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ABSTRACT

While it is known that several trans-acting splicing
factors are highly conserved between  Schizosaccharo-
myces pombe and mammals, the roles of cis-acting
signals have received comparatively little attention. In
Saccharomyces cerevisiae , sequences downstream
from the branch point are not required prior to the first
transesterification reaction, whereas in mammals the
polypyrimidine tract and, in some introns, the 3 "AG
dinucleotide are critical for initial recognition of an
intron. We have investigated the contribution of these
two sequence elements to splicing in S.pombe. To
determine the stage at which the polypyrimidine tract
functions, we analyzed the second intron of the cdec2
gene (cdc2-Int2), in which pyrimidines span the entire
interval between the branch pointand 3 ' splice site. Our
data indicate that substitution of a polypurine tract
results in accumulation of linear pre-mRNA, while
expanding the polypyrimidine tract enhances splicing
efficiency, as in mammals. To examine the role of the AG
dinucleotide in  cdc2-Int2 splicing, we mutated the 3 '
splice junction in both the wild-type and pyrimidine
tract variant RNAs. These changes block the first
transesterification reaction, as in a subset of mam-
malian introns. However, in contrast to the situation in
mammals, we were unable to rescue the first step of
splicing in a 3 'splice site mutant by expanding the
polypyrimidine tract. Mutating the terminal G in the third
intron of the nda3 gene (nda3-Int3) also blocks the first
transesterification reaction, suggesting that early rec-
ognition of the 3 ' splice site is a general property of
fission yeast introns. Counter to earlier work with an
artificial intron, it is not possible to restore the first step

of splicing in cdc2-Int2 and nda3-Int3 3' splice site
mutants by introducing compensatory changes in Ul
snRNA. These results highlight the diversity and
probable redundancy of mechanisms for identifying the

3’ ends of introns.

INTRODUCTION

The role of the 5splice site is fundamentally similar in all

organisms investigated, whereas the functions otithacting

elements at the 8nds of introns are idiosyncratic (reviewed)in

The integrity of the branch point recognition sequence (BPS) is
critical for events that precede the first transesterification reaction
in both yeast and mammals, but mutations affect the assembly of
different pre-splicing complexe+5). These two extensively
investigated systems display even more radical differences in the
timing and stringency of their requirements for the polypyrimidine
tract and 3splice siteSaccharomyces cerevisi@grons generally

lack a prominent polypyrimidine tract, consistent with the
observation that small deletions and point mutations in this region
have no discernible effect on splicing efficiency or accuracy (see
6 for example). On the other hand, using a sensigvx@mpetition
assay, it was possible to demonstrate that an adjacent run of uracils
promotes preferential use of a particulas3ice site {). Because

the U-rich element is more common in introns with a long BPS to
3 splice site distanc&)and expansion of this interval with U-poor
sequences results in lariat accumulati#y i€ was proposed to
contribute to 3 splice site recognition for the second step of
splicing (7,8). Similarly, the 3AG is dispensable for the first step

of splicing in S.cerevisiagsince mutating this dinucleotide in
several different introns resulted in lariat accumulatioh gnd
references therein).

In vertebrate introns, the interval between the branch point and
3' junction is most often pyrimidine-rich throughout, and mutational
analysis indicates that purine substitutions in this region become
detrimental when the number of consecutive uracil residues drops
below a required threshold of five or sbd(12). Extensive evidence
indicates that the principal function of tHep8lypyrimidine tract in
mammalian introns is to promote formation of early pre-splicing
complexes (reviewed if), although with an appropriate construct
it was possible to demonstrate a role in facilitating the second
transesterification reactiorii®). In contrast to the situation in
S.cerevisiaga subset of mammalian introns cannot proceed through
the first step of splicing if the' 3AG dinucleotide is deleted or
mutated (reviewed ii). The work of Reed1(3) suggests that
AG-dependent and AG-independent mammalian introns may be
distinguished by the presence of a more extensiygyrimidine
tract in the latter class.

While it is clear that the basic mechanism of pre-mRNA
splicing is conserved between budding yeast and mammals, the
paucity of multi-intronic precursors iB.cerevisiaded to the
proposal that the fission ye&sthizosaccharomyces ponmhight
provide a valuable model system for investigating this key
cellular process (seé4,15 for example). Indeed, molecular
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analysis has demonstrated that both the RNA and proteamalyzed for distance and sequence constraints as described in the
components of the splicing machinery share more extensilegend to Figure.

sequence and structural similarity between fission yeast and

metazoa (se&6-19 for example). It is of obvious interest to
determine whether the parallels betw&gmombend mammals

extend to the organization and function ai$-acting signals

within introns. Based on the fact that fission yeast introng.. " and surrounding exons $ipombeunder control of the
generally lack an extensive run of pyrimidines between th

. NI AimtL promoter, we first introduced recognition sequences for the
branch point and 3plice site, it hqs been repeatedly asserteq thf'éstriction enzymebldd andBanHl into the second and third

Mbxons respectively of the coding sequerk®), (carried on the
"Gector pTZ19R. Mutagenesis was carried out with reagents
supplied commercially (Amersham Corp., Arlington Heights, IL)
using the oligonucleotides cdc2-Nde and cdc2-Bam (seeljable
%71 ntNdd—BarHI fragment was then subcloned into the
ctor pREP244) to generate the plasmid pREP2-cdc2. The

Plasmid construction and mutagenesis

To express a portion of tleel2 gene encompassing the second

the fact that the branch point tbj@nction distance i5.pombe

is much shorter than in the two extensively studied systefhs (
Moreover, when considered as a whole, this region does sho
pyrimidine bias, in some cases 100% (see Results). While the r
of the polypyrimidine tract has not been experimentally investiz imary transcript from this construct (FIgh) contains a 206 nt

gated in fission yeast, a previous study indicated that the AB o, 11 (68 nt ohmtL sequence and 138 ntafc sequence), a
dinucleotide is required prior to the first transesterification;q ntintron and a 215 nt&on (61 nt oédc2 sequence and 1’54

reaction, at least for splicing of an artificial intrd¥). nt gfnmll sequence). To analyze the role of the polypyrimidine

In the work presented here, we have assessed the _contributiongr% t in splicing of this intron, the DNA sequence corresponding
sequences downstream of the branch point to splicing of natudl the 3 end of the intron was modified using wild-type

S.pombéntrons. Our results indicate that both the polypyrimiding,pEpo_cqc2 as template, unless otherwise indicated, and the

tract and the '3AG contribute to fission yeast splicing at a staggy|oying oligonucleotides, whose sequences are shown in Table

prior to the first transesterification reaction. These observations R-short, R-long, Y-long, M-short, M-long (template, Y-long)

reinforce the view that studies in this organism may shed light Acnort Y.short+1 and Y-short+2. In addition to mod’ifying the

the mechanisms employed by mammalian cells to deliver theyo |ht> polypyrimidine tract, most of these oligonucleotides

3 splice site to the catalytic center of the spliceosome. HOWeve,, e the potential to create one or more mutations ir #pice

while our results in general more closely parallel observations iy The igentities of all mutations were confirmed by sequencing

mammalian cells than B.cerevisiaesubtle differences may point o pje stranded plasmid DNA with the primer nmtl-poly(A)

to features of ‘3splice site recruitment unique to fission yeast. (Table 1) using the Sequenase enzyme and protocol (US
Biochemical Co., Cleveland, OH).

MATERIALS AND METHODS Construction of pPREP2-nda3, in which a transcript consisting
of th_e third intron of th§.pombmd£ gene together with
Analysis of the 3 end architecture ofS.pombentrons flanking exon sequences is expressed under control oftie

promoter, was described previousBb). Mutagenesis of this
Sequences for 203 fission yeast introns deposited in GenBaplasmid was performed using the oligonucleotides Y-short/nda3
through the first quarter of 1995 were extracted and theinds and Y-long/nda3 (Tablg).

Table 1.Oligonucleotides used for directed mutagenesis and PCR

Oligonucleotide Sequence

cdc2-Nde 5-AGACATAIGTTGTCAGGG-3

cdc2-Bam 5CATGGATCCGAAAAAATACATG-3'

R-short/cdc2 5CCAAAAGTYYTTTTTTTTT GTTAGAAACAAAG-3'

R-shAG/cdc2 5CCAAAAGTYYTTTTTTTTTGTTAG-3

R-long/cdc2 5GTAAAATATCCAAAAGT YKTTTTTTTTTT TTTTTTTTGTTAGAAAC-3'
Y-long/cdc2 5GTAAAATATCCAAAAGT YYAAAAAAAAA AAAAAAGGGTTAGAAAC-3’
M-short/cdc2 5ATATCCAAAAGT YYAGC AGTATCGTTAGAAACAAAG-3'

M-long/cdc2 5 ATATCCAAAAGT YYAC AGTATCAGCAGTATATCGTTAGAAACAAAG-3'
Y-short/cdc2 5GTAAAATATCCAAAAGT YYRAAAAAAGGGTTAGAAAC-3'
Y-sh+1/cdc2 5GTAAAATATCCAAAAGT YYRAAAAAAAGGGTTAGAAAC-3'
Y-sh+2/cdc2 5GTAAAATATCCAAAAGT YYAAAAAAAAAGGGTTAGAAAC-3'
nmtl-poly(A) 5-AAACCCTAGCAGTACTGGCAAG-3

Y-short/nda3 5GAAGTTCCATGATATY TAXZPAAAAGTCAGTAAAAAAACAAGCAA-3 '
Y-long/nda3 5-GCCTCAGAAGTTCCATGATATY TAAAAAAAAAAAA AAAAGTCAGTAAAAAAACAAGCAA-3 '

Restriction sites are italicized, mutant nucleotides are shown in bold and inserted nucleotides are underlined. K, 509156086 G
T,50% C; R, 50% A, 50% G; Z, 75% A + 25% G; P, 75% A + 25% T, X, 75% A + 25% C.
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Schizosaccharomyces pombansformation, RNA A
preparation and splicing assays - —
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The plasmids described in the preceding section were introduc o
intoS.pombstrain DS2 (h, ade6-210leul-3zura4-d1821) by o Mo ettt
the lithium acetate method usiag pg purified plasmid DNA, 205
which yielded110P transformants. Strains harborind2-Int2

variants were grown to late log phase in 100 ml appropria 344
selective medium at 3€ and RNA prepared as describa6)( eoees —
To assay the effects of polypyrimidine tract substitutions o 200 @

cd2-Int2 splicing, primer extensions were performed oug@0

total RNA using the primer nmtl-poly(A), labeled at itehd

using [-32P]ATP and polynucleotide kinase. Reverse transcrif

tase reactions were carried out in QIORT buffer (50 mM

Tris—HCI, pH 8.3, 60 mM sodium chloride, 10 mM dithiothreitol,

20 mM magnesium acetate, 400 nM each deoxynucleosi 220 @

triphosphate). After annealing 250 ng labeled primer to the RN,

5 U AMV reverse transcriptase were added and the samples w 200 @

incubated at 37 for 5 min and then at 8€ for 20 min.
Following ethanol precipitation the products were resuspended
5 ul RNase A (2 mg/ml) and incubated at'&7for 30 min. An
equal volume of formamide loading buffer was then added t
each sample and the products were resolved in 6% polyacry
mide—7 M urea gels. The relative amounts of precursor, lari
intermediate and mature mMRNA were quantitated on a Molecul
Dynamics Phosphorimager (data not shown). For each mutz
described, primer extension splicing assays were perform
multiple times on RNA prepared from at least two independel 134
transformations; the results were highly reproducible.

— - —

154 @

RESULTS

The polypyrimidine tract of cd-Int2 is critical for
efficient splicing EE e

Given the importance of the polypyrimidine tract for splicing in C wr [P L
mammals, we wanted to assess whether sequences betweer
branch point and'3plice site might play a similar role in early
intron recognition inS.pombe To this end, we performed an R-short AC-------- ARARRARARAG
extensive mutational analysis of the polypyrimidine tract withir M-long  ACGAUACUGCUGAUACUGUAG
the second intron of the cell division cycle gede2 (hereafter
designateatd@-Int2), in which the entire interval between the :
branch point and '3splice site is spanned by pyrimidine R-long  ACAAAARAAARAAAAARARANG

nucleotides. Because there are four introns in the nedig

primary transcript43), we created a single intron construct to Figure 1. (A) Architecture of thecd-Int2 pre-mRNA. The transcripts

o - . - T - analyzed contain the second intron of ttae2 gene and flanking exons
facilitate primer extension analysis of splicingrivo (Fig. 1A). surrgunded by sequences derived fronmiiné (nogrmssage othiamir?e; 24)

As an initial test of the importancg of the polypyrimidine tract for gene (see Materials and Methods for details of the construction). The sequences
splicing of cd2-Int2, we used site-directed mutagenesis (seef the splicing signals are as shown, with the polypyrimidine tract indicated in
Materials and Methods for details) to replace the eight pyrimibold. The box above thé 8xon indicates the oligonucleotide used for primer

dines with eight adenosines (R-short allele); G residues wer@ension assays of splicing)(Primer extension splicing assaysol@-Int2
’ utants with altered base composition and distance between the branch point

e_XCIUded, from the purine stretch to avoid Cre_at'on of _an Acgnd 3 splice site. Total RNA was isolated frérpombeells transformed with
dinucleotide that could be used as an alternativaplce site.  the indicatectd2-Int2 allele and subjected to primer extension analysis. The
Following transformation of this construct into fission yeast, wepredicted sizes of the cDNA products, whose positions are indicated alongside
used a primer extension assay to analyze the profile of splicin;ge gel, are: precursor, 388 nt; mature, 317 nt; lariat intermediate, 121 nt (see

. . . aterials and Methods). M, molecular weight markers (1 kb ladder); lane 1,
products. As demonstrated in Figli, the complete substitu ild-type (WT); lane 2, mutant in which the polypyrimidine tract is replaced

tion of purines for pyrimidines between the branch point antyy an unbiased mixture of nucleotides (M-shorf): lane 3, mutant in which the
3 splice site produces a dramatic accumulation of precursafolypyrimidine tract is replaced by adenosines (R-short); lane 4, mutant in
relative to wild-typecd2-Int2 (cf. lanes 1 and 3), providing Wwhich the branch point td finction distance is doubled and the interval filled
strong evidence that the polypyrimidine tract makes an importarffith an unbiased mixture of nucleotides (M-long); lane 5, mutant with a long
- .. L7 .. branch point to 3junction distance containing exclusively pyrimidines
contribution to efficient splicing of this intron. Importantly, the (y.ong). lane 6, mutant with a long branch point toj@ction distance
unspliced RNA in the R-short mutant accumulates as lineafontaining exclusively purines (R-longE)(Sequences of the polypyrimidine

precursor, as in mammalian cells and extracts; absolutely rct variants analyzed in (B). The branch point A is indicated by an asterisk.

¥-long  ACCCUTTUUUUUUTUUUUUAS
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Figure 2. (A) Histogram displaying the size distribution of the longest continuous pyrimidine tracts ‘agttials 8fS.pombentrons. The terminal nucleotide of the
branch point consensus (UACUAA@Nd the 5nucleotide of the'3plice site consensusAlG) were not included in the compilation. This and subsequent panels depict
the results of analyzing 203 fission yeast introns (see Materials and Methods) and was generated using Cri€RetBtapjnain displaying the size distribution of
polypyrimidine tracts interrupted by a single purine at then8ls ofS.pombentrons. C) Histogram displaying the nucleotide composition of the branch point to 3
splice site interval is.pombéntrons. Y, exclusively pyrimidine; Y-rich, >60% pyrimidine; Balanced, 40—-60% pyrimidine; R-rich, >60% purine; R, exclusinely p

signal is visible in the region of the gel where lariat intermediatstrengthening this element can compensate for the deleterious
should run. The formal possibility that splicing is also blocked affect of expanding the distance (see below). Note that these
the second step but the lariat intermediate is selectively degradexperiments do not address the role of the polypyrimidine tractin
within the nucleus cannot be positively excluded. However, thef® splice site selection, since activation of a cryptic site is unlikely
is no discernible band at the appropriate position even upondae to the fact that the next AG in thegon is 30 nt downstream
5-fold longer exposure of the gel shown in FigliBeor more  of the natural 3splice site 23).
dramatic overexposure of other similar gels. Thus the differenceFurther support for the notion that efficient splicing in fission yeast
between the half-lives of linear precursor and lariat intermediatequires either a short branch point tojiction distance or
would have to be several hundred-fold to account for our resuligyrimidine-rich sequences between these two signals is provided by
We therefore conclude that $ipombgsequences between the analysis of two alleles containing random sequences in this interval
branch point and' 3plice site play an important role prior to the (M-short and M-long). Of these, the short variant is spliced much
first step of splicing. more efficiently (Fig.1B, cf. lanes 2 and 4). In fact, the ratio of
The branch point to' 3plice site distance wd@-Int2 (12 nt)  precursor to mature mRNA for this allele, which contains alternating
exceeds the average f8rpombeby a single residuelf). To  purines and pyrimidines but no AG dinucleotide between the branch
determine whether the close apposition of tHe@ninal splicing  point and original 3splice site (see FigC), is comparable to that
signals is critically important, we doubled the length of the purinef wild-type cd@-Int2. Thus, as long as thé signals are closely
tract in thecd@2-Int2 R-short mutant to create the R-long allelespaced, a long run of contiguous pyrimidines is not absolutely
This manipulation reduced the level of mature mRNA to a nearlgequired for efficient splicing of this intron.
undetectable level (FidlB, lane 6), implying that the short A potential caveat to the conclusions drawn above is that either
distance between the branch point aridsglice site is an the local or global secondary structure of the intron may be
important determinant of splicing efficiency in the context of gerturbed in one or more of the polypyrimidine tract variants
purine-rich 3 end. A long branch point td 8plice site distance analyzed. However, we made every effort to avoid introducing
is not always fatal, however, since an allele with the same spacisggble hairpins between the branch point asgige site, and the
but exclusively pyrimidine nucleotides in this interval (Y-long) isstrong correlation between’ Pyrimidine content and the
spliced very efficiently (Fig.1B, lane 5). We elected to efficiency of intron excision suggests that structural changes, if
incorporate exclusively uridines, because the natureh@ of  they occur, do not dramatically affect splicing.
cd2-Int2 is U-rich £3) and C residues were not as effective as How can our finding that the polypyrimidine tract plays a
U residues in promoting splicing of a viral intrdiil), Notably,  critical role in splicing oEd2-Int2 be reconciled with the results
the Y-long allele accumulates virtually no pre-mRNA, in contrasbf statistical analyses indicating that this feature is absent from
to wild-typecd@-Int2 (Fig.1B, cf. lanes 1 and 5), which is all the fission yeast intronsl§,20,21)? To address this question, we first
more remarkable in that only four of the 203 introns identified t@xamined an expanded database of fission yeast introns and found
date inS.pombérave a longer distance between the branch poititat, consisent with previous reports, most contain four or fewer
and 3 splice site consensus sequences (J.A.Wise, unpublisheshtiguous pyrimidines in the short interval between the branch
observations). This observation reinforces the conclusion thatpaint and 3splice site (Fig2A). Modifying the analysis to allow
polypyrimidine tract between the branch point ahdplice site  a single purine interruption, as is often seen in mammalian
is critical for splicing ofcd@-Int2 and further implies that polypyrimidine tracts, increased the pyrimidine tract length by
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Figure 3. Primer extension splicing assays on wild-typ#2-Int2 and
polypyrimidine tract variants in combination withsplice site mutations. RNA
analysis was performed on each indicateéc®-Int2 allele as described in the
legend to Figure 1B. Lane 1, wild-type (WT); lane 2, mutant in which an A is
substituted for the terminal G; lane 3, M-short variant; lane 4, M-short variant
with a G- A change at the' 3plice site; lane 5, R-short variant; lane 6, R-short
variant with a G» A change at the' 3plice site; lane 7, M-long variant; lane 8,
M-long variant with a G, A change at the' 3plice site; lane 9, Y-long variant;
lane 10, Y-long variant with a GA change at the' 3plice site; lane 11, R-long
variant; lane 12, R-long variant with a-G\ change at the'Zplice site. To
conserve space, the lower 2/3 of this and several subsequent gels is not shown

except for a small slice surrounding the position where the lariat should run. 4, 6, 8 and 12; data not shown). As for the wild-type and Y-long

alleles, in no case is lariat intermediate detectable. In aggregate,

these data conclusively demonstrate that splicirgl-Int2 is
only a single nucleotide (Fi@B). On the other hand, a recent blocked prior to the first transesterification reaction byplice
study indicates that, even in mammals, a very short (5-6 rgjte mutations regardless of the length of its polypyrimidine tract.
polypyrimidine tract can support efficient splicing if it is located
immediately adjacent to the' Jplice site {2). Finally,  The identity of the nucleotide at position —3
examination of the base composition of the branch point to 3ramatically affects cd-Int2 splicing efficiency
splice site interval in fission yeast in its entirety indicates that:
(i) the vast majority of fission yeast introns contain either an unusual feature afd2-Int2 is the presence of an A at position
balanced purine:pyrimidine ratio or are biased toward pyrimidines:3 (Fig. 1A), which is a U in the vast majority of fission yeast
(i) eight introns in addition tocd2-Int2 contain exclusively introns. The identity of this nucleotide is known to be of critical
pyrimidine nucleotides in this region; and (iii) purine-rich importance not only in nematodes, where it is virtually invariant
sequences are very rare (F2.). Thus the effects on splicing of (27), but also in vertebrates, where it is more variab®). (To
the mutations we have introduced intd2-Int2 parallel the determine the extent to which the A at position —3 influences
natural sequence distribution at theBds of fission yeast introns. cd2-Int2 splicing efficiency, we mutated it to a U in an otherwise
wild-type allele (designated Y-short). Remarkably, as demonstrated
in Figure4, this change virtually eliminates the precursor accumula-
tion observed with wild-typed@-Int2 (cf. lanes 1 and 2). Two —3U
variants that contain polypyrimidine tracts extended by one or two
We next set out to determine whether the first step of splicing tridines (Y-short+1 and Y-short+2) are also spliced with very high
cd@-Int2 depends on the integrity of tHesBlice site. To address efficiency (Fig. 4, lanes 3 and 5). The dramatically improved
this question, we replaced the invariant guanosine of @i  splicing of an allele in which the only change is at position —3 raises
site in each of our alleles with adenosine. As demonstrated fine possibility that this substitution alone might be sufficient to
Figure 3, this substitution in an otherwise wild-type intron account for the effect of expanding the polypyrimidine tract in the
produces accumulation of exclusively linear precursor RNA-long allele (FiglB, lane 5). However, the relatively poor splicing
(cf. lanes 1 and 2); absolutely no lariat intermediate is visible evef the M-long variant (FiglB, lane 4) indicates that the distance
upon prolonged exposure of this or other similar gels (data nbetween the branch point andslice site also plays a major role
shown). We then tested the effect of mutating thepl&ce site of  in determining splicing efficiency iS.pombe
the Y-long variant, in which the polypyrimidine tract is double the The strong bias toward U at position —3 in fission yeast introns
length of that in wild-typed@-Int2. Again, the only species that contrasts both with mammals, where C is the predominant
accumulates is linear precursor (Fgcf. lanes 9 and 10). The nucleotide (reviewed i29), andS.cerevisiagwhere C and U
first step of splicing is also completely blocked for three otheappear with nearly the same frequency (reviewed0n To
3 splice site mutants (CG, GG and GA) in combination with thisletermine the functional relevance of this difference, we mutated
extended polypyrimidine tract (data not shown). Finally, weposition —3 in the Y-short+1 allele to a C. This change produces
examined the effect of mutating thesBlice site in the remaining significant precursor accumulation relative to an allele with the
polypyrimidine tract variants (Fi@, cf. lanes 3, 5, 7 and 11 with same spacing, but the consensus nucleotide at the antepenultimate

Figure 4. Primer extension splicing assays oa2-Int2 transcripts with
mutations at position —3. RNA preparation and analysis was performed as
described in the legend to Figure 1B. Lane 1, wild-type (WT); lane 2, mutant
in which the A at —3 was changed to U (Y-short); lane 3, —3U mutant with a
single uridine insertion in the poly(Y) tract (Y-short+1); lane 4, —3C mutant with
a single uridine insertion in the poly(Y) tract (Y-short+1/-3C); lane 5, —3U
mutant with a two uridine insertion in the poly(Y) tract (Y-short+2/-3U);
M, molecular weight markers (1 kb ladder).

cd-Int2 requires an intact 3 splice site to proceed
through the first transesterification reaction
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position (Fig.4, cf. lanes 3 and 4). Thus the effects of -3 .
)

substitutions ored2-Int2 splicing parallel the natural distribu- NI
tion at this nucleotide in fission yeast introns. Notably, as with the Mo ST
polypyrimidine tract mutants, the block in splicing of the —3C
allele occurs prior to the first transesterification reaction.

- —

Splicing of the third intron in the B-tubulin gene is also
AG-dependent 208 ess —_—

The work presented here as well as other studies from our 200 &

laboratory indicate that inefficient splicinga-Int2 is due to

features other than its suboptimal polypyrimidine tract, including

its large size for this organism (71 nt) and the presence of a strong

secondary structure at thé Splice site 75, C.J.Alvarez,

C.M.Romfo and J.A.Wise, in preparation). These observations

raised the possibility that the requirement for an intasplice

site prior to the first transesterification reaction in this intron

might reflect poor recognition of the other splicing signals during 15498

pre-spliceosome assembly (see Discussion). We therefore wanted

to determine whether splicing of a more typigbombentron

would also require an intact G for the first transesterification "

reaction. To this end, we examined the effect of mutating the 134 -

3 splice site in the third intron of the gene encodrgbulin,

nda3 (hereafter designateada3-Int3), whose length (44 nt)

corresponds to the peak of a histogram displaying intron length

in this organismi5; R.VanHoy and J.A.Wise, unpublished data). 1283456

In contrast tocd2-Int2, this intron is spli(_:ed very efficiently Figure 5. Primer extension splicing assay on wild-typda3-Int3 and
when _expressed ,from, thentl promoter25; Flg.5, lane 1). Upon polypyrimidine tract variants with and without plice site mutations. RNA
mutating the 3splice site of an otherwise wild-typdas3-Int3, we preparation and analysis was performed as described in the legend to Figure 1B.
observe accumulation of linear pre-mRNA, not lariat intermedi-The predicted sizes of the cDNA products derived fnda RNA species are:
ate (Fig5, lane 4), i.e. splicing of this intron can also be classifiedprecursor, 261 nt; mature, 220 nt; lariat intermediate, 116 nt (25). Lane 1,

N _ : ; wild-type nda3-Int3 (WT); lane 2, mutant in which the two purine nucleotides
as AG dependent. Becauses3-Int3 is also typlcal os.pombe between the branch point antj@nction were changed to uridines; lane 3,

introﬂs in that the interval bet_Ween its br.an_ch point aspi®e  mytantin which the length of the polypyrimidine tract was doubled: lanes 46,
site is not composed exclusively of pyrimidin€4)( we next  same alleles assayed in lanes 1-3 but with an additional @utation in each
tested the effect of converting the two purines in this region tgase at the terminal intron nucleotide.

uridines (Y-short allele). This variant is spliced with wild-type

efficiency (Fig.5, lane 2) and also shows a first-step block upomnutating its 3terminal G to an A could be relieved by introducing
mutating its 3splice site (lane 5). The same behavior is observesl compensatory base change in U1 snRNA (C7U). As shown in
for a variant in which the length of thee3-Int3 polypyrimidine  Figure6A, lane 3, restoring complementarity between U1 snRNA
tract is doubled (Y-long, lane 6). The efficient splicing of thisand the mutant '3splice site does not allow production of a
allele is notable in that over 1/3 of the intron is located betwegfetectable level of lariat intermediate. However, because we had
the branch point and terminal G. Because expansion of thgeviously observed that an extra copy of even the wild-type U1l
polypyrimidine tract imda3-Int3 does not relieve the first step gene inhibits splicing of this intro&2%), it was conceivable that the
block imposed by mutations at thieslice site (Fig5, lane 6),  |ack of first step rescue was due to the exquisite sensitivity of
we conclude that the AG-dependencediR-Int2 (see above) is cd@-Int2 to the levels of this snRNA.

not due to its anomalous features, but rather is Ilkely to reflect aTo ascertain whether a Compensatory Change in U1 could rescue

general feature &.pombentrons. the first step of splicing for a’ 3plice site mutant of an intron
comparable in size to the artificial intron previously examined, we
The first step of splicing cannot be rescued ind2-Int2 turned tondaB-Int3. In addition to having a length typical of natural
and nda3-Int3 3' splice site mutants by compensatory S.pombeintrons, our earlier work demonstrated that splicing of
alleles of U1 snRNA ndeB-Int3 is not affected by the presence of a plasmid-borne snRNA

gene £5). As shown in FiguréB, lane 3, restoring the potential for
We previously used genetic suppression experiments with aairing between Ul and thé Slice site also does not produce
AG-dependent artificial intron to provide evidence that thealetectable levels of lariat intermediate for this intron. Control
3 splice site is recognized at an early stage of spliceosomeeperiments show that non-compensatory changes in U1 snRNA
assembly by base pairing to the invariant Ul dinucleotidbave no effect on the product profile for'asfllice site mutant of
(C7U8), which lies just downstream of thé $&plice site eitherintron (cf. FigbA and B, lanes 2 and 4). Finally, we also tested
recognition sequence?). Becauseed@2-Int2 meets the oper- the effect of a compensatory change in U1 snRNA on splicing of two
ational definition of AG dependence despite the presence ofpalypyrimidine tract variants for each intron. As for the wild-type
very strong (forS.pombg polypyrimidine tract, an obvious introns, we do not observe production of lariat intermediateG#ig.
experiment was to test whether the first step block imposed layd B, lanes 7 and 11). We conclude that base pairing between U1l
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Figure 6. (A) Primer extension splicing assay<dt2-Int2 3 splice site mutants in the presence of mutant alleles of U1 snRNA. RNA preparation and analysis was
performed as described in the legend to Figure 1B. Lane 1, wild-typec@@F)nt2; lane 2¢d2-Int2 3 splice site mutant; lane 3,splice site mutant in combination

with a compensatory U1 allele; lane 4sglice site mutant in combination with a non-compensatory U1 allele; lanes 5-8, as in lanes 1-4 but using the Y-long allele
of cd@-Int2, in which the length of the polypyrimidine tract is doubled; lanes 9-12, as in lanes 1-4 but using the R-shoctiglidigafin which purines replace

the pyrimidines between the branch point ansp8ce site.B) Primer extension splicing assaysdg3-Int3 3 splice site mutants in the presence of mutant alleles

of U1 snRNA. Lane 1, wild-type (WT)da3-Int3; lane 2nda3-Int3 3 splice site mutant; lane 3, $lice site mutant in combination with a compensatory U1 allele;

lane 4, 3splice site mutant in combination with a non-compensatory U1 allele; lanes 5-8, as in lanes 1-4 but using the Y-shada@iei3pwhich contains
exclusively pyrimidines between the branch point dnepBce site; lanes 9-12, as in lanes 1-4 but using the Y-long alleds®fnt3, in which the length of the
polypyrimidine tract is doubled.

and the 3splice site is not sufficient to allow eithetl2-Int2 or  splicing and was proposed to function in a capacity similar to the

ndas-Int3 to proceed through the first step of splicing. longer but more variable polypyrimidine tracts found in other
organisms £7), including S.pombe A particularly intriguing
DISCUSSION aspect of polypyrimidine tract function @ eleganss that this

. element can direct accurate and efficiensf8ice site selection
The most notable conclusion to emerge from the work presentglg en when the terminal G of the intron is mutated to aivAid

here is that a polypyrimidine tract located between the brangite rences therein). This is in striking contrast to our observation
point and 3splice site of a§.pombeéntron functions inamanner .+ e corresponding change in eitté-Int2 orndaa-Int3 of
that is fundamentally similar to its counterpart in mammalia _pombecompletely blocks splicing even in the presence of an

introns. In particular, our demonstration that this elemeq proved 3 pyrimidine run. The inability of an expanded

promotes the first transesterification reaction echoes results fro P ; :
a number of studies that employed mammalian cell extracts (S%nélypyrlmldme tract to bypass the requirement fof AG prior

: X the first step of splicing provides an exception to the parallel
10-12for example) and contrasts with data from budding yea : o .
where recognition of the'3un of U residues contributessﬁemeen early intron recognition in mammals and fission yeast.

. o We believe that this difference is secondary to the similarities but
rincipally to the second step of splici . More recently, . ; . A : ;
golypSrirr)\/idine tract functicF))n hgs r&?ﬂ investigateg in||ker to be meaningful, since mammalian introns with fairly

DrosophilaandCaenorhabditis elegantwo organisms in which  Mmodest pyrimidine runs are partially AG-independ8a?).
a significant fraction of the introns are small and lack extensive '€ Stringent and apparently general requirement for
runs of pyrimidines between the branch point anspice site  'ecognition of the 3AG prior to any of the chemical events in
(32-34), similar to the vast majority of the introns Sapombe spllcmg may be related to the unexpected observation that all
Based on statistical analysis of information conté), (t was > _SPlice site mutations block the first step Hpombe
suggested that a polypyrimidine tract would be required f({,C.J._AIvarez and J.A.Wlse, in preparation). In other organisms,
splicing of large but not small fly introns. However, counter to thi§2nging fromS.cerevisia¢go mammals and nematodes, G1A and
notion, Kennedy and Bergétd) demonstrated that mutations in U2A/G substitutions produce exclusively lariat intermediate
pyrimidine-rich ‘elements reduce or eliminate splicing of theé@ccumulation. We believe that the early splicing block imposed
smallmleintron. Interestingly, in wild-typenle, polypyrimidine by any change in @s-acting signal may reflect the existence of
tract function appears to be supplied by C-rich sequences locaf#nechanism in fission yeast for initial recognition of the intron
between the'Ssplice site and the branch point, in contrast to th@s a unit. This proposal is consistent with the extremely strong
more traditional placement of the corresponding element ipreference for selecting the pair of splice junctions that are in
fission yeastd2-Int2. Notably, the upstream pyrimidine tracts closest proximity (C.J.Alvarez, C.M.Romfo and J.A.Wise, in
in mlecan be functionally replaced by a U-rich sequence betwegitieparation). The contrast between our results and data from other
the branch point and 3plice site. Mutating the pyrimidine-rich organisms highlight the evolutionary diversity of mechanisms for
elements blocks the first transesterification reacti@rasophila ~ defining intron termini. In all likelihood, the functions of
further underscoring the parallels with fission yeast. 3' splicing signals are at least partially overlapping, with different
In worms, a highly conserved sequence (UUU) locatedlements playing prominent roles at distinct stages of the pathway
immediately upstream of thé 8plice site (CAG) is critical for in different organisms.
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polypyrimidine tract appears to function solely as a protein
binding site (reviewed inl). In mammals, this element is
recognized at a very early stage of the splicing pathway by the
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