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Summary 

While determining the 5’ ends of C. elegans actin 
mRNAs, we have discovered a 22 nucleotide spliced 
leader sequence. The leader sequence is found on 
mRNA from three of the four nematode actin genes. 
The leader also appears to be present on some, but 
not all, nonactin mRNAs. The actin mRNA leader se- 
quence is identical to the first 22 nucleotides of a 
novel 100 nucleotide RNA transcribed adjacent, and in 
the opposite orientation, to the 5S ribosomal gene. 
The evidence suggests that the actln mRNA leader se- 
quence is acquired from this novel nucleotide tran- 
script by an intermolecular frans-splicing mechanism. 

Introduction 

The joining of two distinct RNAs to form a complete mRNA 
has been demonstrated both in vivo and in vitro. It has 
been known for some time that influenza virus recruits 
Y-capped oligonucleotides from host mRNAs as primers 
for viral transcription (Plotch et al., 1981; Lamb and Chop- 
pin, 1983). More recently, the mRNAs of coronaviruses 
have been shown to have a common 72 nucleotide leader 
sequence acquired apparently by leader-primed tran- 
scription (Makino et al., 1988). 

Distinct from these examples of primed transcription 
are intermolecular ligations in which the 5’ intron donor 
site in one RNA interacts with the 3’ intron acceptor site 
in a separate RNA. The term trans splicing has been used 
to describe those intermolecular events. Trans-splicing 
reactions can readily occur in vitro. The efficiency of in 
vitro trans splicing increases if the two interacting RNAs 
share complementary regions within their respective in- 
tervening sequences (Solnick, 1985; Konarska et al., 
1985). There is now substantial evidence that Vans splic- 
ing also occurs in vivo. Trypanosome mRNAs have a 35 
nucleotide 5’ leader sequence encoded by a tandemly 
repeated mini-exon (Van der Ploeg et al., 1982; De Lange 
et al., 1983, 1984; Nelson et al., 1983; Guyaux et al., 1985). 
A 137 nucleotide mini-exon RNA is transcribed that con- 
tains, at its 5’ end, the 35 nucleotide common leader se- 
quence flanked by a 5’ intron donor site sequence (Camp- 
bell et al., 1984; Kooter et al., 1984; Milhausen et al., 
1984). Trypanosome message maturation involves the ac- 
quisition of the leader by a trans-splicing reaction analo- 
gous to typical eukaryotic intron excision in which donor 
and acceptor consensus sequences are utilized (Murphy 
et al., 1986; Sutton and Boothroyd, 1986). In addition, it 
has recently been observed that the chloroplast ribosomal 

protein S12 is synthesized from message that apparently 
forms by trans splicing (Koller et al., 1987). 

There was some reason to believe that ffans splicing oc- 
curs in the formation of some actin mRNAs in the nema- 
tode C. elegans. The nematode has four actin genes; 
genes 1, 2, and 3 are tightly clustered on chromosome V, 
and gene 4 is on the X chromosome (Files et al., 1983; 
Landel et al., 1984; Albertson, 1985; for review, see 
Krause and Hirsh, 1986) (Figure 1). The DNA sequences 
of the four nematode actin genes are highly conserved 
within the coding regions. Actin genes 1 and 3 are identi- 
cal, and the worst homology by pairwise nucleotide se- 
quence comparisons of genes is 92%. The transcriptional 
start sites for these genes have been studied; the start site 
for the X-linked actin gene transcript was clear (at approxi- 
mately position -43 relative to the first AUG), but the data 
for the clustered genes led to ambiguous start sites (Wild, 
Krause, Rosenzweig, and Hirsh, submitted). Part of the 
reason for the ambiguity was a 19 nucleotide discrepancy 
in the length of the 5’ untranslated regions of genes 1 and 
3, depending on the method of determination. The start 
site for gene 1 and/or gene 3 (identical genes, referred to 
henceforth as gene l/3) by Sl mapping was at nucleotide 
-24 relative to the initiation of translation, whereas the 
start site by primer extension was at -43 (Wild, Krause, 
Rosenzweig, and Hirsh, submitted). Furthermore, the Sl 
start site was coincident with a consensus 3’ intron splice 
acceptor sequence, yet no 5’ donor sequence, adjacent 
to typical promoter elements (CAAT and TATA box se- 
quences), was found upstream of these two genes. 

To resolve this ambiguity, we used primer extension 
sequencing to define the 5’ ends of the four actin mRNAs 
of C. elegans. Sequence from the X-linked actin gene 4 
message is consistent with the earlier results of a tran- 
scriptional start site at -42 to -45. Results using gene 
l/3- and gene 2-specific oligonucleotides yield a unique 
22 nucleotide sequence at the 5’ terminus of all three of 
these messages. This 22 nucleotide sequence is not pres- 
ent within the 15 kb region of the genome containing the 
actin gene cluster. An oligonucleotide homologous to the 
22 nucleotide leader sequence was used as a hybridiza- 
tion probe and has uncovered a novel 100 nucleotide, 
abundant “leader” RNA. The source of this leader RNA 
is a repeated genomic fragment containing the 5s ribo- 
somal RNA gene. The 5s rRNA and leader RNA genes 
are 176 bp apart and are transcribed in opposite direc- 
tions. We propose that the actin mRNA leader sequence 
is acquired from the novel leader transcript by a frans- 
splicing reaction. 

Results 

Sequencing the 5’ Ends of Actin mRNA 
Two oligonucleotide primers were synthesized for actin 
genes l/3 and 2, and three primers were synthesized for 
actin gene 4 (see Figure 3). One primer was specific for 
each gene, with complementarity to regions entirely within 
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Figure 1. Genomic Organization of the Actin Genes in C. elegans 

Genes 1.2, and 3 are on chromosome V and gene 4 is on the X chro- 
mosome. The arrows indicate the directions of transcription for each 
gene. 

the 5’ untranslated regions of the genes. The other syn- 
thetic primer was partially specific for each gene; 11-14 
nucleotides of the primer were complementary to the actin 
coding region (identical sequences for all four genes with 
the exception of 1 nucleotide in gene 2) and the remain- 
ing 6-12 nucleotides of the primer were complementary 
to the 5’ untranslated region of each of the actin genes. 
In addition to the homologies among the coding regions 
of this second set of primers, there are short stretches of 
homology among the 5’ untranslated regions of the genes. 
These subregions of homology among the second set of 
primers result in a lack of specificity due to their ability to 
cross-hybridize to other actin transcripts by looping out 
short regions in the mRNA. 

The sequencing reactions for all six primers are shown 
in Figure 2, and the sequence (read as the antisense 
strand) is summarized in Figure 3. One primer, Act 2.1, 
consistently yielded regions of unreadable sequence, and 
two of the primers, Act 2.2 and Act 4.2, generated double 
sequences due to cross-annealing to the gene 113 mRNA. 
We can read the superimposed sequences by subtracting 
the gene 113 sequence, which is shown in Figures 2 and 3. 

The sequences resulting from gene 113 and gene 2 
primers were surprising; the last 22 nucleotides, repre- 
senting the 5’ terminus of each message, were identical 
(Figures 2 and 3). This common 22 nucleotide sequence 
is not present in the genomic DNA sequences contiguous 
with the gene-specific primers. However, each of these 
genes does have a 3’ intron acceptor sequence (T,CAG) 
within its 5’ untranslated regions. These results, taken to- 
gether, suggested the possibility that part of the 5’ un- 
translated region was actually an intron, a notion previ- 

ously pointed Out by Wild, Krause, Rosenzweig, and Hirsh 
(submitted). Actin genes 1 and 2 are divergently tran- 
scribed with their 5’ ends proximal (Figure 1). The entire 
region (approximately 3.5 kb) between genes 1 and 2 has 
been sequenced (Wild, Krause, Rosenzweig, and Hirsh, 
submitted), but the 22 nucleotide sequence we find on the 
message from genes l/3 and 2 is not within this intergenic 
region. 

The gene-specific primer, Act 4.1, yields contiguous 
genomic sequence back to position -42 to -45. These 
positions are consistent with the transcriptional start sites 
for gene 4 as determined by Sl mapping (Wild, Krause, 
Rosenzweig, and Hirsh, submitted). However, within the 
5’ untranslated region of gene 4, in a region covered by 
the Act 4.1 primer, is a potential 3’ intron acceptor se- 
quence (TTTCAG; Figure 3). If this site is functional, the 
Act 4.1 primer could conceivably generate an intron se- 
quence terminating at position -43 by using a gene 4 
mRNA-processing intermediate as template. The other 
two primers for actin gene 4, Act 4.2 and 4.3, are down- 
stream of the potential intron acceptor site and can be 
used to address the question of the possible presence of 
an intron. However, Act 4.2 cross-anneals to actin gene l/3 
mRNA, resulting in superimposed sequences. By sub- 
tracting the gene 113 mRNA sequence, we are left with a 
vague sequence apparently complementary to the gene 
4 genomic sequence back to positions -42 and -45. In 
addition, there is a novel sequence from position -46 to 
about -100 that does not correlate with genomic se- 
quences upstream of either gene 4 or gene 113. An actin 
mRNA transcriptional start site of -100 is not seen when 
an actin coding region primer is extended (Wild, Krause, 
Rosenzweig, and Hirsh, submitted). Our interpretation of 
the Act 4.2 reactions is that the novel sequence results 
from cross-annealing of the primer to another abundant 
RNA, resulting in a triple sequence from positions -1 to 
-45 and a single sequence from -46 to -60. The triple 

sequence therefore results from actin gene 113 RNA, actin 
gene 4 RNA, and an unidentified RNA. The result using 
the Act 4.3 primer is, again, contiguous genomic se- 
quence to positions -42 to -45. These results demon- 
strate that the potential 3’ intron acceptor site does not 
mark an intron and that the majority of gene 4 mRNA does 
not acquire the 22 nucleotide leader sequence. 

Detection of a Novel Transcript 
An oligonucleotide complementary to 20 of 22 nucleotides 
within the leader sequence (see Figure 5) was used as a 
probe on Southern blots of C. elegans DNA, digested with 
a variety of restriction enzymes, to determine the genomic 

Figure 2. Actin 5’ mRNA Sequencing Gels 

Oligonucleotide primers (also see Figure 3) were used to sequence the complementary mRNAs. The primers used in the reactions are indicated 
at the bottom of each set of sequencing lanes and the sequence is shown at the right. Lanes labeled N were extended with deoxyribonucleotides 
only to determine termination sites. The lengths of extended fragments are given relative to the 5’ end of the primer. (A) Actin gene i/3 sequencing 
reactions. (B) Actin gene 2 sequencing reactions. Question marks indicate uncertainties in the sequence. Act 2.2 results in a double sequence due 
to annealing to both gene 2 RNA and gene l/3 RNA (presumably by looping out 3 nucleotides in the gene l/3 mRNA). Lane 1 is the gene P-derived 
sequence and lane 2 is the gene l&derived sequence. (C) Actin gene 4 sequencing reactions. Question marks indicate uncertainties in the se- 
quence. Act 4.2 results in multiple sequences. Lane 1 is the gene 4-derived sequence and lane 2 is the gene i/3-derived sequence. The unlabeled 
sequence present above position -45 is from an unidentified source. 
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Gene l/3 ,--------~****** 1 
DNA Sequence (3)* TTAAAATATAACTTA..........................G.I....................... 
DNA Sequence (1) TATTATCAATTT~TTTTCA~TACATTAAAAACTAATCATGTGTGACGACGAGGTTGCCGCT 

RNA Sequence ?CaaattaatqqqttcaaacT?CATGTAATTTTTG ATTAGT >A& l/3.1 Primer 
RNA Sequence ?CaaattaataqqttCaaacTCCATGTAATTTT ??GATTAGTTTTACACACTGCT >Act l/3.2 Primer 

Gene 2 ,------*****; i 
DNA Sequence ATAATTCATAATT~~~CT~GTTCCTCCT~TCCTCCTATCATGTGTGACGACGATGTTGCCGCC 

RNA Sequence ?caaatta????sttca??cTccG????. ~?GGAGGA~AGATTA~AG >Act 2.1 Primer 
RNA Sequence ?CaaattaatsssttcaaacTCCGATTCAAGGAGGAGGATTAGA??ATITAGTACACA~GCTGC >A& 2.2 Primer 

Gene 4 i 
DNA Sequence TTGTGCACTGGTTTTTCACTAGGCACCCGC~?~?@TCCC AAAAAAATGTGTGACGACGAGGTTGCCGCT 

RNA Sequence ?????ACCAAAAA?TGATC???GGGCGAAAGTCAAGGGTTT z-Act 4.1 Primer 
RNA Sequence ?????ACCAAAA?GTG?TCCGTGGGCGA????????GG T!WTTTTACACACTGCTG >Act 4.2 Primer 
RNA Sequence ????GACCAAAAAGTGATCCG?G??????~???AAGGG TTTTTTTACACACTGCTG >Act 4.3 Primer 

Figure 3. Actin 5’ End Sequence Summary 
The Yend of each actin gene and corresponding mRNA are shown with the DNA coding strand on top and mRNA-derived sequence (read as the 
antisense strand) on the bottom. The DNA sequences of genes 1 and 3 are identical except where indicated. The primers extended in each mRNA 
sequence are in boldface. Uppercase letters indicate complementary sequences between the DNA coding strand and the antisense mRNA se- 
quence, lowercase letters indicate noncomplementary sequences, and question marks indicate uncertainties in the RNA sequence. The RNA se- 
quences for genes 2 and 4 are a compilation of partial sequences from multiple gels. The common leader sequence for actin genes 113 and 2 is 
underlined and the junction between leader sequence and actin gene-derived sequence is indicated with an arrowhead. Genomic 3’intron acceptor 
site sequences within the 5’ untranslated regions of the genes are boxed. A conserved sequence located 11 bp downstream of the 5’ untranslated 
region 3’ intron acceptor sites of genes 113 and 2 (CTAATC) is indicated by asterisks. 

source of the leader sequence. The leader oligonucleo- 
tide hybridizes to restriction fragments indicative of a 1 kb, 
high copy number, tandem repeat (data not shown). The 
C. elegans 5s ribosomal gene is also present on a 1 kb 
tandem repeat present at approximately 110 copies per 
haploid genome (Nelson and Honda, 1985). Examining 
the sequence of the 1 kb 5s ribosomal repeat revealed an 
exact match with the leader oligonucleotide. The leader 
oligonucleotide is complementary to sequences located 
176 bp upstream of, and in the opposite orientation to, the 
5s ribosomal gene. 

It has been determined, by deletion analysis and in vitro 
transcription, that 5s ribosomal RNA is the only RNA poly- 
merase Ill transcript within the 1 kb repeated segment 
(Honda et al., 1986; Nelson and Honda, personal commu- 
nication). The question of whether non-RNA polymerase 
III transcripts are encoded within the repeat has not been 
addressed. The 22 nucleotide leader sequence and 5s 
rRNA gene can be separated on BamHI-Pvul restriction 
fragments of 285 bp and 695 bp, respectively (Figure 4). 
These restriction fragments, isolated from a cloned copy 
of the 5s rRNA repeat (provided by Nelson and Honda), 
and the leader oligonucleotide were used as probes on 
Northern blots to look for additional transcripts within the 
1 kb repeated genomic fragment (Figure 4, top). As ex- 
pected, the 695 bp fragment probe hybridizes to 5s rRNA. 
Additionally, both the 295 bp fragment and the leader oli- 
gonucleotide hybridize to a single, novel RNA. The novel 
transcript is approximately 100 nucleotides in length, ex- 
tending from position -176 to approximately -278 relative 
to the 5s rRNA gene. This region is coincident with one 
of two 120 bp regions conserved between C. elegans and 

C. briggsae (Nelson and Honda, personal communica- 
tion). A search of the genomic regions flanking the 100 
nucleotide transcript fails to distinguish any consensus 
sequences associated with known polymerase promoters 
or terminators. The leader oligonucleotide probe also hy- 
bridizes to higher molecular weight RNAs that on shorter 
exposures are seen as several discrete bands above a 
background “smear” (Figure 4, top). Neither the sizes of 
these other RNAs nor the significance of the “smear” can 
be determined from this gel. 

The 5’ end of the 100 nucleotide leader RNA transcript 
was sequenced by extending a 3’ end primer (Figure 5). 
The sequence demonstrates that the 5’ terminal 22 nu- 
cleotides of this RNA are identical to the actin leader se- 
quence. Furthermore, the terminal 22 nucleotides within 
the leader RNA abut a consensus 5’ intron donor site 
(GTAAAC), yet no 3’ intron acceptor site exists within the 
leader RNA. 

The results suggest a splicing mechanism by which the 
actin RNAs acquire the leader sequence from the leader 
RNA. Although the actin genes and the 5s rRNA genes 
are physically linked on chromosome V (Files et al., 1983; 
Nelson and Honda, 1986; Albertson, 1984, 1985), they 
are separated by a considerable genetic map distance 
(greater than 4 map units). It is known that there are a few 
copies of the 5s rRNA repeat (and presumably, therefore, 
of the leader RNA) that are unassociated with the mapped 
cluster. We looked for an orphaned copy of the leader RNA 
within, and adjacent to, the actin gene cluster. Subcloned 
EcoRl restriction fragments spanning a continuous 15 kb 
region of the genome including the three clustered actin 
genes were compared with a subcloned copy of the 5s 
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Figure 4. Detection of a Novel Transcript 

Top: Ten microgram fractions of total RNA were separated on 5% poly- 
acrylamide-urea gels, electroblotted to nitrocellulose membrane, and 
hybridized to the following labeled probes: lane 1, a 695 bp, gel- 
purified, BamHI-Pvul restriction fragment from the 1 kb ribosomal re- 
peat containing the 5s rRNA gene; lane 2. a 295 bp, gel-purified, 
BamHI-Pvul restriction fragment representing the remainder of the 5s 
rRNA repeat and not containing the 55 rRNA gene; or lane 3, leader 
oligonucleotide, a 20-mer complementary to the actin leader sequence 
(see Flgure 5). Lane 4 IS presented as a shorter exposure of lane 3 to 
show multiple large RNAs hybridizing with the leader oligonucleotide 
probe. Sizes are rn nucleotides. Bottom: Schematic of the leader RNA 
and 5s rRNA within the 1 kb repeat. BamHl (B) and Pvul (P) restriction 
sites are Indicated. The sequence of the bracketed region is depicted 
in Frgure 5. 

rRNA repeat on Southern blots using the leader sequence 
oligonucleotide as a probe. Only the subcloned insert of 
the 5s repeat contained sequences complementary to the 
leader oligonucleotide (data not shown). 

Is This Leader Present on Other mRNAs? 
The actin mRNA sequencing results suggest that actin 
gene 4 message does not have the leader sequence, 
showing that this leader is not on all C. elegans mRNAs. 
To determine whether any other messages had the 22 
nucleotide leader sequence, the leader oligonucleotide 
was used to probe Northern blots of poly(A)+, poly(A)), 
and total RNA (Figure 6). The leader probe hybridizes to 
the leader RNA and abundant messages 1400 to 1600 

nucleotides long, which is the size of actin mRNAs ob- 
served on Northerns (Krause and Hirsh, 1986). The leader 
RNA is present in the poly(A)) fraction of RNA and is un- 
detected in the poly(A)+ fraction, indicating that the 
leader RNA is not polyadenylated. There are an additional 
five to seven bands that potentially represent nonactin 
mRNAs containing the leader sequence. Actin mRNAs 
larger than 1600 nucleotides have never been observed 
on Northerns, making it more likely that those bands are 
other mRNAs with spliced leader. The background smear 
of hybridization within the lane could reflect lower abun- 
dance mRNAs with the leader sequence, degradation of 
the abundant messages, or nonspecific hybridization. 

The actin mRNAs on which the leader sequence is 
present encode proteins that are involved in the thin fila- 
ments of the nematode body-wail muscle (Waterston et al., 
1984; Landel et al., 1984; Krause and Hirsh, 1986). Per- 
haps the leader represents a muscle-specific signal se- 
quence. The gene uric-54 encodes a body wall muscle- 
specific myosin heavy chain (Epstein et al., 1974; Karn et 
al., 1983,1985). We have sequenced the 5’terminus of the 
uric-54 mRNA by extension of a 5’ untranslated region oli- 
gonucleotide, and no leader sequence is detected (data 
not shown). The uric-54 mRNA sequence is homologous 
to the genomic sequence and indicates a predominant 5’ 
termination site for primer extension at approximately po- 
sition -80 relative to the initiator AUG codon. 

Discussion 

We have found a 22 nucleotide 5’ splice leader sequence 
on three of the four actin mRNAs in C. elegans. The 
source of this leader appears to be an abundant 100 
nucleotide, poly(A)- RNA. The leader RNA is transcribed 
from a tandemly repeated genomic fragment that also en- 
codes 5s rRNA. It is not known whether each element of 
the repeat is actively transcribed. The 5s rRNA gene be- 
gins 176 bp downstream of, and is transcribed in the oppo- 
site orientation to, the 100 nucleotide leader RNA. The 
leader RNA is not flanked by any obvious homologies to 
known promoter or terminator sequences, and in vitro 
transcription assays suggest that this RNA is not a poly- 
merase III transcript (Nelson and Honda, personal com- 
munication). It is interesting to note that the sequence cor- 
responding to what we believe is the 3’ end of the leader 
RNA contains dyad symmetry (Figure 5). Dyad symmetry 
within the 3’ends of eukaryotic histone mRNAs is thought 
to be involved in processing and/or stability of these non- 
polyadenylated polymerase II transcripts (Birnstiel et al., 
1985). 

We have examined the prevalence of this leader on C. 
elegans mRNA by Northern blot analysis of poly(A)+, 
poly(A)-, and total RNA using an oligonucleotide com- 
plementary to the leader sequence. In addition to a band 
comigrating with the actin mRNAs, the poly(A)+ RNA 
lane has five to seven prominent, nonactin bands of hy- 
bridization along with a background smear. The smear of 
hybridization may result from additional, less abundant 
RNAs containing the leader, degradation of the abundant 
messages, or nonspecific hybridization. 
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The actin leader could be acquired by one of three 

mechanisms: primed transcription, cis splicing, or frans 
splicing. The 5’ end of the 100 nucleotide leader RNA 
comprises the 22 nucleotide actin leader sequence adja- 
cent to a consensus 5’ intron donor site (Figure 5). Al- 
though no 3’ intron acceptor site is present within the 
leader transcript, an acceptor site is present upstream of 
the three actin genes encoding messages that acquire the 
5’ leader. The presence of unpaired intron splice sites 
within the leader RNA and actin genes suggests leader 
acquisition by a splicing mechanism rather than priming 
by the leader sequence alone. 

Cis splicing represents typical intron excision and would 
require contiguous transcription between the leader RNA 
gene and the actin genes. One possibility is that the 
leader RNA gene and actin genes are physically linked, 
providing a continuous template for transcription. In fact, 
the actin genes and the 5S ribosomal gene cluster have 
been genetically and cytologically mapped to chromo- 
some V (Files et al., 1983; Albertson, 1985; Nelson and 
Honda, 1986). However, the two gene clusters map to 
different positions on the chromosome. It is known that a 
small number of 5S ribosomal repeats (and presumably 
leader RNA repeats) are not associated with the mapped 
cluster (Nelson and Honda, 1985). By Southern blot analy- 
sis we have found no copies of the leader RNA in the 15 
kb region of the genome containing the actin gene cluster. 
Thus, given the enormous distances that would be in- 
volved, we do not think that conventional transcription fol- 
lowed by cis splicing could account for our results. 

Alternatively, the leader RNA gene and actin genes 
could serve as discontinuous templates for transcription. 
The entire leader RNA (or a major portion of it) could serve 
as a primer for transcription of actin genes 1, 2, and 3. Ex- 
tension of the leader RNA primer would generate a con- 
tinuous transcript containing intron splice sites that could 
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Figure 5. Sequence of the Leader RNA 

(A) Sequencing reactions using an oligonucleotide primer complementary to nucleotides 70 to 88 of the leader RNA. The lane labeled N was extended 
with deoxynucleotides to determine termination sites. Extension fragment sizes are given relative to nucleotide position 70. (B) Genomic sequence 
of the region overlined at the bottom of Figure 4 containing the leader RNA (bold underline) and 5s rRNA (narrow underline) (from Nelson and Honda, 
1985). Oligonucleotides used for sequencing (nucleotide positions 70 to 88) and hybridizations (nucleotide positions 2 to 21) are overlined. Dyad 
symmetry in the putative 3’ end of the leader RNA is underlined with double-barbed arrows. A splice donor consensus sequence is boxed, with 
a carat designating the putative splice donor site. 
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Figure 6. Northern Analysis of Leader-Containing RNAs 

Total RNA (10 ng), poly(A)- (10 ng), and poly(A)+ (0.5 pg) RNA frac- 
tions were separated on 1.5% agarose-formaldehyde gels and blotted 
to nitrocellulose membrane. Filters were hybridized with labeled leader 
olrgonucleotide, a 20-mer as described in Figure 5. The large arrow 
designates the size of the actin mRNAs. 

function in conventional cis-splrcrng reactions. Such a 
mechanism would predict primary actin transcripts with 5’ 
untranslated regions longer than 55 nucleotides (the sum 
of the lengths of the 5’ leader sequence plus intron donor 
and acceptor sites and the shortest actin 5’ untranslated 
region). We do not detect any extension products in this 
size range using primers specific to actin genes l/3 or 2, 
which suggests that either the abundance of these puta- 
tive primary transcripts in total RNA preparations is very 
low or they do not exist. Moreover, we have been unable 
to detect complementary regions between the leader RNA 
and genomic sequences upstream of actin genes 1,2, or 
3. One might expect such complementarity if the leader 
RNA serves as a primer for actin gene transcription. 
These considerations, coupled with the lack of prece- 
dence for such splicing mechanisms, make us view this 
possibility as unlikely; however, this point clearly needs 
further study. 

7ians splicing, therefore, seems to be the most plausi- 
ble explanation for the generation of the mature mRNA 
from actin genes 1,2, and 3. Trans splicing implies that the 
primary transcripts from these three actin genes are initi- 
ated by independent promoters. Each of the three genes 
has a reasonable upstream promoter as defined by con- 
sensus CAAT and TATA box sequences (Wild, Krause, 
Rosenzweig, and Hirsh, submitted). The spacing of these 
promoter sequences, relative to the initiator methionine 

codon, is similar in all four actin genes and is typical of 
eukaryotes. If these putative upstream promoters for actin 
genes 1, 2, and 3 are functional, then we would predict a 
transcriptional start site for the primary transcripts at 
about position -45 relative to the AUG. The primary tran- 
scripts might therefore have the same size 5’ untranslated 
regions as do the actin mRNAs containing the leader se- 
quence, making it difficult for us to detect precursors of 
the spliced leader mRNAs. 

If the actin leader sequence is acquired by a trans- 
splicing reaction with the 100 nucleotide leader RNA, one 
might expect to find a population of truncated leader 
RNAs due to either the loss of the 5’ terminal 22 nucleo- 
tides or the formation of a branched RNA by-product 
resulting from bans splicing. (Branched RNAs predicted 
by trans splicing have been detected in trypanosomes; 
Murphy et al., 1986; Sutton and Boothroyd, 1986.) An RNA 
of the appropriate length is detected in the primer exten- 
sion reactions for sequencing the leader RNA from its 3’ 
end (Figure 5). The lane extended with deoxynucleotides 
shows three major stop sites; one corresponds to the full- 
length RNA, terminating 70 nucleotides upstream of the 
primer. There are also two other stops at 39 and 49 nucleo- 
tides upstream of the primer. The stop at position 49 corre- 
sponds to the 5’ donor site sequence within the leader 
RNA, suggesting the presence of the RNA species pre- 
dicted by a trans-splicing model. We have no explanation 
for the stop at position 39. 

All four actin genes have a putative 3’ intron acceptor 
site within the 5’ untranslated region, yet apparently only 
RNA from the three clustered actin genes acquires the 
leader sequence. A comparison of the 5’ untranslated re- 
gion sequences shows that genes 1, 2, and 3 each have 
a conserved element not found in actin gene 4. This ele- 
ment consists of the sequence CTAATC located 12 bp 
downsteam from the 3’ intron acceptor site (Figure 3); we 
have no evidence that this element has any role in 
splicing. 

The splicing efficiency of the leader might be related to 
the relative abundance of actin gene primary transcripts 
and spliced products. We are unable to detect any se- 
quence corresponding to the putative primary transcripts 
from actin genes 1 or 3 on long exposures of the sequenc- 
ing gels, which suggests that for these two mRNAs the ac- 
quisition of the leader sequence is highly efficient and/or 
that the 5’ ends of the primary transcripts are very short 
lived. It is possible that the minor stop at -39 observed 
with the Act l/3.2 primer represents primary transcripts 
from genes 1 and 3. The inefficient sequencing reactions 
resulting from actin gene 2 primers make it difficult to as- 
sess leader splicing efficiency for gene 2 transcripts, 

7ians splicing has been shown to be the mechanism of 
mRNA formation in trypanosomes (Murphy et al., 1986; 
Sutton and Boothroyd, 1986). Nearly all trypanosome 
mRNAs have a 35 nucleotide leader sequence. The 35 
nucleotide leader sequence of trypanosomes is also pres- 
ent in an abundant 135 nucleotide transcript derived from 
a tandemly repeated genomic fragment (Nelson et al., 
1983; De Lange et al., 1984; Kooter et al., 1984; Milhausen 
et al., 1984). The 5’ terminal end of this 135 nucleotide 
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transcript consists of the 35 nucleotide leader adjacent to 
an unpaired 5’ intron donor site. One difference between 
the trypanosome and nematode mRNAs is that the leader 
in C. elegans is not on all mRNAs. Another difference is 
that C. elegans also carries out cis splicing. 

What might be the function of the actin leader se- 
quence? Actin is an abundant cellular protein. One might 
speculate that the leader enhances message stability 
and/or affinity for polysomes and would therefore be pres- 
ent on other mRNAs encoding similarly abundant pro- 
teins. Several genes encoding abundant mRNAs and pro- 
teins have been characterized in C. elegans, including the 
uric-54 body-wall myosin (Schachat et al., 1977; Karn et 
al., 1985) collagens (Kramer et al., 1985; Cox, Fields, 
Kramer, Rosenzweig, and Hirsh, submitted), vitellogenins 
(Spieth et al., 1985) and the major sperm proteins (Klass 
et al., 1984). None of the mRNAs transcribed from these 
genes appears to involve unusual 5’ untranslated region 
intron splicing. In most cases, the sequences of the 5 
ends of the mRNAs have not been compared to the corre- 
sponding genomic sequences. However, the 5’ end se- 
quences of the vitellogenin mRNAs (Spieth et al., 1985; T 
Blumenthal, personal communication) and of the major 
transcript from the uric-54 myosin gene (Krause, unpub- 
lished data) are colinear with the genomic DNA se- 
quences. 

Stabilization of polysome interactions with the actin 
mRNAs could be mediated by protein-leader interactions 
and/or secondary structure between the leader sequence 
and rRNA. We have no evidence for or against a pro- 
tein-leader interaction. A search of the C. elegans rRNA 
sequences (Ellis et al., 1986) did not reveal any obvious 
sequence complementarity between the leader and the 
ribosomal RNAs. The absence of the leader sequence on 
the uric-54 myosin mRNA also indicates that the leader 
does not mark all muscle-specific messages. 

Regardless of the function or origin of the actin mRNA 
leader sequence, the apparent utilization of Pans splicing 
in the nematode raises the possibility that the machinery 
for trans splicing is widespread in eukaryotes. Trans- 
spliced leader sequences could provide a means to affect 
the stability, location, transport, and translational effi- 
ciency of a heterogeneous population of mRNAs and 
might therefore be a regulatory mechanism in gene ex- 
pression. 

Experimental Procedures 

RNA Isolation and Analysis 
Total RNA and poly(A)+ RNA were isolated as previously described 
(Kramer et al., 1985; Cox et al., 1985). Large RNAs were separated on 
1.5% agarose-formaldehyde (2.2 M) gels and blotted to GeneScreen 
(DuPont) or Biodyne (Pall Laboratories) nitrocellulose membrane by 
capillary action with 20x SSC (3 M NaCI, 0.3 M NaCitrate). Small 
RNAs were separated on 5% polyacrylamide-urea (7.8 M) gels and 
transferred to GeneScreen by electroblotting for 2.5 hr at 30 volts in 
0.25x TBE (lx TBE: 100 mM Tris, pH 6.5: 89 mM Boric acid; 89 mM 
EDTA). Oligonucleotide probes were kinased with T4 kinase (New En- 
gland Biolabs) by standard procedures and hybridized to filters in 50 
mM Tris, pH 6.5; 1 M NaCI; 1 mM EDTA; 10 mM PO1, 6.5; 0.1% SDS; 
10x Denhardfs; and 200 &ml sheared salmon sperm DNA. Hybridiza- 
tions were done at 22% or 37% overnight, Hybridized filters were 

washed in 6x SSC, 10 mM POn, 0.1% SDS at 37%-55%. Double- 
stranded DNA probes were hybridized as previously described (Landel 
et al., 1984). 

Primer Extension Sequencing 
Labeled oligonucleotides (113-20 nucleotides in length) were annealed 
to 5-50 pg of total RNA and were extended essentially as described 
by Zaug et al. (1984). Annealing reactions were carried out at 
60°C-650C for 5 min and extension reactions with AMV Reverse Tran- 
scriptase (P-L Chemicals) performed at 37%-45X for 20-40 min. Ex- 
tension products were separated on 8% polyacrylamide-urea (7.6 M) 
gels and detected by autoradioagraphy. 
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