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The role of branchpoint-39 splice site spacing and
interaction between intron terminal nucleotides in
39 splice site selection in Saccharomyces cerevisiae

sequential transesterification reactions. The first step isB.G.Mattias Luukkonen1 and
initiated by a nucleophilic attack from the 29 OH of theBertrand Séraphin2

branchpoint adenosine residue on the phosphodiester bond
European Molecular Biology Laboratory, Meyerhofstrasse 1, at the 59 splice site. This results in exon 1 carrying a 39
D-69117 Heidelberg, Germany terminal OH group, and a lariat–exon 2 intermediate where
1On leave from the Microbiology and Tumorbiology Center, the 59 end of the intron is linked to the branch nucleotide
Karolinska Institute, Stockholm, Sweden through a 59–29 phosphodiester bond. In the second trans-
2Corresponding author esterification step, the 39 OH of exon 1 attacks the phospho-

diester bond at the 39 splice site, leading to exon ligation
A conserved 39 splice site YAG is essential for the and release of the intron lariat.
second step of pre-mRNA splicing but notrans-acting Accurate removal of introns from pre-mRNAs is medi-
factor recognizing this sequence has been found. A ated through recognition of short, conserved sequence
direct, non-Watson–Crick interaction between the elements at the intron boundaries. During the formation
intron terminal nucleotides was suggested to affect of the spliceosome, the 59 end of U1 snRNA is base
YAG selection. The mechanism of YAG recognition paired with the 59 splice site (Zhuang and Weiner, 1986;
was proposed to involve 59 to 39 scanning originating Séraphin et al., 1988; Siliciano and Guthrie, 1988). This
from the branchpoint or the polypyrimidine tract. We interaction commits the pre-mRNA to the splicing pathway
have constructed a yeast intron harbouring two closely (Séraphin and Rosbash, 1989), but does not specify the
spaced 39 splice sites. Preferential selection of a wild- phosphodiester bond to be hydrolysed (Se´raphin and
type site over mutant ones indicated that the two Rosbash, 1990). U2 snRNA associates with the branch-
sites are competing. For two identical sequences, the point sequence (Parkeret al., 1987; Wu and Manley,
proximal site is selected. As previously observed, an A 1989; Zhuang and Weiner, 1989) forming an imperfect
at the first intron nucleotide spliced most efficiently helix from which the branchpoint adenosine is probably
with a 39 splice site UAC. In this context, UAA or bulged (Queryet al., 1994). Before the first chemical step
UAU were also more efficient 39 splice sites than of splicing, U1 snRNA base pairing with the 59 splice site
UAG and competed more efficiently than the wild-type is displaced and substituted by interactions with U5 and
sequence with a 39 splice site UAC. We observed that U6 snRNAs. Genetic and biochemical analyses suggest
a U at the first intron nucleotide is used for splicing that the invariant U5 snRNA loop interacts with exon 1
in combination with 39 splice sites UAG, UAA or UAU. sequences just upstream of the cleavage site both before
Our data indicate that the 39 splice site is not primarily and after the first step (Newman and Norman, 1991, 1992;
selected through an interaction with the first intron Wyatt et al., 1992; Sontheimer and Steitz, 1993). This
nucleotide. Selection of the 39 splice site depends interaction is not essential for the first splicing step, but
critically on its distance from the branchpoint but does might be involved in keeping the exon 1 intermediate
not occur by a simple leaky scanning mechanism. near the active site for step 2 (O’Keefeet al., 1996). UV
Keywords: pre-mRNA processing/snRNPs/splice site cross-linking experiments suggested that U6 snRNA might
selection/spliceosome/yeast interact with the 59 end of the intron (Sawa and Abelson,

1992; Sawa and Shimura, 1992; Wassarman and Steitz,
1992). Genetic analysis inSaccharomyces cerevisiaedem-
onstrated that U6 snRNA base pairs with intron position

Introduction 14, 15 and16, juxtaposing the phosphodiester bond to
be hydrolysed with the branchpoint adenosine (Kandels-Nuclear pre-mRNA splicing is a process conserved in all
Lewis and Se´raphin, 1993; Lesser and Guthrie, 1993).eukaryotes from yeast to man. Although differences in

While many of the interactions specifying 59 splice siteintron size and abundance, as well as in splicing regulation,
cleavage have been elucidated, very little is still knownare apparent between species, the fundamental components
about how the 39 splice site (consensus sequence YAG)and chemistry of the splicing reaction remain unaltered.
is recognized (Umen and Guthrie, 1995c). InSchizosacch-Splicing requires five small nuclear ribonucleoproteins
aromyces pombe, the 39 splice site YAG is required prior(snRNPs), U1, U2, U4, U5 and U6, consisting of a small
to the first step of splicing, whileS.cerevisiaeintrons donuclear RNA (snRNA) and several protein components. In
not require a 39 splice site to proceed through step 1addition, numerous non-snRNP proteins are also required
(Rymond and Rosbash, 1985; Parker and Patterson, 1987).for splicing. The snRNPs and protein cofactors assemble
Both YAG-dependent and YAG-independent introns areonto the pre-mRNA in a stepwise, ATP-dependent manner
found in mammalian genes (Reed, 1989). InS.pombe, theto form the spliceosome, in which the chemical splicing
59 end of U1 snRNA can base pair with the 39 AG asreaction will take place (Green, 1991; Guthrie, 1991; Moore

et al., 1993). Removal of the introns occurs through two well as with the 59 splice site, and mutations in the AG
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dinucleotide can be suppressed by the complementary U1 A non-Watson–Crick interaction between intron ter-
minal nucleotides has been suggested to play a rolesnRNA mutation. The suppression is partial as only the

first step block conferred by the 39 splice site mutation is in 39 splice site selection (Parker and Siliciano, 1993;
Chanfreauet al., 1994; Scadden and Smith, 1995). A Grescued, but splicing does not proceed through step 2

(Reich et al., 1992). Thus, the U1 snRNA–39 splice site to A mutation in the first base of theS.cerevisiaeACT1
intron leads to a strong second step block, which can bepairing is likely to be involved only in an early step in

spliceosome assembly, when the intron boundaries are partially suppressed by a G to Cchange at the last position
(Parker and Siliciano, 1993). The same 59 splice sitebeing defined. The U1 snRNA–39 splice site interaction

is not essential inS.cerevisiae, and the corresponding substitution provokes activation of cryptic 39 splice sites
with the sequence UAC or UAA in the RP51 intronconserved U1 snRNA residues base pair with the 39

nucleotides of the 59 exon (Se´raphin and Kandels-Lewis, (Chanfreauet al., 1994), and it was found as a suppressor
of a G to A substitution in the last nucleotide of the1993). Fromin vitro studies using a substrate with multiple

39 splice sites, it has been suggested that the YAG is fourth intron of the DHFR gene (Carotherset al., 1993).
Suppression of this mutant has also been observedin vitrorecognized through a scanning mechanism originating

from the branchpoint (Smithet al., 1989, 1993). However, in a HeLa cell extract using a mammalian intron (Scadden
and Smith, 1995).in S.cerevisiaeinsertion of a pyrimidine-rich stretch

between two 39 splice sites can promote splicing to the Our laboratory has previously demonstrated that the U1
snRNA was not implicated in 39 splice recognition indistal YAG, at the expense of the proximal site (Patterson

and Guthrie, 1991). yeast (Se´raphin and Kandels-Lewis, 1993). These results
suggested that the conserved YAG sequence was recog-Genetic screens inS.cerevisiaehave identified a number

of protein factors specifically involved in the second nized by another mechanism. To address this question,
we analysed the splicing behaviour of a sensitive reportersplicing step. The SLU7 protein was cloned in a synthetic

lethality screen with a U5 snRNA mutation, and appears intron harbouring two closely spaced 39 splice sites in
direct competition. Our results, presented below, led us toto be essential for utilizing splice sites distal to the

branchpoint (Frank and Guthrie, 1992). The 220 kDa U5- conclude that a direct interaction between intron terminal
nucleotides is not the major determinant in 39 splice siteassociated protein PRP8 can be cross-linked to both the

59 splice site and the 39 splice site (Whittaker and Beggs, selection. Instead, we show here that the distance from
the branchpoint nucleotide is a critical parameter for 391991; Teigelkampet al., 1995a,b; Umen and Guthrie,

1995b), and has been shown to be involved in polypyrimid- splice site activation. Our results also allowed us to
exclude a simple leaky scanning mechanism of 39 spliceine tract recognition (Umen and Guthrie, 1995a). Recently,

an allele of PRP8 was identified that can suppress site selection.
mutations in the YAG sequence (Umen and Guthrie,
1996). Other factors that affect the second splicing step Results
include PRP16, PRP17 (SLU4), PRP18 and SSF1 (Couto
et al., 1987; Vijayraghavanet al., 1989; Burgesset al., Construction of an intron with two 39 splice sites

in direct competition1990; Vijayraghavan and Abelson, 1990; Ansari and
Schwer, 1995). Competing splice sites have been extensively used to

study the splicing process, since small effects of mutationsA number of mutations in the U2, U5 and U6 snRNAs
that affect the second step have been described. Akin to incis-acting sequences andtrans-acting factors can be

readily detected using such sensitive assays. Because theits role at the 59 splice site, the U5 snRNA loop interacts
with exon 2 sequences just downstream of the 39 splice sequence of the non-conserved nucleotides flanking a 39

splice site can influence its usage (Patterson and Guthrie,site (Newman and Norman, 1992; Sontheimer and Steitz,
1993). It is likely that these interactions play a role in 1991; Newman and Norman, 1992), we constructed two

consensus sites in similar sequence context only fivejuxtaposing the two exons for ligation. Two mutations
have been found that suppress mutations in the YAG nucleotides apart (Figure 1A; Materials and methods).

Henceforth, the first site will be referred to as ‘proximal’sequence to some extent: U2–A25G and U6–G52U (Lesser
and Guthrie, 1993; Madhani and Guthrie, 1994). The U2– and the second site as ‘distal’, based on their position

relative to the branchpoint. The RP51-derived intron hasA25G transition can unspecifically suppress all single
mutations in the AG dinucleotide (Madhani and Guthrie, a consensus 59 splice site and branchpoint, followed by a

uracil-rich polypyrimidine tract and the two 39 splice sites1994). Other substitutions at, or a deletion of, U2 position
25 do not affect the second step. U6 position 52 is part (for details, see Materials and methods). The intron is

fused to a LacZ reporter gene, so that the pre-mRNA andof the highly conserved ACAGAGA heptanucleotide, and
the G–U mutation can unspecifically suppress all changes mRNA resulting from splicing to the proximal site are

out of frame for β-galactosidase translation, while theat the last position of the intron, as well as an A–C change
at the penultimate position (Lesser and Guthrie, 1993). mRNA resulting from splicing to the distal site is in frame

for translation. As premature termination codons canOther changes in U6 snRNA at position 52, and all
changes at position 51, lead to a complete second step influence RNA splicing and stability (Maquat, 1995;

Aoufouchi et al., 1996), several constructs were madeblock in vivo and in vitro (Madhaniet al., 1990; Vankan
et al., 1992; Datta and Weiner, 1993; Yuet al., 1993; with the LacZ ORF fused to the proximal 39 splice site.

With both sets of constructs we observed similar splicingWolff et al., 1994). Interestingly, Madhani and Guthrie
(1994) found genetic evidence for a tertiary interaction patterns (data not shown). In every case,β-galactosidase

assays were performed in parallel to the RNA analyses.between U6–G52 and U2–A25 required for the second
step. These enzymatic assays supported the results of the
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Fig. 1.Construction of an RP51-derived intron with two synthetic 39 splice sites in direct competition. (A) Complete sequence of the RP51-derived
S.cerevisiaeintron used in this study (for details on construction, see Materials and methods). Exon sequences are shown in upper-case letters, intron
sequences in lower-case letters. The adenosine residue used for branching is shown in upper-case bold face and the two 39 splice sites are underlined.
Restriction sites used for cloning are indicated, as is the binding site for the exon 2-specific EM38 oligonucleotide used for primer extension analysis.
(B) Primer extension analysis of introns harbouring a point mutation changing the penultimate adenosine nucleotide to cytosine. Primer extension analysis
was performed as previously described (Pikielny and Rosbash, 1985), using a32P end-labelled oligonucleotide EM38 priming in exon 2 (see Materials
and methods). Owing to multiple transcription initiation sites of the inducible GAL-CYC1 promoter, pre-mRNA and mRNAs appear as multiple bands.
The lower levels of mRNA in lane 5 resulted from lower induction in this experiment. (Note further that the ratio of mRNA to pre-mRNA was similar to
that observed in lane 4.) The different extension products are labelled on the right side of the figure. The product resulting from extension of wild-type
RP51 pre-mRNA is longer than that of the reporter constructs, therefore two pre-mRNAs of different sizes are indicated. Endogenous5 endogenous rp51
mRNA. (C) RT–PCR analysis of RNA samples shown in (B), using exon 1- and exon 2-specific primers (see Materials and methods). Amplification of
pre-mRNA and plasmid DNA using this set of primers yields identical products, and only amplified mRNAs are shown. Splicing to the proximal 39 splice
site gives rise to an amplified product of 97 nucleotides, while splicing to the distal site gives rise to a product of 92 nucleotides. Amplification of the
wild-type RP51 mRNA yields a product of 95 nucleotides. (D) Quantitation of the RT–PCR gel shown in (C), using a PhosphoImager (Molecular
Dynamics). The graph displays per cent splicing to the distal site for the different constructs. The mean values and standard deviations from three different
transformants are shown.
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direct analyses of the pre-mRNA and mRNA levels (data 1C, lanes 1 and 3). In those cases, splicing occurred
preferentially to the proximal site. Splicing occurrednot shown).

We first investigated how efficiently our reporter intron exclusively to the wild-type site if in competition with a
UCG (Figure 1C, lanes 2 and 4). Quantitation of the RT–was spliced by primer extension using the exon 2-specific

primer EM38 (Figure 1A). Plasmids pHZ18 (Teem and PCR gel using a PhosphoImager (Molecular Dynamics)
revealed that 8.9% splicing occurred to the distal siteRosbash, 1983) and pBS105 (Se´raphin and Rosbash, 1990)

harbouring, respectively, the wild-type RP51 intron and a when both sites were wild type, and 5.4% when both sites
were mutated (Figure 1D). In contrast, no splicing abovemutant derivative thereof were used as representatives of

efficiently and poorly spliced introns, while RNA derived background levels was detected to a UCG site when in
competition with a UAG (Figure 1D, lanes 1, 3 and 5).from a strain transformed with the vector alone was used

to ascertain that the signals detected originated from We conclude that the two 39 splice sites are in direct
competition and that no outside cryptic splice sites werethe reporter gene. The results depicted in Figure 1B

demonstrate that the reporter intron was spliced with an activated. When the two sites have the same sequence,
the proximal site is preferentially chosen, in concordanceefficiency similar to the wild-type RP51 intron (Figure

1B, compare lanes 1 and 4). The mRNA and pre-mRNA with previous observations (Smithet al., 1989, 1993;
Scadden and Smith, 1995). However, these data do notextension products appear as multiple bands upon separa-

tion on polyacrylamide gels. These correspond to the support a leaky scanning model for 39 splice site selection
(see Discussion).multiple transcriptional initiation sites of the galactose-

inducible GAL-CYC1 promoter driving our reporter con-
struct. However, by comparing the size of the major Selection of the 39 splice site in a G1A mutant

intron is position but not sequence specificextension product with those observed for the wild-type
RP51 intron, we could conclude that the proximal site Following the original observation by Parker and Siliciano

(1993) that a G to C mutation in the last nucleotide of thewas preferentially used.
Next, we tested whether both 39 splice sites could be S.cerevisiaeACT1 intron could partially, but specifically,

suppress a G to A change at the 59 splice site, it has beenused. For this purpose, we introduced single A to C
mutations in the penultimate position of one or both splice suggested thatan interactionbetween intronboundaries isan

important determinant in 39 splice site selection (Chanfreausites (changing the sequence from UAG to UCG), and
assayed splicing by primer extension using the exon 2- et al., 1994; Umen and Guthrie, 1995c). If this presumption

is true, a mutation at the 59 splice site would affect selectionspecific primer. Mutations in either splice site alone did
not result in any significant loss of splicing efficiency between two competing 39 splice sites with different

sequences. To test this hypothesis, we made a series of(Figure 1B, lanes 5 and 7). When the proximal site was
mutated, the resulting mRNAs were significantly shorter, mutants in the proximal and distal 39 splice site, in combina-

tion with mutations at the 59 splice site. The proximal siteconsistent with the activation of the distal site (Figure 1B,
lane 7). When both sites were mutated, a second step was mutated to UAC, UAA and UAU, while the competing

distal site was either UAG or UAC. All combinations ofblock was clearly apparent from the accumulation of lariat
intermediate, accompanied by a slight accumulation of mutations at the 39 splice site were inserted downstream of

either the wild-type 59 splice site or the G1A mutant 59pre-mRNA (Figure 1B, lane 6). Nevertheless, a substantial
amount of mRNA could be detected (Figure 1B, lane 6). splice site (Figure 2A). The constructs were introduced in

yeast, and splicing analysed by primer extensionWe conclude that the modified RP51 intron is efficiently
spliced when a wild-type 39 splice site is present, with (Figure 2B). The wild-type 59 splice site spliced efficiently

toawild-type39splicesitewhenpresent,andvery low levelsthe absence of an AG resulting in inhibition of splicing
mainly because of a second step block. of pre-mRNA and exon 2–lariat intermediate accumulated

(Figure 2B, lanes 3–7). As described above, the proximalThe primer extension analysis presented above allowed
us to measure the levels of pre-mRNA, mRNA and site of a duplicated pair was preferentially selected. In con-

trast to the results obtained in previous studies (Parker andlariat intermediates. Since the GAL-CYC1 promoter has
multiple initiation sites resulting in heterogeneous mRNA Siliciano, 1993; Chanfreauet al., 1994), in the absence of a

wild-type 39 splice site a substantial amount of mRNA wasproducts, it is difficult to assess to what extent each 39
acceptor site is used because of the overlapping signals. still detected (Figure 2B, lanes 8–10). Low levels of pre-

mRNA accumulated, and the predominant block was at theTherefore, we established a sensitive RT–PCR assay to
determine accurately and quantitatively which of the second step, as shown by the accumulation of high levels

of lariat intermediate (Figure 2B, lanes 8–10). The G1Adifferent acceptors was used. The RNAs were subjected
to cDNA synthesis using the exon 2-specific EM38 primer, mutation also led to a strong second step block and a weak

first step block (Figure 2B, lanes 11–18). Again, in contrastfollowed by PCR amplification using32P-labelled EM38
primer and the exon 1-specific oligonucleotide EM84. to previous studies, high levels of mRNA were detected,

but a second step block was readily apparent because highThese primers also amplify plasmid DNA, giving a band
of identical size to that of amplified pre-mRNA, and levels of lariat intermediate accumulated. Indeed, the levels

of mRNA produced by the G1A mutants were similar toprecluding the use of this assay for quantitation of pre-
mRNAs. Consequently, only amplification products corres- those produced by constructs with the wild-type 59 splice

site in the absence of a UAG (Figure 2B, compare lanes 8–ponding to the mRNA species are shown. Control experi-
ments demonstrated that amplification of mRNAs was in 10 with lanes 11–18). In contrast to previous reports (Parker

and Siliciano, 1993; Chanfreauet al., 1994), no dramaticthe linear range of the PCR reaction (data not shown).
With the PCR assay, we detected splicing to both sites increase in mRNA levels was seen with a UAC at the

39 splice site (Figure 2B, lanes 11–18; see also below).when both were wild type or both were mutated (Figure
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next performed an RT–PCR analysis of the RNAs (Figure
2C). The PCR amplification demonstrated that with a wild-
type 59 splice site, a wild-type 39 splice site was exclusively
chosen. In the absence of a wild-type 39 splice site, splicing
to a UAC, UAA or UAU proximal 39 splice site was detected
(Figure 2C, lanes 3–10). The levels of mRNA observed
(Figure 2B and C, lanes 7–10) suggested that in this situation
UAG is by far the most preferred 39 splice site, followed by
UAU, while UAA and UAC were of equally low strength.
When the G1A mutant introns were analysed, the G1A 59
splice site also spliced to UAG, UAC, UAA and UAU 39
splice sites in the proximal position (Figure 2C, lanes 11–
18). With a duplicated pair of UAC sites, the proximal one
was preferentially selected (Figure 2C, lane 16). Low levels
of splicing to the distal UAG were detected in combination
with UAG and UAA at the proximal 39 splice site (Figure
2C, lanes 11 and 13). UAC in a distal position was a stronger
competitor than the wild-type UAG (Figure 2C, lanes 11–
18). Surprisingly, a distal UAC could not entirely out-com-
pete UAA, UAU and even the wild-type UAG at the prox-
imal position. With the UAU–UAG and UAU–UAC
combination of 39 splice sites, the PCR analysis also
revealed a spliced product migrating between the proximal
and distal mRNAs, which corresponded in size to splicing
to a cryptic UAA two nucleotides downstream of the prox-
imal site (Figure 2C, lanes 14 and 18). From this analysis,
it appears that with the G1A mutant, UAC was the preferred
39 splice site, but followed closely by UAU and UAA, with
UAG being the weakest site.

In summary, when a wild-type 59 splice site was present,
selection of a 39 splice site was highly dependent on its
sequence (UAG... UAU . UAA and UAC), but not
on its position. In contrast, with the G1A 59 splice site,
splicing occurred mostly at the proximal site while the
sequence of that site had only a minor effect on the selection
process. There is apparently no strong sequence specificity
for 39 splice site selection when A is the first intron nucleo-
tide as not only UAC, but also UAA and UAU, are more
efficiently selected than the wild-type UAG sequence.

A U at the first position of the intron is used for
splicing with various 39 splice sites
Splicing can occur to most nucleotides at the 39 splice site
using a wild-type or G1A 59 splice site. Splicing of G1A
mutated introns proceeded with little specificity regarding
the identity of the last nucleotide of the intron. It was then
enticing to ask whether any nucleotide at the 59 splice
site could be used for splicing, in combination with any
nucleotide at the 39 splice site. In previous studies, G1U and
G1C were shown to be used for the first but not the second

Fig. 2.Splicing of constructs harbouring point mutations at the first and step of splicing (Parker and Siliciano, 1993; Chanfreau
last intron nucleotides. (A) Schematic illustration of mutations at the 59 et al., 1994). We introduced the 59 splice site mutants G1U
and 39 splice sites. (B) Primer extension analysis of constructs shown in and G1C in our intron reporter, and tested for splicing to a(A), using the exon 2-specific EM38 primer. The different extension

UAG, UAC, UAA or UAU at the proximal position, inproducts are labelled on the right. (C) RT–PCR analysis of the RNAs
shown in (B), using exon 1- and exon 2-specific primers. competition with a UAG at the distal position.

To investigate what phosphodiester bond at the 59 splice
sitewascleavedwithourconstruct, theRNAswereanalysedHowever, the levels of exon 2–lariat intermediate are some-

what lower when the proximal site is UAC, suggesting that by primer extension using an intron-specific primer (Figure
3A). The extension reaction yielded two products: a longerthe second step is slightly more efficient with this 39 splice

site sequence, but only when it is in a branchpoint-proximal product from extension of the unspliced pre-mRNA, and a
shorter product ending at the 59 cleavage site originatingposition (Figure 2B, lanes 12 and 16).

Several splice acceptors were being used with varying from the exon 2–lariat intermediate and intron lariat. The
latter product appeared as a doublet as the reverse tran-efficiency, and to separate the different mRNA species we
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Fig. 3.The G1U mutation is competent for both steps of splicing.
(A) Primer extension analysis of RNAs harbouring the G1U and G1C
mutations, using the intron-specific RB27 primer (Jacquieret al., 1985)
(see Materials and methods). The products are identified on the right side
of the figure. (B) Primer extension analysis of the RNAs shown in (A),
using the exon 2-specific EM38 primer. Extension products are labelled
on the right side of the figure. (C) RT–PCR analysis of the G1U-derived
RNAs shown in (A) and (B), using exon 1- and exon 2-specific primers
EM38 and EM84. (D) Direct cycle sequencing of two mRNAs from G1U
introns (proximal 39 splice site UAA, Figure 3C, lane 3). Right sequence
shows the upper band, left sequence the lower. All mRNAs derived from
the G1U mutated introns were sequenced, and the data are summarized
in Table I.
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Table I. Sequence of mRNAs generated with the G1U mutation at the 59 splice site

Proximal 39 splice site Band No. mRNA sequence Splice sites used

59 39

UAG 1 AAAAUG/AAUAGAUAA 11 UU Prox. UAG
2 AAAAU/AAUAGAUAA –1 GU Prox. UAG
3 AAAAUG/AUAA 11 UU Dist. UAG
4 AAAAU/AUAA –1 GU Dist. UAG

UAC 1 AAAAU/AUAA –1 GU Dist. UAG
UAA 1 AAAAUG/AAUAGAUAA 11 UU Prox. UAA

2 AAAAU/AUAA –1 GU Dist. UAG
UAU 1 AAAAUG/AAUAGAUAA 11 UU Prox. UAU

2 AAAAU/AUAA –1 GU Dist. UAG

For each construct, increasing numbers correspond to mRNA species of increasing mobility. Slashes indicate the splice site.

scriptase occasionally adds one non-templated random nuc- site combinations, it appeared that when the cryptic 59 splice
site GU was used, a UAG 39 splice site was preferentiallyleotide to the full extension product (Jacquieret al., 1985;

see Figure 3A, lane 1, for the wild-type RP51 intron). The selected. When both competing 39 splice sites had identical
sequence, the upstream one was preferred (Figure 3C, laneG1U mutated introns displayed three bands corresponding

to two overlapping doublets (Figure 3A, lanes 3–6). The 1, see above). This is similar to the results obtained with a
GU at the normal 59 splice site (see above). We observedlower doublet originated from cleavage at the normal 59

splice site (UU), while the upper doublet originated from PCR amplification products corresponding to splicing from
the UU present at the normal 59 splice site to a UAG, UAAcleavage at the adjacent 59 GU sequence created by the G

to U substitution (Figure 1A). Usage of similar cryptic sites and UAU, but not a UAC, at the 39 splice site (Figure 3C,
lanes 1–4). Splicing to these various 39 splice site sequenceshas been previously reported (Aebiet al., 1987; Chanfreau

et al., 1994). Introns harbouring the G1C mutant also dis- occurred with similar efficiency. Again, the sequence of the
PCR products determined by cycle sequencing after elutionplayed three bands at the same positions (Figure 3A, lanes

7–12). We conclude that with both G1U and G1C the normal of the bands from the gel and re-amplification confirmed
the prediction of the RT–PCR analysis (Figure 3D; Table I).site and a cryptic splice site one nucleotide upstream are

used for the first splicing step. Primer extension analysis Our analysis demonstrates that a U can be used as a 59
splice site. This has not been reported previously. As withwith an exon 2 primer revealed the accumulation of exon

2–lariat intermediates for both the G1U and G1C mutants the G1A mutant (see above), we observe little sequence
specificity in the selection of a 39 splice site in combination(Figure 3B). No mature mRNAs were detected with the

G1C mutation, whereas low levels of spliced products were with the UU 59 splice site.
detected in the G1U mutated introns (Figure 3B). Previous
studies failed to detect any splicing from a U residue at the Branchpoint proximity is an important determinant

in 39 splice site selection59 splice site and indicated that all mature RNA species
originated from the usage of the cryptic 59 splice site (Chan- A number of observations in the previous experiments sug-

gested that the location of a 39 splice site is more importantfreauetal., 1994).Thesizeof thesplicedproductscorrelated
with usage of the wild-type 39 splice site (Figure 3B, lanes than its sequence for its activation. (i) When two identical

sites were present, the proximal one was preferentially used.3–6), but did not allow us to determine accurately which 59
splice site was used. To map precisely which 59 and 39 splice (ii) With the G1A 59 splice site, splicing to a proximal

UAC was more efficient and less lariat–exon 2 intermediatesites were used with our reporter, we performed an RT–
PCR analysis with the same RNAs (Figure 3C). Consistent accumulated than when UAC was in a distal position

(Figure 2B, lanes 12 and 16). (iii) Similarly, with the 59with the result of the primer extension analysis above, no
mRNAs were reproducibly detected from PCR amplifica- splice site, G1A, UAA and UAU could partially compete

with a UAC site if they were located in a proximal, but nottion of G1C mutated RNAs (data not shown). With the G1U
mutant and two wild-type 39 splice sites, four mRNAs were in a distal position (Figure 2B and data not shown). A similar

observation was made by Chanfreauet al. (1994) in thedetected as two closely migrating doublets (Figure 3C, lane
1). The upper doublet corresponded to usage of the proximal context of the wild-type RP51 intron, as mutation of the

natural 39 splice site to UAC activated a proximal UAA39 splice site, while the lower doublet corresponded to spli-
cing at the distal 39 splice site. The two bands of each doublet sequence that is otherwise silent.

In all the cases stated above, the proximal position hadwere one nucleotide apart, as judged by migration next to a
sequencing ladder (not shown). The size of the lower band thesequenceUANand it ispossible that theUAdinucleotide

may be partially recognized as a 39 splice site, and therebycorresponded to splice products originating from the aber-
rant 59 splice site while, surprisingly, the upper band sug- impede recognition of or splicing to downstream sites. To

test this possibility, we changed the proximal site to CCC,gested splicing from the UU at the normal 59 splice site. To
confirm these unanticipated results, PCR products were making this stretch divergent from a consensus 39 splice

site (Figure 4A). An alternative explanation for the pooreluted from the gel, re-amplified and subjected to cycle
sequencing. The sequenced confirmed that a UU 59 splice activation of the downstream site might be that it is located

too far from the polypyrimidine tract. Thus, we changed thesite could splice to a 39 UAG acceptor (Table I).
Bycomparing theconstructscarrying thevarious39splice proximal site to UUU, and the two following residues also
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to uracils, extending the polypyrimidine tract to the distal triggeredactivationofacrypticCAUtwonucleotidesdown-
stream of the distal site (Figure 4B, lane 8, see below). Allsite (Figure 4A). The distal site was either UAG or UAC,

and these constructs were appended to either a wild-type constructs harbouring a G1A 59 splice site accumulated
lariat–exon 2 intermediate to a large extent, even with theor G1A 59 splice site. Splicing was analysed by primer

extension using the exon 2 primer (Figure 4B). With the extended polypyrimidine tract (Figure 4B, lanes 9–14). Fur-
thermore, the polypyrimidine tract extension or the CCCwild-type 59 splice site, splicing was again very efficient to

a wild-type 39 splice site in the presence of either the UUU substitution did not significantly enhance splicing to the
distal UAC (Figure 4B, compare lanes 12 and 14). To mapor the CCC substitution, but undetectable to a UAC 39 splice

site. With a UAC at the 39 splice site, the UUU construct precisely which sites were used and to quantify the usage
of each site, we next analysed the RNAs by RT–PCR (Figure
4C). With the exception of the aforementioned cryptic CAU
downstream from the distal site, the PCR analysis did not
reveal any other cryptic 39 splice site (Figure 4C, lane 8).
However, as reported above, a UAG could be activated by
the G1A mutation when in a proximal position (Figure 4C,
lanes 9 and 10). Low levels of splicing of the 59 A to the
UAG at the downstream site could be detected when the
upstream site was UAG or with the UUU substitution
(Figure 4C, lanes 9 and 13). Therefore, splicing to the
downstream site was not more efficient when it was put
close to the polypyrimidine tract, or when the proximal site
was destroyed.

We conclude that location of the 39 splice site has a major
effect on its selection. Since a mutant downstream site
was not efficiently utilized when the proximal site was
destroyed, or even when closely juxtaposed with the poly-
pyrimidine tract, our results suggest that it is the distance
between the branchpoint and the 39 splice site that might be
critical for its activation.

Optimal activation of a wild-type or mutant 39 splice
site occurs between 18 and 22 nucleotides from the
branchpoint
As it appeared that the distance between the 39 splice site
and the branchpoint might be important for efficient 39
splice site selection, we next sought to determine what the
optimal distance was. To this end, we constructed plasmids
carrying repeats of UAG, AAG or UUG trinucleotides,
spaced by UAU triplets, inserted between the branchpoint
and distal 39 splice site (Figure 5A). The UAG, AAG and
UUG sequences were selected to cover a wide range of 39
splice site efficiencies. UAG is a canonical 39 splice site
sequence that is efficiently used, while AAG, which is only
rarely found at the end of yeast introns (Kalogeropoulos,
1995), is probably a weaker 39 splice site sequence. The
UUG sequence is not a natural 39 splice site. The constructs
were made in two versions where the second version (b) is
frame shifted by three nucleotides with respect to the first
one (a) (Figure 5A), making it possible to measure the
distance effect to an accuracy of three nucleotides in a
window from 10 to 28 nucleotides downstream of the

Fig. 4.Selection of a 39 splice site is dependent on distance from the
branchpoint. (A) Schematic illustration of mutations at the 59 and 39
splice sites. (B) Primer extension analysis of introns with a mutated
proximal 39 splice site, using an exon 2-specific primer. Extended
products are shown to the right of the figure. In lanes 6 and 8, an
extension product appears that migrates slower than the major mRNA
species. This product does not display the multiple bands characteristic
of a GAL-CYC1 transcript, it only appears when high levels of lariat
intermediate accumulate, and it is not amplified in the RT–PCR assay.
From these observations, and its apparent size in a denaturing
polyacrylamide gel, we deduce that it corresponds to extension of
debranched but undegraded lariat intermediate. (C) RT–PCR analysis of
the RNAs shown in (B), using exon 1- and exon 2-specific primers.
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Fig. 5.Distance requirements for selecting a wild-type or cryptic 39 splice site. (A) Schematic illustration of the constructs harbouring multiple 39 splice
sites. An asterisk indicates branchpoint adenosine. (B) RT–PCR analysis of splicing pattern of the RNAs shown in (A), using exon 1- and exon 2-specific
primers. Lanes 13–18: 72 h exposure of lanes 7–12 (G1A). (C) PhosphoImager quantitation of the gels shown in (B). The graphs display per cent splicing
as a function of distance from the branchpoint adenosine. Full bars indicate splicing of constructs harbouring a wild-type 39 splice site, striped bars
indicate splicing of constructs harbouring the G1A 59 splice site. The mean values and standard deviations from two independent transformants are
shown.
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branchpoint. These constructs have an altered polypyrimid- RT–PCR analysis of the G1A constructs revealed a com-
plex splicing pattern (Figure 5B, lanes 7–12). Comparedine tract but, consistent with the poor conservation of the

polypyrimidine tract in yeast, this does not affect their spli- with the construct harbouring a wild-type 59 splice site,
splicing was substantially decreased (Figure 5B, comparecingefficiency(Rymondetal.,1987;ourunpublishedobser-

vations). lanes 7–12 with lanes 1–6). Upon prolonged exposure of
the film, multiple bands were visible in each lane (FigureTherepeated39splicesitesequenceswere insertedbehind

either a wild-type or G1A 59 splice site, and splice site 5B, lanes 13–18). Three major splice acceptors were being
used: UAA, UUA and UAU, the UAA being most efficientselection was monitored by RT–PCR (Figure 5B). With the

wild-type 59 splice site, efficient splicing to a UAG or AAG (long exposure, lanes 17 and 18). Quantitation of the gel
showed that efficient splice site activation occurred in awas detected (Figure 5B, lanes 1, 2, 5 and 6). The 39 splice

site at position110 (relative to the branchpoint adenosine) more narrow window, between 18 and 22 nucleotides from
the branchpoint (Figure 5C). Interestingly, all constructswas weakly activated. This is consistent with a previous

observation in a metazoan system (Smithet al., 1993). In lacking an AG dinucleotide were spliced significantly less
efficiently than when an AG was present, both with acontrast, theAGatposition113wasefficientlyused(Figure

5B, compare lanes 1 with 2 and 5 with 6). Both the UAG and wild-type and G1A 59 splice site (Figure 5B, lanes 3 and 4,
and long exposure lanes 15 and 16). It is possible thatAAG constructs utilized at least three different acceptors,

demonstrating that the proximal AGs were too close to the recognition of an AG before step 2 affects splicing effici-
ency, even though it is eventually not used as a splicebranchpoint to be used efficiently. Interestingly, splicing to

the AAG was as efficient as to the UAG, suggesting that the acceptor.
In summary, the usage of constructs containing tandemlypyrimidine of the conserved YAG may be redundant for 39

splice site selection when this site is at an optimal distance repeated 39 splice sites demonstrate that those located too
close or too far from the branchpoint are not used. Withfrom the branchpoint. This is further supported by the

natural occurrence of AAG at the 39 end of yeast introns both thewild-type59 splicesiteandG1Amutant,weobserve
that the most efficient activation of a 39 splice site occurred(Kalogeropoulos, 1995).

For the UAG and AAG constructs version a, the strongest between 13 and 22 nucleotides from the branchpoint.
acceptor was at position 22, with the site at position116
being only slightly weaker (Figure 5B, lanes 1 and 5), while Discussion
the optimal region for 39 acceptor selection in the b version
was at position113, followed by position119 (Figure 5B, Interaction between intron terminal nucleotides

and 39 splice site selectionlanes 2 and 6). One would have anticipated that the peak
positions for 39 splice site selection in the two versions The analyses of substitution mutants in the 39 terminal AG

of nuclear introns demonstrate that this sequence is thewould be separated by three nucleotides. However, it is
possible that some upstream sites (e.g. site110 in version primary signal for selection of the 39 splice site. These

nucleotides must therefore be recognized by sometrans-a), while being too close to the branchpoint for efficient
cleavage, would interfere sterically with a site located and/orcis-acting factor(s). It is even likely that, like the

nucleotides of the 59 splice site, the 39 splice site sequenceimmediately downstream (e.g. site116 in version a) by
binding some splicing factor. This would redirect splicing is recognizedmultiple timesbothbeforeandduringcatalysis

of the second step of splicing. Mutants of U2 and U6 snRNAto the next available site (i.e. site122 in version a), as has
beenpreviouslyobserved(Smithetal., 1993).Alternatively, and of PRP8 that suppress mutations of the 39 AG have

been described. However, the suppressions are not sequencepacking of the RNA by hnRNP proteins might favour one
site while masking another site of identical sequence. specific, suggesting that these factors do not interact directly

with the 39 splice site sequence. As many factors interactingSplicing was significantly reduced when the 39 splice
site was changed to a UUG (Figure 5B, lanes 3 and 4). with the 59 splice site have been identified, it is surprising

that notrans-acting factors specifically recognizing the 39Interestingly, either of two 39 splice site sequences were
chosen in this construct: the UUG or the spacer UAU triplet. splice site and affecting its selection have yet been

described.These sites were selected with almost identical efficiency
between positions113 and122 (Figure 5B, lanes 3 and 4). It has been proposed that selection of the 39 splice site is

mediated through a direct interaction of the intron 39 G withThis result suggests that the two last nucleotides of the
intron are equally important for 39 splice site selection. In the first intron nucleotide. This conclusion came from the

observation that a mutation at the 59 splice site suppressedcontrast, with the UAG and AAG constructs, the UAU site
was not activated suggesting that recognition of the AG is a substitution at the 39 splice site. As this effect was neither

intron nor species specific, it has been suggested to be amore important for 39 splice site selection than recognition
of the preceding pyrimidine nucleotide. The RT–PCR was major event in 39 splice site recognition (Parker and Silici-

ano, 1993; Chanfreauet al., 1994; Scadden and Smith,quantified, and the data plotted as percentage splicing as
a function of distance from the branchpoint (Figure 5C). 1995). Our data, in part, duplicate the results of these previ-

ous analyses, in this case using a sensitive reporter har-Quantitation revealed that optimal splicing occurs between
13 and 22 nucleotides from the branchpoint adenosine, bouring two competing 39 splice sites. However, the results

presented here examine a more extensive collection of 59irrespectively of whether a consensus or cryptic 39 splice
site is activated. A primer extension reaction using ddGTP and 39 splice site mutants, and the sum of our data leads us

to question whether there is a direct interaction between theperformed in parallel demonstrated that the bands observed
did not result from mispriming of PCR products on repeated first and last intron nucleotides. The original proposal for

such an interaction was based on the fact that (i) a G at thesequences and confirmed the quantitation data obtained
using RT–PCR (not shown). 39 splice site was only efficiently used when a G was present
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at the 59 splice site, and (ii) a 39 splice site mutation from found in higher eukaryotes (Jackson, 1991; Hall and Padg-
ett, 1994). These introns require the low-abundance U11AG to AC was suppressed by a G to Asubstitution at the 59

splice site (Parker and Siliciano, 1993; Chanfreauet al., and U12 snRNPs, rather than the U1 and U2 snRNPs (Hall
and Padgett, 1996; Tarn and Steitz, 1996). Interestingly,1994; Scadden and Smith, 1995). Our results do not contra-

dict these original observations. Indeed, we also observe even though these introns are removed in a spliceosome
containing at least some diverging components, thethat the G–G combination is optimal and a change in any

of the nucleotides results in a severe second step block. combination of intron terminal nucleotides is A–C.
Although this observation has also been taken to support anFurthermore, we also observe that, with an A at the 59 splice

site, the best 39 splice site sequence is UAC. However, we interaction between the first and last nucleotide of the intron
(because it is the best mutant–mutant combination in thealso observe that UAA and UAU are better 39 splice sites

than UAG under these conditions. The suppression of an A major type of spliceosome), this does not provide evidence
for a direct interaction. Indeed, this could again reflect inde-at the 39 splice site by an A at the 59 splice site has also

been reported by others (Carotherset al., 1993; Parker and pendent but cooperative interactions oftrans-acting factors
with intron ends. Alternatively, there might be strict stericSiliciano, 1993; Chanfreauet al., 1994). With our reporter,

we also observed splicing, albeit inefficient, from a U at the limitations to the possible variation of the nucleotides near
the active site of the spliceosomes.59 splice site to a 39 G, A and U (but not C) with similar

efficiencies. Splicing from a 59 U had not been reported in In summary, from the available evidence, we conclude
that a direct interaction between the 59 and 39 intron nucleo-previous studies. Given the minimal, or lack of, specificity

in the 39 splice site sequence used with either A or U at the tides is not the primary determinant of 39 splice site selec-
tion. Although we cannot definitively rule out that such a59 splice site, our results do not support the hypothesis

that a direct interaction between the first and last intron direct interaction occurs after initial recognition of the YAG
sequence by another factor, the lack of sequence specificitynucleotides is involved in39splicesiteselection.Alternative

models appear as likely. For example, these results might in 39 splice site selection with either A or U at the 59 splice
site rather supports an indirect interaction between the firstreflect independent but cooperative interactions oftrans-

acting factors with the first and last intron nucleotides during and last intron nucleotides.
the second splicing step. Alternatively, these results could
be anticipated if some nucleotide combinations lead to steric Evidence against a leaky scanning model for

39 splice site selectionclashes between the first and last intron nucleotides. Mech-
anisms facilitating a G to G splicing at the expense of other Using duplicated 39 splice sites in direct competition, we

found that the branchpoint-proximal site of an identical pairG–X or X–G (X5 A, U or C) combinations could have been
selected during evolution as a proofreading step ensuring was almost exclusively used (Figure 1C and D). This was

previously observed in metazoan systems (Fuet al., 1988;accurate splicing. However, as described above, such a
mechanism would not require a direct interaction between Smithet al., 1989, 1993; Scadden and Smith, 1995). It has

been suggested that the low level of splicing detected tothe intron ends.
This issue appears even more complicated as the 39 splice the distal site results from a ‘leaky scanning’ phenomenon

(Smithet al., 1993). The leaky scanning model proposes thatsite sequence is likely to be recognized several times during
the splicing reaction. InS.pombeand human systems, it has the splicing machinery scans the pre-mRNA downstream of

the branchpoint/polypyrimidine tract and selects the firstbeen shown the YAG sequence is required before the first
splicing step, and that is recognized by the U1 snRNA, at suitable sequence as the 39 splice site. However, each site

can be overlooked with a given frequency (‘leakage’),least inS.pombe(Reichet al., 1992). This early recognition
appears to be absent inS.cerevisiae(Rymond and Rosbash, allowing the splicing machinery to scan to the next site

downstream. According to this model, UAG is well recog-1985; Se´raphin and Kandels-Lewis, 1993). We observe that
two 39 splice sites located five nucleotides apart 22 nucleo- nized in most cases (.90% in our case), preventing the

splicing machinery from reaching the downstream site. Intides downstream of the branchpoint (i.e. well within the
range for yeast introns; Kalogeropoulos, 1995) are in direct contrast, a UCG in a proximal position is poorly recognized

and often overlooked. Therefore, this model explains thecompetition. Indeed, with a wild-type intron 59 end, muta-
tion of one 39 splice site redirects the splicing machinery to efficient use of a wild-type splice site located downstream

of a mutant site. Even though a mutant site can be only verythe second site. The situation is somewhat different when
the 59 splice site is mutated to an A or a U. In that case, the poorly recognized, it might be efficiently used because of

multiple rounds of scanning.proximalsiteof thecompetingpair ispreferentiallyselected,
in a way that is not strongly dependent on its sequence (see Our data contradict a simple leaky scanning model for 39

splice site selection (Figure 1C and D). When both spliceResults). These results would not be expected if a direct
interaction between the first and the last intron nucleotide acceptors harboured a single point mutation at the A residue,

the proximal to distal ratio was not changed compared withwas a major step in 39 splice site selection. The results do
not completely rule out a direct interaction between the an intron with two wild-type splice acceptors. For the UCG–

UCG construct, the poor recognition of the upstream (andintron ends, as this interaction could occur at a late step in
39 splice site activation (e.g. during catalysis) following an downstream) sites should shift the ratio of proximal to distal

39 splice usage towards 50:50 (see Materials and methodsinitial recognition of the YAG sequence by another factor.
If this is the case, this would still support our conclusion for a mathematical treatment). The two sites should now be

‘randomly’ selected. Because the proximal to distal ratio isthat a 59–39 splice site interaction is not the primary deter-
minant in 39 splice site selection. nearly identical between the UAG–UAG and UCG–UCG

constructs, we conclude that a simple leaky scanning mech-A minor class of pre-mRNA introns harbouring the A–C
combination (AT–AC introns) at the intron boundaries is anism cannot operate for 39 splice site selection. One comes
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to a similar conclusion when the splice site selection polypyrimidine tract rather than at the branchpoint. Altern-
atively, a polypyrimidine tract could favour the first orbetween repeated UAG trinucleotides and weaker AAG

trinucleotides is compared (Figure 5B). The two splicing second 39 splice site selection step described above.
An alternative model would be that 39 splice sites are notpatterns are almost indistinguishable and there is no evid-

ence for an increase in leaky scanning. Therefore, our data recognized by scanning, but rather by a diffusion/collision
mechanism. According to this model, recognition of the 39demonstrate that 39 splice site selection does not occur

through a simple leaky scanning mechanism. splice site by components of the active site is a stochastic
process, where the most branchpoint-proximal site has the
highest probability of recognition. Given the high flexibilityMechanisms for 39 splice site selection

Our data rule out a simple leaky scanning mechanism for of RNA, how could one explain why the proximal site would
have such a strong advantage over the downstream site? A39 splice site selection. At the same time, they demonstrate

a strong effect on 39 splice site selection of both the position possibility is that this is the result of packing of pre-mRNA
into hnRNP-type complexes that might restrict the flexibil-of one possible 39 splice site relative to another one, and on

the distance from the branchpoint to the 39 splice site. How ity of the RNA chain. This would strongly favour the prox-
imal sites at the expense of the distal ones. Our experimentcan these observations be reconciled? In a first model, the

39 splice site sequence would first be selected through a with repeated 39 splice site sequence suggests that, in that
case, the preferred landing site for the splicing machineryscanning event by the splicing machinery. This first selec-

tion would define a region for 39 splice site cleavage, but wouldbe13–22nucleotidesdownstreamof thebranchpoint.
Efficient activation of sites that are located furthernot determine the phosphodiester bond to be cleaved. The

site originally selected would in most cases also be selected downstream (as is often found naturally in yeast introns;
Kalogeropoulos, 1995) could then require additional factorsfor cleavage in a second recognition step. However, when

a strong site is present nearby, it could compete for binding that would facilitate interaction of this sequence with the
branchpoint-bound splicing machinery, either by affectingto the catalytic site. The situation would, therefore, be sim-

ilar to selection of the 59 splice site where U1 snRNA first RNA folding or by pre-recognizing the consensus YAG.
In this vein, it is interesting that splicing to distal splicebinds to the 59 splice site sequence. In most cases, the site

defined by this early recognition, which is in an optimal acceptors is also dependent on the U5 snRNP-associated
SLU7 protein (Frank and Guthrie, 1992). Strikingly, SLU7position, is subsequently selected by the U6 and U5

snRNAs. However, in some situations, cryptic sequences was found to be required for splicing to 39 acceptors further
than 22 nucleotides from the branchpoint (Frank andcan compete with the original site for U6 and U5 snRNA

binding, and are therefore selected for use in splicing (Se´r- Guthrie, 1992). It was, therefore, tempting to suggest that
activation of distal 39 splice sites could be triggered by baseaphin and Rosbash, 1990; Kandels-Lewis and Se´raphin,

1993; Lesser and Guthrie, 1993). This model would explain: pairing between the downstream exon sequence and the
U5 snRNA loop. We have tested this possibility with our(i) why a proximal site is preferentially selected; (ii) why a

canonical sequence is preferred independently of its posi- reporter construct by increasing the complementarity of the
nucleotide following the distal site to U5 snRNA. This didtion; (iii) why we observe an identical ratio of proximal to

distal site usage with either wild-type or mutant sequences. not enhance the usage of the downstream site and suggests,
therefore, that U5 snRNA–exon 2 interaction is not anTo accommodate our data showing that sites are preferen-

tially selected in a window of 13–22 nucleotides down- important factor in 39 splice site selection.
As more and more data on 39 splice site selection becomestream of the branchpoint, and that in this window multiple

sites are selected, one would imagine that the start site available, some of the proposed models for this mechanism,
such as leaky scanning and first–last nucleotide interaction,for scanning is selected in this window through a random

mechanism (i.e. random collision of the scanning factor become less certain. Clearly, the mechanism for selecting
a splice acceptor is complex and may involve multiplewith nucleotides in this window). Our results suggest that

the location of the initiation site for the scanning process is sequential recognition events. Several different mechan-
isms may be required for distal 39 splice sites, secondarydetermined by its distance from the branchpoint. Previous

studies have shown that the sequence and structure of the structure elements or pyrimidine-rich sequences. However,
the factors that actually bind to and select the 39 splice sitepre-mRNA downstream of the branchpoint can affect 39

splice site selection. For example, a stable hairpin loop still remain to be determined.
positioned between the branchpoint and the 39 splice site
was shown to inhibit the second step of splicingin vitro

Materials and methods(Smithet al., 1989, 1993). Surprisingly, there was a strong
position effect of the secondary structure element, so that in

Plasmids and strains
abranchpoint-proximalposition the loopcouldbebypassed, The duplicated 39 splice sites were constructed by replacing the down-

stream part of the RP51 intron in pBS7 (Se´raphin et al., 1988) with awhile in a more distal position it strongly inhibited splicing
synthetic DNA-generating plasmid pBS533. The sequence of this synthetic(Smithet al., 1993). It has been reported from both yeast and
39 splice site region was designed to fit theS.cerevisiaeconsensus and isviral systems that AGs sequestered in stable RNA structures
depicted in Figure 1A. ASalI–SacI fragment containing the synthetic 39

can be bypassed in favour of more distal sites, and in both splice sites was subcloned to aSalI–SacI-digested pHZ18, generating
cases the sequence immediately downstream of the stem/plasmid pBS546.

Site-directed mutagenesis was performed on single-stranded DNA pre-loop was pyrimidine rich (Chebliet al., 1989; Deshler and
pared from plasmid pBS533, using the dut- ung- procedure (Kunkel,Rossi, 1991). Patterson and Guthrie (1991) demonstrated
1985). All mutations were confirmed by DNA sequencing using T7 DNAthat insertion of a strong polypyrimidine tract between two polymerase (Pharmacia). A completely sequencedKpnI–SalI fragment

competing AGs could shift splicing to the distal site. In from each mutant was subcloned into the pBS546 backbone to reconstitute
the reporter plasmid. The UAG, UUG and AAG constructs harbouringthis case, it is possible that scanning was initiated at the
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multiple 39 splice sites (Figure 5A) were synthesized as oligonucleotides advice. We want to thank I.Mattaj, J.Valcarcel, C.Gamberi, D.Jackson,
I.Palacios, J.Salgado-Garrido, S.Vagner and partly E.Izaurralde for helpfulspanning theBglII–KpnI sequence of pBS546. The oligonucleotides were

hybridized and extended using Klenow polymerase (Boehringer comments on the manuscript and for stimulating discussions. The excellent
secretarial assistance of C.Kjaer and the support from the EMBL servicesMannheim), and cut withSau3A andKpnI. This fragment was subcloned

to theBglII–KpnI-digested pBS546 reporter, and theBglII–KpnI spanning are gratefully acknowledged. This work was supported by EMBL. B.S. is
on leave from CNRS.region was sequenced using T7 DNA polymerase (Pharmacia). Plasmids

harbouring 59 splice site mutations were a kind gift of G.Chanfreau and
A.Jacquier (Chanfreauet al., 1994). All plasmids were propagated in References
Escherichia colistrain MC1066.

All yeast transformations were carried out in strain MGD353-13D Aebi,M., Hornig,H. and Weissmann,C. (1987) 59 cleavage site in
eukaryotic pre-mRNA splicing is determined by the overall 59 splice(MATa, trp1-289, ura3-52, arg4, leu2-3, 112, ade2) (Séraphinet al., 1988)
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