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The large subunit of the U2 auxiliary factor (U2AF) recognizes the polypyrimidine tract (Py-tract) located
adjacent to the 3� splice site to facilitate U2 snRNP recruitment. While U2AF is considered essential for
pre-mRNA splicing, its requirement for splicing on a genome-wide level has not been analyzed. Using Solexa
sequencing, we performed mRNA profiling for splicing in the Schizosaccharomyces pombe U2AF59 (prp2.1)
temperature-sensitive mutant. Surprisingly, our analysis revealed that introns show a range of splicing defects
in the mutant strain. While U2AF59 inactivation (nonpermissive) conditions inhibit splicing of some introns,
others are spliced apparently normally. Bioinformatics analysis indicated that U2AF59-insensitive introns have
stronger 5� splice sites and higher A/U content. Most importantly, features that contribute to U2AF59 insen-
sitivity of an intron unexpectedly reside in its 5�-most 30 nucleotides. These include the 5� splice site, a
guanosine at position 7, and the 5� splice site-to-branch point sequence context. A differential requirement
(similar to U2AF59) for introns may also apply to other general splicing factors (e.g., prp10). Our combined
results indicate that U2AF insensitivity is a common phenomenon and that varied intron features support the
existence of unrecognized aspects of spliceosome assembly.

Pre-mRNA splicing plays a major role in gene regulation
(23). Furthermore, alternative splicing serves as an important
mechanism to generate molecular diversity (5). In the initial
stages of splicing, the U1 snRNP recognizes the 5� splice site
(5� SS), and the U2 snRNP auxiliary factor (U2AF) recognizes
the polypyrimidine tract (Py-tract)/3� splice site (3� SS), leading
to U2 snRNP recruitment to the branch point sequence (BPS)
(27).

In humans, the essential splicing factor U2AF, which has
been extensively studied, is a heterodimeric protein containing
a large subunit (U2AF65) and a small subunit (U2AF35).
These subunits bind to the Py-tract and the 3� SS, respectively
(37, 65, 68, 71). Both subunits of U2AF are essential for via-
bility in many model organisms, such as zebrafish, the fruit fly,
the nematode worm, and fission yeast Schizosaccharomyces
pombe (U2AF59) (17, 28, 42, 46, 47, 59, 72). However, in the
budding yeast Saccharomyces cerevisiae, the large subunit is
dispensable and the small subunit is absent (1). In humans,
U2AF65 interacts with several splicing factors (BBP/SF1,
UAP56, SAP155 [or SF3b155], and p54) (1, 14, 19, 43, 45, 70)
and facilitates branch point recognition (2, 4). The mammalian
U2AF65 is found to be dispensable for splicing of some introns
in vitro in the presence of the SR protein SC35 (36). Microar-
ray analyses revealed an unexpected role of the Drosophila
melanogaster large subunit (dU2AF50) in the nuclear export of
intronless mRNAs (8). Several splicing regulators, such as

SXL, PTB, hnRNP A1, ASF/SF2, SC35, and TRA, can facili-
tate or antagonize U2AF activity for splicing regulation (5, 53).

Biochemical and structural studies indicate that the essential
splicing factor U2AF65 has a bipartite structure (26, 52, 68):
the C terminus contains three RNA recognition motifs
(RRM1, -2, and -3), and the N terminus contains an arginine-
serine-rich (RS) activation domain. Mechanistically, the bind-
ing of U2AF to the Py-tract via RRM1 and RRM2 is the key
to U2AF recruitment to pre-mRNA. This interaction allows
the RS domain to facilitate multiple RNA-RNA interactions
during spliceosome assembly, including the base-pairing be-
tween the BPS and the U2 snRNA (51, 57). The conserved
RRM3 domain of U2AF interacts with BBP/SF1, SAP155 (or
S. pombe prp10), and other splicing factors (1, 19, 25, 32).
RRM3 is dispensable for RNA binding and in vitro splicing of
model introns. However, it is required for viability in S. pombe
and may be important for the splicing of only a subset of
introns in vivo (3, 54).

We propose that there is a large diversity of features within
introns that are relevant for intron definition or splicing and
this could influence the requirement for U2AF59 in ways not
captured so far by detailed analyses of model pre-mRNAs in
metazoans. Despite extensive studies of U2AF, its requirement
on a genome-wide level has not been analyzed. Relative to
Saccharomyces cerevisiae, S. pombe shares many more features
of pre-mRNA splicing with mammals: they both have degen-
erate splicing signals, their splicing factors (snRNAs and pro-
teins) are similar to one another, and both require the two
U2AF subunits (U2AF59 and U2AF23) (60, 64). A tempera-
ture-sensitive allele of the S. pombe large U2AF subunit is
lethal (42, 46) and has been used to study splicing of specific
transcripts in vivo (54, 58). Thus, S. pombe offers an excellent
model system to analyze the role of U2AF59 on a genome-
wide level.

We report here that when cellular mRNAs are profiled,
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introns show a range of splicing defects in the temperature-
sensitive mutant of U2AF59 (prp2.1). Furthermore, many in-
trons are apparently insensitive to U2AF59 inactivation, and
many unanticipated intronic features contribute to U2AF59
insensitivity.

MATERIALS AND METHODS

Hosts/plasmids and RNA preparation and analysis. The prp2.1 mutant (42)
and the prp10-YH03 mutant (21) were previously described. The protocols for
RNA preparation and reverse transcription-PCR (RT-PCR) (59) were as previ-
ously described and used gene-specific primers (54). For the RT-PCR assay from
total RNA, PCR products after 30 cycles were stained with Sybr green. Se-
quences of gene-specific primers are given in Table S1 of the supplemental
material.

Generation of mutants. Mutants were generated using mutagenic primers (see
Table S1 in the supplemental material) and inverse PCR. The clones were
confirmed by sequencing.

Sequencing data processing and analysis. The poly(A)� RNA from the prp2.1
mutant grown at nonpermissive temperature (37°C) for 1 h (54) was subjected to
the RNA-seq protocol and sequenced at the Genome Technology Core Facility
at Vanderbilt University Medical Center. The annotated S. pombe genome
sequence was obtained from Sanger GeneDB (ftp://ftp.sanger.ac.uk/pub/yeast
/pombe/). By using BLAT (tile size of 8, oneoff of 1) (31), sequence reads were
mapped to the S. pombe genome and to the spliced gene products generated
using the exon coordinates file. The sequence reads confirmed the presence of
the TAT codon, reflecting the C387Y mutation of the prp2.1 mutant (42).
Sequence reads that mapped to one unique location in the genome (or spliced
products) and matched at least 34 of 36 nucleotides (nt) were used for subse-
quent analysis. The splicing efficiency (SE) was calculated as the fraction of
spliced reads to total (spliced and unspliced) reads {SE � SR/[SR � (UR5� �
UR3�)/2]} (61) for introns that showed at least five total reads (spliced reads [SR]
plus unspliced reads [UR]); UR5� and UR3� are 5� and 3� intron-exon junction
reads. We used only unambiguous reads corresponding to either the spliced
product (SR) or the unspliced product (UR). We included 3,114 of the total
4,878 annotated introns for prp2.1 (37°C) and 3,069 introns for the wild type
(32°C); the wild-type data sets, s30_s7 and s30_s8, used for comparison were
previously published (62). This study also contributed to the most recent intron-
exon coordinates for the S. pombe genome that were used for mapping sequence
reads (62). Using the sequence reads from the entire intron also yielded similar
overall results for splicing efficiency. There were only 14 sequence reads in the
prp2.1 mutant RNA sample that supported exon skipping, but these were not
pursued further. The Solexa sequence reads are available upon request.

Sequence analysis. The 106 introns which had a splicing efficiency of at least
90% under nonpermissive conditions and had between 10 and 100 unspliced plus
spliced reads were selected for the U2AF59-insensitive group. Of the 243 introns
with a splicing efficiency of �10% and between 10 and 100 unspliced plus spliced
reads, 106 were randomly selected for the U2AF59-sensitive group to keep the
number of introns in each set the same (the statistical conclusions were compa-
rable when all 243 introns were used [data not shown]). Forty-three introns that
were 90 to 100% unspliced in the wild-type data set (62) were excluded from our
analysis. The 5� splice site and branch site consensus strength was calculated
using a weight matrix derived from all annotated introns in S. pombe. The sum
of the log-odds score for each position in the weight matrix was taken as the
overall splice site strength, as described previously (24). Calculation of the intron
A/U percentage in Fig. 4E, below, excluded the 5� and 3� splice sites. The Py-tract
length was determined as the longest contiguous C/U stretch downstream of the
annotated branch site, excluding the 3� splice site. A/U tract length was deter-
mined similarly, except we used the entire intron, excluding the 5� and 3� splice
sites. The exon/intron A/U percentage was calculated using only introns at least
30 nt in length from each group.

RESULTS

Solexa sequencing allows identification of pre-mRNA splic-
ing defects in the U2AF59 mutant. To address the role of
U2AF59 in splicing from a genome-wide perspective, we iso-
lated poly(A)� RNA from the prp2.1 mutant (C387Y), which
was described previously (42), and subjected it to Solexa/Illu-
mina sequencing. We obtained 22,727,544 sequence reads of a

36-nucleotide length. By using BLAT (Fig. 1A), about 79%
(17,999,569) of the sequences could be mapped to the S. pombe
genome. About 61% (11,059,027) sequence reads were unam-
biguously mapped to only one location in the genome and were
used for subsequent analysis. About 96% of genes were rep-
resented in this group. About 80% of genes had over-5-fold
coverage (number of nucleotides in sequencing reads normal-
ized to gene length), 47% had 5- to 25-fold coverage, and 33%
had over-25-fold coverage. About 18% of reads were from 12

FIG. 1. High-throughput sequencing by Solexa identified splicing
defects in prp2.1. (A) Intron-exon junction sequence reads at the 5�
(UR5�) and the 3� (UR3�) ends of the intron represent the unspliced
mRNA. Mature mRNA sequence reads represent the spliced product.
The 36-nt sequence reads that traverse from nt �35 to �35 positions
of the exon-intron or exon-exon junctions are shown in bold. The
sequence reads (outside the �35 to �35 splice junction positions) that
cannot distinguish between the spliced and unspliced mRNAs are
shown as thin lines. (B) Single-nucleotide sequence read distribution
over exon and intron regions of the dim1 gene. Exons are shown as
rectangles, and introns are shown as the lines connecting them. Solid
lines and dashes indicate prp2.1 (37°C) and wild-type (prp2� at 32°C)
levels, respectively. The wild-type data set used for comparison was
previously published (62). (C) Solexa sequencing revealed a range of
splicing defects in prp2.1. The histogram shows percentages of introns
(y axis), grouped according to the range of percent pre-mRNA levels
(unspliced) (x axis) for introns that showed at least five total reads.
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high-expressing genes. For example, the hsp9 gene had 122,618
reads, or 21,324-fold coverage. U2AF59 had 1,545 sequence
reads, or 36-fold coverage. Analysis of sequence read distribu-
tions across genes showed a 3� bias (see Fig. S1 in the supple-
mental material).

Figure 1B shows an example of the sequence read distribu-
tion at single-nucleotide resolution. As expected for the
U2AF59 mutant, intron c of dim1 showed efficient splicing in
the wild-type data set (62) but splicing inhibition in the prp2.1
mutant data set under nonpermissive conditions (37°C, 1 h). In
contrast, introns a, b, and d were efficiently spliced in both the
wild type and, surprisingly, U2AF59 mutant. We concluded
that Solexa sequencing should allow genome-wide analysis of
the effect of a general splicing factor mutation on specific
splicing events in vivo.

The range of splicing defects in the U2AF59 mutant. To
analyze splicing efficiency at the genome-wide level in the
prp2.1 mutant, we calculated the fraction of spliced reads to
total reads (spliced and unspliced) for introns that showed at
least five total reads (Fig. 1A) (see Materials and Methods for
details). About 91% of introns were represented. About 64%
of introns had at least 5 reads, and 41% of introns had between
10 and 100 reads.

In the prp2.1 mutant under nonpermissive conditions, con-
sidering at least five total reads, about 15% of introns showed
splicing defects of �90% (494 introns), about 8% (189 introns)
of introns remained mostly spliced (0 to 10% unspliced), and
the remaining introns had a range of unspliced levels (Fig. 1C).
When we eliminated introns with very low or high sequence
reads, there remained 106 introns in the mostly spliced group
with total reads between 10 and 100, which were used for
further analysis. Although U2AF59 is considered an essential
splicing factor, we concluded that endogenous introns show a
range of splicing defects. Most importantly, a significantly large
fraction (�8%) of introns are efficiently spliced in prp2.1 in
vivo under conditions that inhibit the splicing of many other
introns.

A large number of cellular introns remain efficiently spliced
upon U2AF59 inactivation. To validate the above predictions
from the analysis of Solexa reads, we tested by RT-PCR the
introns that were either partially spliced (40% to 60% un-
spliced) (Fig. 2) or efficiently spliced (�10% unspliced) (Fig.
3). Of nine randomly selected introns from the partially spliced
category, we found using RT-PCR that eight introns were
completely or mostly unspliced, sla1_a was partially spliced,
and rpl35a_a was efficiently spliced. These results indicate that
Solexa analysis, in comparison to RT-PCR, underestimated the
splicing defect for this category.

Next, we analyzed the group of efficiently spliced introns
based on Solexa reads (Fig. 3A and B). We found that 17 of the
18 randomly selected introns were fully or mostly spliced, and
vma3_c was partially spliced (�50%); dim1_c was not identi-
fied with the spliced group. Our results indicate that RT-PCR
and Solexa analysis agree for introns that have a sufficient
number of Solexa sequence reads (10 to 100) and �90% splic-
ing efficiency. We concluded, given the high correlation be-
tween Solexa and RT-PCR analyses results (17 of 18), that the
majority of introns that are predicted to be efficiently spliced
under nonpermissive conditions by Solexa sequencing are gen-

uinely efficiently spliced. In other words, U2AF59 insensitivity
is a widespread phenomenon in vivo.

U2AF59 insensitivity is not influenced by neighboring in-
trons or expression levels. An important question arises as to
whether neighboring introns within the same gene behave sim-
ilarly to U2AF59 inactivation. We found that genes with mul-
tiple introns had differential splicing patterns. For example,
while dim1_c was not spliced, dim1_a, -b, and -d were all
efficiently spliced in prp2.1 (Fig. 1B and B). The rhb1_a intron
was fully spliced, and the rhb1_b intron was mostly spliced (Fig.
3B). We inferred from these findings that introns on the same
transcript can behave differently with respect to U2AF59 in-
sensitivity.

It is possible that the high expression level could have some-
how influenced the splicing behavior (high splicing efficiency)
of some introns based on both Solexa sequencing and RT-PCR
analysis. To address this issue we cloned several introns along
with their flanking exons into a plasmid vector, transformed
them into the prp2.1 host, and analyzed the splicing of plasmid-
encoded introns expressed from the nmt1 (no message in thi-
amine) promoter. Figure 3C shows that the control U2AF59-
sensitive cdc2_b intron, as expected, was spliced under the
permissive condition but unspliced under the nonpermissive
condition. Thus, under these mRNA expression conditions a
splicing defect is observable. Figure 3C also shows that all of
the other relevant introns expressed from the plasmid were
efficiently spliced, recapitulating the behavior of the corre-
sponding endogenous introns. Another U2AF59 mutant,
rrm3-ts (54), showed a similar splicing pattern for these introns
(Fig. 3D), indicating that the effect is not specific to the prp2.1
mutation. We concluded that certain introns are inherently
U2AF59 insensitive.

FIG. 2. Solexa analysis, compared to RT-PCR, underestimates
splicing defects for the partially spliced introns. The total (unspliced
and spliced) reads and percent spliced reads are shown for each intron.
The splicing patterns were determined using RT-PCR for introns (in-
dicated on the left) in prp2.1 and prp10 mutant strains and the wild type
(prp2�), incubated for 0 and 1 h at 37°C. The genomic DNA PCR
product indicates the unspliced product position in the gel. Positions of
spliced and unspliced RNAs are indicated on the right.
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The 5� splice site and base composition bias in U2AF59-
sensitive versus -insensitive introns. To determine an intronic
feature(s) that may contribute to U2AF59 insensitivity, we an-
alyzed the 106 U2AF59-insensitive introns (�10% unspliced)
and an equal number of randomly selected U2AF59-sensitive
introns (�90% unspliced) of a comparable average expression
level. We found no statistically significant difference between
the two intron pools for the length of the Py-tract either be-
tween the BPS and the 3� SS (Fig. 4A) or in the entire intron
(see Fig. S2 in the supplemental material). Similarly, no dif-
ference was observed in the strength of the BPS (Fig. 4B) or
the nature of the 3� SS (Fig. 4C). These findings may seem
surprising given that the Py-tract/3� SS and the BPS are the
intron features most relevant to U2AF function.

Next, we analyzed the 5� splice site and the base composition
of the U2AF59-sensitive and -insensitive introns. Importantly,
the U2AF59-insensitive introns had stronger 5� splice sites in
terms of consensus (Fig. 4D) and in terms of complementarity
to the U1 snRNA (see Table S2 in the supplemental material).
In addition, the U2AF59-insensitive intron pool also had both
a higher A/U percentage (Fig. 4E) and longer A/U tracts (Fig.
4F). Furthermore, we analyzed the nucleotide preference at
each position both upstream and downstream of 5� and 3�
splice sites. We found that there was a pronounced preference
for A/U residues in the U2AF59-insensitive introns relative to
-sensitive introns (Fig. 4G); there was no significant difference
in the flanking exons, and the difference became smaller to-
ward the 3� end of introns (see Fig. S3 in the supplemental
material). Our combined results indicate that the strength of
the 5� SS and base composition (A/U tracts and/or percent
A/U) in the 5� intronic region could provide distinguishing
features between the U2AF59-insensitive and -sensitive in-
trons.

The 5�-most 30 nucleotides of bpb1_a confer U2AF59 insen-
sitivity to heterologous introns. Next, we investigated what
sequence feature(s) in a given intron contributes to U2AF59

insensitivity. We performed numerous domain swap experi-
ments between the bpb1_a intron (U2AF insensitive) (Fig. 5A,
construct 1) and the cnd3_c and cdc2_b introns (both U2AF59

sensitive) (Fig. 5A, constructs 2 and 3). First, we inserted the
bpb1_a intron between the cdc2_b flanking exons. The bpb1_a
intron was fully spliced, indicating that the sequence respon-
sible for U2AF59 insensitivity is present entirely within
the bpb1_a intron (Fig. 5B, construct 1). Second, we replaced
the 3�-half (the sequence underlined in Fig. 6B, below) of the
cdc2_b or cnd3_c intron with that of bpb1_a. The 3�-half of
bpb1_a had a context-dependent effect: it supported efficient
splicing in the cdc2_b intron (Fig. 5B, constructs 2 and 3) but
not in the cnd3_c or cdc � 24 introns (Fig. 5B, constructs 5 and
9). Third, the 5�-half (nucleotides 1 to 30) of bpb1_a was
similarly analyzed in these backgrounds. The 5�-half of bpb1_a
supported efficient splicing in the three sequence contexts
tested (Fig. 5B, constructs 4 and 6 and 6A, construct 2).

FIG. 3. A large fraction of cellular introns are U2AF59 insensitive.
(A) Solexa and RT-PCR analyses independently confirmed the pres-
ence of U2AF59-insensitive introns. The splicing patterns for each
intron are as per the details in the legend for Fig. 2. SPBC32H8.04c_a
and SPAC6F6.05_a introns are abbreviated as SPBC32H and
SPAC6F6, respectively. (B) Different introns within the same tran-
script behave differently. (C) The splicing behavior of plasmid-ex-

pressed introns mimics the behavior of endogenous introns. Plasmid
DNA PCR product indicates the position of the unspliced product. (D)
The splicing behavior of introns is similar in another prp2 mutant,
rrm3-ts (54).
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Fourth, while nucleotides 1 to 30 of bpb1_a supported splicing,
neither nucleotides 1 to 15 (Fig. 5B, construct 7) nor nucleo-
tides 16 to 30 (Fig. 5B, construct 8) supported splicing in
prp2.1. We concluded that the 30-nucleotide sequence is im-
portant for U2AF59 insensitivity.

bpb1_a mutations affecting the guanosine-7 (G7) position,
the sequence context, or the 5� SS-to-BPS distance confer
conditional U2AF59 sensitivity. Since the lengths of the bpb1_a
and cdc2_b introns were different, we asked if the spacing
between the 5� SS and the BPS was relevant to the U2AF59

FIG. 4. Strengths of the 5� SS and base composition distinguish the U2AF59-sensitive (�90% unspliced) and U2AF59-insensitive introns (�10%
unspliced), based on the findings shown in Fig. 1C. Histograms show comparisons between U2AF59-sensitive and -insensitive introns with respect
to the following features: Py-tract length downstream of the branch site (t test, P � 0.12) (A); strength of the BPS based on consensus weight matrix
scores (t test, P � 0.84) (B); the 3� splice site sequences (P � 0.38) (C); strength of the 5� splice site based on consensus weight matrix scores (t
test, P � 1.8 � 10�17) (D); base composition (percent A/U) (t test, P � 1.8 � 10�29) (E); (F) A/U tract length throughout the intron (t test, P �
4.2 � 10�9) (F); single-nucleotide distribution of the percent A/U (y axis) in the intron and flanking exon sequences, indicated by the coordinates
in relation to the splice sites (G). Rectangles are exons, and the lines along the x axes are the intron.
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requirement. Increasing the spacing between the 5� and 3�
halves of the bpb1_a intron with 24 nucleotides from the
cdc2_b intron had no effect on splicing under permissive con-
ditions. However, this expansion resulted in a partially un-
spliced intron under nonpermissive conditions (Fig. 6A, con-
structs 4 and 5), indicating that spacing between the 5� SS and
the BPS confers conditional sensitivity to the U2AF require-
ment. Moreover, we noticed that the 5� SS (nucleotides 1 to 6,
GUAAGU) was identical between the bpb1_a and cdc2_b in-
trons (Fig. 6B). In fact, the first 10 nucleotides had only one
nucleotide difference between the two introns: position 7 had a
guanosine in bpb1_a and a uridine in cdc2_b. A guanosine
allows complete splicing, while a uridine allows partial splicing
(Fig. 6A, constructs 2 and 3). Finally, nucleotides 8 to 30 of
bpb1_a were insufficient for U2AF59 insensitivity, because sub-
stitution of nucleotides 1 to 7 (or the 5� SS) of bpb1_a with
those from cnd3_c rendered the splicing of this chimera
U2AF59 sensitive (Fig. 6A, construct 1 versus 5B, construct 6).

Our combined mutagenesis and sequence swap experiments
indicated that nucleotides 1 to 30 of bpb1_a contribute to
U2AF59-insensitive splicing and that the 5� SS is important.
Furthermore, there is a conditional requirement of U2AF59

that depends on the G7 position and the spacing (or sequence
context) between the 5�SS and the BPS.

Various effects of the U2 snRNP component SAP155 (or
SF3b155) on splicing. Our primary focus in the present study
was on the large subunit of U2AF. However, we were inter-
ested in whether the U2AF59-insensitive introns also failed to
respond to loss of a different component of the general splicing
machinery. We previously used the prp10 (also known as
SAP155) temperature-sensitive mutant (21) and showed, as
expected, that it failed to splice several introns at 37°C (54).
We argued earlier that a lack of pre-mRNA accumulation in
U2AF59 mutants may not be due simply to preferential pre-
mRNA turnover. This is because the spliceosomal factor
SAP155 is a core component of the U2 snRNP that interacts
with the RRM3 domain of the large subunit of U2AF (19) and
results in the accumulation of pre-mRNA (54). While the
splicing of cdc2_b and cnd3_c was disrupted under nonpermis-
sive conditions in the prp10 mutant, the splicing of the endog-
enous bpb1_a was unaffected (Fig. 5A). However, some of the
sequence swap chimeras became sensitive to the prp10 muta-
tion. Our analysis of numerous other introns (Fig. 2 and 3)
revealed that splicing of many introns was not affected by the

FIG. 5. The 5�-most 30 nucleotides of bpb1_a confer U2AF59 insensitivity onto heterologous introns. (A) Plasmid-expressed introns (bpb1_a,
cnd3_c, and cdc2_b) are spliced, as expected, in the prp2.1 and prp10 mutants at 0 and 1 h under nonpermissive conditions. Schematics of the three
introns (lines) and their flanking exons (boxes) are shown in different shades. (B) Schematics of various chimeras between different portions of
introns and exons from the three introns are shown, using the same exon-intron shading scheme as in for panel A. For chimeric introns, unless
otherwise indicated the 5� portions of bpb1_a, cnd3_c, and cdc2_b introns are nucleotides 1 to 30 and the 3� portions are shown below (underlined)
in Fig. 6B. cdc�24 refers to the presence of the cdc2_b intron sequence indicated below in Fig. 6B. For construct 7, nt 16 to 30 are from cdc2_b.
For construct 8, nt 1 to 15 are from cdc2_b. Splicing patterns for each construct are shown for the two mutants. �, efficiently spliced; �, largely
unspliced; P, partially spliced.
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prp10 mutation under conditions that inactivated the splicing
of some introns. We note that for some chimeras bpb1_a intron
sequences show pre-mRNA accumulation in prp10 (Fig. 5B,
construct 1, and 6A) and that the pre-mRNA with dim1_c
intron accumulates in prp2.1 under nonpermissive conditions
(Fig. 1B and 3B), indicating that preferential pre-mRNA in-
stability in the prp2.1 mutant may not contribute to the efficient
splicing behavior of these pre-mRNAs. We note that there may
be slightly less efficient splicing in the mutant strains at the
permissive temperature for some of the substrates.

We conclude that the effect of prp10 is also variable, that this
mutation does not always disrupt splicing, and that certain
mutations can alter sensitivity to the prp10 mutation (Fig. 5B
and 6A). It appears that responses to loss of U2AF59 and
SAP155 are quite similar, but not identical, for these introns.

DISCUSSION

The key finding of this study was that cellular introns show
a range of splicing defects in the prp2.1 mutant and that
numerous introns are relatively insensitive to U2AF59 inac-
tivation. While U2AF59 is known to function by binding to
sequences between the BPS and the 3� SS, we found that
additional distant sequence features near the 5� SS either
eliminate or minimize the apparent need for the essential
splicing factor U2AF59. Here, we provide a model of
U2AF59 function that accounts for these unexpected find-
ings from our genome-wide analysis for the requirement of
U2AF59 in splicing (Fig. 7).

Compensatory mechanisms influence the requirement for
the splicing factor U2AF59. For this discussion of the U2AF59

requirement(s) for splicing, we have classified cellular introns
as U2AF59 sensitive, U2AF59 insensitive, and conditionally
sensitive, as suggested by previous studies of specific introns
(54, 58). Similar to the behavior of well-studied model introns,
the U2AF59-sensitive cdc2_b intron showed the conventional
U2AF59 requirement (Fig. 7A) (51). The second category of
introns showed no detectable splicing defect in the prp2.1 mu-
tant at 37°C. There are three possible explanations for the
splicing of the newly identified U2AF59-insensitive introns,
which constitute a significant fraction of introns in S. pombe
(Fig. 3). First, consistent with the prevalent view that U2AF59

is a general or essential splicing factor, these introns may
actually require the U2AF59 function. Perhaps the tempera-
ture-sensitive prp2.1 mutant protein is not completely inactive
and possesses residual activity that is sufficient to support the
splicing of introns that are better able to recruit U2AF59 but
fails to support viability, under nonpermissive conditions (Fig.
7B, panel i). We found no detectable difference in the level of
U2AF59 protein in the prp2.1 mutant under nonpermissive
conditions (see Fig. S4 in the supplemental material), suggest-
ing that U2AF59 inactivation rather than degradation likely
contributes to loss of function. The second possibility is that
some other gene(s) provides an activity that substitutes for
U2AF59 for these introns (represented by the question mark in
the figure). Finally, U2AF59 is dispensable (partially or fully)
for some introns (Fig. 7B, panel ii). According to this view,
under nonpermissive conditions the prp2.1 mutant protein

FIG. 6. Mutations that affect the 5� SS, the guanosine-7 position, the sequence context, or the 5� SS-to-BPS distance confer conditional U2AF59

sensitivity. (A) Schematics of various mutants and chimeras between different portions of introns and exons (see also Fig. 5). Splicing patterns for
each construct are shown for the two mutants. (B) Sequences of the bpb1_a, cnd3_c, and cdc2_b introns. As reference points, positions 7, 15, and
30 are indicated. The 3� portions used for the chimeras are underlined. The 24-nucleotide sequence of cdc2_b used in the cdc � 24 constructs is
highlighted. The asterisk indicates a predicted branch point. �, efficiently spliced; �, largely unspliced; P, partially spliced.
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shows a complete loss of function for all practical purposes,
i.e., the residual activity, if any, is below the threshold level
necessary to support U2AF59 function under physiological
conditions, especially those lacking a significant Py-tract
(bpb1_a or bpb-cnd3_c chimeras) (Fig. 5A, construct 1, and B,
construct 6). Thus, the U2AF59-insensitive introns may be truly
U2AF59 independent. For the third category, conditionally
sensitive introns (Fig. 7C), we discovered that the bpb1_a in-
tron is U2AF59 insensitive but can become sensitive (partially
or fully) with any of several changes: the G7U substitution,
which increases the spacing between its 5� SS and the BPS, or
when the 5�-most 30-nucleotide sequence is not intact (nucle-
otides 1 to 7, 1 to 15, or 16 to 30) (Fig. 5 and 6). Our simplest
explanation is that several optimal sequence features together
allow splicing with little or no U2AF59 activity.

Possible basis for relative U2AF59 insensitivity. The discov-
ery of U2AF59-insensitive introns does not contradict what we
have learned from studies of model introns that showed that
U2AF is required for splicing (48, 66). Nonetheless, our ge-
nome-wide analysis emphasizes that the notion that U2AF59 is

required may not be tenable for a large fraction of introns in S.
pombe (and possibly in metazoans). This alternative view is
similar to the exceptional situation in S. cerevisiae, where both
Mud2p and the Py-tract are generally dispensable for splicing
(1, 39), and it is consistent with in vitro studies from mamma-
lian introns (30, 35, 36, 63). Furthermore, it has been argued
that different pre-mRNAs likely have distinct rate-limiting
steps (3, 12, 36, 55, 56). The splicing factor SF1/BBP, which
interacts with the RRM3 domain of U2AF59, plays a kinetic
rather than an essential role in splicing and U2 snRNP binding
in S. cerevisiae and humans (20, 49). Similarly, the small sub-
unit and the RRM3 domain (which interacts with SF1/BBP) of
the human U2AF65 are dispensable for the splicing of some
introns in vitro (3, 67) and in vivo (54). Thus, it is possible that
certain introns in S. pombe are indeed U2AF59 independent.

We favor the possibility that different U2AF59-insensitive
introns may involve distinct compensatory mechanisms for
splicing. In previous studies, no correlation between conven-
tional Py-tract strength and U2AF59 requirement for the splic-
ing of specific introns was observed (46). However, the 5� end
of the U2AF59-insensitive ulp2_c intron (54) contains an un-
usually long (30-nucleotide) uridine tract, which may facilitate
splicing by involving either the putative residual activity of the
prp2.1 mutant protein or the activity of factors such as p54,
TIA-1-like, SMN, or Nam-8p-like protein (9, 15, 16, 29, 44).
For the bpb1_a intron, which lacks a Py-tract within the 5�-
most 30 nucleotides, different features (Fig. 5 and 6) may
support splicing with little or no U2AF59 activity. For example,
although the G7 position has not been linked to any known
RNA-RNA or RNA-protein interactions (13), the U1C pro-
tein of the U1 snRNP could interact with the G7 position. The
bridging interactions across introns involving the U1 snRNP at
the 5� SS and factors at the BPS/3�SS (2, 11, 34, 50, 69) could
provide a likely mechanism for U2AF large subunit insensitiv-
ity. For certain introns, such alternative interactions could pro-
vide the major contribution for early events during spliceo-
some assembly. A previous study on limited introns found no
correlation between U2AF59 requirement and the strength of
the 5� splice site or other obvious features of pre-mRNAs;
sequence features of the U2AF59-insensitive cdc16-I1 intron
remained uncharacterized (58). Our study indicates the pres-
ence of a stronger 5� SS and a higher A/U percentage among
the favorable features in U2AF59-insensitive introns (Fig. 4;
see also Table S2 in the supplemental material). One mecha-
nism for bypassing the U2AF requirement could be the pres-
ence of a stronger 5� SS sequence in some introns. In other
organisms, it has been shown that base composition (A/U
richness) in plants and C. elegans contributes to defining the
intron-exon boundary (see Fig. S3 in the supplemental mate-
rial) (10, 18). It is possible that the A/U richness of the
U2AF59-insensitive introns may make a similar favorable con-
tribution to splicing in S. pombe (Fig. 4). Our findings raise the
intriguing question whether different subsets of interactions
between cis elements and general splicing factors are sufficient
for splicing. We propose that supplementary or alternative
mechanisms exist for early spliceosome assembly to accommo-
date various intronic features (Fig. 7).

Genomic view of splicing: intron-specific requirement for
general splicing factors. Undoubtedly, characterizations of
specific model pre-mRNA substrates using in vitro and in vivo

FIG. 7. A proposed model for U2AF59-insensitive splicing. (A) The
U1 snRNP interacts with the 5� SS and U2AF interacts with the
Py-tract/3� SS. The SF1/BBP, SAP155, and U2 snRNPs interact with
the BPS. RNA-RNA and RNA-protein interactions are shown by
downward arrows. Horizontal two-sided arrows represent interactions
between splicing factors. The question mark in panel B represents
residual activity of the U2AF large subunit or another factor that may
functionally substitute for it. The dashed line in panel C represents
suboptimal features or mutations/alterations in the 5� SS, the G7
position, spacing between the 5� SS and the BPS, or portions of nu-
cleotides 1 to 30 of bpb1_a that render this intron U2AF59 sensitive.
Exons are represented as boxes, and introns are shown as lines.
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splicing systems have contributed greatly to our understanding
of splicing signals, factors, and mechanisms (5, 23, 33). Find-
ings from model substrates, however, may not explain splicing
behavior of all cellular introns. The question arises whether
general splicing factors show intron-specific requirements.
Both prp2.1 and prp10 or SAP155(SF3b) mutations appear to
have variable, intron-specific effects (Fig. 2, 3, 5, and 6). Such
an intron-specific requirement may also be relevant to other
general splicing factors. We believe that the next wave of
progress on splicing in particular and gene regulation in gen-
eral would involve a shift from intron- or gene-centric studies
to genome-wide studies for hypothesis generation. This shift is
necessary to accommodate the complex landscape of cis- and
trans-acting factors from a genomic perspective, which is not
captured by model introns or genes. Recent RNA interference
and microarray analyses in Drosophila and S. cerevisiae pointed
to the possibility of a rich diversity of requirements for splicing
factors/regulators (6, 7, 22, 38, 40, 41).

The present study underscores the importance of how weak-
ening (or strengthening) one or more factors in a system can
influence the need for others. As a corollary, the requirement
for RNA sequences and trans-acting factors is dynamic rather
than static. In other words, a mutation could convert a
U2AF59-insensitive intron into a sensitive (partially or fully)
intron and vice versa. Such a phenomenon is relevant for
splicing as well as for many steps along the gene expression
pathway (transcription, RNA processing, translation, and sig-
naling) in many organisms. This type of analysis, performed on
a genome-wide level, can reveal alternative/compensatory
mechanisms that might otherwise be missed.
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