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ABSTRACT

The rol-6 gene is trans-spliced to the 22 nt leader, SL1,
173 nt downstream of the transcription start. We have
analyzed splicing in transformants carrying
extrachromosomal arrays of rol-6 with mutations in the
trans-splice acceptor site. This site is a close match to
the consensus, UUUCAG, that is highly conserved in
both trans-splice and intron acceptor sites in C.elegans.
When the trans-splice site was inactivated by mutating
the perfectly-conserved AG, trans-splicing still
occurred, but at a cryptic site 20 nt upstream. We
tested the frequency with which splicing switched from
the normal site to the cryptic site when the pyrimidines
at this site were changed to A's. Since most C.elegans
3' splice sites lack an obvious polypyrimidine tract, we
hypothesized that these four pyrimidines might play
this role, and indeed mutation of these bases caused
splicing to switch to the cryptic site. We also
demonstrated that a major reason the downstream site
is normally favored is because it occurs at a boundary
between A + U rich and non-A + U rich RNA. When the
RNA between the two splice sites was made less A +
U rich, splicing occurred preferentially at the upstream
site.

INTRODUCTION

In eucaryotes, initial transcripts are generally interrupted by
introns that are removed by RNA splicing. This process requires
the cellular machinery to recognize the intron/exon borders and
splice the two exons together, excising the intron. Splicing takes
place on the spliceosome, composed of five small nuclear
ribonucleoprotein particles (snRNPs), U 1, U2, U4, U5, and U6,
and associated factors (for reviews, see 1, 2). The reaction
proceeds through a branched loop or 'lariat' intermediate, in
which the 5' phosphate of the intron has been transferred to the
2' hydroxyl of an A residue 15-40 nt upstream of the 3' end
of the intron. In many eukaryotes the region between this branch
point and the 3' end of the intron contains a tract of pyrimidines.
Splice site recognition is a complex process that is not yet fully
understood. U 1, U2, and U5 snRNPs, as well as associated
factors, all play roles in recognition of the splice-donor site, the
branch point, the polypyrimidine tract, and the splice-acceptor
site. The first step in splicing is apparently recognition of the
5' splice site by the U 1 snRNA, whose 5' end base pairs with

the 5' end of the intron (3-5). The branch point is subsequently
recognized by direct base pairing with U2 RNA (6- 8). The
intron portion of the 3' splice site also base pairs with the Ul
snRNP (9), while the exon portions of both splice sites base pair
with the U5 snRNP (10). In mammalian cells, a polypyrimidine
tract binding protein, U2AF, is essential for splicing and probably
aids the U2-branchpoint recognition event (11).

In C.elegans there are both similarities to, as well as some
surprising differences from, this general scheme. At the 5' splice
site the consensus sequence is G/GUAAG (12), which is nearly
the same as in vertebrates and several other phyla. However at
the 3' splice site there is an unusually highly conserved consensus,
UUUCAG/G, and no polypyrimidine tract other than the four
pyrimidines at the splice site (12, 13). Furthermore, C. elegans
introns have no obvious branch point consensus sequence,
although the U2 RNA sequence known to base pair with the
branch point in other organisms has been perfectly conserved
in C.elegans U2 (14). C. elegans introns tend to be quite short:
around 75 % are very close to 50 nt, too short to be spliced by
mammalian snRNPs (12,15). However, the C.elegans splicing
machinery is capable of correctly recognizing long introns as well,
since several have been found to exceed 1 kb (12). Finally,
C. elegans introns are rich in A and U (about 70%), a property
they share with plant introns (16, 17). In the latter case this high
A + U content has been found to be a crucial element in intron
recognition (17).
A related type of splicing, trans-splicing, in which a short leader

is donated by a specialized snRNP (SL RNP), occurs in C. elegans
in addition to conventional (or cis-) splicing. Trans-splicing of
this type is known to occur in nematodes (18-21), trematodes
(22), and in trypanosomes (23, 24). In trypanosomes, it is the
sole kind of splicing. In C. elegans only a subset of pre-mRNAs
are trans-spliced and these same pre-mRNAs are also subjected
to cis-splicing (reviewed in 25). Trans-splicing and cis-splicing
are closely related processes. A branched intermediate, forked
instead of looped, forms (26, 27), and the spliceosomal snRNP's
are required (with the possible exception of U 1 (28)). Because
the SL RNA is packaged in a snRNP very similar to the U-
snRNPs (27-29), it is assumed that it is an integral part of the
'trans-spliceosome', and may replace U1 since it contains the
splice donor site (30, 31).

Trans-splice-acceptor sites in nematodes have the same
consensus sequence, UUUCAG/G, as do intron acceptor sites
(12). The sole difference between cis- and trans-splice acceptors
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is the presence or absence of a functional splice-donor site
upstream. A conventional pre-mRNA and one destined for trans-
splicing differ only by the presence in the latter of RNA
recognized as 'intron' at the 5' end (32. 33). We have named
this 5' terminal intron an 'outron'. In the present paper we report
experiments in which we investigated sequences important for
trans-splice acceptor site recognition in C.elegans. The trans-
splice acceptor of rol-6, a cuticular collagen gene (34). was
analyzed by taking advantage of a cryptic splicing event that
occurs when the normal trans-splice site is disturbed. These
experiments demonstrated that the four pyrimidines preceding
the AG are important for activity. In addition. we present an
experiment that suggests that A + U richness is also an important
variable in outron recognition.

MATERIAL AND METHODS
Test genes
A 2.2 kb fragment containing the rol-6 gene of Celegans (34.
35) with - 750 bp 5' flanking sequence was cloned into pTZ 19U
(36) to create pRF5. This was used as substrate for in vitro
oligonucleotide-directed mutagenesis using the procedure of
Nakamaye and Eckstein (37) as supplied in a kit by Amershaimi
(Arlington Heights, IL). Splice acceptor site mutants were mnade
in the modified plasmid, pr6AG, in which rol-6 is marked to
distinguish it from the endogenous gene in transformants (see
Figure 1). Oligonucleotides are listed in Table 1. r6Y/A was
made with an oligonucleotide containing four degenerate positions
as shown in Figure 1. Bacterial strains transformed with each
construct were grown overnight in 50 - 100 ml of rich mediunm
plus ampicillin, and DNA was purified by a large scale alkaline
lysis procedure (38). The DNA was further purified by LiCl
purification, digestion with RNase and proteinase K. extraction
with phenol-chloroform, and precipitation with ethanol (39). Final
pellets were dissolved in TE or water and the concentration
determined by the OD160. which was verified by comparison
with standards on agarose gels.

Worm transformation
The procedure described by Mello et al. (40), with minor
modifications, was used to generate transgenic strains of
C. eleganis. N2 var Bristol worms carrying an amber rol-6 (ni 178)
allele that is slightly dumpy in appearance (J. Kramer,
unpublished) were injected with DNA at 200 mg/ml in injection
buffer (41). Each strain was derived from a single Fl worm,
maintained by reinoculation with 12 rolling worms on growth-
plates whenever the worms exhausted their food supply. For each
construct, two independent strains were maintained, and pooled
immediately before RNA extraction.

Preparation of RNA
Total RNA was extracted from mixed populations of worms as
described previously (32). For analysis of r6Y/A and Del-I
mutants by cDNA-PCR, 50 late L4 larvae or young adult rollers
were picked from each of two strains carrying the saimie transgene,
and their RNA extracted in a microscale preparation. This
provided an amount of input RNA equivalent to 100 rollers for
each transgenic type, so that the relative levels of the two PCR
products for each strain. as well as the relative levels between
strains could be compared. One fourth of each RNA preparation
was used in PCR analysis as described below. Poly(A) RNA was
prepared using the polvA-tract s\ stemi fromii Promega
(Madison. WI).

RT/PCR analysis
Products of the s-ol-6 transgenes wxere analyzed by PCR using
the procedure described (32) with the following variations. yg
of a downstream primer (prAG. antisense) from position +37
to + 18 (thus extending from the r6AG-specific region. see
Figure la) was used in a 20 fd annealing reaction. This was then
split into the reverse transcription (-+-RT) and control (-RT )
reactions. The control reaction had 50 Itg of DNase-free RNase
A added prior to the 370 incubation. The paired 12 ,ul reactions
were diluted to 200 It with water. and 10 At of each used in the
subsequent PCR. 0. 1 i of each primer was used in each PCR.
The downstream primer was the same as that used for reverse
transcription, prAG. while the upstream primer was one with
sequence equivalent to SLI (SL I-H). and also SL2 (SL2-H) for
r6SL2A. In general. PCRs were performed for 25 cycles (each
cycle: 1 min at 920. 1 min at 500, 30 sec at 720). However,
for the r6Y/A experiment with RNA from a limited number of
picked worms. 40 cycles of PCR were performed. PolyA-
RNA was used as indicated in the Figure legends. The PCR
products were precipitated and then dissolved in 7 ul formamide
with 0.047 bromphenol blue and xvlene cvanol. These were
electrophoresed. after heating at 950 for 2 min on 10% (20:1)
polyacrylamide/7 M urea'TBE gels at a field density of 40 V/cm.
Polyacrylamide gels were electroblotted onto Hybond-N
(Amershaimi) in 25 mM NaXPO4 (pH 6.5). The blots were
probed with an end-labelled oligonucleotide equivalent to
sequence from +- to + 17 of ;-ol-6 (r6probe in Figure Ia).

RESULTS
Requirements for trans-splicing: inactivation of the normal
acceptor site in rol-6 leads to trans-splicing at a cryptic site
All of the experiments reported in this paper were performed
with a dominant allele of the rol-6 gene that is in general use
in C. elegatis labs as a selectable marker for transformation studies
(40). We utilized a plasmid containing rol-6 altered as shown
in Figure 1 to allow specific detection of products of the
transgene. The rol-6 pre-mRNA is normally trans-spliced to SL I
at a site 173 nt downstream of the transcription initiation site (35).
In an effort to determine whether trans-splicing is required for
function, we attempted to inactivate the trans-splice site by
mutating the final base in the outron from G to A. This is an
invariant position. and in other systems has been shown to be
absolutely required for splicing (42. 43). The worms transformed
with this construct alone expressed the roller phenotype.
indicating either that trans-splicing is dispensible or takes place
in spite of the mutant trans-splice site. Analysis of the RNA from
this transformed strain indicated that trans-splicing had occurred
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Figure 1. Summary of rol-6 constructs. (A) Sequence of the region from -40
to +37. The wild-type rol-6 sequence is shown, with the translation start site
at + 1, the normal trans-splice site at -1/+ 1, the cryptic trans-splice site at
-21/-20, the encoded amino acid sequence, and the bases changed in pr6AG
to distinguish it from the endogenous gene. Note that the amino acid identities
are preserved. Overhead arrows indicate sense and sequence of oligonucleotides.
Possible branchpoints are indicated (underlined). (B) Diagramatic representations
of two different 5' ends produced by splicing at the normal (+ 1) and cryptic
(-20) sites. Black areas indicate the coding region, white areas indicate the 5'
untranslated region, and cross-hatched areas indicate the spliced leader. The two
PCR primers (SL1-H and prAG) and the probe oligonucleotide are represented
by arrows. (C) RNA sequence at the 3' end of the rol-6 outron and base changes
in each mutant. The 'r6Y/A' row indicates potential changes for each of four
positions; 'W' indicates 'A or U'.

at a cryptic site 20 nt upstream (Figure 1). This was determined
by primer extension (data not shown) and cDNA-PCR (Figure 2,
lane 8). Although this cryptic site (CUUUAG) is a good match
to the consensus (12), no trans-splicing occurred at the cryptic
site in transformants carrying the wild-type site (Figure 2, lane 1).

How important is the trans-splice site consensus?
When the splice site was completely inactivated, trans-splicing
nevertheless occurred, but at a novel site, and there was no
obvious effect on expression of the gene. This finding enabled
us to test constructs in which the splice site might be only partially
inactivated. It seemed likely that the degree of inactivation of
the splice site would be reflected in the ratio of the two spliced
products. Those variations of the splice site that partially or fully
inactivate it should partially or completely shift splicing to the
cryptic site. This is easily measurable by cDNA-PCR, which uses
the same primers for both products. We used a degenerate
oligonucleotide to direct replacements of the pyrimidines in the
UUCCAG at the normal site to A's. All constructs generated
rolling transformants and analysis of each is shown in Figure 2.
The single distal base substitution, AUUCAG, had no observable

Figure 2. Splicing at a cryptic site in trans-splice site mutants. RNA was isolated
from 25 roller transformants containing wild-type and mutant rol-6 genes and
subjected to RT-PCR. SL1-H was used as upstream primer. Positions for products
from trans-splicing at the normal (59 nt) and cryptic (79 nt) sites are indicated.
All bands were reverse transcriptase-dependent; reverse-transcriptase-minus lanes
are not shown. pr6Del-1 repressents a 100 bp deletion within the outron from
position -50 to - 150. The sequences above lanes 1 and 3 - 8 represent the last
6 bases of the outron.

Figure 3. Splice site choice when the two sites have the same sequence. RT-
PCR was performed as decribed in the legend to Figure 2 on RNA isolated from
strains carrying: Lane 1, r6us=ds; Lane 2, r6AG. All bands were reverse
transcriptase-dependent; reverse-transcriptase-minus lanes are not shown.

effect on site usage. Thus, even though the -6 position is very
highly conserved in C. elegans splice acceptor sites, mutation of
the conseved U to an A did not appreciably inactivate the site.
In a separate experiment (not shown) another single-site change,
UUUAAG, also showed no change in site preference, indicating
that the pyrimidine at -4 is also not required for this splice site.
However, the double-substitutions, UAACAG and AAUCAG,
did shift usage to the upstream site to a considerable extent. It
is particularly interesting that the double mutation at -5 and -6
had a more severe effect than did the double mutation at -4 and
-5, since the U at -6 is more highly conserved in C. elegans

J
(B) coding region
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Figure 4. A+-U content within the 5' portion of the r-ol-6 pre-mnRNA. The percentage ot AA+ U was calculated in a 20 tit window trloml position I to 400 of the
initial transcript (translational start and trans-splice sitc are at ntl73). Horizontal linc is at 70c%c A + U. Dotted plot line indicates c:hangc in protile in AUKO mutation.

introns than the U at -4 ( 12). The triple and quadruple
substitutions effectively inactivated the trans-splice site, at least
in the context of the alternative site, since splicing was shifted
completely to the upstream site. We conclude that, outside of
the invariant AG, the single-base changes we tested weren't
sufficient to inactivate the site, but overall match to the consensus
is clearly a crucial variable in splice site choice. Importantly.
the presence of pyrimidines at positions -3 to -6 is required
for effective utilization of this splice site.

Why is the upstream site normally cryptic?
The cryptic splice site differs from the consensus only at positions
-6 and -3, and at both of these positions pyrimidines are still
present. Could this small deviation from the consensus result in
its inactivity? To answer this question, we changed the sequence
at the cryptic site to match that of the downstream site. RNA
from transformants carrying this gene was analyzed by PCR as
above (Figure 3). The results clearly show that splicing took place
exclusively at the downstream site. The failure of an identical
extended splice site to function in the cryptic site position indicates
that the sequence of the splice acceptor is not responsible for
the bias against this site.

This result implies that, in addtion to the closeness of the match
to the consensus, there exists a second criterion on the basis of
which splice sites are chosen in C. elegans. One of the
characteristics of introns in C.elegans is a high percentage of
A+U bases (- -70%) (13, 25). To test whether this is a
functionally important characteristic we replaced 7 of the 14 nt
upstream of the consensus site and downstream of the cryptic
site so that G's and C's replaced A's and U's (Figure 1). This
effectively moved the transition from high to moderate A+U
content closer to the cryptic site and further upstream of the
normal site (Figure 4). Analysis of this mutation, called AUKO
(for 'AU KnockOut'), is shown in Figure 5. While the wild-type
control (AG) was spliced entirely at the normal site and the strain
carrying the AA mutation is spliced entirely at the cryptic site,

Figure 5. Effect of altcration ol A -+ U conitent aind potential branch point mutations.
Analyses were pertormed on total RNA isolated fronm transfomiants. 'CS' indicates
position ft)r product of trans-splicing at cryptic sitc. 'NWS splicing at normal sitc.
a' lanes are controls with reverse transcriptase o(:mittcd and RNase A added in
the first step. 'b lanes are with reverse tr-anscriptasc. (A) RT-PCR of AUKO-
containing strain with AG and AA strains as conitrols. (B) RT-PCR of r6BrKO- I.
r6BrKO-2 strains, and r6AUKO strain as control.

AUKO was spliced at both sites. Thus the cryptic site had been
activated, but the normal site was still used at a reduced level.
This result suggests that the A +U content in the immediate
vicinity of the splice site is an important variable in trans-splice
site selection in C. elegans.

The AUKO result is not due to interference with branch site
formation
Previous work (26, 27) demonstrated the presence of a branched
intermediate in trans-splicing analogous to the lariat intermediate
in cis-splicing. The one documented branchpoint for trans-splicing
in nematodes was determined using an in vitro splicing system
from the parasitic nematode, Asca-is lumnbricoides (44). For the
particular gene examined, a branch is formed at the two
underlined A's in the sequence AGUAAAA, where the A's are
at positions - 18 and 119 from the splice site. Note that there
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Figure 6. Failure to trans-splice pre-mRNA with the SLI sequence at the cryptic
site. Analysis was performed on poly(A) RNA from two pooled SCS-transformed
worm strains. 'a' lane is control with reverse transcriptase omitted and RNase
A added in the first step, 'b' lane is with reverse transcriptase. 'CS' indicates
position of unprocessed RNA. 'NS' indicates position at which a trans-spliced
product would have been expected.

is no match to the consensus mammalian branchpoint sequence,
PyNPuAPy, consistent with the the observation that no consensus
has been found an appropriate distance upstream from C. elegans
3' splice sites (13). In fact, the only indication of where
branchpoints might occur in C. elegans is an increased frequency
of A's 15 to 17 nt upstream of the splice acceptor site. This and
the nearly universal usage of A's as branchpoints in other
organisms suggest that the A's at postions -15 and - 16 in rol-6
are the best candidates to act as a branch site. For this reason,
these A's were not mutated in creation of the AUKO mutation.
However, the lone A at -19 falls within a mammalian consensus,
and the 4 A's at positions - 8 to - 11 provide a tetra-A sequence
similar to that used in the ascaris in vitro system, which could
be involved in a unique nematode branchpoint definition. To test
whether any of these sites are needed for branchpoint formation,
two separate mutations were created. In the first, BrKO- 1, the
two A's at - 15 and - 16 were changed to U's, while in the
second, BrKO-2, all A's originally changed to G's or C's in
AUKO were changed to U's. Changing these bases to U's
maintained the A + U-richness, but presumably reduced the
chance that branchpoints could form at these sites since U's do
not generally function as branchpoint sites. The results in
Figure 5B indicate that neither one of these mutations affects the
decision to splice at the downstream site. No products from
splicing at the cryptic site were observed, even on overexposure
of the autoradiogram (not shown). We believe that either the
branchpoint is further upstream or, more likely, the selection of
the branchpoint is fluid. Such fluidity in branchpoint selection
is known to occur in higher eucaryotes where eliminating
branchpoints leads to utilization of cryptic branch sites (45).
Whichever explanation is correct, these results demonstrate that
interference with the trans-splice branchpoint is not the cause for
the shift in splice site selection in the AUKO mutant strain. They
also provide evidence that no sequence between the two potential
splice sites defines the downstream site as the preferred site, since
the same bases are changed as in AUKO, but when they are

changed to U's, splicing at the normal site is not interfered with.

Figure 7. Trans-splicing of SLI to r6SL2A mRNA. RNA from transformants
carrying the r6SL2A construction was tested for SL1- and SL2-specific trans-
splicing by RT-PCR as described in the legend to Figure 2. 'SLI' and 'SL2'
lanes refer to the identity of the upstream primers used in PCR (SL1-H or SL2-H).
All bands were reverse transcriptase-dependent; reverse-transcriptase-minus lanes
are not shown.

Splicing at the cryptic site is not followed by subsequent
splicing at the downstream site
It is possible that splicing normally does occur at the cryptic site,
but that this spliced product is then spliced at the downstream
site, so that the original splicing product is not detected. Splicing
at the upstream site would be unmasked only when splicing at
the downstream site was made inefficient enough to allow export
of upstream-spliced RNA's to the cytoplasm. In order to test for
this possibility, the sequence from the start of transcription to
the cryptic site was replaced with the SLI sequence. This gene
construction, called SCS, did not generate rolling transformants,
implying a signal essential for proper expression of the gene might
be missing. Because of this, the SCS mutant gene was introduced
along with unmodified rol-6 (allele sul006). PCR analysis of trace
amounts of the SCS RNA was still feasible since the co-injected
rol-6 was not marked with the r6AG tag and would not prime
with the prAG oligonucleotide. The results of this experiment
are shown in Figure 6. PCR from poly(A) RNA without reverse
transcription, which would represent product from any
contaminating DNA, shows no product (lane a), while a reverse
transcriptase-dependent band is clearly seen at the position of the
cryptic site (Figure 6, CS), the position expected for unprocessed
product. The fact that no product is observed at the position
expected for splicing at the normal site (Figure 6, NS) indicates
that RNA with the SLl sequence at the upstream site is not
processed further.

The region immediately upstream of the rol-6 trans-splice site
does not contain specificity determinants
In order to determine whether the outron must remain intact for
correct trans-splicing to occur, we deleted positions -50 to -150
(measured from the splice site) by oligonucleotide-directed
mutagenesis to create r6Del- 1. Figure 2, lane 2, shows that
splicing is either unaffected or only slightly decreased by this
large deletion. Thus nothing in this region of the rol-6 outron
is required for specification of trans-splicing at the correct site
or for function of the rol-6 gene.

In C.elegans, a second spliced leader, SL2, is found on the
mRNAs of certain genes (46). In these studies and in previous
work with other genes (32), SL1 is the primary spliced leader
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attached by trans-splicing; PCR indicates little or n1o SL2 is
spliced onto any of the sites we have created. It appears as though
an extra signal is required for SL2 specificity, either to signal
the SL2 snRNP directly or indirectly. or to block the SL 1 snRNP.
To determine whether this signal is present in the region trom
-20 to - 1 from the splice site, we eliminated this regioni of
rol-6 and replaced it with that of gpd-3, an SL2-accepting gene.
creating SL2A. RT/PCR reactions performed on this RNA using
the upstream primer for SLI (SLI-H) and SL2 (SL2-H) arc
shown in Figure 7. The RNA was analyzed in tandemii with r6AG
to provide a positive control. The reaction with SL2-H indicates
that although a small amount of SL2 was found on mnRNA from
the control strain, little or no SL'2 wvas trans-spliced on1 the
r6SL2A transcript. This indicates that the information needed
to specify SL2 splicing is not contained entirelN within this paIt
of the outron.

DISCUSSION
Properties of C.elegans splice acceptor sites
In C. elegans trans-splice acceptor sites have the samiie consensus
sequence as cis-splice acceptors. UUUCAG/G. Furtherm-lore.
neither one has an obvious polypyrimidine tract nor a branch
point consensus (12. 13). The only other known distinguishing
feature to demarcate introns and outrons relative to exons is their
relatively high A -U content. The results of previous experiments
in our laboratory (32, 33) have led us to the conclusion that no
special sequence is required to signal trans-splicing to SL1.
outside of those sequence elements normally found in introns.
Rather, any gene that has an intron. now called an outron. at
the 5' end of its pre-mRNA will be trans-spliced to SLI. The
fact that deletion of 100 nt from the 173 nt outron of ;-ol-6 did
not affect trans-splicing provides additional support for this idea.

In this paper we investigated whether the two distinguishing
features of Celegans splice acceptor sites, the UUUC just
upstream of the perfectly-conserved AG and the high A+U
content of the outron, were necessary elements for trans-splice
site recognition. The observation that elimination of the natural
trans-splice site by conversion of the AG to AA did not eliminate
trans-splicing or gene function made this study possible. Because
trans-splicing now occurred at a formerlI silent site 20 nt
upstream, we were able to exploit the novel competition between
these two sites to investigate what parameters influence the choice
between the two sites. Any changes that result in changing splice
site choice from the natural to the silent site must affect a

component of the recognition signal.

Importance of the four pyrimidines
The consensus for the 3' splice site presumably reflects the
preferences for each position in the sequence. A survey of
C.elegans introns (12) found the percent identity to UUUCAG
to be 87, 99, 76, 81, 100, 100. respectively. Out of the 139
introns analyzed, only 2 did not have a U at position -5. for
instance. Although we did not isolate a single-site mutation at
-5, all the mutations that shifted the splicing in part or in whole
to the upstream site do have the -5 position changed to an A.
consistent with the idea that this is an important component of
the recognition signal. When only one other base was changed
to an A, as in UAACAG and AAUCAG, there was only a partial
shift to the upstream site. Interestingly, the synergistic effect of
the additional change reflects the level of conservation at the sites:
alteration of the -6 position, which is more highly conserved

thacn position -4. showed a Imorlte pr-ofound effect than did
alter-ation ot the 4 position. AlteraLtion ot any additioncal bases
in the consensus shifted splicing completelN to the upstream site.
These observations lead us to hypothesize the existence of some
componenlt of the splicina machinerx in C. clc',gans, that recognizes
this sequence. with exact imatches not requir-ed for recognition.
but with an overcall 't-it' necessar\ W-hen this fit is poor. the
presence of an AG is ianored or activated very slowly. so that
nearby sites are recognized. This could be evolutionarly
equivalent to the component responsible for recognitioni ot the
polypytrimilidine trict adjacent to the 3' splice site in higher
eucaryotes (47-- 49). In anN case. ouI expcrimiecnts clearly
denmonstr-ate that the hih conscrvattion of the UUUC just
upstreaml of the AG 'at which splicing occurs can be attributed
to their-role in splice acceptor sitc recognition.

Why isn't the upstream site used!
The upstreamil site is cryptic unless the nioimali site is inactivated.
Its sequenice troml -6 to -- I. CUUUAG. might be expected to
contribute substantially to its lower activit since C is rare at
-6, occurring in only 3 V of introns (vs 87% U), and U is rare
at position -- 3. occurrt-inLe in I 8 ' ot introns (vs 8 1 V C) ( 1 2).
However oui experimicnt in which the crvptic site w\As replaced
with a sequence identicail to the downstreamti-a site (in r6us=ds)
indicates that it is not the sequencic of the cryptic sitc p)er se that
r-esults in its not being chosen under- norimial circumstances.
Clearly. the upstreamil sitc fLinctions perfectly well when the
downstream site is inactivatecd. As the stepwise inactivation
documented in Ficure 2 indicates, the upstream site is a perfectly
good splice site when the nloIrm one iS innactivated. These
observations imply that something clsc favors the downstreanm
site. An tanalysis of C.clcg(41s genes indicates that introns Land
outruns re easily identifiable becLuse of their high A U content
relative to the surrounding regions 70() vs - 50%). A plot
of the A + U'-richness of -ol-6 sho\\ s that the norImal trans-splice
aLcceptor occurs at the houndary between A - U-rich and A t U-
average RNA, while the crptic site precedes this boundary hb
20 nt (Figure 4). BN channgin, 7 of the 14 bases between -6
and the crvptic site, we altered this 'A +U topology as shown
by the dotted line in Figure 4. In ALK() the cryptic site is located
at the site of trainsition fromi A +tU-r-ichness to A - U-111odeiation.
The fact that this alteration was SuLffiCienlt to activate the cryptic
site suggests strongly that the location of the A ± U-richness
transition is a second important par-amiletcer in splice site choice
in C.elega;(,s as it has previouly beeni shown to be in plants (1 7).
We do not know why the downstream site is nlot completely
deactivated bN the AUKO mutationi. Perhaps. although the A+ U-
transitional aspect Would favor the upstreaimi site, a 5' to 3' exon
scanning mechanisimi as described h\ Niwa et al. (50) would
recounize the downstream site iin the process of defining the
smallest exon.

Fluiditv of Branchpoint selection
From the results in the Ascarihs in vitr(o system (44) aind the high
frequency of A's at -15 to -- 17. it seeimis likely that the rol-6
branchpoint is within 20 nt of the splice acceptoi site. BrKO-l
w\as created to deterimiine if the A's retained in AUKO served
as b-anchpoint for the normaiial splice site by changing them to
less favorable U's. By a similar imiethod. BrKO-2 was created
to deternine if any of the 5 A's altei-ed in AUKO were involved
in branchpoint recognition. We wvere able to show thaIt none of
these nucleotides are required for utilization of the normal splice



Nucleic Acids Research, 1993, Vol. 21, No. 4 919

site. This suggests that the site of branchpoint formation in
C. elegans may be quite fluid, since no A between the two splice
acceptor sites is required for utilization of the downstream site.

SLi vs. SL2 trans-splicing
In previous work we determined that changing an intron into an

outron or creating an outron de novo resulted in SLI trans-splicing
onto the recipient transcript with, perhaps, only a trace amount
of SL2 trans-splicing (32, unpublished results). This led us to

conclude that SLI splicing is a default mode, and that there is
some specific signal required for SL2 splicing. Replacment of
the region between the cryptic site and normal site in rol-6 with
the same region of the SL2-trans-spliced gpd-3 gene (46, 51)
allowed us to conclude that the signal for SL2 specificity does
not lie solely in this region.
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