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Recognition of polypyrimidine (Py) tracts typically present between the branch point and the 3� splice site
by the large subunit of the essential splicing factor U2AF is a key early step in pre-mRNA splicing. Diverse
intronic sequence arrangements exist, however, including 3� splice sites lacking recognizable Py tracts, which
raises the question of how general the requirement for U2AF is for various intron architectures. Our analysis
of fission yeast introns in vivo has unexpectedly revealed that whereas introns lacking Py tracts altogether
remain dependent on both subunits of U2AF, introns with long Py tracts, unconventionally positioned up-
stream of branch points, are unaffected by U2AF inactivation. Nevertheless, mutation of these Py tracts causes
strong dependence on the large subunit U2AF59. We also find that Py tract diversity influences the requirement
for the conserved C-terminal domain of U2AF59 (RNA recognition motif 3), which has been implicated in
protein-protein interactions with other splicing factors. Together, these results suggest that in addition to Py
tract binding by U2AF, supplementary mechanisms of U2AF recruitment and 3� splice site identification exist
to accommodate diverse intron architectures, which have gone unappreciated in biochemical studies of model
pre-mRNAs.

In animals, removal of introns from the majority (�80 to
90%) of nascent transcripts via pre-mRNA splicing is an im-
portant step for gene regulation (19). Alternative splicing
serves important biological roles in diverse developmental con-
texts and provides an important mechanism to generate mo-
lecular diversity (7). The 5� splice site (SS), the branch point
sequence (BPS), and the polypyrimidine (Py) tract 3� SS in the
pre-mRNA are important splicing signals; they are recognized
by the U1 snRNP, the U2 snRNP, and the U2 snRNP auxiliary
factor U2AF, respectively, resulting in the formation of a dy-
namic RNA-protein complex called the spliceosome (23).

In humans, the essential splicing factor U2AF is a het-
erodimer of a large protein subunit (U2AF65) and a small
protein subunit (U2AF35). U2AF65 binds to the Py tract (62),
and U2AF35 recognizes the 3� SS (33, 61, 65). Both subunits of
U2AF are essential for viability in many model organisms, such
as the zebrafish, the fruit fly, the nematode worm, and fission
yeast (U2AF59) (14, 24, 36, 43, 56, 66). However, in budding
yeast the large subunit is dispensable (1) and the small subunit
is absent. U2AF65 interacts with other splicing factors such as
BBP/SF1, UAP56, SAP155 (or SF3b155), and SRp54 (1, 10,
15, 39, 64). The branch point binding protein BBP/SF1 binds to
the BPS and cooperates with U2AF65 for RNA binding (2, 6).

Detailed in vitro biochemical analyses using model splicing
substrates in metazoans have significantly contributed to our
mechanistic view of the role of U2AF65 function in splicing.
The N terminus of U2AF65 harbors an arginine-serine-rich

(RS) activation domain, and its C terminus contains three
RNA recognition motifs (RRMs), each with a four-stranded
antiparallel �-sheet and two �-helices (62). In metazoans,
binding to the Py tract serves as the primary determinant for
U2AF recruitment onto pre-mRNA. This interaction positions
the RS domain to engage in a series of interactions with pre-
RNA during spliceosome assembly, including stabilization of
the base pairing between the BPS and the U2 snRNA (46, 53).
U2AF65 is also an important target for splicing regulation,
where splicing regulators such as SXL, PTB, hnRNP A1, ASF/
SF2, SC35, and TRA can facilitate or antagonize its activity (7,
48).

Whereas U2AF65 is highly conserved from fission yeast to
humans, its C-terminal RRM3 domain is the only recognizable
portion in the budding yeast protein Mud2p (1). The human
RRM3 interacts with BBP/SF1 and SAP155 (or Schizosaccha-
romyces pombe prp10) (1, 15), and RRM3-related domains are
present in several splicing factors (27). Deletion of the con-
served RRM3 domain of the large subunit of U2AF (U2AF59)
is lethal in S. pombe (4). Intriguingly, RRM3 shows no detect-
able RNA binding and is not required for the splicing of model
substrates in a HeLa cell nuclear extract. RRM1 and RRM2
domains of the human U2AF65 are sufficient for Py tract
recognition and in vitro splicing (4). Previously, we proposed
that the RRM3 domain might be important for the splicing of
only a subset of introns in vivo.

Relative to Saccharomyces cerevisiae, S. pombe shares with
mammals many more features of pre-mRNA splicing, includ-
ing the presence of degenerate splicing signals, similarity of
splicing factors (snRNAs and proteins), and a requirement for
both subunits of U2AF (U2AF59 and U2AF23) (57, 59). Thus,
by combining the power of genomics, molecular genetics, and
biochemical analysis, S. pombe represents an excellent model
system for analysis of the role of U2AF and Py tract in vivo.

Our study of splicing in S. pombe offers important new in-
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formation on RRM3 and U2AF functions and Py tract require-
ments in vivo. There is a large diversity in the arrangement of
intronic sequences relevant for 3� splice site recognition, and in
the requirements for U2AF subunits and domains, beyond
what is known from detailed in vitro biochemical analysis of
model pre-mRNAs in metazoans. These findings also help
explain why deletion of RRM3 is lethal in S. pombe whereas
deletion of the human RRM3 has no effect on RNA binding
and on the splicing of model substrates in vitro. Finally,
whereas splicing of introns that lack a Py tract remains depen-
dent on U2AF59, upstream Py tracts, located between the 5�
splice site and the BPS, are required for splicing in vivo only
under conditions of U2AF59 inactivation.

MATERIALS AND METHODS

Hosts and plasmids. The heterozygous SpCR1 diploid (prp2::ura4/prp2�, ade6-
M210/ade6-M216, ra4d18/ura4d18, leu1-32/leu1-32) and cdc2.2 and the Py tract
variants (Y-long) (41), the prp2.1 mutant and the U2AF59 genomic fragment
plasmid pIRT3-prp2� (36), the U2AF23-ts mutant, (55), and the prp10-YH03
mutant (18) were previously described.

Computational search. The intronic sequence database was downloaded from
the S. pombe site (http://www.sanger.ac.uk/Projects/S_pombe/intron.shtml). Nu-
cleotide strings containing 4 to 15 pyrimidines were searched using the regular
expression [tc] {4,15} (for details, see reference 13) both upstream and down-
stream of the annotated BPS (URAY consensus) in the above-named database.
Values for the frequency of introns, reflected by the sizes of the bubbles, with
respect to the length of the Py tract(s) and its location relative to the annotated
BPS were generated for various categories and plotted as shown. The search
algorithm was written in Python and is available upon request.

Generation of haploid U2AF59 genomic knockout cells. S. pombe cells were
grown in EMM2 containing appropriate amino acids supplements (see the text in
the supplemental material) as described in the Fission Yeast Handbook (http:
//www.sanger.ac.uk/PostGenomics/S_pombe/docs/nurse_lab_manual.pdf). For
mutagenesis and genomic integration details, see the text in the supplemental
material.

RNA preparation and analysis. The protocols for RNA preparation and semi-
quantitative reverse transcription-PCR (RT-PCR) (56) were as previously de-
scribed and used gene-specific primers (primers 17 through 36 [see Table S1 in
the supplemental material]). For the quantitative RT-PCR assay, PCR products
were stained with SYBR green dye and quantitated using a phosphorimager
(Blue and 850V).

RESULTS

Diversity of introns with respect to the location and length
of Py tracts. We performed a genome-wide S. pombe analysis
to determine the distribution of Py tracts in the annotated
database of introns; approximately 46% of S. pombe genes
have introns (http://www.sanger.ac.uk/Projects/S_pombe/intron
.shtml). The consensus splicing signals for S. pombe introns are
degenerate (5�SS, G/GURWGU; BPS, YURAY; 3� SS, YAG;
A/U tract between the BPS and 3� SS [R is purine, Y is
pyrimidine, and W is A or U]) (28). We define Py tracts as four
or more pyrimidines, because a typical RNA recognition motif
recognizes four to seven nucleotides (48). The analysis re-
vealed several intron architectures with respect to the length
and location of Py tracts in relation to the BPS. We found that
�5.4% of the 4,613 introns analyzed had Py tracts between the
BPS and the 3� SS, which is the conventional location of the Py
tract (Fig. 1A) (category DY). A significant fraction (51.2%) of
introns had Py tracts located upstream of the BPS (between
the 5� SS and the BPS; category UY), and 32.8% had Py tracts
both upstream and downstream of the BPS (category UDY).
Surprisingly, 10.6% had no Py tracts at all (category NY). Our

searches for either uridine tracts (a more stringent require-
ment) or Py tracts with up to two purines (a less stringent
sequence requirement) revealed all four categories (data not
shown). The S. pombe BPS used for annotation is highly de-
generate (YURAY) and is a predicted rather than an experi-
mentally determined element. Thus, if a potential BPS located
upstream of the annotated site were used instead, some of the
introns labeled as UY or UDY could be DY. While this could
result in underestimation of certain categories of introns, the
effect, if any, would not be significantly large because, based on
computational analysis, it has been argued that the distance
between the 5� SS and the BPS provides the major contribution
to variability in intron length (28). Moreover, a scanning mech-
anism similar to that proposed for the recognition of the 3� SS
downstream of the BPS in mammals may favor a nearby BPS
rather than an additional BPS(s) located further upstream
(50). These results indicate that several intronic architectures
(or four broad categories) with respect to the length and po-
sitions of Py tracts exist in the S. pombe genome. These obser-
vations guided the systematic analysis described below with
respect to U2AF and RRM3 requirement.

Conventional Py tracts show various U2AF requirements.
The Py tract typically present between the BPS and the 3� SS
and the large subunit of U2AF that interacts with it are im-
portant for the splicing of model pre-mRNAs in metazoans.
Given the diversity of intronic sequence architectures (Fig.
1A), we asked how general the requirement for U2AF is for
the splicing of introns with various sequence arrangements in
vivo. We analyzed several pre-mRNAs by use of a semiquan-
titative RT-PCR. The first category of introns that we tested
has conventional Py tracts located between the BPS and the 3�
SS (Fig. 1C) and resembles model mammalian introns rou-
tinely used for in vitro biochemical studies. The wild-type
prp2� (or U2AF59) allele showed no difference in the splicing
patterns at 25°C and 37°C (Fig. 1B). However, a previously
identified temperature-sensitive (ts) U2AF59 mutant (prp2.1;
C387Y substitution) (36), as expected, rapidly accumulated
precursors for cdc2.2, cdc16.2, and p14.1 introns within 1 h
following a temperature shift to 37°C (Fig. 1B); the C387Y
substitution is located at the very end of the RRM2 domain
(residues 307 to 393). This is consistent with the idea that
splicing patterns of these transcripts are insensitive to temper-
ature shift alone and that impaired splicing is a direct conse-
quence of inactivation of U2AF59. A temperature-sensitive
mutant (Y108A, F111A) of the U2AF small subunit (U2AF23-ts)
(55) caused only a partial splicing defect for cdc2.2 and cdc16.2
introns and a barely detectable defect for p14.1 at the re-
stricted temperature.

Surprisingly, the prp2.1 and U2AF23-ts mutants supported
efficient splicing under nonpermissive conditions for the
SPBC27 substrate, which has a long natural Py tract between
the BPS and the 3� SS (Fig. 1B and C); we considered Py tracts
longer than eight consecutive pyrimidines to be long. This
contrasts with the conclusion from previous studies using the
prp2.1 mutant that the length of the Py tract does not deter-
mine responsiveness to U2AF59 in the context of the cdc2.2
intron (41). We found that the prp10 (also known as SAP155)
ts mutant (18), however, failed to splice this intron (Fig. 1B),
suggesting that a lack of pre-mRNA accumulation in U2AF
mutants may not be due simply to preferential pre-mRNA
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turnover. The spliceosomal factor SAP155 is a core component
of the U2 snRNP that interacts with the RRM3 domain of the
large subunit of U2AF (15). We conclude that under identical
conditions U2AF59 inactivation causes splicing inhibition of
the majority of introns but has no detectable effect on an intron
with a long Py tract.

Introns lacking a Py tract remain U2AF dependent. It was
previously proposed that the presence of a Py tract between
the BPS and the 3� SS is not necessary for the involvement of
U2AF59 in splicing (41). However, a careful inspection of the
four introns used in those studies (cdc2.2, nda3.3, cam1.1, and
cgs2.1) revealed that all RNAs have contiguous pyrimidines

FIG. 1. Diversity of intronic sequence architectures and requirements for U2AF subunits in splicing. (A) Four categories of S. pombe introns
with respect to the length and positions of Py tracts with respect to the BPS: upstream (UY), downstream (DY), both up and downstream (UDY),
and none (NY). The circle size corresponds to the relative frequency of each fraction. (B) Introns with variable-length Py tracts between the BPS
and the 3� SS show diverse requirements for U2AF subunits. The splicing patterns were determined using semiquantitative RT-PCR for
endogenous introns (indicated on the left) in wild-type (prp2�), prp2.1, U2AF23-ts, and prp10 mutant strains incubated for 0, 1, and 2 h at 37°C.
Positions of spliced and unspliced RNAs are indicated on the right. (C) Sequences of the introns used above are shown. The 5� and 3� splice sites
and the predicted BPS are shown in uppercase letters. The Py tracts in this and subsequent figures are underlined. Intron SPBC27B12. 07_b is
abbreviated as SPBC27.
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downstream, upstream, or on both sides of the BPS (Fig. 2B;
also see Fig. S1 in the supplemental material), and mutation of
only the downstream Py tract of the cdc2.2 intron was previ-
ously tested. Therefore, to rigorously test whether introns lack-
ing a Py tract (Fig. 1A, NY) require U2AF activity for splicing
in vivo, we chose to test the SPCC16 and cnd3.3 introns be-
cause they unambiguously lack Py tracts in the entire intron,
with no more than one contiguous pyrimidine downstream of
the BPS and no more than two contiguous pyrimidines up-
stream (Fig. 2B). Based on studies of the large subunit of the
metazoan U2AF (21, 42, 49, 61), it is unlikely that U2AF59

would bind directly to these introns with reasonable affinity,
although we cannot exclude the possibility that association with
BBP/SF1 (22) alters the RNA binding properties of U2AF59.
Under nonpermissive conditions, the U2AF59 mutant prp2.1
showed little to no splicing for both introns (Fig. 2Ai), and the
U2AF23-ts mutant strain showed no splicing for the cnd3.3
intron. The U2AF23-ts mutation also significantly reduced the
splicing of SPCC16 (Fig. 2Ai). In addition, we mutated all
potential Py tracts (upstream and downstream of the BPS) in
the cdc2.2 intron (Fig. 2B). We found that in the prp2.1 mutant
neither the Py tract-less cdc2.2 intron (with mutations of all Py
tracts of three or more contiguous pyrimidines; y-none) nor the
py-up� cdc2.2 intron (with mutation of upstream three or
more contiguous pyrimidines) was spliced (Fig. 2Aii). We
chose guanosine substitutions because they represent the most
disruptive residue for U2AF65 binding (47, 49). These results
indicate that introns lacking Py tracts remain dependent on
U2AF activity.

No detectable U2AF requirement for certain introns with
long unconventional Py tracts. The U2AF large subunit is

considered essential for splicing. A significant fraction of S.
pombe introns have unusually long Py tracts located upstream
of the BPS (Fig. 1A, category UY). Therefore, we tested the
requirement of U2AF for the splicing of introns that lacked a
Py tract between the BPS and the 3� SS but had Py tracts of
various lengths upstream of the BPS (Fig. 3B). Upstream Py
tracts have not previously been linked to splicing or U2AF
function in fission yeast. Analysis of these introns in the
U2AF59 prp2.1 mutant at nonpermissive temperature showed
that the rad9.1 intron (with the shortest upstream Py tract) was
not spliced and that mvp1_g and pcu3.1 introns (with longer Py
tracts) were partially spliced (Fig. 3A). In this mutant, the
ulp2_c intron (with the longest upstream Py tract), however,
showed efficient splicing (Fig. 3A), recapitulating the result
seen with the SPBC27 intron with a long downstream Py tract
(Fig. 1B). In the prp10 mutant, the ulp2_c intron, in similarity
to the SPBC27 intron, showed no splicing (Fig. 3A). In the
U2AF23-ts mutant, the rad9.1 and mvp1_g introns showed par-
tial splicing, whereas pcu3.1 and ulp2_c introns showed no
detectable splicing defects. Thus, we conclude that introns with
very long upstream (or downstream) Py tracts are efficiently
spliced in vivo under conditions that specifically inactivate
U2AF (large and small subunit) function, sufficiently to abolish
splicing of introns with shorter Py tracts.

Conditional requirement for upstream Py tracts in splicing.
The conventional Py tract or U2AF65 binding site is present
between the BPS and the 3� SS. Given that introns that lack Py
tracts also showed a U2AF requirement, we hypothesized that
the upstream Py tracts might be irrelevant for splicing. To
determine whether the unusually long upstream Py tracts were
important for splicing, we mutated these sequences (pcu3.1

FIG. 2. Introns lacking Py tracts show a U2AF requirement in vivo. (Ai) Splicing patterns of the endogenous SPCC16 and cnd3.3 introns in
various strains incubated for 0, 1, and 2 h at 37°C. (Aii) Splicing patterns of the wild-type cdc2.2 and the Py tract-less cdc2.2 mutant introns
(expressed from plasmid) in prp2.1. (B) Sequences of the wild-type (wt) and the Py tract mutant (py up� and y-none) introns. Dashes indicate
identical nucleotides. Intron SPCC1688.11C_c is abbreviated as SPCC16. Positions of spliced and unspliced RNAs and splicing signals are as
described for Fig. 1B.
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py� and ulp2_c py�) as shown in Fig. 4B and analyzed their
effect on splicing. We chose the same sequence for mutagen-
esis that was used previously to disrupt the downstream Py
tract in the cdc2.2 intron, where it inhibited splicing (41). We

found that mutation of these Py tracts had no effect on splicing
under permissive conditions (Fig. 4A, 0 h, prp2�). Surprisingly,
however, under nonpermissive conditions in the prp2.1 mutant
these mutations almost completely abolished splicing (Fig. 4A,

FIG. 3. Introns with unconventionally located Py tracts show a range of splicing responses to U2AF inactivation in vivo. (A) Splicing patterns
of the endogenous introns, indicated on the left, for various strains incubated for 0, 1, and 2 h at 37°C. (B) Positions of the spliced and unspliced
RNAs and splicing signals are as described for Fig. 1B.

FIG. 4. Mutations of upstream Py tracts cause strong dependence on U2AF59. (A) Splicing patterns of the wild-type pcu3.1 and Ulp2_c introns
and the mutant (py�) introns (expressed from plasmid) in prp2.1 are shown. (B) Sequences of the wild-type (wt) and mutant introns. Dashes
indicate identical nucleotides. Positions of the spliced and unspliced RNAs and splicing signals are as described for Fig. 1B.
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1 and 2 h). Our simplest interpretation for these results is that
the upstream Py tracts are functional and important for splic-
ing, although the effect of the Py tract mutations is conditional,
requiring U2AF59 inactivation as well. Thus, disruption of the
upstream Py tract likely provides a sensitive background to
reveal a U2AF requirement for these introns.

A genetic system allowed isolation of conditional mutants in
U2AF59 RRM3. As noted above, the role of the RRM3 domain
in splicing had been a mystery. We reasoned that isolation of a
conditional mutation in RRM3 might help in several ways.
First, it could help us link the RRM3 domain to splicing.
Second, it could provide a more sophisticated tool to rule out
the possibility that the differences in U2AF dependence were
due simply to decreasing levels or activity of the factor under
nonpermissive conditions. Third, it could help uncover aspects
of U2AF function, in relation to various intron architectures,
that escaped analysis using the original prp2.1 allele. There-
fore, we developed a genetic system for oligonucleotide-di-
rected mutagenesis of each of the four �-strands of RRM3 and
isolation of conditional mutants. Amino acid sequences of

RRM3 targeted for mutagenesis are indicated (Fig. 5A), and a
diagram representing the screening of prp2 mutants is sche-
matically shown (Fig. 5B). Approximately 2,500 viable (fluoro-
deoxyuridine-resistant) colonies from each �-strand mutagen-
esis library were replica plated to screen for ts growth
phenotypes by incubating them at a permissive (25°C) or non-
permissive (37°C) temperature. We obtained eight ts mutants
but no cold-sensitive mutants. As expected, whereas the wild-
type prp2� showed growth at both temperatures, the original
prp2.1 mutant showed no growth at 37°C (Fig. 5C). Each of the
selected �-1-, �-3-, and �-4-strand mutants showed ts growth
(Fig. 5C; also see Fig. S2A in the supplemental material). The
3.9 allele displayed the weakest phenotype, the 1.46 allele was
intermediate (see Fig. S2A in the supplemental material), and
the 4.103 allele (hereafter referred to as rrm3-ts) displayed the
strongest phenotype (Fig. 5C); the 4.99 allele also had a strong
phenotype (see Fig. S2 in the supplemental material), but
analysis was not pursued further. The growth phenotype of
relevant strains was also confirmed using liquid culture (Fig.
5D). (Amino acid sequences for the RRM3 ts mutants used for

FIG. 5. Isolation and characterization of temperature-sensitive mutants in RRM3. (A) Amino acid sequence of the RRM3 domain of U2AF59.
The � strands (�1 to �4) and � helices (�A to �C) are indicated. Amino acids targeted for mutagenesis are shown in bold. (B) Schematics for the
generation and screening of RRM3 mutants. Heterozygous diploid cells used to obtain a haploid U2AF59 genomic knockout strain carrying prp2�

in the TK plasmid were transformed with RRM3 mutant libraries (prp2m). The transformants were screened for viable mutants followed by replica
plating for growth at permissive and nonpermissive temperatures as described in Materials and Methods. (C) Characterization of U2AF59 RRM3
ts mutants. The wild-type (prp2�), prp2.1, and rrm3-ts strains were incubated at permissive (P; 25°C) or nonpermissive (NP; 37°C) temperature.
Amino acid sequences of the wild type and substitutions in prp2.1 and the RRM3 mutant are shown. (D) Growth curve. The strains shown in panel
C were grown in liquid cultures at permissive and nonpermissive temperatures, and the cell density was measured using absorbance at 600 nm at
various time intervals.
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this study are shown in Fig. 5C and in Fig. S2C in the supple-
mental material.) Thus, we have isolated conditional mutants
within the RRM3 domain of U2AF59.

Introns show varied requirements for RRM3. Deletion of
RRM3 is lethal in S. pombe but causes no splicing defect in
vitro for model introns in a HeLa nuclear extract (4). To
determine whether the newly isolated RRM3 mutants showed
any splicing defect and whether various fission yeast introns
differed in their requirement for RRM3 in vivo, we analyzed
the array of pre-mRNA substrates shown in Fig. 1 to 3. The
RRM3 mutants showed a range of splicing defects, depending
on the RRM3 mutant and the intron used. First, in rrm3-ts
(Fig. 6A) and another RRM3 mutant, 1.46 (see Fig. S2 in the
supplemental material), there was almost complete splicing
inhibition of the cdc16.2 intron, which has a conventional Py
tract between the BPS and the 3� SS. However, in the 1.46
mutant there was little defect in the splicing of the p14.1 intron
(see Fig. S2B in the supplemental material), and in the rrm3-ts
mutant there was no splicing defect for SPBC27 (Fig. 6A).
Thus, all three mutations in U2AF subunits under conditions
that abolish the splicing of many other introns tested sup-
ported the splicing of the SPBC27 intron. This intron contains
an unusually long Py tract at the conventional location. Other
combinations showed partial or complete splicing defects (Fig.
6A; also see Fig. S2B in the supplemental material). Integra-
tion of the rrm3-ts allele in the genome recapitulated the re-

sults obtained with the plasmid-borne allele (see Fig. S3 in the
supplemental material). Second, the rrm3-ts mutant under
nonpermissive conditions showed partial splicing defects for
introns lacking a Py tract (SPCC16 and cnd3.3) (Fig. 6B).
Third, analysis of the introns that had different lengths of
upstream Py tracts (Fig. 6C) showed that rad9.1 and mvp1_g
introns were significantly affected in rrm3-ts but by less than
was seen with prp2.1. However, pcu3.1 and ulp2_c introns,
which were either partially or efficiently spliced in prp2.1 (Fig.
3A), were fully spliced in rrm3-ts (Fig. 6C). The ulp2_c intron
thus behaved like the SPBC27 intron in showing no detectable
splicing defect in all three U2AF mutants. These results indi-
cate that under identical conditions certain introns show a
stringent RRM3 requirement whereas others (with longer Py
tracts) can be spliced efficiently in the RRM3 ts mutant.

We conclude that introns show differing requirements for
RRM3 in vivo. These studies directly link the function of
the RRM3 domain to splicing in vivo, explaining why deletion
of RRM3 is lethal in S. pombe. Furthermore, identification of
RRM3-insensitive introns in vivo such as SPBC27 and ulp2_c
also lends credence to our previous observation that RRM3 is
dispensable for in vitro splicing of model pre-mRNA sub-
strates in a HeLa nuclear extract (4), implying that it is not an
in vitro artifact.

Length of the Py tract in part influences dependence on
RRM3. The above-described experiments suggested that the

FIG. 6. The RRM3 domain is important for splicing in vivo. (A to C) Diverse response (partial or complete splicing inhibition or efficient
splicing) of the RRM3 ts mutant in the splicing of the endogenous transcripts as described for Fig. 1 to 3. (D) Increasing the Py tract length reduces
RRM3 dependence in vivo. Splicing patterns of cdc2.2 and the cdc2.2 Py tract variant introns (expressed from plasmids) in various strains incubated
for 0, 1, and 2 h at 37°C are shown. The Py tract region of the cdc2.2 wt intron was replaced by a uridine tract (Y-long). Dashes indicate identical
nucleotides.
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length of the Py tract could influence RRM3 requirement. To
address this issue directly, we used previously generated Py
tract mutants of cdc2.2 (41). Consistent with previous results
(41), substitution of the conventional Py tract with a long
uridine stretch (Y-Long) allowed for efficient splicing in the
wild-type background but not in the prp2.1 mutant under non-
permissive conditions (Fig. 6D). Most importantly, whereas
the wild-type intron was not spliced, the Y-long mutant was
spliced (�50%) in the rrm3-ts mutant. This finding is consis-
tent with our observation that the SPBC27 intron, with a long
natural Py tract, was efficiently (100%) spliced in the rrm3-ts
mutant. However, the splicing behavior of the Y-long mutant
differs in the prp2.1 and rrm3-ts mutants, perhaps because the
Py tract is either not as long as those of SPBC27 and ulp2_c
introns or is present in a different sequence context. We con-
clude that certain introns with long Py tracts are efficiently
spliced in the rrm3-ts mutant, that our analysis with the rrm3-ts
mutant has revealed that U2AF59 is indeed responsive to the
length of the Py tract, its sequence composition, and/or its
sequence context, and that the requirements for U2AF and
RRM3 are not identical. It is tempting to speculate that anal-
ysis of additional introns might reveal introns that require
U2AF but not RRM3.

Since each of the U2AF mutants (prp2.1, U2AF23-ts, and
rrm3-ts) abolished splicing of some introns but had either no
detectable effect or only a partial effect on the splicing of
others, we interpret these outcomes as reflecting intron-spe-
cific differences in the requirements of U2AF subunits or the
RRM3 domain rather than merely the strength of a particular
allele. Our combined results have important implications for
the model of U2AF function.

DISCUSSION

The most important finding of this study is that there is an
unexpected diversity in 3� splice site recognition with respect to
intronic sequence arrangements and requirements for U2AF
subunits and domains in S. pombe beyond what is known from
detailed biochemical analysis of model pre-mRNAs. Our re-
sults suggest that splicing of introns that lack a Py tract remains
dependent on U2AF59, whereas under identical conditions,
splicing of certain introns with long upstream or downstream
Py tracts is insensitive to U2AF59 inactivation. Furthermore,
upstream Py tracts are required for splicing in vivo only under
conditions of U2AF59 inactivation. We have also shown that Py
tract length variations in part confer differential RRM3 sensi-
tivities. We provide here a model of U2AF function that ac-
counts for these unexpected findings (Fig. 7).

Species-specific differences in mechanisms of 3� splice site
recognition. Species-specific preference for or dependence on
certain sequence features, intron architectures, or splicing fac-
tors has been noted for 3� splice site recognition (34, 40). In
mammals, the BPS is degenerate, the large subunit of U2AF is
required for the splicing of AG-independent introns (introns
with long Py tracts support early spliceosomal assembly with-
out the need for the 3� SS AG dinucleotide), both U2AF
subunits are required for the splicing of AG-dependent introns
(with short Py tracts), and the RRM3 domain of U2AF is
dispensable for splicing of model substrates from both catego-
ries in vitro (Fig. 7, conventional Py tracts, DY). In Caeno-

rhabditis elegans, the BPS consensus is lacking, but U4CAGR is
the predominant 3� splice site sequence, and both subunits are
important for 3� splice site recognition (21, 65). In S. cerevisiae,
interaction between the invariant BPS (UACUAAC) and SF1/
BBP plays an important role in commitment complex forma-
tion, the U2AF small subunit is absent, the large subunit
(Mud2p) is dispensable for viability, and the Py tract is gener-
ally dispensable for splicing (1, 35). In S. pombe, U2AF and
BBP/SF1 form a stable complex (22). Unlike the mammalian
introns, S. pombe introns show generally parallel requirements
for both U2AF subunits (55). Moreover, various introns show

FIG. 7. Diversity of intronic sequence architectures and U2AF re-
quirements. The U2AF large subunit (U2AF65 RRM1, RRM2, and
RRM3 and the RS domain; black fill), the small subunit (U2AF35;
light-gray fill), BBP/SF1 (white fill), splicing signals (5� SS, BPS, and 3�
SS), intron (line), and exons (gray boxes) are shown. The large subunit
binds to the conventional Py tract (the DY panel) typically present
between the BPS and the 3� SS and recruits other components of the
splicing machinery, including the U2 snRNP (metazoans; DY panel).
For clarity, interactions between components of the 5� SS machinery
and the BPS or the 3� SS machinery are not shown. S. pombe introns
that lack a downstream Py tract depend on the large subunit, which
presumably involves other interactions for its recruitment (the NY
panel). Introns with long, unconventional Py tracts located upstream of
the BPS may bind the large subunit (the UY panel) or an unknown
factor (factor x) which directly collaborates with U2AF bound at the
normal location to support splicing similar to that represented by
the NY panel. Factor x could also facilitate recognition of the 5� SS
by the U1 snRNP (1) and/or the BPS by the BBP/SF1 (2), leading
to interactions between U1 snRNP and BBP/SF1 and U2AF re-
cruitment. The dashed line connecting RRM3 or the dashed oval
for the small subunit U2AF35 reflects the fact that these domains
are dispensable for some introns but required for others.
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differential RRM3 requirements (this study). Taken together,
our findings with S. pombe indicate that an unexpected diver-
sity of intronic sequence arrangements and of requirements for
U2AF subunits, domains, and binding sites exists within the
same organism (Fig. 7). We propose that a similar situation
(U2AF recruitment via Py tract and supplementary mecha-
nisms) is likely to pertain in mammals as well as other meta-
zoans.

Role of U2AF in the splicing of introns without a Py tract.
The existing model of U2AF function in 3� splice site definition
cannot account for why the Py tract-less introns require
U2AF59. It has been thought that binding of U2AF65 to the Py
tract is the primary determinant for its association with the
pre-mRNA, leading to U2 snRNP recruitment. However, in-
trons without Py tracts remain dependent on U2AF activity in
S. pombe, implying that U2AF is needed for splicing but must
be recruited to the pre-mRNA via a mechanism that does not
require Py tract binding. Based on previous studies of meta-
zoans (21, 42, 49, 61), we expect that these intron sequences
should exhibit no detectable binding for the RNA binding
domain of the large subunit. Although it is possible that a tight
association with BBP/SF1 (22) could alter the RNA binding
activity of U2AF59 or that the S. pombe U2AF59 and human
U2AF65 orthologs differ in sequence preferences, we have
been unable to discern any consensus sequence between the
BPS and the 3� SS that may serve as unconventional U2AF59

binding site in such introns, including the five introns that were
experimentally tested in this study. This scenario of a lack of
the Py tract requirement is analogous to the situation seen with
S. cerevisiae, where a more efficient interaction of BBP/SF1
with the invariant BPS (UACUAAC), unlike the degenerate
consensus (YNCURAY) in mammals, could possibly compen-
sate for a lack of the Py tract or of Mud2p or both (6). Contrary
to our expectation, we found that only 8 of 55 randomly se-
lected Py tract-less introns had a perfect BPS (UACUAAC),
implying that a stronger BPS may not compensate for a lack of
Py tract for most of such introns. Our preliminary experiments
show that the recombinant RNA binding domain (RRM1-3) of
the S. pombe U2AF59 protein has little or no detectable RNA
binding activity (�100-fold lower affinity) in vitro relative to
the RRM1-3 domain of the human U2AF65 (see Fig. S4 in the
supplemental material). Although a trivial possibility is that the
recombinant protein is inactive, it is tempting to speculate that
the presence of the RS domain and association of the large
subunit with the small subunit (42) and/or the SF1 (22) could
influence the RNA binding property of the S. pombe large
subunit. Furthermore, requirements for the two U2AF sub-
units are generally parallel in S. pombe, implying that the two
subunits collaborate in vivo (55) (this study). In this respect,
the situation seen with S. pombe is different from that in hu-
mans, where the large subunit recognizes the 3� SS with long Py
tracts (AG-independent introns) without the need for the
small subunit, which is important for the AG-dependent in-
trons. Another mechanism may involve bridging interactions
across introns involving the small subunit of U2AF and the U1
snRNP 70K protein (60), BPS and U1 snRNP (45), or other
factors such as SRp54 (25). We favor the idea that for certain
introns these interactions could indeed provide a major con-
tribution, as an alternative to the widely held view centering on
the U2AF large subunit-Py tract, to early events during 3�

splice site definition. We propose that a variety of early inter-
actions contribute to 3� splice site recognition for different
intron architectures (Fig. 7).

How do upstream Py tracts function? The current model
does not explain how upstream Py tracts function in constitu-
tive splicing and why they become important only upon
U2AF59 inactivation. There are two possible explanations for
why some introns are unaffected upon U2AF inactivation.
First, certain introns in S. pombe (and possibly in metazoans)
are U2AF independent and involve a U2AF-Py tract-indepen-
dent splicing mechanism for 3� splice site definition in vivo.
Although this may be regarded as a radical view, considering
an essential requirement of U2AF65 in splicing, this proposal is
indeed similar to that addressing the exceptional situation in S.
cerevisiae, where both Mud2p and the Py tract are generally
dispensable for splicing (1, 35). It is also known that certain
introns can be spliced in U2AF-depleted extracts under un-
usual in vitro conditions such as an excess of SR proteins or in
extracts prepared from adenovirus-infected cells (31, 32), and
an E-like splicing complex (E�) has been observed in the ab-
sence of U2AF (26). Moreover, the U12-type (minor) introns
lack a Py tract, and thus U2AF is unlikely to facilitate associ-
ation of U12 snRNP with the BPS (58). Second, such introns
could be U2AF dependent, because under nonpermissive con-
ditions the prp2.1 mutant may retain residual U2AF activity (a
limitation also applicable to biochemical depletion of U2AF in
vitro) and both introns that are unaffected by U2AF mutations
have long Py tracts. This residual activity could have supported
the splicing of these introns, presumably because unusually
long Py tracts offer multiple registers for binding and thus
increased affinity to compensate for reduced U2AF activity (3).
Splicing inhibition in this scenario requires, akin to a synthetic
phenotype, a combination of Py tract mutation and U2AF
inactivation. The experiments described here cannot distin-
guish whether the upstream Py tract binds U2AF directly or
binds another factor such as SRp54, TIA-1-like, or Nam-8p-
like proteins (Fig. 7, UY panel, factor x) to facilitate 5� splice
site and/or BPS recognition (11, 12, 25, 38), after which U1
snRNP can then support SF1/U2AF recruitment (2, 8, 30, 63).
We note that the introns with upstream Py tracts tested here
have optimal 5� SS and are constitutively spliced, which differs
from findings of the presence of suboptimal 5� splice sites in
examples of TIA-1- and Nam8p-sensitive regulated introns.
The upstream Py tract could also function by providing a fa-
vorable sequence context. If U2AF functions from these up-
stream Py tracts, it could easily facilitate a series of sequential
interactions between the RS domain and splicing signals dur-
ing spliceosome assembly (Fig. 7, UY panel) as recently pro-
posed by Shen and Green (46). Although the Py tract in the
proposed model is located on the other side of the BPS, it
could nonetheless serve to bind RRM1 and RRM2 and bring
the RS and/or RRM3 domain in proximity to the BPS. This is
feasible because the RNA chain is flexible and the RRM3 and
RS domains are tethered via extended flexible linker se-
quences, which could permit U2AF function in a location-
independent manner, akin to how activators work from either
upstream or downstream enhancers to promote relevant steps
during the assembly of multiprotein splicing (or transcription)
complexes (20, 37).
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Role of RRM3 in splicing. We have shown that whereas the
majority of fission yeast introns require RRM3, certain introns
are insensitive to RRM3 inactivation in vivo. Whereas the
human RRM3 is dispensable for model introns with short and
long Py tracts in vitro (4), a requirement for RRM3 is sensitive
to Py tract length (and possibly sequence composition and
sequence context) in S. pombe. Although interactions of
RRM3 with BBP/SF1 and SAP155 could explain the sequence
conservation of RRM3 as well as synthetic lethality of S. cer-
evisiae mud2 with other components of the splicing machinery
(1, 2, 6, 15, 62), our favored explanation is that during spliceo-
some assembly RRM3 is required for a step(s) that may be rate
limiting for only a subset of introns and that RRM3 (or its
interactions with other splicing factors) likely plays a kinetic
rather than an essential role. This assertion is supported by
several observations. First, a USx chimera (of U2AF65 and
SXL) lacking RRM3 supports splicing of a 3� splice site asso-
ciated with a 17-nucleotide-long Py tract in a HeLa extract and
in transgenic flies (16, 54). This is most likely because a higher
affinity of USx for a rather long Py tract allows it to overcome
a rate-limiting step that requires RRM3. Second, the S. cerevi-
siae ortholog Mud2p containing RRM3 as the only recogniz-
able portion of U2AF65 is dispensable (1). Third, the RRM3
interacting partner SF1/BBP has a kinetic rather than an es-
sential role in splicing and U2 snRNP binding in S. cerevisiae
and humans (17, 44). In addition to the kinetic role of the
RRM3-SF1 interaction, the potential RRM3-dependent rate-
limiting process could contribute to subsequent steps during
spliceosome assembly, such as recognition of the BPS by the
U2 snRNP or any function prior to U2AF release from the
spliceosome (5).

Biological importance—spliceosome assembly pathways be-
yond model substrates. Development of an in vitro splicing
system and characterization of model pre-mRNA substrates
contributed enormously to the identification of splicing signals,
factors, and a spliceosome assembly pathway(s). However,
findings obtained with model substrates may not explain every
instance of splicing. Numerous intronic sequence arrange-
ments for 3� splice site recognition exist; these may differ with
respect to the length, strength, spacing, and sequence contexts
of cis-acting splicing elements. Similarly, there are cell- and
tissue-specific differences with respect to the concentration,
activity, localization, and interacting partners for splicing fac-
tors and the presence or absence of splicing activators and
repressors. Whereas these features obviously generate a highly
complex landscape of assembly pathways with respect to re-
quirements for cis- and trans-acting elements, studies with
model substrates have captured only a limited fraction of the
entire spectrum that actually exists. The presence of a large
array of intron architectures and of requirements for trans-
acting factors increases the potential for the generation of
enormous diversity for molecular functions and/or regulation
via combinatorial control (29, 48), which has played an impor-
tant role during metazoan evolution. At the same time, these
features increase the degree of freedom in regard to associa-
tions of cis- and trans-acting elements, thereby complicating
intron-exon identification in eukaryotic genomes and contrib-
uting to peculiar splicing behaviors of introns.

These studies reinforce the notion that the spliceosome as-
sembly pathway is flexible, that different pre-mRNAs likely

have distinct rate-limiting steps, and that alternative (U1-,
U2AF-, and RRM3-insensitive) spliceosome assembly path-
ways exist (4, 9, 32, 51, 52). Whether a splicing factor, a do-
main, or a particular assembly pathway is essential, dispens-
able, or partially required for splicing may not be absolute for
each and every intron. Moreover, strengthening or weakening
of one or more of the numerous potential interactions in dif-
ferent contexts could modify the need for other interactions. In
conclusion, versatility of initial interactions early during spli-
ceosomal assembly within the same species exists to accommo-
date a variety of intron architectures. This phenomenon is
relevant not only for splicing but also for many steps along the
gene expression pathway (transcription, RNA processing,
translation, and signaling).
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