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Mutational analysis of U1 function in
Schizosaccharomyces pombe: Pre-mRNAs
differ in the extent and nature of their
requirements for this snRNA in vivo
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Case Western Reserve University, School of Medicine, Department of Molecular Biology and Microbiology,
Cleveland, Ohio 44106-4960, USA

ABSTRACT

The U1 snRNP is known to play a critical role in spliceosome assembly, at least in part through base pairing
of its RNA moiety to the substrate, but many details remain to be elucidated. To further dissect U1 snRNA func-
tion, we have analyzed 14 single point mutations in the six nucleotides complementary to the 5’ splice site for
their effects on growth and splicing in the fission yeast Schizosaccharomyces pombe. Three of the four alleles
previously found to support growth of Saccharomyces cerevisiae are lethal in S. pombe, implying a more criti-
cal role for the 5’ end of U1 in fission yeast. Furthermore, a comparison of phenotypes for individual nucleo-
tide substitutions suggests that the two yeasts use different strategies to modulate the extent of pairing between
U1 and the 5’ splice site. The importance of U1 function in S. pombe is further underscored by the lethality
of several single point mutants not examined previously in S. cerevisiae. In total, only three alleles complement
the U1 gene disruption, and these strains are temperature-sensitive for growth. Each viable mutant was tested
for impaired splicing of three different S. pombe introns. Among these, only the second intron of the cdc2 gene
(cdc2-12) showed dramatic accumulation of linear precursor. Notably, cdc2-12 is spliced inefficiently even in
cells containing wild-type U1, at least in part due to the presence of a stable hairpin encompassing its 5’ splice
site. Although point mutations at the 5’ end of U1 have no discernible effect on splicing of pre-U6, significant
accumulation of unspliced RNA is observed in a metabolic depletion experiment. Taken together, these ob-
servations indicate that the repertoire of U1 activities is used to varying extents for splicing of different pre-
mRNAs in fission yeast.

Keywords: base pairing; secondary structure; splice site selection; U6 snRNA

INTRODUCTION breakthrough series of experiments conducted in Sac-
charomyces cerevisige in the late 1980s, which led to the
concept of “commitment” (Legrain et al., 1988; Ruby
& Abelson, 1988; Séraphin & Rosbash, 1989a). The idea
that binding of U1 represents a key regulatory step in
splicing rests principally on the observation that com-
plexes containing only this snRNFP and a small num-
- o : ber of proteins are stable to challenge by an excess of
Reprint requests to: Jo Ann Wise, Case Western Reserve Univer- competitor pre-mRNA, i.e., they are committed to the
sity,_School of Medicipe, Department of Molecu_lar Biology and Mi- Splicing pathway. Subsequent experiments revealed
crobiology, 10900 Euclid Avenue, Cleveland, Ohio 44106-4960, USA; ; ;i
e-mail: jaw17@po.cwru.edu. the presence of Ul in early pre-splicing complexes
! Present address: Department of Animal Sciences, University of formed in mammalian cell extracts (e.g., Barabinoetal.,

Illinois at Urbana-Champaign, Urbana, Illinois 61801, USA. 1990: Michaud & Reed 1991). Assembly of commit-
2 Present address: Department of Biochemistry and Biophysics, : i F :
University of North Carolina at Chapel Hill, Chapel Hill, North Car- ment complexes requires an intact branch pomt se-

olina 27599, USA. quence in S. cerevisiae (Ruby & Abelson, 1988; Séraphin
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In spite of its status as the first snRNP known to di-
rectly contact the splicing substrate, both historically
and kinetically (Mount et al., 1983; Black et al., 1985;
Bindereif & Green, 1986; Pikielny et al., 1986), the role
of Ul remains enigmatic. Qur current view dates to a




Fission yeast U1 function

& Rosbash, 1989a) and a strong polypyrimidine tract
in mammalian cell extracts (Champion-Arnaud et al.,
1995), suggesting that the 5" and 3" ends of the intron
may be juxtaposed even at this early stage. A plausi-
ble mechanism for how this might occur emerged from
recent studies of protein-protein interactions among
mammalian splicing factors, which suggest the exis-
tence of an intron-spanning bridge extending from the
70K protein of the U1 snRNP through one or more SR
proteins to the 35-kDa subunit of the U2AF hetero-
dimer (Wu & Maniatis, 1993; Kohtz et al., 1994; re-
viewed in Fu, 1995).

The role of U1-70K in promoting spliceosome assem-
bly has not yet been integrated with the more tradi-
tional role ascribed to the Ul snRNP, base pairing
between its RNA moiety and the pre-mRNA. The ab-
solute conservation of an 8-nt sequence near the 5’ end
of Ul in species ranging from fungi to plants to mam-
mals (reviewed by Guthrie & Patterson, 1988) suggested
early on that recognition of the 5 junction by this
snRNA is integral to the mechanism of splicing. Clearly,
pairing of U1 to the substrate can and does facilitate
splicing in vivo, because compensatory changes in the
snRNA ameliorate the splicing defects conferred by 5
splice site mutations in a broad spectrum of organisms,
in some cases reducing precursor accumulation to near
wild-type levels (Zhuang & Weiner, 1986; Zhuangetal.,
1987; Séraphin et al., 1988; Siliciano & Guthrie, 1988;
Cohen et al., 1993; Lo et al., 1994). Base pairing of U1
to the pre-mRNA could not be demonstrated in every
instance, however, presumably because these same
nucleotides are targeted by other spliceosomal compo-
nents. For example, splicing is minimally improved
upon restoration of pairing between Ul snRNA and
position +5 mutants, and this nucleotide is known to
pair subsequently with U6 snRNA (reviewed by Ma-
dhani & Guthrie, 1994).

The majority of the point mutations examined to
date in the 5’ splice site interaction region of budding
yeast U1 support growth at a reduced rate, although
a few lethal alleles have been identified (Séraphin et al.,
1988; Siliciano & Guthrie, 1988; Séraphin & Rosbash,
1989b). Early studies revealed that, surprisingly, pre-
cursors to several pre-mRNAs did not accumulate in
cells harboring mutant U1 genes as their sole source of
the snRNA (Séraphin et al., 1988; Siliciano & Guthrie,
1988; Séraphin & Rosbash, 1989b). The ensuing pro-
posal that the 5" end of Ul is conserved in S. cerevisiae
because it is important for splicing of some as yet un-
identified intron(s) (Siliciano et al., 1991) has now been
confirmed (Kao & Siliciano, 1996). In budding yeast,
even introns whose removal was unaffected by point
mutations at the 5" end of U1l may require other func-
tions of this snRNP, because large deletions in the
snRNA blocked their splicing at a step prior to the first
transesterification (Goguel et al., 1991; Siliciano et al.,
1991}, Possibly related to these in vivo observations is
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the demonstration that mammalian snRNPs in which
the 5 end of Ul RNA is blocked or cleaved to prevent
base pairing with the 5 splice site can still contribute
to splicing in vitro, as evidenced by stabilization of
complexes containing U2 snRNPs (Barabino et al.,
1990) and promotion of splicing in substrates contain-
ing spliced leader sequences in place of the normal 5’
junction (Seiwert & Steitz, 1993). At least one function
of Ul beyond base pairing to the 5" splice site requires
the structural integrity of stem I (Yuo & Weiner, 1989;
Seiwert & Steitz, 1993),

Once the U1 snRNP has located a potential exon/in-
tron boundary, presumably at least in part via base
pairing interactions, the remaining snRNPs and an ex-
tensive array of other factors bind in a defined se-
quence to give rise ultimately to a mature spliceosome.
Clearly, a key but as yet poorly understood transition
is the displacement of the U1-5’ splice site helix in fa-
vor of a pairing interaction with U6 snRNA, a likely
candidate to play an instructive role via base pairing
during the transesterification reactions (reviewed by
Wise, 1993; Nilsen, 1994; Ares & Weiser, 1995). Pair-
ing of the 5’ splice site to Ul and U6 involves common
nucleotides, and the exclusive nature of these inter-
actions is supported by recent experiments with a
model mammalian in vitro system, which demonstrate
that the presence of the UT snRNP at the 5" splice site
poses a barrier to binding of the U4/U6-U5 snRNP
(Konforti et al., 1993). Indeed, other recent data pro-
vide evidence that U1 might be entirely dispensable for
splicing, because high concentrations of SR proteins,
a family of factors that also bind to the substrate early
in spliceosome assembly and influence splice site se-
lection, can promote a complete reaction in the absence
of detectable levels of functional U1 snRNP (Crispino
et al., 1994; Tarn & Steitz, 1994). Nonetheless, it should
be emphasized that the fidelity of splicing is compro-
mised in reactions lacking U1 (Tarn & Steitz, 1994) and
the ability to undergo splicing in the absence of this
snRNP is substrate-specific (Crispino & Sharp, 1995).
These observations may help to explain why disrup-
tion of the Ul snRNA gene is lethal both in S. cerevi-
siae and Schizosaccharontyces pombe (Séraphin et al.,
1988; Siliciano & Guthrie, 1988; Porter et al., 1990).

To further delineate the role of U1 in premessenger
RNA splicing, we have conducted the most extensive
mutational analysis to date of the region complemen-
tary to the 5" splice site. A significantly higher fraction
of U1 point mutants are lethal in S. pombe than in S. ce-
revisiae, possibly reflecting differences between the two
yeasts in intron distribution and architecture. The iso-
lation of three viable, temperature-sensitive U1 alleles
provided an opportunity to examine the dependence
of different fission yeast precursors on the integrity of
the 5 end of the snRNA. Of three introns tested in
these strains, only one showed a dramatic splicing de-
fect. This pre-mRNA is spliced inefficiently even in
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wild-type cells, at least in part because its 5 junction
is sequestered within a stable hairpin. Notably, meta-
bolic depletion of U1 caused a significant reduction in
splicing of a precursor that was unaffected by single
base substitutions at the 5" end of the snRNA. Thus,
our data indicate that S. pombe introns differ in the ex-
tent and nature of their requirements for U1 snRNA in
vivo, as do vertebrate introns analyzed in vitro.

RESULTS

Most mutations at the 5’ end of S. pombe
U1 snRNA are lethal

To identify additional nucleotides at the 5’ end of U1l
that play critical roles in splicing, as well as to allow
comparisons between the effects of analogous muta-
tions in S. cerevisiae, we undertook a systematic muta-
tional analysis of nt 1-6 of the fission yeast snRNA.
Fourteen single point mutants (see Fig. 1) were con-
structed and tested for the ability to function as the sole
U1 gene using the experimental strategy described ear-
lier (Porter et al., 1990; Reich et al., 1992). The results
of complementation and growth analyses for these mu-
tants are presented in Table 1. Seven of the alleles that
we examined in S. pombe had been studied previously
in 5. cerevisiae, the only other organism in which a com-
parable approach is feasible; the phenotypes of these
are also shown in Table 1. Beginning from the 5" end,
we found that a C substitution at A1 supports growth
of fission yeast, similar to the phenotype of the analo-
gous substitution in budding yeast (Table 1, line 3). The
reduced growth rate of our Ul mutant may be attrib-
utable to a transcription defect (see below). On the
other hand, substitution of a U for the C at nt 2 of S.
pombe U1 is lethal, whereas the analogous mutation
supported growth of S. cerevisiae (Table 1, line 4).
Transversions at C2 are lethal in both yeasts (Table 1,
lines 5 and 6). Complementation data for purine sub-
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FIGURE 1. Mutations constructed at the 5" end of S. pombe U1 shown
in the context of pairing between the snRNA and the fission yeast
5" splice site consensus sequence. Top: Sequence of the conserved
hexanucleotide found at the 5 end of S. pombe introns, shown in in-

verted orientation; an arrow indicates the 5’ cleavage site. Bottom:

Sequence of the complementary region of S. pombe U1, with arrows
extending from each nucleotide to indicate the single point mutations
analyzed in the present study (14 total). In addition, we tested the
effect of adding two nucleotides to the 5 end of Ul (shown in
parentheses).
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stitutions at the third nucleotide of S. pombe U1 were
difficult to obtain, but our data are most consistent with
lethality (see below). In contrast, a Ul-U3A mutant
supported growth of S. cerevisiae (Table 1, line 8). At
position 6, which is a C in the wild-type RNA, a U but
not an A is tolerated in budding yeast, whereas neither
a transition nor a transversion can support growth of
fission yeast (Table 1, lines 14 and 15). In summary,
four of the seven mutations examined in both yeasts
were found to have similar phenotypes. Significantly,
in all cases where a difference was observed, the allele
in question supported growth of S. cerevisiae, but not
S. pombe.

We also analyzed the effects of seven single base
changes not examined previously in S. cerevisize. Again
proceeding from the 5" end of the RNA, we found that
an A to G substitution at the first nucleotide of S. pormbe
Ul is viable (Table 1, line 2). An allele in which U3 was
replaced with a C also complements the fission yeast
U1 gene disruption (Table 1, line 7), whereas a G sub-
stitution, like U3A, appears to be lethal (see below).
The U1-U4A mutant, as well as all three substitutions
at A5, are also inviable (Table 1, lines 10-13). In sum-
mary, five of the seven point mutants that had not
been examined previously in S. cerevisiae failed to sup-
port growth as the sole U1 gene in S. pombe. It is there-
fore not surprising that all four alleles containing
double point mutations are lethal (Table 1, lines 16-
19). Finally, because fission yeast U1 lacks two nucleo-
tides that precede the region complementary to the 5’
splice site in virtually every other homologue sequenced,
including examples from plants, fungi, and animals
(reviewed by Guthrie & Patterson, 1988), we tested
whether this truncation is important for optimal U1
function in S. pombe. An allele in which an AU dinu-
cleotide is inserted at the beginning of the coding se-
quence in a gene otherwise identical to wild-type has
no discernible impact on growth or viability (Table 1,
line 20), indicating that the absence of a 5’ extension in
fission yeast U1 (see Fig. 1) is unlikely to be significant.

To confirm that the alleles scored as viable truly are
able to support growth as the sole source of U1 in the
cell, we performed primer extension sequence analy-
ses with a Ul-specific primer on RNA from haploid
cells. Results for the three substitution mutants are
shown in Figure 2A. Interestingly, in the A1C mutant,
there is a band present in all four lanes of the sequenc-
ing gel at position 5, suggesting a secondary transcrip-
tion initiation site. Primer extension analysis in the
absence of dideoxynucleotides indicates that approxi-
mately 30% of the products migrate at this position
(data not shown), which corresponds to the first A
downstream from the normal initiating nucleotide. For
A1G, the sequence looks identical to that of the wild-
type RNA shown in the adjacent lanes, as expected,
because a substitution at the first nucleotide cannot be
detected by primer extension sequencing. Finally, this
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TABLE 1. Phenotypes conferred by mutations at positions 1-6 of Ul snRNA.

Ul snRNA

Phenotype of Phenotype of

Line # Allele 5 end sequence S. pombe mutant® S. cerevisiae mutant?
1 Wild-type ACUUAC
2 Al1G GCUUAC Slow (1.6x), TS ND
3 AlC CCUUAC Slow (1.2x), TS® Slow (1.8x4)f
4 c2u AUUUAC Lethal Slow (2x°; 1.6x8)f
5 26 AGUUAC Lethal Lethald-°
6 C2A AAUUAC Lethal Lethal®#
7 usc ACCUAC Slow (2.2x), TS* ND
3 U3A ACAUAC Lethal?h Slow (1.5x*8)f
9 U3G ACGUAC Lethal?" ND

10 U4A ACUAAC Lethal ND

11 A5G ACUUGC Lethal ND

12 A5U ACUUUC Lethal ND

13 ABC ACUUCC Lethal ND

14 CeU ACUUAU Lethal Slow (2.3x*)f

15 CoA ACUUAA Lethal Lethal®

16 u4G, el ACUGAU Lethal ND

17 ABC,C6G ACUUCG Lethal ND

18 U3C,CeA ACCUAA Lethal ND

19 U3G,CeG ACGUAG Lethal ND

20 5" extension AUACUUAC Wild-type NA

*The ability of Ul mutant alleles to support growth of S, pombe was assessed by genetic complementation
as described previously (Porter et al., 1990; Reich et al., 1992). Briefly, the diploid strain snui1Aura41, heterozy-
gous for Ul gene disruption, was transformed with a wild-type or mutant U1 plasmid and transformants se-
lected by their ability to grow on media lacking leucine. Following sporulation, ca. 100 haploids were tested for
leucine and/or uracil prototrophy. Strains harboring functional U1 alleles give rise to both Leu*Ura™ and
Leu'Ura  spores, whereas diploids transformed with lethal Ul snRNA mutants yield no Ura* haploids. ND,
not determined; NA, not applicable.

® For comparison, complementation and growth data, where available, are provided for corresponding S. ce-
revisiae mutants. Note that there is a discrepancy in numbering between fission and budding yeast U1 due to
truncation of the 5. pombe RNA noted in the text.

¢ TS, mutants are both heat- and cold-sensitive for growth. Growth rates of viable mutants relative to an iso-
genic wild-type strain were determined by monitoring optical density of cultures grown in minimal medium sup-
plemented with adenine at the indicated temperature.

4 Séraphin et al. (1988).
¢ Siliciano and Guthrie (1988).

"Viable S. cerevisize UL mutants are also temperature-sensitive (unpubl. data cited in Siliciano et al., 1991),

but growth rates have not been reported.
& Séraphin and Rosbash (1989b).

" We were unable to obtain unequivocal phenotypes for the U3A and U3G mutants after several attempts (see

text).
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FIGURE 2. Primer extension sequence analysis of U1 from hapleid
strains harboring viable mutants. Haploid cells carrying a disrupted
gene in the chromosome and a plasmid-borne copy of the indicated
allele as their sole copy of the Ul gene were propagated at the per-
missive temperature (30 °C). Total RNA was isolated from cells in
mid-log phase and subjected to primer extension sequence analysis
with a Ul-specific oligonucleotide. A: Alleles carrying nucleotide sub-
stitutions at or near the 5’ end of U1 snRNA, B: Comparison of wild-
type Ul and the AU extension mutant.

analysis indicates that the sole RNA sequence present
in the U3C mutant contains the change introduced.
The sequencing gel shown in Figure 2B demonstrates
that U1 RNA from the strain containing an AU inser-
tion at the beginning of the coding sequence is, indeed,
extended by two nucleotides.

We also attempted to determine growth rates for the
substitution mutants at both the permissive and restric-
tive temperature (30 and 37 °C, respectively). Even at
low temperature, reproducible generation times were
not obtained due to the phenotypic instability of these
strains; thus, the values given in parentheses in Table 1
represent minimum estimates of their growth defects.
The propensity of all three mutants to undergo genetic
change was apparent from the observation that they
were invariably heat-sensitive when tested immediately
after sporulation, but frequently acquired the ability to
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grow at 37 °C following propagation (see the Discus-
sion). On solid media, newly sporulated haploids har-
boring the A1G and A1C mutants formed very small
colonies at high temperature, whereas the U3C mutant
did not show visible growth, consistent with their rel-
ative growth defects under permissive conditions.

Lethal U1 mutants have deleterious effects even
in the presence of the wild-type snRNA

Similar studies in S. cerevisiae showed a lower propor-
tion of lethality among U1 alleles carrying mutations in
the region complementary to the 5’ splice site. One pos-
sible explanation for the inability of some mutant RNAs
to support growth of S. pombe is that they are unstable,
for example, due to defects in snRNP assembly. To as-
sess the level to which lethal Ul snRNAs accumulate
in the heterozygous state, we performed primer exten-
sion sequence analysis; results for six mutants are
shown in Figure 3. The data indicate that RNA insta-
bility is an unlikely explanation for the prevalence of
lethality among U1l mutants in fission yeast, because
in only one case did we find that the altered RNA is un-
derrepresented in the population. For the U3G, A5C,
and A5G alleles, the mutant RNA is present in several-
fold excess over the wild-type RNA, whereas for the
U4A, C2A, C2G, and C6hA alleles, the mutant and
wild-type nucleotides are approximately equally rep-
resented in the U1 population. An alternative explana-
tion for the reduced yield of mutant RNA observed
with the C6U mutant (Fig. 3) and, on several occasions,
with other U1 variants (not shown) is gene conversion
of the plasmid-borne allele by the wild-type chromo-
somal copy. Although instability of the transcript and
gene sequence are not mutually exclusive possibilities,
we believe that the latter is likely to be the major, if not
sole, factor leading to the decline in mutant RNA levels
for two reasons. First, in several experiments, sporu-
lation of a diploid heterozygous for the gene disruption
in the chromosome and carrying a mutant U1 allele on
a plasmid yielded anomalous results. Specifically, al-
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FIGURE 3. Primer extension sequence analysis of U1 from diploid
strains harboring lethal mutant alleles. RNA isolated from diploid cells
heterozygous for the gene disruption in the chromosome and car-
rying a plasmid-borne copy of the indicated allele was sequenced
with a Ul-specific primer as described in the legend to Figure 2.
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though the presence of the mutation in the diploid had
been confirmed by RNA sequencing (see Fig. 3), upon
analyzing U1 from haploid derivatives, we found ex-
clusively the wild-type RNA (data not shown). These
observations suggest that the mutant RNA is being
eliminated from the population prior to or during spor-
ulation, most likely via gene conversion. This sequence
of events was observed in all three analyses of the
U3A mutant and in two of the three experiments with
the U3G mutant, with the third yielding only a small
number of haploid spores. For all of the other alleles
reported in Table 1 to be lethal, evidence of gene con-
version was occasionally observed, but, in at least one
experiment, the 100 spores analyzed included no viable
haploids containing the chromosomal gene disruption.

Although this phenomenon has not been investi-
gated systematically, we note that reduced mutant
RNA levels are less prevalent in diploid RNA prepared
immediately after transformation (data not shown),
consistent with the requirement for a genetic change.
Also supporting the existence of selective pressure to
eliminate nonfunctional U1 RNAs from the population
is the observation that heterozygous diploids invariably
grow more slowly than an isogenic strain transformed
with a plasmid carrying the wild-type gene. This is in
keeping with the semi-dominant phenotypes of U1 5’
splice site interaction region mutants in S. pombe. To as-
sess the extent to which the mutant RNAs interfere
with wild-type U1 function, we attempted to deter-
mine growth rates for strains expressing wild-type U1
from the chromosome and a mutant version from a
plasmid-borne gene. Different results were obtained in
each of several attempts (data not shown), presumably
due to outgrowth of cells in which the mutant gene
was converted to wild-type.

Point mutations at the 5’ end of U1 have unequal
effects on splicing of different fission yeast introns

The identification of viable point mutations in the re-
gion of Ul complementary to the 5 splice site pre-
sented an opportunity to determine the requirements
for this sequence in splicing of different pre-mRNAs
in 5. pombe. We examined three different intron-
containing precursors in cells containing each of the
three conditionally lethal mutant alleles as their sole
source of the snRNA. First among these was a tran-
script encompassing intron 2 of the cdc2 gene (cdc2-12)
and surrounding exons. The gel in Figure 4 shows that
splicing of cdc2-12 is severely compromised in all three
viable U1 point mutants (lanes 3-5). No lariat inter-
mediate is detectable in these cells even upon pro-
longed exposure of the gel, indicating that the block is
imposed before step 1, as expected based on the wealth
of evidence that U1 promotes events that precede the
first catalytic step. However, we were somewhat sur-
prised by the magnitude of the splicing defects, be-
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FIGURE 4. Primer extension assay of cdc2 intron 2 splicing in viable
U1 mutant strains. Left: Primer extension splicing assays on RNA
prepared from cells transformed with pREPa-cdc2, which expresses
a transcript encompassing intron 2 of the cdc2 gene and surround-
ing exons from the nmt1 (no message on thiamine; Maundrell, 1990)
promoter. Lane 1, DS2, a haploid strain carrying wild-type Ul in the
chromosome; lanes 2-5, snulAura41 haploids carrying a disrupted
U1 gene in the chromosome and the indicated plasmid-borne allele
as their sole functional copy. The predicted sizes of the cDNA prod-
ucts derived from cdc2 RNA species are: precursor, 388 nt; mature,
317 nt; and lariat intermediate, 121 nt. Right: Quantitation of primer
extension data. Levels of precursor and mature message were deter-
mined by Phosphorlmager analysis and are displayed as a bar graph
in which the y axis shows the percentage of each species. For each
sample, pre-mRNA + mRNA = 100%.

cause the assays were performed on RNA extracted
from cells propagated at a temperature (30 °C) where
the mutants can grow, albeit more slowly than cells
harboring a wild-type U1 plasmid (see Table 1). Care-
ful examination of the data revealed that the increase
in linear cdc2-12 precursor had two underlying causes.
First, the efficiency with which this intron is spliced ap-
pears to depend on the level of U1 in the cell. In RNA
from a haploid strain in which U1 is transcribed from
a single chromosomal copy of the gene, mature mRNA
represents 70% of the total primer extension products
(lane 1), whereas in a strain containing the disrupted
allele in the chromosome and a multicopy plasmid ex-
pressing wild-type U1, the splicing efficiency is only
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50% (lane 2). The concentration of the snRNA is ap-
proximately twofold elevated in the plasmid-bearing
strain as judged by the relative primer extension sig-
nals from U1 and U2 snRNAs (data not shown). Al-
though the reduction in cdc2-12 splicing efficiency is
highly reproducible, sensitivity to the concentration of
U1 in the cell is not observed for another pre-mRNA
(see below), and the growth rate of the overexpressing
strain is not dramatically reduced (data not shown);
these observations suggest that cdc2-12 is unusual
among S. pombe pre-mRNAs in its response to elevated
U1 levels. More importantly, perturbation of the
amount of Ul can account for only a fraction of the
cdc2-12 splicing defects in cells harboring mutant U1 al-
leles. For strains that are isogenic except that they carry
either the A1G, A1C, or U3C mutant allele rather than
wild-type U1 on the extrachromosomal plasmid, ma-
ture mRNA represents only 10-17% of the total primer
extension products. We attribute the additional ca. 40%
reduction in mRNA accumulation to the fact that cdc2-12
splicing is highly dependent on the integrity of the 5’
end of U1 snRNA. The basis for this requirement is ad-
dressed by experiments presented below.

To determine the effect of mutating the 5’ end of U1
snRNA on splicing of an endogenous precursor, we
analyzed the transcript of the intron-containing U6
snRNA gene (Tani & Ohshima, 1989), which is pro-
cessed by the pre-mRNA splicing apparatus (Potash-
kin & Frendewey, 1989). U6 splicing assays performed
on the same samples shown in Figure 4 revealed no ac-
cumulation of precursor (data not shown), in contrast
to the situation with cdc2-12. We therefore proceeded
to the experiment shown in Figure 5, in which primer
extension analysis was performed on RNA samples
prepared from the most severe of our viable mutants,
U3C, after growth under standard conditions or at var-
ious times after a shift to the nonpermissive tempera-
ture; an isogenic wild-type strain was analyzed in
parallel as a control. Despite the severe growth defect
of the mutant at the restrictive temperature, we ob-
served little, if any, accumulation of unspliced U6 in
these cells. Similar experiments with the less deleteri-
ous A1C and A1G mutants gave comparable results
(data not shown). The lack of an effect is not likely to
be due to suppressor outgrowth, because the experi-
ments employed newly sporulated haploids, and op-
tical density measurements indicated that the cells
were not actively doubling at 37 °C. However, we did
note an intriguing effect of prolonged incubation of the
U1-U3C mutant at the nonpermissive temperature:
pre-U6 RNA becomes undetectable, whereas the sig-
nal from mature U6 (which is presumably quite stable
in S. pombe as in other organisms) is relatively undimin-
ished (Fig. 5, lane 21; see below).

One possible explanation for the discrepancy in the
effect of point mutations at the 5" end of U1 snRNA is
that cdc2-12 is a premessenger RNA and Ué is a splice-
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FIGURE 5. Primer extension assay of pre-Ua snRNA splicing in a vi-
able U1 mutant, Top: RNA was prepared from a haploid strain har-
boring the plasmid-borne U3C allele as the sole functional copy of
the gene, either after growth under standard conditions (30 °C) or
at various times after a shift to the nonpermissive temperature
(37 °C). Primer extension reactions were conducted on total RNA as
described earlier {Reich et al., 1992). The predicted sizes of the Ué-
specific products are: precursor, 149 nt; mature, 99 nt; and lariat in-
termediate, 66 nt. Bottom: Quantitation of primer extension data.
Because U6 is a stable RNA, the amount of precursor is extremely
low relative to mature; thus, the middle sections (10-90%) of the bars
corresponding to spliced U6 are replaced with a double slash.

osomal snRNA. In S. pombe, as in other organisms, the
U6 gene is likely to be transcribed by RNA polymerase
Il (Frendewey et al., 1990; M. Kaiser & D. Brow, pers.
comm.), whereas mRINA precursors are synthesized by
RNA polymerase II. To determine whether the nature
of the transcript accounts for the differential effect of
U1 mutations on pre-U6 and cdc2-12 splicing, we ana-
lyzed the response of a second pre-mRNA. As illus-
trated by the data shown in Figure 6, splicing of the
third intron from the nda3 (3 tubulin) gene (nda3-13) is
not significantly impaired in the A1C and U3C strains,
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FIGURE 6. Left: Primer extension assay of 8-tubulin intron 3 splic-
ing in viable U1 mutants. The experimental procedure was as de-
scribed in the legend to Figure 4 except that the Ul mutant strains
were transformed with pREPa-tub3, which expresses a transcript in-
cluding intron 3 and surrounding exons of the nda3 gene (Hiraoka
et al., 1984) from the nmt1 promoter. In addition to the control strain
harboring a plasmid-borne wild-type U1 gene, we assayed RNA pre-
pared from the untransformed DS2 ( parental) strain carrying neither
the tub3 nor the U1 plasmid. Predicted sizes of the cDNA products
derived from nda3 RNA species are: precursor, 261 nt; mature,
220 nt; and lariat intermediate, 116 nt. Right: Quantitation of primer
extension data.

in contrast to cdc2-12. We attribute the small amount of
precursor visible in each lane to background, because
its level does not differ dramatically between mutants
and, in fact, the highest ratio of precursor:mature
mRNA is observed in cells harboring a wild-type Ul
plasmid. Importantly, nda3-13 is excised much more ef-
ficiently than cde2-12 and its splicing is insensitive to Ul
levels in the cell. Because both intron-containing pre-
cursors are transcribed from the same promoter on a
plasmid with the same replication origin (see the Ma-
terials and methods), these observations argue that the
relatively poor splicing of ¢dc2-12 and its unexpected re-
sponse to elevated U1 levels are due to properties of
the intron itself rather than its mode of expression.

The 5' splice site of cdc2-12 is sequestered
within a stable hairpin

In our initial attempt to discern features that distin-
guish the 5. pombe intron that shows a dramatic re-
sponse to Ul point mutants from the two that do not,
we first noted that S. pombe introns are in general small
(Zhang & Marr, 1994), and cdc2-12 is somewhat larger
than the other two intervening sequences (Fig. 7A).
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FIGURE 7. A: Schematic representations of the three introns used
in splicing assays. Splice junctions are marked by arrows and the
site of lariat formation with an asterisk. A dash in the nda3-13 se-
quence indicates a gap in the alignment, because its branch site-3'
junction distance is one nucleotide shorter than the corresponding
regions of ¢dc2-12 and pre-Ub. B: Predicted hairpins encompassing
the 5’ splice sites of wild-type or mutant cdc2-12. Secondary structure
predictions for cde2-12 transcripts were generated using the MulFold
computer program (Jaeger et al., 1989). Diagrammed at the left is the
region surrounding the 5’ splice site (underlined) of wild-type cdc2-12.
Indicated below the secondary structure is a series of mutations de-
signed to disrupt the intramolecular helix. When this multiple point
mutant (MUT) was analyzed using the MulFold program, the 5’ splice
site was predicted to reside on the 3 side of a weak stem rather than
the 5’ side of a strong stem (right). Because the predicted secondary
structure is different, the nucleotides altered in this mutant do not
appear. C: Primer extension assays of splicing for wild-type cdc2-12
and the mutant allele containing the sequence changes indicated in
B. Left: Autoradiogram of cDNA species. The experimental design
was as described in Figure 4. The asterisk indicates a band that arises
through use of a cryptic 5’ splice site (see text). Right: Quantitation
of data by Phosphorlmager analysis.

However, expanding nda3-13 to the size of cdc2-12 had
little or no discernible effect on splicing efficiency (C.J.
Alvarez & J.A. Wise, unpubl. data). Thus, size per se
does not appear to be a critical factor in the differen-
tial response of these introns to U1 point mutations.
Second, we compared the sequences surrounding the
cleavage sites as well as the branch point in cdc2-12,
pre-U6, and nda3-13. This was, again, in and of itself
uninformative because, as illustrated in Figure 7A, the
three introns examined in this study do not differ dra-
matically in the strength of their splicing signals; in
fact, cdc2-12 contains not only a nearly perfect 5. pombe
consensus 5’ splice site, but also the most extensive
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polypyrimidine tract yet documented in this organism
(Hindley & Phear, 1984). A key clue to the underlying
cause of the differences is that cdc2-12 is spliced ineffi-
ciently even in cells carrying wild-type U1 (Fig. 4). A
plausible hypothesis to account for this observation
emerged from computer-assisted secondary structure
analysis (Jaeger et al., 1989), which revealed the pres-
ence of a stable hairpin encompassing the 5" splice site
of cdc2-12 (Fig. 7B, left). Similar analyses of pre-U6 and
nda3-13 indicate that their 5’ splice sites are not likely
to be involved in stable secondary structures.

To test whether the predicted hairpin contributes to
the inefficient splicing of cdc2-12, we incorporated a se-
ries of mutations designed to disrupt the stem into an
otherwise wild-type allele (Fig. 7B, left). Computer-
assisted secondary structure analysis indicates that a
different, far less stable helix encompassing the 5" splice
site is likely to be present in the resulting mutant RNA.
Most importantly, the 5 hexanucleotide itself is pre-
dicted to adopt a largely single-stranded conformation
(Fig. 7B, right). Splicing assays on the mutant allele
(Fig. 7C) demonstrate that disrupting the hairpin en-
compassing the 5’ splice site in cdc2-12 dramatically de-
creases the precursor:mRNA ratio (cf. lanes 2 and 3).
This result strongly implies that the presence of a sta-
ble stem that includes the 5 junction has a major im-
pact on the efficiency of cdc2-12 splicing. Intriguingly,
disruption of the stem that encompasses the 5 splice
site in wild-type cdc2-12 has a second effect: activation
of a cryptic 5 junction. This cryptic site is also activated
by certain mutations at the cdc2-12 5 junction, as de-
scribed in detail elsewhere (C.]. Alvarez & J.A. Wise,

in prep.).

Metabolic depletion of U1 snRNA inhibits
splicing of pre-U6 snRNA

Given that the role of the Ul snRNP in splicing is not
limited to base pairing between its RNA moiety and the
substrate (see the Introduction), we wanted to deter-
mine whether the complete absence of the snRNA
would decrease splicing of an S. pombe precursor that
is not detectably affected by point mutations. For these
experiments, the U1 coding sequence was placed un-
der control of the nmt1 promoter, which is regulated
by thiamine (see the Materials and methods for details).
To examine U1 expression in this strain, we performed
primer extension assays using the same Ul-specific oli-
gonucleotide employed for sequencing (Figs. 2, 3); the
results are shown in Figure 8B. The primer extension
analysis demonstrates that the nm#1 transcription sig-
nals direct accurate initiation, because the 5" end of Ul
snRNA is identical between the strain harboring the re-
pressible allele and the wild-type control (cf. Fig. 8B,
lanes 1 and 3). The 3’ end of Ul is likely to be properly
formed as well, because the downstream DNA in this
construct is derived from the S. pombe Ul locus. Most
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FIGURE 8. Effects of metabolic depletion of U1 snRNA on splicing
in fission yeast. The U1 coding sequence, cloned behind the nmil
promoter (see the Materials and methods for a detailed description
of the construction of pREP1-U1), was introduced into the snuTAuradl
diploid (Porter et al., 1990) and a haploid carrying this allele as its
sole functional copy isolated by sporulation. A: Time course of pre-
U6 snRNA splicing in a strain carrying the U1 gene expressed from
a regulated promoter. Top: Total RNA was prepared and assayed by
primer extension with a Ué-specific oligonucleotide as described in
the legend to Figure 5. Lane 1, DS2, a control haploid carrying only
the chromosomal copy of U1; lane 2, pCLE3, an sniilAurad1 deriva-
tive containing U1 under its own promoter on a high-copy plasmid;
lanes 3-6, time course of U6 splicing after transfer of the pREP1-U1
strain to medium containing thiamine, which represses transcription
from the nmt1 promoter (Maundrell, 1990), The upper 25% of the fig-
ure shows a 1-h exposure of the gel, whereas the bottom portion
shows a 3-min exposure. Bottom: Quantitation of primer extension
data. As in Figure 5, the middle sections (25-70%) of the bars corre-
sponding to mature U6 are replaced with a double slash. B: Time
course of Ul depletion. Primer extension analysis was performed
using 55, U1, and U2-specific primers on the same RNA samples
shown in the corresponding lanes of A, The 5S-specific product is
a doublet. Bottom right: Quantitation of primer extension data. The
sum of the 55, U2, and U1 bands = 100%.

importantly, Ul RNA expressed from an mRNA pro-
moter is functional, because the regulated allele com-
plements the gene disruption under derepressing
conditions (data not shown). As a loading control, we
used an oligonucleotide directed against fission yeast
55 ribosomal RNA. Ul levels in a strain transformed
with the plasmid-borne allele under nmt1 control are
comparable to those in a strain lacking extrachromo-
somal copies of the gene, as judged by the ratio of the
U1:5S signals (cf. Fig. 8B, lanes 1 and 3); in contrast,
a strain containing both chromosomal and plasmid-
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borne Ul genes with the natural promoter has approx-
imately threefold elevated levels of U1 (Fig. 8B, lane 2).

Cells harboring the regulated U1 gene were trans-
ferred to medium containing thiamine and the effi-
ciency of U6 splicing, as well the level of residual U1,
was analyzed by primer extension at various times af-
ter the shut-off of transcription. The results of these as-
says are shown in Figure 8A and B, lanes 3-6. First and
most importantly, the data demonstrate that metabolic
depletion of Ul snRNA has a significant impact on
splicing of the U6 precursor, in contrast to the un-
detectable consequences of point mutations at the 5’
end. RNA extracted from cells maintained under re-
pressing conditions displays a significant elevation in
the ratio of pre-U6:mature U6, whereas the levels of
lariat intermediate remain relatively constant (Fig. 8A,
lanes 4-6). Thus, the absence of U1 snRNA imposes a
block prior to the first step of U6 splicing, as expected.
The accumulation of pre-Ué closely parallels the loss of
the U1 signal (Fig. 8B, lanes 4-6), which becomes vir-
tually undetectable after 8 h on repressing medium.
These results are consistent with a direct cause and ef-
fect relationship between the absence of Ul snRNA
and diminished splicing of pre-U6 snRNA. Growth
data reveal a lag between manifestation of the splicing
defect and an increase in the doubling time of the cells
(data not shown), as was observed previously upon
metabolic depletion of S. cerevisiae U5 snRNA (Patter-
son & Guthrie, 1987).

Intriguingly, after an extended period under repress-
ing conditions (24 h; Fig. 8, lane 6), the accumulation
of pre-U6 relative to mature U6 declines. This observa-
tion is reminiscent of the undetectable level of this pre-
cursor after prolonged incubation of the U1-U3C point
mutant at the nonpermissive temperature. In the
temperature-shift experiment with the U3C strain, how-
ever, there was no discernible decrease in the level of
mature U6 snRNA, whereas in the Ul metabolic deple-
tion experiment, a decline in the corresponding primer
extension signal is readily apparent (Fig. 8, lane 6). The
diminution of mature U6 levels is not likely to reflect
loading differences, because the 55 signal remains con-
stant in each of the RNA samples analyzed (Fig. 8B).
Moreover, depletion of Ul snRNA results in decreased
accumulation of another spliceosomal snRNA, U2, which
was analyzed in parallel with 55 and U1 (Fig. 8B, lanes
4-6). Taken together, these observations suggest the
existence of a mechanism for co-regulating the levels
of spliceosomal snRNAs in fission yeast.

DISCUSSION
Molecular basis of the differential effects of U1
mutations in S. cerevisiae and S. pombe

The systematic mutational analysis of the first six
nucleotides of Ul reported here indicates that the in-
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tegrity of this sequence is extremely critical for the func-
tion of the snRNA in S. pombe. First, haploid strains
carrying viable alleles as their sole source of U1 are un-
healthy even at the permissive temperature, and fre-
quently acquire the ability to grow at a temperature
that was initially restrictive. We are currently investi-
gating whether this is due to the occurrence of spon-
taneous extragenic suppressor mutations. Second, in
diploid strains also carrying a wild-type U1 gene, there
appears to be selective pressure to eliminate 5’ end mu-
tants from the RNA population, and these U1 alleles
display partial dominance over the wild-type snRNA.,
Presumably, interference with wild-type U1 function
reflects the ability of altered snRNAs to enter pre-
splicing complexes and render them less than fully
functional; for example, snRNPs containing the mutant
UT’s may interact with factors bound at the 3’ end of
the intron, but be unable to bind productively at the 5’
splice site. It has been reported previously that certain
human U1 variants could not be stably propagated in
293 cells, suggesting that aberrant forms of the snRNA
may have dominant negative effects in vertebrates as
well (Cohen et al., 1993). Interference with wild-type
snRNA function and genetic instability have been re-
ported in budding yeast for mutations in the branch
site recognition region of U2 (Parker et al., 1987), but
not for mutations at the 5" end of U1 (Séraphin et al.,
1988; Siliciano & Guthrie, 1988). A more critical role for
Ulin S. pombe versus S. cerevisiae is consistent with the
higher frequency of intron-containing genes in fission
yeast, and may also be due in part to the presence of
transcripts containing multiple introns (see below).
In addition to global differences, the analyses de-
scribed here and in our earlier work (Reich et al., 1992)
reveal a surprising number of individual mutations at
the 5" end of U1 that are compatible with growth of S.
cerevisiae, but not of S. pombe (Fig. 9). A likely explana-
tion for discrepancies in the phenotypes of particular
U1 mutants between S. cerevisiae and S. pombe is that
the two yeasts have adopted different strategies to fine-
tune the strength of pairing between the snRNA and
the 5" exon/intron boundary. Particularly illuminating
is the effect of changing the third nucleotide of the
snRNA, which sits across from intron position +4 in the
standard alignment with the 5 junction (see Fig. 7A).
In S. cerevisiae, the consensus nucleotide at the fourth
position of the intron is a U, and mutating U1 to allow
pairing to the vast majority of 5 splice sites produces
a mild growth defect (Siliciano & Guthrie, 1988; Séra-
phin & Rosbash, 1989b); this implies that perfect com-
plementarity is detrimental to splicing and, in fact,
hyperstabilization of the U1-5’ splice site helix through
other manipulations is deleterious to growth (J. Staley
& C. Guthrie, pers. comm.). In S. pombe and mammals,
intron position +4 is most commonly an A, which is
complementary to U1, and purine substitutions at the
relevant nucleotide in the fission yeast snRNA are le-
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FIGURE 9. Comparison of phenotypes conferred by mutations at the
5"end of Ul snRNA in budding yeast and fission yeast, shown in
the context of potential pairing with the 5" exon/intron boundary.
Substitutions that are viable in both S. pombe and S. cerevisiae are sur-
rounded by a circle; mutations that are unable to support growth of
S. pombe are surrounded by a box, with those that are viable in S. ce-
revisiae indicated by shading. See the legend to Table 1 for references
to the effects of mutating budding yeast U1 at nt 3-8 (equivalent to
nt 1-6 of fission yeast Ul); phenotypes for positions 9 and 10 are
taken from Séraphin and Kandels-Lewis (1993). The data for fission
yeast Ul mutants are taken from the present work for nt 1-6 and from
Reich et al. (1992) for nt 7 and 8.

thal. This seeming paradox can be resolved by a model
in which splicing in all species is facilitated by base
pairing to U1, so long as the complementary regions
do not form too strong a helix. Presumably, stable pair-
ing slows down or prevents displacement of Ul
snRNA, which is necessary to make way for the entry
of U6 (Konforti et al., 1993). In S. cerevisine, destabiliza-
tion of the helix appears to be accomplished in the same
way for virtually all introns, i.e., by a programmed mis-
match at position +4, whereas in other organisms, in-
cluding fission yeast, the position(s) of mispairing is
(are) more variable. Consistent with this notion, only
25 ot 186 S. pombe introns surveyed can form seven or
more contiguous base pairs with U1 snRNA (J.A. Wise
& C.M. Romfo, unpubl. obs.).

A second difference between the two yeasts is the ef-
fect of a C to U change at the second nucleotide of U1,
which is complementary to intron position +5; this
mutation creates a G-U base pair that is tolerated in
budding yeast (Siliciano & Guthrie, 1988; Séraphin &
Rosbash, 1989b) but not in fission yeast (Table 1). The
discrepancy here may be due to essentially the con-
verse of the situation at position +4. In S. cerevisiae, the
sequence of the 5’ splice site is nearly invariant (Ry-
mond & Rosbash, 1992), whereas in S. pombe, it is quite
degenerate (Zhang & Marr, 1994). Moreover, a signif-
icantly higher fraction of transcripts contain introns in
fission yeast than in budding yeast (Rymond & Ros-
bash, 1992; Zhang & Marr, 1994). Thus, on a simple
statistical basis, disruption of Watson-Crick pairing be-
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tween nt 2 of UT and position +5 of the 5 splice site
is more likely to reduce the strength of the pairing in-
teraction below a critical threshold required for com-
mitment of at least one intron in a pre-mRNA encoding
an essential product in S. pombe. The need for an un-
interrupted region of Watson-Crick pairing between
U1 and the 5 exon/intron boundary may also account
for the lethality in S. pombe of C to U substitutions at
nt 6 and 7, which produce noncanonical G-U pairs,
versus their viability in S. cerevisiae (Table 1). A C7G
mutations is likewise lethal in fission yeast, but not in
budding yeast, in keeping with the relative conserva-
tion of the terminal exon nucleotide (Fig. 9; Rymond
& Rosbash, 1992; Zhang & Marr, 1994). Notably, the
three U1 nucleotides at which viable alleles were recov-
ered in both S. cerevisiae and S. pombe are complemen-
tary to poorly conserved nucleotides (-2, +4, and +6)
of the consensus 5’ splice site.

In addition to the four U1 nucleotides examined in
budding yeast, we determined the phenotypes of mu-
tations at U4 and A5 within the 5’ splice site interaction
region of the snRNA. Our observation that any base
change at either of these nucleotides is lethal in 5.
pombe provides the first evidence that they are critical
for splicing in vivo. A5 of U1 is juxtaposed with the in-
variant U at the second position of the intron in the
standard alignment of the snRNA with the 5 splice
site, whereas U4 sits across from the more variable
third intron nucleotide (Fig. 1). In light of the hypoth-
esis advanced above, it will be interesting to learn the
effect of mutating the equivalent nucleotides in S. ce-
revisiae. If the budding yeast splicing machinery has in-
deed evolved toward a stereotypic Ul pairing strategy,
mispairing at intron position +3 may be lethal. Nota-
bly, the 5 splice site of the budding yeast MER?2 tran-
script, whose splicing is regulated by the product of the
MER1 gene, contains a nonconsensus C at this posi-
tion, and the need for Merlp can be relieved by Ul mu-
tations that extend its complementarity to the intron
beyond the usual pairing region (Nandabalan et al.,
1993).

Any discussion of the contribution of U1 base pair-
ing to 5’ splice site selection must take into account the
fact that this snRNA is only one of several components
that interact with the exon/intron boundary in a
sequence-specific manner. Both crosslinking experi-
ments and compensatory base analysis in S. cerevisiae
demonstrate that nt +4 to +6 of the 5" splice site pair
with an invariant ACA sequence in U6 snRNA (Sawa &
Abelson, 1992; Kandels-Lewis & Séraphin, 1993;
Lesser & Guthrie, 1993). Thus, the mismatch with U1
at position +4 serves a second purpose in this organ-
ism by providing for a stronger interaction with Ué.
Despite the common occurrence of mismatches between
U6 snRNA and nt +4 to +6 of mammalian introns,
both crosslinking experiments (Sawa & Shimura, 1992;
Sontheimer & Steitz, 1993; Konforti & Konarska, 1994)
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and compensatory base analysis (Sun & Manley, 1995)
demonstrate that they interact. Other recent evidence
indicates that nt —2 to +4 of the 5’ splice site are rec-
ognized in a base-specific fashion by an as yet uniden-
tified component that is neither U1 nor U6 snRNA
(Konforti & Konarska, 1994; Crispino & Sharp, 1995).
Finally, the terminal region of the exon interacts with
U5 snRNA (Newman & Norman, 1991, 1992; Wyatt
et al., 1992; Cortes et al., 1993), presumably subsequent
to contacting UTl.

Ui-dependence of S. pombe introns correlates
with intrinsic splicing efficiency

Our analysis of splicing for three precursors in S. pombe
revealed that the second intron of the cdc2 gene is
highly dependent on the integrity of the 5" end of U1,
whereas pre-U6 and the third intron of the nda3 gene
are not. What features distinguish the S. pombe intron
that shows a dramatic response to Ul point mutants
from the two that do not? As noted in the Results, the
inefficient splicing of ¢cdc2-12 is not due to weak splic-
ing signals, but rather to suboptimal use of its 5’ splice
site due to the presence of a stable hairpin. Several nat-
urally occurring RNA secondary structures that mod-
ulate splicing efficiency have been documented (e.g.,
Eng & Warner, 1991), and the product of the cdc2 gene,
p34°92, functions as a kinase to regulate cell division.
An earlier study found no evidence for regulation in 5.
pombe cells of either cdc2 transcription or splicing of the
fourth intron (Durkacz et al., 1986). Does the precursor
accumulation we observe consistently for the cdc2-12
transcript reflect a subpopulation of cells in which splic-
ing is completely blocked, or is the effect of the second-
ary structure on splicing efficiency nonspecific? The
magnitude of the defect correlates quite well with the
effects on splicing in S. cerevisiae of artificial hairpins re-
sembling the natural cdc2-12 structure, in that the 5’
junction is situated on the 5’ side of a stem capped by
a four-base loop (Goguel et al., 1993). However, this
congruence does not rule out the existence of a specific
regulatory mechanism. We attempted to determine
whether the structure surrounding the 5 splice site in
cdc2-12 is conserved through evolution, an approach
that provided strong evidence for the biological rele-
vance of an imperfect hairpin implicated in regulated
splicing of the budding yeast RPL32 transcript (Eng &
Warner, 1991). Unfortunately, the CDC28 gene of S. ce-
revisine, which is clearly equivalent to S. pombe cdc2,
does not contain introns (Lorincz & Reed, 1984), and
the proliferation of cyclin-dependent kinases in meta-
zoa makes assigning homology difficult (reviewed by
Norbury & Nurse, 1992); only a few genomic sequences
have been determined, and none of these resembles
cde2 in exon-intron organization. Thus, resolution of
the role of the cdc2-12 hairpin in regulating splicing
must await further developments.
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Although the issue of whether cdc2-12 splicing is reg-
ulated remains open, our data suggest that a more
complex mechanism of 5 splice site recruitment may
pertain for this intron than for the other two fission
yeast precursors examined. In particular, its more dra-
matic response to 5’ end mutations in Ul snRNA may
reflect the participation of trans-acting factors not re-
quired for splicing of nda3-13 and pre-Us6, which in turn
could help explain the puzzling inhibition of cdc2-12
splicing when U1 levels are moderately elevated. For
example, the excess snRNA might sequester a factor
that promotes or disrupts pairing with the 5’ splice site
such as an annealing protein or helicase, and/or a pro-
tein that cooperates with the snRNP to promote juxta-
position of the 5’ and 3’ splice sites (see below). It may
also be relevant that, in its natural context, this intron
is the second of four in the S. pombe cdc2 transcript
(Hindley & Phear, 1984). Because pre-mRNAs containing
multiple introns are commonplace in S. pombe (Zhang
& Marr, 1994), it is tempting to speculate that the ap-
parently greater reliance of fission yeast splicing on an
invariant sequence at the 5 end of U1 might be related
to the need to match appropriate 5" and 3’ splice sites
in precursors containing many possible combinations,

The role of U1 snRNA in vivo extends
beyond base pairing

As noted in the Introduction, U1l snRNP-independent
splicing has been documented in vitro for a subset of
the pre-mRNAs tested (Crispino & Sharp, 1995). In
principle, the efficient splicing of some precursors in
S. pombe cells carrying point mutations in their sole
copy of the U1 gene could reflect a similar situation in
vivo. Counter to this possibility, the ratio of precur-
sor:mature U6 increased dramatically over the time
course of our metabolic depletion experiment (Fig. 8),
indicating that Ul snRNA does, in fact, contribute to
splicing of pre-U6 despite its apparent indifference to
single base substitutions. Similar to our results for U1,
metabolic depletion of U5 snRNA in S. cerevisiae signif-
icantly reduced the efficiency of premessenger RNA
splicing (Patterson & Guthrie, 1987). The effects of de-
creasing the amount of budding yeast U1 on splicing
through regulated expression in vivo have not been re-
ported. However, deleting large portions of this RNA
did result in diminished splicing of precursors that
were unaffected by point mutations in the snRNA
(Goguel et al., 1991; Siliciano et al., 1991). Taken to-
gether, these data imply that U1 as a whole, presum-
ably in conjunction with its associated proteins, is likely
to be important for splicing of all precursors in both
yeasts. A likely possibility is that an intact U1 snRNP
is required for splicing in S. pombe as a component of
an intron-bridging complex such as those proposed re-
cently in extracts from mammalian cells (Wu & Mani-
atis, 1993; Kohtz et al., 1994; reviewed in Fu, 1995) and
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5. cerevisine (Abovich et al., 1994). Although there is,
as yet, no direct evidence that a similar mechanism is
used to juxtapose intron termini in fission yeast, our
recent data hint that this may be the case. In particular,
we find that the efficiency of cdc2-12 splicing is in-
creased dramatically upon expanding its polypyrimi-
dine tract (C.M. Romfo & ].A. Wise, in prep.), a feature
that in mammalian introns anchors the bridging com-
plex to the 3’ end of the intron (Fu, 1995). The dramatic
reduction in cde2-12 splicing efficiency in response to
Ul point mutations may also reflect decreased forma-
tion of such complexes, because pairing between the
substrate and the snRNA is presumably required to
stabilize snRNP binding to the 5’ end of the intron. It
is quite likely that the stable secondary structure en-
compassing the cdc2-12 5 splice site inhibits splicing by
decreasing the accessibility of this sequence to trans-
acting factors including Ul snRNA.

In summary, we have taken advantage of the ame-
nability of fission yeast to genetic manipulation to fur-
ther dissect the role of Ul snRNA in premessenger
RNA splicing. Two major conclusions emerge. First,
the markedly different effects of mutating the 5’ end of
Ul snRNA in S. pombe and S. cerevisiae provide addi-
tional evidence that the basic mechanism of splicing
can become specialized to the needs of a particular or-
ganism during the course of evolution. Second, the un-
equal contribution of fission yeast U1 to splicing of
different pre-mRNAs hints that the complex array of
U1 functions elucidated in mammalian cells and ex-
tracts is relevant to the role of this snRNA even in a
simple eukaryote. Thus, our data both extend and shed
new light on the results of earlier studies in organisms
studied more commonly.

MATERIALS AND METHODS

Plasmid construction and mutagenesis

Construction of the pCLF3 plasmid, which contains the S.
pombe Ul gene on a 1.8-kb EcoR I-Hind III fragment, was de-
scribed previously (Reich et al., 1992). The following oligo-
nucleotides were used to mutagenize the 5’ splice site
interaction region of the snRNA:

Ul-ext: YCCAGGTAAGTATAAAGAACCGTAAY;
U1l-HB: FCTCATGCCAN,N;N, NiN.N,N,AAAGAACCG
TA¥ (N; =85% G, 5% each C, A, and T; N, =85% T, 5%
each A, G, and C; N, =85% A, 5% each T, G, and C);
U1-N2: YCCAGGTAAHTAAAGAACCY (H = equal
amounts of A, C, and T);
U1-N3: YCATGCCAGGTAYGTAAAGAACCGTAY
(Y =50% each T and C);
U1-N5: YATGCCAGGVAAGTAAAGAACY
(V = equal amounts of G, A, and C);

U1-N6: SCATGCCAGHTAAGTAAAGY
(H = equal amounts of A, C, and T).
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Mutations were confirmed by sequencing with the primer
U1-R2: ¥ GGGCTCAGTN,;N,AATGCCAAG? (N, =50% G,
16.7% each A, T, and C; N, =50% C, 16.7% each G, A, and T).

To express Ul under control of the regulated nmt1 pro-
moter, we first modified the pREP1 vector (Maundrell, 1990)
by site-directed mutagenesis with the oligonucleotides LEU2-
RV (*TTGGTGACATCATCTCC?), which eliminates the
EcoR V site in the LEU2 gene, and nmt1+RV (*CTTATTC
GATATCTGATATGCCAG?), which introduces an EcoR V
site at the predicted start site of transcription. The U1 cod-
ing sequence, along with ca. 900 nt of 3’ flanking DNA, was
then amplified by PCR from a pTZ19 subclone with the oli-
gonucleotides UTF (* TTACGGTTCAGTACTTACXYGGCAT
G3 X =40% C, 20% each of G, T, and A; Y =40% T, 20%
each of G, C, and A; Sca I site underlined) and the Univer-
sal sequencing primer. The PCR fragment was cleaved with
Sca 1 and Sst I and used to replace nmtl sequences extend-
ing from the EcoR V site in the 5 flanking DNA to the Sst I
site in the polylinker of the modified pREP1 vector. Thus, the
DNA downstream of the U1 coding sequence was derived
from the snul locus (Porter et al., 1990).

Construction of pREP2-cdc2 and pREPa-cdc2, in which a
transcript consisting of the second intron of the S. pombe cdc2
gene, together with flanking exon sequences, is expressed
under control of the nmtl promoter, are described elsewhere
(C.M. Romfo & J.A. Wise, in prep.; C.]. Alvarez & J.A. Wise,
in prep.). A similar construct, designated pREP2-tub3, was
generated by using PCR to amplify the third intron of the
nda3 (B-tubulin) gene (Hiraoka et al., 1984; kindly provided
by M. Yanagida), together with its flanking exons, and in-
serting this product between the Nde I and BamH I sites of
pREP2 (Maundrell, 1990). The PCR primers were ¥ GGAAT
TCCATATGGTCTACCATTGCT GATG?® (Ndel site under-
lined) and *GCGGATCCCTCGTTAAAATAAACGTTC?
(BamHI site underlined). To make a version of the nda3-13 ex-
pression construct carrying an ade6 selectable marker, des-
ignated pREPa-tub3, we inserted a 2.5-kb Pst I-Sst I fragment
carrying both nda3 and nmtl sequences into the plasmid
pAD3 (Althoff et al., 1994).

To create mutations that disrupt the predicted hairpin en-
compassing the 5" splice site of cdc2-12, we used the follow-
ing oligonucleotide, in which mutant positions are indicated
in bold:

25tr: YATGTAAACATTCCCATGCATCATGTGATG
AAAAACTTACCGAACACAATTTG?.

S. pombe manipulations

Complementation assays for U1 alleles were conducted by
transforming the fission yeast strain snulAura41 (Porter et al.,
1990), which is heterozygous for disruption of the U1 gene,
with plasmids carrying either wild-type or mutant U1 alleles.
Sporulation and ascal wall digestion were performed as de-
scribed previously (Liao et al., 1989). Spores were plated
on EMM2 supplemented with uracil and minimal adenine
(10 mg/L); haploid colonies, distinguished by their red color,
were tested for leucine and/or uracil prototrophy (Althoff
et al., 1994). The S. pombe strain DS2 (h*, ade6-210, leul-32,
ura4-d18; Reich et al., 1992) was the host for assaying splic-
ing of cdc2-12 and nda3-13. Cells were transformed by the lith-
ium acetate method using approximately 1 ug of purified
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plasmid; ca. 10° transformants were obtained per microgram
of DNA.

RNA preparation and analyses

Primer extension RNA sequencing to confirm the presence
of U1l mutations was performed as described previously (Por-
ter et al., 1990) using the primer U1-PE2 (Reich et al., 1992),
which was also used for standard primer extension analysis.

Primer extension analysis of 55 RNA, which was used as
an internal control in the U1 depletion experiments, was per-
formed with the oligonucleotide 55-PE (*AGTGATCGGA
CGGGA?Y), which is complementary to nt 33-47 of the cod-
ing region (Mao et al., 1982); due to the higher abundance
of the rRNA relative to snRNAs, this oligonucleotide was di-
luted 25-fold before addition to the reaction mixture. In these
experiments, the levels of U2 snRNA were measured using
the oligonucleotide L15 (Brennwald et al., 1988).

Primer extension assays of cdc2-12, nda3-13, and pre-U6
splicing were performed as described elsewhere (Reich et al.,
1992; C.]J. Alvarez & J.A. Wise, in prep.). Quantitation was
performed on a Molecular Dynamics Phosphorlmager using
ImageQuant software (version 3.1).

Computer-assisted secondary structure analysis

A 277-nt sequence encompassing cdc2 intron 2 (71 nt) and the
adjoining 5" and 3’ exons (140 and 66 nt, respectively) was an-
alyzed using the MulFold program for RNA secondary struc-
ture prediction (Jaeger et al., 1989). The program was run
using standard parameters and the three structures predicted
to have the highest stabilities were compared in each case.
For nda3-13, the 41-nt intron as well as 48 nt of 5’ exon and
61 nt of 3’ exon sequence were analyzed. For U6, 20 nt of the
5" exon and 30 nt of the intron sequence were included in the
secondary structure prediction.

ACKNOWLEDGMENTS

We are grateful to Drs. David Beach (Cold Spring Harbor Lab-
oratory) and Mitsuhiro Yanagida (Kyoto University) for sup-
plying intron-containing fission yeast genes. We thank Anne
Chiang for her role in constructing the modified pREP1 vec-
tor for regulated expression of Ul. We are particularly in-
debted to our colleagues Jim Bruzik, Rosemary Dietrich, Pat
Maroney, and Tim Nilsen for insightful discussions and crit-
ical comments on the manuscript. This research was sup-
ported by a grant to J.A.W. from the National Institutes of
Health; C.]J.A. was supported in part by a Predoctoral Fellow-
ship from the Fulbright LASPAU Program (USIA), R.W.V. by
a University Fellowship (UIUC), and G.L.P. by a PHS Fel-
lowship from the Cell and Molecular Biology training grant
(UIUC).

Received October 31, 1995; returned for revision December 4,
1995; revised manuscript received December 28, 1995

REFERENCES
Abovich N, Liao XC, Rosbash M. 1994. The yeast MUD2 protein: An

interaction with PRP11 defines a bridge between commitment
complexes and U2 snRNP addition. Genes & Dev 8:843-854.



Fission yeast U1 function

Althoff SM, Stevens SW, Wise JA. 1994, The Srp54 GTPase is essen-
tial for protein export in the fission yeast Schizosaccharomyces
pombe. Mol Cell Biol 14:7839-7854,

Ares M], Weiser B, 1995. Rearrangements of snRNA structure dur-
ing assembly and function of the spliceosome. Prog Nucleic Acid
Res Mol Biol 50:131-159.

Barabino SML, Blencowe BJ, Ryder U, Sproat BS, Lamond A. 1990.
Targeted snRNP depletion reveals an additional role for mamma-
lian U1 snRNP in spliceosome assembly. Cell 63:293-302.

Bindereif A, Green MR. 1986. Ribonucleoprotein complex formation
during pre-mRNA splicing in vitro. Mol Cell Biol 6:2582-2592.

Black DL, Chabot B, Steitz JA. 1985. U2 as well as U1l small nuclear
ribonucleoproteins are involved in pre-messenger RNA splicing,.
Cell 42:737-750.

Brennwald P, Liao X, Holm K, Porter G, Wise JA. 1988. U2 small nu-
clear RNA is remarkably conserved between Schizosaccharomyjces
pombe and mammals. Mol Cell Biol §:1580-1590.

Champion-Arnaud P, Gozani O, Palandijian L, Reed R. 1995. Accu-
mulation of a novel spliceosomal complex on pre-mRNAs con-
taining branch site mutations. Mol Cell Biol 15:5750-5756.

Cohen ]B, Broz SD, Levinson AD. 1993. U1 small nuclear RNAs with
altered specificity can be stably expressed in mammalian cells and
promote permanent changes in pre-mRNA splicing. Mol Cell Biol
13:2666-2676.

Cortes J], Sontheimer EJ, Seiwert SD, Steitz JA. 1993. Mutations in
the conserved loop of human U5 snRNA generate the use of novel
cryptic 5 splice sites in vivo. EMBO | 12:5191-5200.

Crispino D, Blencowe BJ, Sharp PA. 1994. Complementation by SR
proteins of pre-mRNA splicing reactions depleted of U1 snRNP.
Science 265:1866-1869.

Crispino JD, Sharp PA. 1995. A U6 snRNA:pre-mRNA interaction
can be rate-limiting for U1 independent splicing. Genes & Dev
9:2314-2323,

Durkacz B, Carr A, Nurse P. 1986. Transcription of the cdc2 cell cy-
cle control gene of the fission yeast Schizosaccharomyces pombe.
EMBO | 5:369-373.

Eng F], Warner JR. 1991. Structural basis for the regulation of splic-
ing of a yeast messenger RNA. Cell 65:797-804.

Frendewey D, Barta I, Gillespie M, Potashkin J. 1990. Schizosaccha-
ronyces Ub genes have a sequence within their introns that
matches the B box consensus of tRNA internal promoters. Nu-
cleic Acids Res 18:2025-2032.

Fu XD. 1995. The superfamily of arginine/serine-rich splicing factors.
RNA 1:663-680.

Goguel V, Liao X, Rymond BC, Rosbash M. 1991, U1 snRNP can in-
fluence 3'-splice site selection as well as 5'-splice site selection.
Genes & Dev 5:1430-1438.

Goguel V, Yang Y, Rosbash M. 1993. Short artificial hairpins seques-
ter splicing signals and inhibit yeast pre-mRNA splicing. Mal Cel!
Biol 13:6881-6848.

Guthrie C, Patterson B. 1988. Spliceosomal snRNAs. Annu Rev Ge-
net 22:387-419.

Hindley ], Phear GA. 1984. Sequence of the cell division gene CDC?
from Schizosaccharomyces pombe; patterns of splicing and homol-
ogy to protein kinases. Gene 31:129-134.

Hiraoka Y, Toda T, Yanagida M. 1984. The NDA3 gene of fission yeast
encodes S-tubulin: A cold-sensitive nda3 mutation reversibly
blocks spindle formation and chromosome movement in mitosis.
Cell 39:349-358.

Jaeger JA, Turner DH, Zuker M. 1989. Improved predictions of sec-
ondary structures for RNA. Proc Natl Acad Sci USA 86:7706-7710.

Kandels-Lewis S, Séraphin B. 1993. Involvement of U6 snRNA in 5
splice site selection. Science 262:2035-2039.

Kao HY, Siliciano PG. 1996. Identification of Prp40, a novel essen-
tial yeast splicing factor associated with the U1 small nuclear ri-
bonucleoprotein particle. Mol Cell Biol 16:960-967.

Kohtz JD, Jamison SF, Will CL, Zuo P, Liihrmann R, Garcia-Blanco
MA, Manley JL. 1994, Protein-protein interactions and 5’ splice
site recognition in mammalian mRNA precursors. Nature 368:
119-124.

Konforti BB, Konarska MM. 1994. U4/U5/U6 snRNP recognizes the
5"splice site in the absence of U2 snRNP. Genes & Dev 8:1962-1973.

Konforti BB, Koziolkiewicz M], Konarska M. 1993. Disruption of base
pairing between the 5 splice site and 5" end of Ul snRNA is re-
quired for spliceosome assembly. Cell 75:863-873.

417

Legrain P, Séraphin B, Rosbash M. 1988. Early commitment of yeast
pre-mRNA to the spliceosome pathway. Mo! Cell Biol 8:3755-
3760.

Lesser CF, Guthrie C. 1993. Mutations in U6 snRNA that alter splice
site specificity: Implications for the active site. Science 262:1982-
1988.

Liao X, Brennwald P, Wise JA. 1989. Genetic analysis of Schizosaccha-
romyces pombe 7SL RNA: A structural motif that includes a con-
served tetranucleotide loop is important for function. Proc Natl
Acad Sci USA 86:4137-4141.

Lo PCH, Debjani R, Mount SM. 1994. Suppressor Ul snRNAs in Dro-
sophila. Genetics 138:365-378.

Lorincz AT, Reed SI. 1984. Primary structure homology between the
product of yeast cell division control gene CDC28 and vertebrate
oncogenes, Nature 307:183-185.

Madhani HD, Guthrie C. 1994. Dynamic RNA-RNA interactions in
the spliceosome. Annu Rev Genet 28:1-26.

Maco ], Appel B, Schaack ], Sharp 5, Yamada H, Séll D. 1982. The 55
RNA genes of Schizosaccharomyces pombe. Nucleic Acids Res
10:487-500.

Maundrell K. 1990. nmit1 of fission yeast. | Biol Chem 265:10857-10864.

Michaud S, Reed R. 1991. An ATP-independent complex commits
pre-mRNA to the mammalian spliceosome assembly pathway.
Genes & Dev 5:2534-2546.

Mount S5M, Pettersson I, Hinterberger M, Karmas A, Steitz JA. 1983.
The U1 small nuclear RNA-protein complex selectively binds a
5" splice site in vitro. Cell 33:509-518.

Nandabalan K, Price L, Roeder GS. 1993. Mutations in U1 snRNA
bypass the requirement for a cell type-specific RN A splicing fac-
tor. Cell 73:407-415.

Newman A, Norman C. 1991. Mutations in yeast U5 snRNA alter
the specificity of 5’ splice-site cleavage. Cell 65:115-123.

Newman A, Norman C. 1992. U5 snRNA interacts with exon se-
quences at 5" and 3’ splice sites, Cell 68:743-754.

Nilsen TW. 1994, RNA-RNA interactions in the spliceosome: Unrav-
eling the ties that bind. Cell 78:1-4.

Norbury C, Nurse . 1992, Animal cell cycles and their control. Annu
Rev Biochem 55:1119-11150.

Parker R, Siliciano PG, Guthrie C. 1987. Recognition of the TAC
TAAC box during mRNA splicing in yeast involves base-pairing
to the U2-like snRNA. Cell 49:229-239.

Patterson B, Guthrie C. 1987. An essential yeast snRNA with a U5-
like domain is required for splicing in vivo. Cell 49:613-624.
Pikielny CW, Rymond BC, Rosbash M. 1986. Electrophoresis of ri-
bonucleoproteins reveals an ordered assembly pathway of yeast

splicing complexes. Natiire 324:341-345.

Porter G, Brennwald P, Wise JA. 1990. U1 small nuclear RNA from
Schizosaccharomyces pombe has unique and conserved features and
is encoded by an essential single-copy gene. Mol Cell Biol 10:
2874-2881.

Potashkin ], Frendewey D. 1989. Splicing of the U6 RNA precursor
is impaired in fission yeast pre-mRNA splicing mutants. Nucleic
Acids Res 17:7821-7831.

Reich CI, VanHoy RW, Porter GL, Wise JA. 1992. Mutations at the
3’ splice site can be suppressed by compensatory base changes
in Ul snRNA in fission yeast. Cell 69:1159-1169.

Ruby SW, Abelson J. 1988. An early hierarchic role of U1 small nu-
clear ribonucleoprotein in spliceosome assembly. Science 242:
1028-1035.

Rymond BC, Rosbash M. 1992. Yeast pre-mRNA splicing. Cold Spring
Harbor, New York: Cold Spring Harbor Laboratory Press.

Sawa H, Abelson ]. 1992. Evidence for a base-pairing interaction be-
tween U6 small nuclear RNA and the 5 splice site during the splic-
ing reaction in yeast. Proc NaH Acad Sci USA 89:11269-11273.

Sawa H, Shimura Y. 1992. Association of Ué snRNA with the 5’ splice
site region of pre-mRNA in the spliceosome. Genes & Dev 6:
244-254.

Seiwert 5, Steitz JA. 1993, Uncoupling two functions of the U1 small
nuclear ribonucleoprotein particle during in vitro splicing. Mol Cell
Biol 13:3135-3145.

Séraphin B, Kandels-Lewis S. 1993. 3’ Splice site recognition in S, ce-
revisiae does not require base pairing with Ul snRNA. Cell 73:
803-812.

Séraphin B, Kretzner L, Rosbash M, 1988, A Ul snRNA: Pre-mRNA
base pairing interaction is required early in yeast spliceosome as-



418

sembly but does not uniquely define the 5 cleavage site. EMBO
] 7:2533-2538.

Séraphin B, Rosbash M. 1989a. Identification of functional Ul
snRNA-pre-mRNA complexes committed to spliceosome assem-
bly and splicing. Cell 59:349-358.

Séraphin B, Rosbash M. 1989b. Mutational analysis of the interactions
between Ul small nuclear RNA and pre-mRNA of yeast. Gerne
82:145-151.

Siliciano PG, Guthrie C. 1988. 5’ Splice site selection in yeast: Ge-
netic alterations in base-pairing with Ul reveal additional require-
ments. Genes & Dev 2:1258-1267.

Siliciano PG, Kivens W], Guthrie C. 1991. More than half of yeast Ul
snRNA is dispensable for growth. Nucleic Acids Res 19:6367-6372.

Sontheimer EJ, Steitz JA. 1993. The U5 and U6 small nuclear RNAs
as active site components of the spliceosome. Science 262:1989-
1996.

Sun Q, Manley J. 1995. A novel U2-U6 snRNA structure is necessary
for mammalian mRNA splicing. Genes & Dev 9:843-854.

Tani T, Ohshima Y. 1989. The gene for the U6 small nuclear RNA in
fission yeast has an intron. Nature 337:87-90.

C.]. Alvarez et al.

Tarn WY, Steitz ]. 1994, SR proteins can compensate for the loss of
U1 snRNP functions in vitro. Genes & Dev 8:2707-2717.

Wise JA. 1993. Guides to the heart of the spliceosome. Science
262:1978-1979.

Wu JY, Maniatis T. 1993. Specific interactions between proteins im-
plicated in splice site selection and regulated alternative splicing,.
Cell 75:1061-1070.

Wyatt JR, Sontheimer EJ, Steitz JA. 1992. Site-specific cross-linking
of mammalian U5 snRNP to the 5 splice site before the first step
of pre-mRNA splicing. Genes & Dev 6:2542-2553.

Yuo CY, Weiner AM. 1989. Genetic analysis of the role of human U1
snRNA in mRNA splicing: 1. Effect of mutations in the highly con-
served stem-loop 1 of Ul. Genes & Dev 3:697-707.

Zhang MQ, Marr TG. 1994. Fission yeast gene structure and recog-
nition. Nucleic Acids Res 22:1750-1759.

Zhuang Y, Leung H, Weiner AM. 1987. The natural 5’ splice site of
simian virus 40 large T antigen can be improved by increasing the
base complementarity to Ul RNA, Mol Ceil Biol 7:3018-3020.

Zhuang Y, Weiner AM. 1986. A compensatory base change in Ul
snRNA suppresses a 5 splice site mutation. Cell 46:827-835.



