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In vivo commitment to splicing in yeast involves the
nucleotide upstream from the branch site conserved

sequence and the Mud2 protein
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Pre-mRNA splicing is a stepwise nuclear process involv-
ing intron recognition and the assembly of the spliceo-
some followed by intron excision. We previously
developed a pre-mRNA export assay that allows the
discrimination between early steps of spliceosome
formation and splicing per se Here we present evidence
that these two assays detect different biochemical
defects for point mutations. Mutations at the 5 splice
site lead to pre-mRNA export, whereas 3 splice site
mutations do not. A genetic screen applied to mutants
in the branch site region shows that all positions in
the conserved TACTAAC sequence are important for
intron recognition. An exhaustive analysis of pre-
mMRNA export and splicing defects of these mutants
shows that thein vivo recognition of the branch site
region does not involve the base pairing of U2 ShRNA
with the pre-mRNA. In addition, the nucleotide preced-
ing the conserved TACTAAC sequence contributes to
the recognition process. We show that a T residue at
this position allows for optimal intron recognition and
that in natural introns, this nucleotide is also used
preferentially. Moreover, the Mud2 protein is involved
in the recognition of this nucleotide, thus establishing
a role for this factor in the in vivo splicing pathway.
Keywords 3-galactosidase/nuclear export/pre-mRNA/
S.cerevisiakspliceosome

Introduction
In eukaryotic cells, pre-mRNA splicing takes place in a

for efficient and specific splicingn vivo (Hodges and
Beggs, 1994). These steps have been analysed extensively
in vitro but still remain poorly understooid vivo.

In vitro studies led to the definition of the commitment
complexes as the earliest stable complexes formed between
pre-mRNA and spliceosome constituents that can be
chased into mature spliceosome in which splicing occurs
(Legrain et al, 1988). In the yeastS.cerevisiag the
commitment complex 1 (CC1) containing the U1 snRNP
is first formed involving the 5 splice site region. The
CC2 complex is then formed from the CC1 complex after
interactions have occurred between the conserved branch
site region (the TACTAAC sequence in yeast introns)
and additional splicing factors. However, the U2 snRNP
(at least not the U2 snRNA-UACUAAC pre-mRNA
base pairing) is not required for this complex formation
(Seaphin and Rosbash, 1990, 1991). In mammals, a
similar commitment step has been characterized (Michaud
and Reed, 1991). Complex E formation requires the Ul
snRNP, SR proteins [that could bypass the Ul snRNP
requirement when present in excess (Crisgghal., 1994;
Tarn and Steitz, 1994)] and the U2AF factor. It involves
both the 5 and the 3 splice site regions (Michaud and
Reed, 1993). The branch site region is then required for
the ATP-dependent formation of complex A. Later on, the
U4/U6-U5 triple particle binds to the splicing complexes
and the mature spliceosome is formed, involving base
pairing of U2, U5 and U6 snRNAs with the pre-mRNA
(Madhani and Guthrie, 1994; Ares and Weiser, 1995).
Only then can the catalytic step | occur. The role of the
branch site region in the transition from complex E to
complex A is not completely understood. Most of this
process seems to be sequence independent, but site-specific
labelling studies show that this region is the centre of
dynamic modifications (Gozarét al, 1994; MacMillan
et al, 1994).

The targeting of U2 snRNA to pre-mRNA and the

large nuclear complex called the spliceosome. This com- stabilization of the resulting interaction are dependent
plex is dynamically formed on nascent transcripts through on associated protein factors. Biochemical studies in
recognition of conserved intronic sequences by severalmammalian cells have identified two protein complexes,

small nuclear ribonucleoprotein particles (U1, U2, U4/6

SF3a and SF3b, as part of the 17S U2 snRNP (Brosi

and U5 snRNP) and additional nuclear proteins. In the et al, 1993b). In yeast, analyses of several heat-sensitive
past few years, a lot of data have been accumulated onprp mutants for a pre-mRNA export phenotype have led

splicing reactionger sein the spliceosome. For example,
many RNA-RNA interactions between snRNAs or

to focusing on Prp9p as a key splicing factor during
pre-spliceosome assembly (Legrain and Rosbash, 1989).

between snRNAs and pre-mRNA, that occur during the Identification of aPRP21mutant allele as suppressor of
formation of the mature complex in which the cleavage the prp9-1 heat-sensitive mutation (Chapon and Legrain,
reactions take place, have been characterized (Madhanil992), the subsequent demonstration of physical inter-
and Guthrie, 1994; Ares and Weiser, 1995). Nevertheless,actions between PRP9p, PRP11p and PRP21p and the
studies on alternative splicing in mammals and other definition of multiple genetic interactions between those

studies in the yeas$accharomyces cerevisiag@ow that
the catalysis is not the limiting step for splicing (Pikielny

genes (Rubyet al, 1993; Wells and Ares, 1994) led to
the identification of a new complex component of the

and Rosbash, 1985). In contrast, intron identification and spliceosome irS5.cerevisiadLegrain and Chapon, 1993).

stable spliceosome formation represent central elements
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sequence homology (Bennett and Reed, 1993; Rriosi, A first series of mutants in the' Splice site region were
1993a; Kraner et al, 1995), functional complementation made by PCR (see Materials and methods), and the
between heterologous genes (Ker et al, 1994) and B-galactosidase activity of the reporter gene was measured
two-hybrid assays performed between heterologous pro-(Figure 1B). Results are expressed as the percentage of the
teins (Rainet al, 1996) establish that Prp9p, Prpllp and enzymatic activity of the same reporter gene that does not
Prp21p are homologous to the proteins that form SF3a, contain an intron. Various point mutations in thesplice

i.e. SF3a60 (SAP61), SF3a66 (SAP62) and SF3al20 site consensus intronic sequence lead to a significant export
(SAP114), respectively. More recently, the ye&S1 of the mutant pre-mRNA. The strongest mutants analysed
gene was identified in a genetic screen for suppressors of are thé@hd G5- A substitutions. Their phenotype

a cold-sensitive snRNA U2 mutant (Welkt al., 1996). is similar to that of the complete deletion of the dplice
Sequence analysis revealed that Cusi1p is the yeast®F3b site region A5’'SS, see also Legrain and Rosbash, 1989).
SAP145 homologue (Gozarét al, 1996), showing a  Mutations in two exonic positions upstream of tHesplice

strong structural and functional conservation between site do not show any increase in pre-mRNA export (Figure
yeast and mammalian pre-spliceosome assembly. 1B). Primer extension analyses confirmed that splicing
Several proteins are found associated with the Ul efficacy is very poot §miibe site intronic mutants and
snRNP, such as Snplp and Mudlp, the yeast homologueghat the G1. A mutant accumulates a lariat intermediate
of human U1-70K and U1A proteins, respectively (Smith (data not shown). We also analysed two intronic mutations
and Barrell, 1991; Liaet al, 1993). The Mud2 protein, in the 3 splice site (AG>AC and CG, Figure 1B). They
which has a weak homology to the human U2AF65 have no effect on pre-mRNA export. A primer extension
splicing factor, was identified in a screen for synthetic analysis of these mutant transcripts shows a block after the
lethality with a U1 snRNA mutation (Abovictet al, first step of splicing (data not shown), as already described
1994). Mud2p is part of the commitment complex CC2 in the literature (Rymond and Rosbash, 1985; Fouser and
definedin vitro and cross-links to the pre-mRNA only in Friesen, 1987). Those results demonstrate that the pre-
the presence of a functional branch site sequence. ThemRNA export assay detects specific substitutions inthe pre-
MUD?2 gene is not essential in a wild-type yeast strain, MRNA sequence and is different from a splicing assay. This
but its disruption is lethal in @rp11-1 mutant orMUD1- first limited study suggests that this assay could be used for

disrupted strains (Aboviclet al, 1994). SincePRP11lis a screen of point mutations leading to pre-mRNA export.
associated with U2 snRNP, these results suggest that
Mud2p participates in the bridge between thesplice Various point mutations in the branch site region
site and the branch site region recognition complexes. lead to pre-mRNA export
However, the precise requirements for the formation of a No systematic analyses on TACTAAC substitutions are
stable pre-spliceosonia vivo are unknown. available in the literature, and one cannot predict how many
Several years ago, we designed an assay using an and which substitutions lead to an export phenotype. Thus,
artificial short intron that allows the measurement of in order to analyse the effects of point mutations in the
specific pre-mRNA nuclear retention, i.e. the analysis branch site region on the export of pre-mRNA, we designed
of interactions between nuclear factors and pre-mRNA a strategy of random mutagenesis and screening. We ampli-
without taking splicing activity into account (Legrain and fied a region of the pre-mRNA sequence by PCR using
Rosbash, 1989). Using deletion mutants, we showed thatoligonucleotides degenerated over 12 nucleotides, includ-
conserved intronic sequences are specifically required for ing the TACTAAC box (underlined sequence in Figure 1A).
active nuclear retention of pre-mRNA. In addition, our The number of mutant positions in the oligonucleotide was
results also showed that U1 snRNP base pairing with the chosen to maximize the number of single mutations (see
5’ splice site region and several splicing factors including Materials and methods). Any of the possible single mutants
Prp9p, a U2 snRNP-associated protein, are implicated in can be screened for export phenotype since none of them
this process. contains a stop codon. PCR fragments were cloned into the
Here, we use a genetic screen to isolate branch point pre-mRNA export reporter (Figure 1A). The actual substitu-
region mutants that are defective for efficient nuclear intron tion rate was 0.07 per position, and no major bias in nucleo-
recognition. We show that most if not all substitutions in tide composition was observed (see Materials and methods).
the TACTAAC sequence lead to a pre-mRNA export The yeaststrain MGD353-46D was transformed with muta-
phenotype. Interestingly, this study identifies the position genized plasmids, and 900 independent transformants were
preceding this conserved sequence as an element of thescreened for pre-mRNA export phenotype.
recognition process which also involves the Mud?2 protein. The screening procedure could not be performed directly
on cells grown on galactose, since the wild-type reporter is
exported at a low rate arfiigalactosidase is very stable and
accumulatesinyeastcells (Figure 1B, Legrain and Rosbash,
Point mutations at the 5 splice site lead to 1989). Cells were grown on nylon membranes placed on
pre-mRNA export glycerol- and lactate-containing medium. Then, the mem-
We previously demonstrated that a mutant pre-mRNA branes were transferred onto galactose-containing medium
deleted for its 5splice site is exported efficiently toward for 1 h to allow reporter gene induction (see Materials and
the cytoplasm. This result was obtained using a reporter methods). Positives clones were picked up and re-assayed
gene containing a synthetic intron with an open reading with calibrated cell suspensions, allowing a semi-quantitat-
frame (ORF) fused to th@-galactosidase-coding sequence ive measurement d-galactosidase. Eighty five positive
(Figure 1A). To explore the phenotype of point mutants for clones were isolated, their plasmids were extracted and
pre-mRNA export, we constructed variants of this reporter. their introns were sequenced. Forty point mutations were

Results
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Fig. 1. Pre-mRNA export and splicing assayA.) (Constructs used in pre-mRNA nuclear export and splicing assays. A small synthetic intron was
introduced downstream of the initiation codon in a galactose-indutdlléreporter gene (pLGSD5, Guarergeal, 1982). The number of

nucleotides in exon 1 allows either the pre-mRNA (pre-mRNA export assay) or the spliced RNA (pre-mRNA splicing assay) translational product to
encode the3-galactosidase (see Materials and methods for details). The start codon, the sequence of exon—intron junctions and the intron sequence
around the TACTAAC box are indicatedB) The pre-mRNA export of 5and 3 splice site mutants is expressed as the percentage of the
B-galactosidase activity obtained with the pLGSD5 reporter gene. Two independent transformants were analysed in duplicate.

identified (Figure 2). All but one fall within the TACTAAC sequence and the G substitution at the preceding A44 nucle-
sequence and at least one substitution at any of the sevemtide were blueina X-gal assay, whereas the Ad4mutant

TACTAAC positions was selected. Among the 29 double remained white (see below).

mutants, none was found with the two mutations outside the  In conclusion, point mutations in conserved intronic
TACTAAC sequence (data not shown). This resultindicates sequences lead to the export of unspliced pre-mRNA. In
that our assay selects for a subpopulation of mutagenizedparticular, every single position within the TACTAAC
positions. Positions known to be important for splicing are sequence exhibits this phenotype, suggesting a key role for
also important for intron recognition, and point mutations these nucleotides in intron recognition in addition to their

are sufficient to obtain a significant pre-mRNA export role in the splicing reaptose

phenotype.

The screening was not saturated and we performed site-The strength of splicing defects is not correlated
directed mutagenesis for the eight additional substitutions with the pre-mRNA export phenotype
(six in the TACTAAC and two at the position preceding it; The splicing deficiency of TACTAAC mutants has been
see Figure 2). All six additional mutants in the TACTAAC tested on a limited number of substitutions with various

1761



J.-C.Rain and P.Legrain

T CcCTATACTAACA minor effect on the strength of the phenotype at all

G 5 positions except.the last two. For those positions (the A50
7 7 at the branch site {;md C51)_, _the strength of the d.efect

A 1 %%% does not correlate with the splicing defect (compare Figure
T 7 al1]2] | 3A and B). In conclusion, the exhaustive analysis of the

TACTAAC point mutations for splicing and pre-mRNA
export phenotypes shows that these two assays are inde-
Fig. 2. Isolation of pre-mRNA export mutants. The number of mutants pendent and measure (_jlff(_erent |Im|tlng parameters. For
is scored for each substitution in the branch site region. The partially ~€xample, the A49 substitutions have a very weak export

randomized sequence is given on the top and the nature of the phenotype whereas two of them are among the strongest
substitution is indicated on the left. An empty box indicates that no splicing mutants. Similarly, the A58G substitution at
mutant was obtained, and hatched boxes represent the wild-type the branch site exhibits a strong export phenotype with a
sequence.

moderate splicing defect.

We were concerned that pre-mRNA export measure-
ments would be impaired by the activation of cryptic sites
substrates (Jacquiet al,, 1985; Fouser and Friesen, 1986; that would allow novel mRNA species to be in-frame
Vijayraghavaret al., 1986). The small artificial intron that with thegalactosidase coding sequence. To rule out this
we used here is a poor splicing substrate and allows for thehypothesis, primer extension analyses were performed on
detection of weak splicing defects contrary to efficiently RNA prepared from yeast cells expressing these various
spliced natural introns (Jacquiet al., 1985; Pikielny and mutants and grown on a galactose-containing medium
Rosbash, 1985). We subcloned all mutants described above (Figure 4). Multiple bands corresponding to pre-mRNA
in a splicing reporter gene (Figure 1A) afidjalactosidase = and mRNA species were observed as expected for tran-
activity was assayed to estimate splicing efficiency scripts derived fromGie1-CYC1 fusion promoter
(Figure 3A). (Guarenteet al,, 1982). No cryptic splice site was detected

This spliced reporter allows the detection of splicing at a level likely to produce signifisgiaiactosidase.
efficiency over several orders of magnitude. Splicing The B-galactosidase activity of weak splicing mutants
activities of mutants range from>x210~ to 2x101 com- (1% of wild-type activity) is correlated with the primer
pared with the wild-type pre-mRNA. Two substitutions extension analysis in spite of the instability of an out-of-
out of three at the branch site have an extremely severe frame mRNA (compare Figures 3A and 4). Tl A50
phenotype (A50-T or C). Substitutions C4%4T and mutant at the branch site exhibits a lariat accumulation as
A49- G exhibit a weak phenotype compared with other has already observed with an actin reporter gene (Fouser
substitutions at the same positions. These substitutionsand Friesen, 1986). Other bands are observed under or
still allow U2 snRNA pairing by replacing G::C and A::U close to the lariat position. These products do not corre-
pairs by a G::U pair (see insert in Figure 3A). At three spond to cryptic intermediate species since they cannot
positions (A46, T48 and C51) the nature of the substitution be debrarcivitcb, contrary to the lariat product itself
has no effect on the intensity of the splicing defect. (data not shown). No significant variation in the amount
Surprisingly, the T45, C substitution at the first position of of total RNA was observed for the various TACTAAC
the TACTAAC sequence almost totally abolishes splicing, mutants compared with RNA of the wild-type.
whereas the other two substitutions have the weakest
phenotypes among the TACTAAC mutations. To our The position preceding the TACTAAC sequence is
knowledge, this mutation has never been analysed but theinvolved in the recognition process
corresponding sequence occurs in yeast introns. We cannot Among the mutants screened for pre-mRNA export, one
exclude that the strong phenotype that we observe iswas located at the position preceding the TACTAAC box.
specific to our splicing construct. We made the other two substitutions at that position and

This collection of mutants was also analysed in a assayed them for pre-mRNA export as well as for splicing
quantitative experiment for pre-mRNA export phenotype (Figure 5). Pre-mRNA export analysis (Figure 5A) shows
(Figure 3B; note that all constructs were first re-cloned that the four nucleotides at this position lead to different
and sequenced to eliminate any mutation in theZ amounts of pre-mRNA export, the G having the strongest
coding sequence that could have occurred during the PCR phenotype and the T an almost undetectable one (note
see Materials and methods). The wild-type construct has that C and T mutants encode ifegétzitosidase
a detectable pre-mRNA export phenotype (~1% of the fused proteins). We conclude that this position contributes
activity of a reporter gene without an intron; the latter to the identification of the branch site region. In contrast
construct corresponds to the highest activity expected forto mutations located within the TACTAAC box, the
an export phenotype). TACTAAC mutants exhibit various splicing efficiency of the four pre-mRNAs differing at
export phenotypes ranging from 5 to 50 times the wild-type this position (Figure 5B) is correlated with the pre-mRNA

reporter activity. These phenotypes cannot be explained by nuclear retention. Primer extension analyses were made
the modifications in the amino acid residues encoded by with RNA prepared from cells transformed with pre-
mutant introns: (i) some of them give products identical MRNA export or splicing reporter plasmids (Figure 5C).

to the wild-type (A46-T and C, C4AZL T, A49-G, T Profiles of cDNA obtained with the two types of reporter

and C) and (ii) TACTAAC mutations combined with a genes are similar for a given nucleotide. Slight differences
non-functional 5splice site exhibit simila-galactosidase  in the relative amount of spliced mRNAs are observed
activities (see Table Il, and data not shown). Unlike for for pre-mRNA export and splicing constructs. These

the splicing defect, the nature of the substitution has a differences most probably reflect a higher rate of degrada-
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Fig. 3. Splicing efficiency and pre-mRNA export phenotype of TACTAAC box substitutions. The wild-type sequence is presented in bold under each
panel and substitution is noted under the histograf.gplicing efficiency.3-Galactosidase activity was measured under steady-state conditions

(14 h after galactose induction). The splicing efficiency is expressed as the ratioflegtiiactosidase activity of the wild-type reporter and is

presented on a logarithmic scale. Experiments were performed on two independent transformants. Experimental variations were within a 10% range.
In the insert, the base pairing occurring in the spliceosome between the pre-mRNA and the U2 snRNA is indicated. The branch site is labelled (*).
(B) Pre-mRNA exportB-Galactosidase activity was measiif@ h after galactose induction. Pre-mRNA export is expressed as the percentage of the
B-galactosidase activity of the wild-type reporter and is presented on a linear scale. Similar relative values were obsetve@fieo galactose

induction. Standard deviations for two independent transformants are indicated.

tion for cytoplasmic nonsense codon-containing translated Yeast natural introns exhibit a strong bias at the

RNAs by theUPF1-dependent degradation pathway (com- nucleotide preceding the TACTAAC box

pare lanes 1 and 3 with 5 and 7, respectively; Lehgl, The strong influence of the nature of the nucleotide
1995). The A44. T mutant has a high splicing efficiency preceding the TACTAAC sequence in the recognition of
compared with other mutants and it accumulates much the branch site region prompted us to investigate the
less pre-mRNA (Figures 4 and 5C). This result suggests representation of the four nucleotides in the vicinity of

that the tTACTAAC sequence might be the one that is the branch site region in natural yeast introns. Due to the
best recognized by the splicing machinery. availability of the complete sequence of the yeast genome,
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Fig. 4. RNA analysis of pre-mRNA export mutants. Primer extension analyses were performed for TACTAAC box mutants in pre-mRNA export
constructs. Note that for these constructs, spliced mMRNAs are out-of-frame fBrghlkactosidase-coding sequence (see Figure 1A). The nature of
substitution is indicated at the top of the lanes. On the right is the DNA sequence of the wild-type plasmid and on the left the various identified
RNA species are indicated [the multiple bands for mRNAs and pre-mRNAs are due to multiple starts of transcription of the reporter gene
(Legrain and Rosbash, 1989)].

we were able to sort out most, if not a.cerevisiae  preceding the TACTAAC box and the one following it.

introns. We have constituted a family of 224 putative These frequencies were compared with those obtained for

introns. Of these, 159 correspond to known genes, while allgenomic TACTAAC sequences (1496 sequences, Figure

65 are found associated with the newly identified ORFs. 6). Two positions, the ones immediately preceding and

It should be stressed that the existence of any ghama following the TACTAAC sequence, show a strong differ-

fide intron awaits a specific experimental demonstration. ence between intronic sequences and the complete set of

However, based upon several criteria such as (i) the genomic sequences. It was already known that an A

conserved sequences, (ii) the position in the ORF andresidue often follows the TACTAAC intronic sequence

(iif) the homology of the deduced protein sequences to (63.4% of cases compared with 39.6%) €Palker

proteins in other organisms, most of these introns can be1987). At this position, the C residue is clearly excluded

considered real. The description of the complete family (3.1% compared with 16.2%). At the position preceding

of the yeast introns and their various characteristics will the TACTAAC sequence in introns, the frequencies of Ts

be reported elsewhere. and Cs are 59.8 and 5.4%, respectively (compared with
We measured the occurrence of each nucleotide at the34.6 and 22.7%, respectively, in genomic TACTAAC

positions corresponding to the randomized sequence in sequences). Out of the 12 introns that contain a C at this

our genetic screen (Figure 1A), i.e. at the four positions position, six are found in new uncharacterized genes. In
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Fig. 5. The nucleotide preceding the TACTAAC box contributes to the efficacy of branch site region recognition. The effect of the nucleotide
preceding the TACTAAC box on pre-mRNA expoa) or pre-mRNA splicing B). The nature of the nucleotide preceding the TACTAAC sequence
is indicated. Assays are performed as in Figure 3B and A, respectively, and results are expressed as tHegatartofsidase units to the wild-

type sequence (an A residue preceding the TACTAAC bd3).Rrimer extension analyses of total yeast RNA from MG353-46D cells transformed
with pre-mRNA export (1-4) or splicing (5-8) constructs differing at the nucleotide preceding the TACTAAC box (1 and 5, A; 2 and 6, G; 3 and
7, T; and 4 and 8, C). Primer extensions are performed as in Figure 4.

addition, five of them are not located in thé region of complete agreement with our experimental results on
the RNA where the yea8.cerevisiagntrons usually are.  nuclear export and splicing of pre-mRNAs differing at
Few introns (20) are also found Wita G residue at this this position.

position, but this nucleotide is naturally less represented
in the total set of genomic sequences (13.8%). In addition, The Mud2 protein plays a role in the recognition
out of the 13 identified introns which do not contain the of the nucleotide preceding the TACTAAC box

perfect TACTAAC consensus sequence but a variation of We have shown that mutations at a given position in the
it (CACTAAC, GACTAAC, AACTAAC, TGCTAAC and TACTAAC box exhibit a different phenotype for pre-
AATTAAC), 12 contain a T residue and one an A residue MmRNA export or splicing. We tested a splicing factor,
at the position preceding the consensus sequence. Prp16p, that plays a role late in the splicing process and

In conclusion, in natural introns, C and G residues could affect splicing and not pre-mRNA export (Burgess
occur very rarely and Ts are found preferentially at the etal, 1990). Therp16-101mutation exhibits an important
position preceding the TACTAAC sequence. This is in suppressor effect on several mutations in the TACTAAC
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Fig. 6. Occurrence of the four nucleotides at positions surrounding yeast TACTAAC sequences. The percentage of G, A, T and C occurrences at
positions —4, -3, -2, -1 antl1 relative to TACTAAC sequences are presented for all genomic TACTAAC sequences (1496 sequences, upper panel)
or for TACTAAC sequences found in introns (224 sequences, lower panel).

box of the actin intron, including the branch site (Burgess cannot be suppressed frp16el01lmutation. In this
and Guthrie, 1993). Wild-type 46D yeast strains harbouring regard, the absence of suppression could be related to the
the different branch site mutations in a splicing substrate role proposed foprfl6 suppressor mutants: they

were transformed with the pSE358 vector or with the suppress the degradation of aberrantly branched inter-
pPSE358 vector containing either tiRRP16gene or its mediate lariats. INRRP16wild-type strain, this degrada-
mutantprpl6-101lallele (a gift of C.Guthrie, UCSF, San tion pathway leads to a decrease in the total amount of
Fransisco). We observed absolutely no effect of this the mutant RNA (pre-mRNA, intermediate and spliced
mutation on the splicing efficiency of the reporter gene. RNA) (Burgess and Guthrie, 1993). In our assay using a
Similarly, there was no effect of thgrp16-101mutation synthetic intron, we do not detect a significant decrease
on a pre-mRNA export reporter (data not shown). To our in the total amount of reporter RNA.

knowledge, therp16-101suppressor phenotype has been We then testadafos-acting factors implicated early
described only for the actin intron mutants, and its in spliceosome formation which could be involved in the
suppressor activity could be specific for this intron. Altern- recognition of the nucleotide preceding the TACTAAC
atively, branch site mutations affect our synthetic intron box. Prp9p, Prpllp and Prp2lp are associated with the
differently compared with the actin intron, and this effect U2 snRNP and participate in the formation of the pre-
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Table I. Pre-mRNA export in a strain disrupted for tMUD2 gene

Mutants Wild-type strain  MUD2::LEU2 Ratio A/wt
strain
aTACTAAC 73*02 272+ 1.3 3.72
CTACTAAC 9.1+ 0.9 14.0+ 2.8 1.53
gTACTAAC 258+ 0.9 39.6+ 2.3 154
tTACTAAC 0.26 = 0.0 217+ 0.0 8.47
aTCCTAAC 59.7+ 11.7 60.1+ 7.9 1.01
aTAATAAC 714+ 137 79.1+ 3.7 111
aTACTAGC 89.8+ 0.6 91.0+ 28.5 1.01
aTACTAAT 109.5+ 8.2 104.8+ 2.5 0.96

Pre-mRNA export was measat® h after induction of transcription
and is expressed if-galactosidase units. Two independent
transformants were assayed. The radtiwt reflects the enhancement
of pre-mRNA export in theMUD2-disrupted strain.

Table Il. Pre-mRNA export in the absence of a functionakplice
site

Mutant Wild-type strain MUD2::LEU2 Ratio A/wt
strain
aTACTAAC 478+ 115 67.4+ 1.8 141
CTACTAAC 57.0* 3.6 66.4* 2.0 1.16
gTACTAAC 63.0x 44 64.0*= 1.4 1.02
tTACTAAC 309x55 61.0* 6.8 1.97
aTCTAAC 426+ 26 47.3+ 4.0 111
aTAATAAC 65.9* 6.0 65.6* 6.4 1.00
aTAGAAC 48.6 = 4.0 46.6* 1.0 0.96
aTACAAAC 543+ 0.1 53.1*+ 34 0.98
aTACCAAC 53.9* 0.5 543+ 1.1 1.01
aTAGIA 785+ 4.0 68.3*= 0.8 0.87
aTACTAAT 56.8+ 3.0 52.5+ 0.0 0.92

All constructs contain a G1 A mutation in the 5 splice site. Pre-
mRNA export was measule? h after induction and expressed as a

spliceosome (Hodges and Beggs, 1994). We overproducedpercentage of thB-galactosidase activity of the reporter gene without

each of these factors in a wild-type strain and we measured

pre-mRNA export and splicing for constructs with any of
the four nucleotides at the position preceding the TAC-

TAAC box. Overexpression of these factors had no effect

on splicing or on pre-mRNA export, thus suggesting that
their amount is not limiting (data not shown).

The Mud2 protein is a non-essential splicing factor
implicated early in spliceosome assembly (Abowétlal,,
1994). We compared pre-mRNA export for two isogenic
strains differing solely in the disruption of thiklUD2
gene (Table 1). In the disrupted strain, pre-mRNA export
is enhanced significantly for pre-mRNA with any of the

an intron. Two independent transformants were assayed. The ratio
A/wt reflects the enhancement of pre-mRNA export in MigD2-
disrupted strain.

48%, Table II). When the same experiment is performed
in a MUD2::LEU2-disrupted strain, pre-mRNA export
occurs at about the same rate for all four substrates (~65%,
Table 11). In fact, theMUD2 disruption increases by a
factor of 2 for the export of TACTAAC substrate and by

a factor of 1.5 for the@aTACTAAC substrate. Once again,
the effect of theMUD?2 disruption is specific for this
intronic position, since experiments performed in parallel

four nucleotides at the position preceding the TACTAAC  for TACTAAC mutations show no influence of the absence
box. The effect is more pronounced for pre-mRNA with o Mud2p on the export of pre-mRNA mutants (Table I1).
anAoraTre;Mue (3.7-and 8.5-fold increase, respectively From these results, we conclude that the Mud2 protein
compared with 1.5). However, pre-mRNA export of the contriputes significantly to the recognition of the branch
T-containing substrat_e is still Iow:_arthan forothers_ubstrates site region via the nucleotide preceding the TACTAAC
in the disrupted strain, suggesting that Mud2p is not the phox, and that this interaction is not mediated through the
sole recognition factor. In contrast, the absence of Mud2p recruitment of the 5splice site by the splicing machinery.

has no detectable effect on the export of pre-mRNA
mutated inside the TACTAAC box <(10% increase,
Table 1). In addition, theMUD2 deletion also has a
marginal effect on splicing of this synthetic intron (data
not shown, Aboviclet al, 1994).

The Mud2 protein acts independently of 5 splice

site recognition

MUD2 was isolated initially in a synthetic lethal screen
with a Ul snRNA mutant (Abovicket al, 1994). The
observed effect of thtMUD?2 disruption for the position
preceding the TACTAAC box could be an indirect effect
of a reduced binding to the’ Splice site region by an

altered U1 snRNP. To rule out this possibility, we measured

the translation of pre-mRNA TACTAAC mutants (includ-
ing the preceding position) in conjunction with a GA
mutation at the 5splice site. In this context, the Splice
site is very poorly recognized by the splicing machinery,

Discussion

Nuclear pre-mRNA splicing is a major post-transcriptional
modification that occurs in eukaryotic cells. It implies the
specific recognition and excision of introns from the
primary transcripts. The chemistry of the removal of
introns has been studied extensively, and many key factors
and parameters of the catalytic steps have been identified
(Madhani and Guthrie, 1994; Ares and Weiser, 1995). In
contrast, the process by whielvo identification of
intronic sequences in the primary transcripts proceeds is
poorly understood: most studies have been performed
in vitro, many proteins are involved and few of them
seem to have a unique and essential role (kag 1996).
In addition, although it is firmly established that the
conservedkspice site and the branch site regions

and 3-galactosidase values are close to or above 50% ofare involved in the intron recognition process, precise

that found with the reporter without an intron (Figure
1B, Table Il and data not shown). The comparison of
translational values for pre-mRNA with the various nucle-
otides at the position preceding the TACTAAC reveals
thatcTACTAAC andgTACTAAC reporters are expressed

at a higher rate thaaTACTAAC or tTACTAAC substrates

in a wild-type strain (57 and 63% compared with 31 and

requirements at this step have not been identified. The
base pairing of the '5splice site region with the Ul
snRNA is an early event during the formation of the
spliceosome (Rosbash and r&ghin, 1991), but the
requirement for the branch site region—-U2 snRNA base
pairing is questionable. Available data suggest a predomin-
ant role in protein—protein and protein—RNA interactions
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during the initial steps of spliceosome formation (Fu, strongly suggests that U2 snRNA—pre-mRNA base pairing
1995). is not required during early steps of intron recognition.

Here, we present analyses of many different point The position preceding the TACTAAC is important for
mutations for pre-mRNA splicing and export. The single pre-mRNA nuclear retention. An A or a T residue at this
point mutations located in the Splice site exhibit various  position allows a much better pre-mRNA recognition than
pre-mRNA export phenotypes. The pre-mRNA export aC or G. Contrary to the TACTAAC mutants, the splicing
assay performed on randomly made mutants in the branchefficacy of the mutants at the preceding position is
site region revealed that single mutations at any position correlated directly to the pre-mRNA nuclear retention,
in the TACTAAC box lead to an enhanced pre-mRNA suggesting that this position plays only a minor role later
export. Hence, the pre-mRNA export assay is very sensit- on in the splicing process. This finding is backed up by
ive and allows the detection of subtle modifications in the analysis of natural introns: G and C residues are
primary transcripts. The two mutants on thesplice site almost absent at the position preceding intronic TACTAAC
exhibit no pre-mRNA export, whereas they are blocked boxes, and a positive selection of T residues is observed.
in splicing. The G1-A and the G5-A mutants exhibit ~ This selection cannot be explained by an optimal pairing
a similar pre-mRNA export phenotype contrasted to their With the U2 snRNA. To our knowledge, it is the first
different splicing defects (Jacquiet al, 1985; Parker identification in yeast ofaconserved_ nucleotide that plays
and Guthrie, 1985). Thus, pre-mRNA splicing and export & role only during early steps of spliceosome assembly.
can be measured independently, allowing the distinction Previous studies performed vitro demonstrated that
between intron recogniton factors and catalytic ones. The the commitment to the spliceosome assembly pathway
screening procedure that we have developed can now bdMplicates the U1 snRNP and additional protein factors
used to assay pre-mRNA export systematically for a including Mud2p (Legrainet al, 1988; Seaphin and
collection of mutants, such as a collection of disrupted Rosbash, 1989; Abovickt al, 1994; Colotet al, 1996).
strains. Here we describe am vivo phenotype for theMUD2

Our complete analysis of TACTAAC mutations for pre- disruption: it increases pre-mRNA export and this effect
mRNA splicing can be compared with previous studies 'S Sensitive to the nature of the nucleotide at the position
of yeast branch point region mutants. Using an actin intron Préceding the TACTAAC. Moreover, the Mud2p effect
reporter, Fouser and Friesen (1986) made a complete sef@n be observed even on a pre-mRNA with a mutated 5
of a single substitution per nucleotide in the TACTAAC SPlice site, showing that the interaction between the branch
sequence and Vijayraghavaet al. (1986) made three St region and the Mud2p protein occurs independently
additional substitutions (@taac- A and T: tadaac- A). of an efficient 5 splice site recognition. Mutauon; located
Weak phenotypes are observed for mutants at the two firstWlthln the TA.CTAAC. sequence are not sensitive to the
positions in the TACTAAC sequence (IG and A C); Mud2p depletion. This strongly suggests that Mud2p does
at the third position, the T substitution has a weaker not play a role in splicing catalysiser sebut that it is

phenotype than the A substitution; at the fourth position requir'ed for efficient intron rgcognition' by th? splicing
the T A substitution has a stro'ng phenotype; at thé machinery. Many factors contribute to this processivo,

branch site the A-G substitution leads to accumulation rendering the Mudz2p function dispensable in a wild-type

of intermediate lariat and the AC substitution is amon strain. However, as it has been shown previously, the
the st ¢ mutati tested in the TACTAAC. | dgd' MUD2 disruption is lethal when assayed in mutants
Ne strongest mutations tested in the - In adar- containing a destabilized U1 snRNA or a heat-sensitive
tion, two mutations in the TACTAAC sequence were made

in a RP51Areporter (Actaac-C and t&taac-T) and Zsrgé}npblyt/hgibg\r/?ct:? :,h/ flaé%tg)rs during the spliceosome

exhibited a weak splicing defect (Jacquigtral., 1985). In higher eukaryotes,'5and 3 splice site complexes

All these results are similar to ours obtained with the have been identified independently. The Q)"CG site
small artificial intron. However, three substitutions in the complexes comprise the U2 snRNP and several proteins

actin mutants (tataac- C, tachac- C and tacta@ - G) including PTB, PSF and U2AF bound to the polypyrimid-
have a rather weak phenotype; these substitutions in thejne track (reviewed in Kimer, 1996). The connection

present study have a strong phenotype and this discrepancyetween 5 splice site and 3splice site complexes occurs
could reflect intron specificities. Taken altogether, the |ater on. A different situation occurs in yeast. The definition
results show that specific mutations in the TACTAAC of the 3 splice site is a late event that occurs after
affect the splicing efficiency of the transcript differently. the first cleavage reaction. Commitment to spliceosome
These effects can be correlated with the base pairing with assembly simultaneously requires adplice site and a
the U2 snRNA (insert in Figure 3A). In this regard, branch site region ($aphin and Rosbash, 1989), even if
the branch site region consensus in mammalian cells an independent binding to each region is not ruled out
(YNCURAY, see Kraner, 1996) corresponds to the most (Sgaphin and Rosbash, 1991). The Mud2 protein was
acceptable nucleotides in the splicing assay. Contrary to characterizeéh vitro and proposed to be the initial branch
U1 snRNA base pairing with the’ Splice site, the U2 point region-binding factor (Abovictet al, 1994). We
SsnRNA base pairing with the branch site region is neces- now demonstrate that the Mud2 protein contribttegvo
sary during the formation of the active catalytic site for to the recognition of the branch site region via the
splicing (Madhani and Guthrie, 1994). The conserved nucleotide preceding the TACTAAC sequence, even in
sequence in mammals could be considered a minimalthe absence of a functional §plice site. Thus, independent
catalytic requirement selected during evolution. The vari- binding to conserved intronic sequences appears to be a
ous pre-mRNA export phenotypes for most TACTAAC feature common to yeast and mammalian spliceosome
mutants do not correlate with their splicing defects. This assembly. This finding can be taken together with the fact
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that Mud2p is proposed to be the U2®east homologue
(Abovich et al, 1994). Very recently, it has been shown
that the RS domain of this human splicing factor interacts
with the branch point region and promotes U2 snRNA
base pairing (Valozel et al, 1996). The Mud2 protein
could exert a similar function in yeast. However, Mud2p
is a dispensable factor, suggesting that it interacts with
the branch point region in association with other factors.
Genetic interactions were found betwegiyD2, MUD1
andPRP11(Abovichet al,, 1994), but the precise molecu-
lar links between Mud2p and the Ul and U2 snRNPs
remain to be unravelled. Using a two-hybrid assay, we
found that the previously described Mud2p—Prpl1lp inter-
action exhibits a comparable or lowdgalactosidase
activity than other weak interactions such as Mud2p—
Prp9p (data not shown). In addition, neither Prp9p nor

In vivo commitment to pre-mRNA splicing

added to each filter, i.e. yeast cells transformed with known contructions:
Nde°Acc®, SD5,AD, AC (Legrain and Rosbash, 1989). After 48 h of
growth, filters were placed on plates supplemented with galactose (2%)
for 1 h to induce the reporter gene. Filters were then processed for
X-gal coloration as described previously (Transy and Legrain, 1995).
Blue colonies were recovered and a second screening was realized using
~105 yeast cells spotted on a Nylon filter in duplicate. In this second
assay, X-gal coloration was very reproducible. A few white clones were
discarded at this step. Yeast DNA was prepared and plasmids were
rescued irk.coli by electroporation.

Construction of mutants

Mutants of the 5splice site were made by PCR with specific oligonucleot-
ides (e.g. JCR15 for the GBA mutant: 3-ACCGGATCCATGG-
AACGGTATATTAAT-3") and the JCR1 oligonucleotide on the Nde°Acc®
template. Similarly, mutants of the 3plice site were obtained by PCR
using upstream JCR4 '(BTGACCGGATCCATGGAATG-3)
and downstream JCR5 or JCR6 '{BCCGGATCCCGTATG-
ACGTATTAAAAG-3'; 5'-TCCGGATCCCGTATGACCATTAAAAG-

3’) on the Nde°Acc® template. PCR fragments were digestedBétiH]|

Prpl11p were found among partners in a two-hybrid screen and ligated with SDAClal. New mutants in the TACTAAC region were

with Mud2p. In contrast, a novel factor was identified
in such a screen (M.Fromont, J.-C.Rain and P.Legrain,
submitted). This factor exhibits a strong homology with
SF1, a recently cloned human splicing factor (Arning
et al, 1996). The bridge between Ul and U2 snRNP
during in vivo spliceosome assembly requires a Mud2p-
containing complex that we are currently investigating.

Materials and methods

Strains and plasmids
The yeast strain MGD353-460Mata ura3-52 trp1-289 leu2-3, -112
ade2 argd was used. The disruption of tHdUD2 gene was made by

obtained by PCR using a specific oligonucleotide such as JCR19 for the
T45-A mutant (B-GGTTAACGTCGACACCGTGTTTTTGATAT-
CTAAACTAACAGGC-3) and JCR1 on the Nde°Acc® template. PCR
fragments were then cloned as for library PCR fragments. To avoid any
additional PCR mutation located in tHacZ gene, we subcloned all
single mutants in SD&Clal digested withBanHI. After sequence
verification, these mutants were used for all further experiments.

The splicing constructs were derived from the pre-mRNA constructs
by modificaton of exonl (Figure 1A). We subcloned the exon 1-
containing Xba—-Sal fragment of the Sty° construct (Legrain and
Rosbash, 1989) in the SKvector (Stratagene). The resulting plasmid
was digested wittBanmHI, blunted and self-ligated. In all pre-mRNA
export TACTAAC region mutants, the initiaXba—Sal fragment was
replaced by the new one making an ORF coding fegalactosidase
only for the spliced mRNA.

Double mutants (at the’Ssplice site and in the TACTAAC region)

the one-step procedure (Rothstein, 1983) using a fragment of a pTZ18 \yere obtained following the same procedure but starting wittXthe—

MUD2::LEU2 plasmid provided by M.Rosbash (Brandeis University,
Waltham). The disruption was confirmed by Southern blot analysis.

Sal fragment of the G1. A mutant.

Yeast transformations were performed using the standard protocol (Transy RINA analysis

and Legrain, 1995). Reporter plasmids used for pre-mRNA export and
splicing assays are derived from the pPlint plasmid family (Legrain and
Rosbash, 1989). The m-based plasmids pYembl31 (Baldari and
Cesareni, 1985) and pFL46S (Bonneaetdal, 1991) were used for
protein overexpressiorEscherichia coliTG1 strain was used for every
step of subcloning and sequencing work.

Construction of the pre-mRNA mutant library

We synthesized three partially randomized oligonucleotides:

JCR 10 3-GGTTAACGTCGACACCGTGTTTTTGATACI]j Cijj CjG-
GCCTTTTAATA-3' JC11 B3-GGTTAACGTCGACACCGTGTTTTT-
GATATKT|Tik Tjjki GGCCTTTTAATA-3' JCR12 5-GGTTAACGTC-
GACACCGTGT-TTTTGATAKI AiAKIAAKAGGCCTTTTAATA-3’
wherei, j andk are mixed phosphoramidites with a proportion of 7/8
thymidine, adenine and cytidine, respectively and 1/24 of each of the

Yeast total RNA was prepared as described previously (Pikielny and
Rosbash, 1986) with several modifications. Cells were grown in minimal
medium (—ura GGL) supplemented with 2% galactose to an optical
density of 0.8-1.2. Then 10 ml of cells were collected by centrifugation
and were resuspended in 50Dof RNA extraction buffer [0.1 M Tris—

HCI (pH 7.4), 0.1 M LiCl, 0.1 mM EDTA] in an Eppendorf tube.
Siliconized glass beads (3Ql) were added and cells were lysed by
vortexing for 4 min in the cold. Teml of a 10% SDS solution were
then added and tubes were vortexed for 15 s, fD6f phenol were
added and tubes vortexed again three times for 15 s. After centrifugation,
the supernatant was re-extracted twice with phenol—chloroform (1:1),
and the RNA was ethanol precipitated, washed and resuspended in
10 pl of TE. Primer extensions were performed as described previously
(Chanfreauet al, 1994) with the oligonucleotide DT 320 (€ ACCA-
GTGAGACGGGC-3) which is complementary to the beginning of

three other phosphoramidites. This degenerancy was chosen to maximizeexon 2.

single mutants. All combinations of double mutants can be obtained.
JCR10, JCR11 or JCR12 in combination with JCR1-@&GCGCT-

CCACAGTTTCGGG-3) whose sequence is located 900 nucleotides
downstream in théacZ gene on the reverse strand were used for PCR
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