (2,814) 1
GGUUUAAUUACCAGGCGAAUAG (loop sub) 30 7/14e 33 (7,292) 1
GGUUUAAUUAAGAUCUCUCGAG (11–20 shuffle) 100 0/12 0 (2,606) 2
GGUUUUAACCCAGUUACUCAAG (SL2-SL1 intron) 24 0/10f 0 (1,857) 2

a NA, not applicable. Percent rescue was calculated and embryonic rescue was scored as described in notes b and c to Table 1 and Materials and Methods.
b Nucleotides that are different from those in the wild-type SL1 leader are underlined. SL RNA expression and secondary structures were determined as described

in Table 2 and Materials and Methods.
c Expression level is shown as a percentage of the level seen for the highest-expressing mutant (11–20 shuffle) (Fig. 4B) after normalizing for loading.
d ND, not determined.
e Lines that showed no apparent rescue were not used in the calculation of percent rescue.
f For two lines, the percent embryonic lethality was 19 and 19.4%, respectively. Normally, percentages below 20% are indicative of rescue. However, these lines appear

to be atypical of constructs which normally result in rescue. Progeny from only one animal were counted from these lines, and the eight remaining lines exhibited no
evidence of rescue, indicating that these percentages are not likely to be significant.

TABLE 4. Analysis of leader insertion and addition constructsa

Sequence of mutant leaderb SL RNA
expressionc

No. of rescued
lines/total no.

of lines

% Rescue of wDf1
embryonic lethality

(n)

Embryonic
rescue

No construct injected NA NA 0 (2,039) NA
GGUUUAAUUACCCAAGUUUGAG (wild type) NDd 6/7e 54 (2,525) 1
AAAAAGGUUUAAUUACCCAAGUUUGAG [59 (5) extra As] 68 10/10 56 (4,113) 1
GGUUUAAUUACCCAAUUUUUUUGUUUGAG (7U loop insert) ND 9/20e 29 (3,948) 1

a NA, not applicable. Percent rescue was calculated and embryonic rescue was scored as described in notes b and c to Table 1 and Materials and Methods.
b Nucleotides added to the SL1 leader are underlined. SL RNA expression and secondary structures were determined as described in Table 2 and Materials and

Methods.
c Expression level is shown as a percentage of the level seen for the highest-expressing mutant (DGU loop) (Fig. 4A) after normalizing for loading.
d ND, not determined.
e Lines that showed no apparent rescue were not used in the calculation of percent rescue.
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(i.e., as few as 17 nt). To assess whether SL1 can function when
substantially longer than normal, we analyzed SL1 RNAs con-
taining additional nucleotides in the leader.

A construct was created in which the SL1 RNA contains five
additional adenosine residues upstream of the 22-nt leader
(Table 4). This RNA was found to be expressed efficiently in
transgenic worms, was larger than the wild type by the ex-
pected amount (Fig. 4A), and was able to rescue embryonic
lethality effectively (Table 4). This result suggests that the
additional adenosine nucleotides do not affect the trans-splic-
ing ability of the SL1 RNA or the function of the leader.

To examine the effects of an insertion of extra nucleotides
into the leader, we tested a construct containing seven extra
uridine residues within the loop region of the leader. This
construct rescued embryonic lethality, although somewhat less
efficiently than the wild-type construct (Table 4). This obser-
vation demonstrated that there are not stringent requirements
for contiguous blocks of sequence within the SL1 leader in this
region. In addition, it suggests that a nematode can proceed
through embryogenesis normally even when ;60% of all of its
messages, which are normally trans spliced to SL1, contain
spliced leaders that are .30% longer than normal.

DISCUSSION

We have exploited mutants lacking zygotic SL1 RNA to
analyze the structural requirements of the SL1 leader, allowing
the first dissection of major sequences required for its essential
in vivo function. We report four major findings: (i) the U2-SL1
expression system is effective for analyzing SL1 leader se-
quences necessary for trans splicing and leader function, as the
embryonic lethality of mutants lacking zygotic SL1 RNA can
be rescued by the U2-SL1 chimera; (ii) while all characterized
nematode leaders are 21 to 23 nt in length, the length of the
leader sequence is apparently not critical for its function in
mRNA metabolism; (iii) substantial alterations of the leader
sequence do not dramatically affect leader function in vivo,
since leaders containing deletions, substitutions, or additions
can support embryogenesis; and (iv) certain primary sequence
alterations are not tolerated in the SL1 leader, suggesting the
importance of the identities of at least some of these nucleo-
tides, or structures involving these nucleotides, for proper SL1
RNA or leader function.

System for analyzing SL1 leader sequence requirements.
The SL1 leader DNA sequence is highly conserved in all nem-

FIG. 4. Primer extension analysis of mutant SL RNA expression. (A) Anal-
ysis of mutant SL RNAs which differ in size from the endogenous (endog.) SL1
RNA. RNA was prepared from mixed-stage animals carrying the indicated
mutant SL RNA transgene. A labeled primer that recognizes a portion of the
SL1 RNA intron was used (see Materials and Methods). Since the populations
contained heterozygous mutant and wild-type animals, primer extension yields
both an endogenous SL1 RNA product (upper arrow) and the mutant leader SL
RNA product (stars). RNA analysis of wild-type animals (N2) and heterozygous
deletion mutant animals (wDf1/1) are shown as controls, demonstrating that the
products detected in the mutant strains are specific for those strains. All con-
structs shown were analyzed in a wDf1/1 genetic background. No additional
products were detected in the WT-SL1 sample (SL1 RNA transcribed from the
U2-3 promoter), indicating that this RNA is apparently of wild-type length. A
labeled primer specific for a portion of the U6 snRNA (lower arrow) was
included in the reaction; its extended product serves as a control for loading of
comparable amounts of RNA in each lane. (B) Analysis of mutant SL RNAs
which are the same size as the endogenous SL1 RNA. RNA was prepared from
mixed-stage wild-type or wDf1/1 animals carrying the indicated mutant SL RNA
transgene (as in panel A). In order to distinguish mutant from endogenous
wild-type SL1 RNA, a dideoxy primer extension reaction was performed. The
RNA was extended with a labeled primer specific for a portion of the SL1 RNA
intron-like sequence or leader sequence (see Materials and Methods). Dideoxy-
cytosine was included in the reaction mixture to interrupt extension of the SL
RNAs; because of the differences in sequence between mutant leaders (stars)
and wild-type endogenous SL1 RNA (arrowheads), products are extended to
different lengths for each RNA. In the case of the 11–20 shuffle and SL2-SL1
chimeric RNAs, labeled primers were used that recognized these RNAs specif-
ically; thus, the endogenous RNA is not extended and the band migrating at the
same position as wild-type SL1 is exclusively the mutant RNA. A U6 RNA
primer (arrow) was used to control for loading, as in panel A.

FIG. 5. RT-PCR analysis of trans splicing of mutant leaders. (A) Lanes 1 to
3, trans splicing of SL1 or mutant leaders to the myo-3 message in wild-type (N2)
elongated embryos; lanes 4 to 6, homozygous wDf1 embryos rescued with the
wild-type SL1 RNA transcribed from the U2-3 promoter (WT-SL1); lanes 7 to 9,
homozygous wDf1 embryos (wDf1); lanes 10 to 12, wDf1 embryos carrying the
11–20 shuffle transgene. Three independent RNA samples were prepared and
analyzed for each strain. Primers specific for the wild-type SL1 leader or for the
11–20 shuffle leader, together with a downstream primer specific for the myo-3
coding region, were used in the RT-PCRs (see Materials and Methods). The
myo-3 message is embryonically transcribed (9), and both the message and
protein are expressed robustly in wDf1 mutant embryos (12), although no trans
splicing to SL1 is detected (therefore, these reactions serve as negative controls
for contamination in the RT-PCR). There are no detectable bands in lanes 7 to
12, as described above, even in overexposed autoradiograms. The bands present
in lanes 4 and 6, which appear faint in this exposure, are clearly evident in
overexposed autoradiograms (data not shown). (B) RT-PCR analysis of the
myo-3 message in wDf1 embryos carrying the 11–20 shuffle (lanes 1 to 3) trans-
gene, using primers specific for an internal portion of the myo-3 message (see
Materials and Methods). The positions of the molecular size markers (in base
pairs) are shown at the left.

1898 FERGUSON AND ROTHMAN MOL. CELL. BIOL.



atodes, leading to the suggestion that the precise leader se-
quence may be important for trans-splicing or leader function.
However, the finding that the leader DNA also serves as part
of the wild-type promoter in Ascaris and C. elegans (15, 41)
suggests an alternative explanation for the conservation of this
sequence. The U2-3 promoter used here to express SL1 un-
couples the sequence requirements for the leader RNA from
sequences required for transcription. This system allowed us to
assess the requirement for the SL1 leader for trans-splicing and
postsplicing functions without interfering with expression of
the RNA. In contrast, in another study it was not possible to
examine the effect of large alterations of the SL1 leader se-
quence when the SL1 promoter was used, since such mutations
eliminated detectable SL1 RNA transcription (41). With the
U2-SL1 expression system, SL1 RNA was expressed at levels
sufficient to rescue embryonic lethality (Table 1) even in mu-
tants with substantial alterations in the SL1 leader sequence. In
addition, the SL1 RNAs expressed from this promoter initiate
at the correct nucleotide (Fig. 4). The promoters of the U
snRNAs may be useful for expression of other transgenes for
which downstream sequences promote transcription.

The primary sequence of the leader per se does not appear
to be essential for its function. Although the C. elegans leaders
are quite divergent in their primary sequences, there are sev-
eral blocks of sequences conserved among most of them, sug-
gesting regions that may be required for SL RNA or leader
function (10, 34) (Fig. 3). However, mutants with major alter-
ations in the primary sequence, specifically the DGU loop
deletion, the loop substitution, and the 7U loop insertion, were
able to provide the essential embryonic function of SL1 (Ta-
bles 2 to 4). These mutant leaders are substantially different in
primary sequence from all of the known wild-type C. elegans
leaders.

NMR analysis in one study showed that the loop region of
the SL1 RNA assumes an ordered conformation, with interac-
tions between the bases in the loop, while another analysis
demonstrated that several of the nucleotides in this region
appear to be base paired (14, 42). While these bases and this
structure may be important for wild-type levels of function, we
have found that they are not essential for trans splicing or
leader function in vivo. The absence of a stringent requirement
for sequence specificity or length in the loop also suggests the
intriguing possibility that either splicing factors do not bind to
this sequence or they are not required for SL1 RNA function.

The D16–20 deletion mutant was also analyzed in another
recent study (41). However, it was reported that this mutant SL
RNA did not rescue the lethality of the rrs-1 deletion mutants,
even at a high concentration of injected DNA (41). Two im-
portant differences between these studies may explain these
apparently conflicting results. First, in the previous study, this
construct was expressed under the control of the wild-type
promoter, and therefore this mutation dramatically reduced
the amount of this RNA relative to other mutant SL RNAs,
presumably due to a debilitated transcriptional regulatory re-
gion (41). In our analysis, although the D16–20 deletion mutant
was also found to be expressed somewhat less efficiently than
the endogenous wild-type SL1 RNA (Fig. 4), it was expressed
at levels similar to those of other mutant SL RNAs that rescue
embryonic lethality (Tables 2 to 4) (Fig. 4). Secondly, the assay
used here, unlike that in the previous study, was more sensitive,
as it did not require that the mutant constructs rescue rrs-1
mutant embryos through to adulthood (41).

The SL1 leader can tolerate substantial length variation.
We found that a number of additions, insertions, or deletions
in the leader sequence do not substantially affect the ability of
the SL1 RNA to rescue. The ability of an SL1 RNA to function

with a leader as short as 17 nt, i.e., significantly shorter than
leaders known in any organism, or containing as many as 7
extra nucleotides, demonstrates that substantial variability in
leader length can be tolerated and that alterations in its length
do not hinder its interaction with factors that might be re-
quired for its function. Thus, there appears not to be an oblig-
atory length for trans-spliced leaders in C. elegans, and the
conserved 21- to 23-nt length of the leader may relate to
spacing requirements for transcriptional regulatory elements
rather than to leader function per se.

Large deletions or rearrangements of the SL1 leader abolish
in vivo leader function. Deletions of the 59 or 39 half of the
leader and a rearrangement of the 39 half eliminate rescue of
rrs-1 deletion mutants (Tables 2 and 3). Several possibilities
could explain the effects of these mutations. For example,
these sequences may be required for SL1 RNP assembly or
trans splicing. In the case of the 11–20 shuffle construct, we
were unable to detect the mutant leader on trans-spliced mes-
sages by RT-PCR (Fig. 5), although this construct was ex-
pressed at high levels compared to other mutant SL RNAs and
the mRNAs were detectable in the extracts by RT-PCR (Table
3 and Fig. 4B and 5). Since 8 of 10 nt were changed in the loop
substitution construct, which showed rescue, the additional 2
nt affected in the shuffle construct (positions 11 and 12) may be
required for leader function, perhaps because they base pair
with splice donor site nucleotides (6, 14, 42). Therefore, the
secondary structure of the SL1 RNA may be a critical param-
eter of its function in vivo; indeed, it has been proposed that
these base pair interactions are essential for splice site recog-
nition (5, 6).

In addition, an SL2 leader-SL1 intron chimeric construct
does not rescue embryonic lethality (Table 3). This was unex-
pected in light of our earlier results, which demonstrated that
the SL2 leader can supply SL1 leader function when present on
a normally SL1 trans-spliced mRNA (12). It is possible that this
SL2-SL1 chimeric RNA is not expressed at sufficient levels for
rescue (although levels of expression are similar to those ob-
served for the loop substitution mutant, which rescues embry-
onic lethality). Alternatively, the chimera may assume an in-
appropriate structure which affects trans splicing.

What is the function of the SL1 leader in mRNA metabo-
lism? The apparent lack of strict sequence requirement for SL
function in C. elegans suggests that the leader sequence might
serve a passive role once it is trans spliced to mRNAs. Our
results leave open the possibility that C. elegans leaders func-
tion in mRNA metabolism or in translational efficiency (as has
been demonstrated in vitro in Ascaris [23]), since some altered
leader sequences do not rescue as efficiently as the wild-type
RNA. As requirements for mRNA metabolism and translation
in C. elegans become better defined, a definitive role for trans
splicing or SLs in these processes may be revealed.
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