
Article
Cross talk between the up
stream exon-intron
junction and Prp2 facilitates splicing of non-
consensus introns
Graphical abstract
Highlights
d Fission yeast U2AF65 (Prp2) is required for splicing a subset

of introns

d Dependency on Prp2 for splicing does not rely on poly-Py

track strength

d Prp2 is required for splicing when the interaction U1-50ss is

weak

d The Prp2 requirement can be predicted from the primary

sequence
H€ummer et al., 2021, Cell Reports 37, 109893
October 26, 2021 ª 2021 The Author(s).
https://doi.org/10.1016/j.celrep.2021.109893
Authors

Stefan H€ummer, Sonia Borao,

Angel Guerra-Moreno, Luca Cozzuto,

Elena Hidalgo, José Ayté
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SUMMARY
Splicing of mRNA precursors is essential in the regulation of gene expression. U2AF65 recognizes the poly-
pyrimidine tract and helps in the recognition of the branch point. Inactivation of fission yeast U2AF65 (Prp2)
blocks splicing of most, but not all, pre-mRNAs, for reasons that are not understood. Here, we have deter-
mined genome-wide the splicing efficiency of fission yeast cells as they progress into synchronous meiosis
in the presence or absence of functional Prp2. Our data indicate that in addition to the splicing elements at the
30 end of any intron, the nucleotides immediately upstream the intron will determine whether Prp2 is required
or dispensable for splicing. By changing those nucleotides in any given intron, we regulate its Prp2 depen-
dency. Our results suggest a model in which Prp2 is required for the coordinated recognition of both intronic
ends, placing Prp2 as a key regulatory element in the determination of the exon-intron boundaries.
INTRODUCTION

Splicing of mRNA precursors is an essential part in gene expres-

sion. Since mis-regulated splicing can result in disease by modi-

fying protein functions, a fine-tuned balance of alternative

splicing is essential for human health (Li et al., 2016). Accumu-

lated data highlight the importance of regulated alternatively

spliced isoforms in various diseases, including neurodegenera-

tive disorders, cancer, immune and infectious diseases, cardio-

vascular diseases, and metabolic conditions (Kim et al., 2018;

Tazi et al., 2009). Despite all research efforts over the last years,

a basic understanding of disease mechanisms and the develop-

ment of clinical applications still lack a precise grasp of the mo-

lecular basis of regulated splicing (Kim et al., 2018; Ule and Blen-

cowe, 2019).

The process of splicing is conserved from yeast to human, and

many players (RNAs and proteins) required for splicing are

conserved throughout evolution (Ast, 2004; Keren et al., 2010),

which justify the study of the fundamental process of splicing

in genetic traceable model organisms like yeast. Ground-

breaking work in Saccharomyces cerevisiae has been funda-

mental for the discovery of spliceosomal components and the

dissection of basic mechanisms of splicing (Lustig et al., 1986;

Meyer and Vilardell, 2009; Vijayraghavan et al., 1989; Wilkinson

et al., 2020). However, while the field has moved forward, the

lack of a complex splicing machinery and alternative splicing
C
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patterns in S. cerevisiae has become evident. In contrast to

budding yeast, the splicing machinery and the underlying mech-

anisms of splicing of the fission yeast Schizosaccharomyces

pombe aremore similar to the human ones. Phylogenetic studies

revealed that while many proteins of the splicing machinery are

well conserved throughout evolution, �40% of the fission yeast

splicing factors are more similar to the human proteins than to

the budding yeast proteins. Notably, most of these factors are

described to play a role in the recognition of the 30 splice site

(30ss) (Kuhn and Käufer, 2003). Studies in S. pombe have been

fundamental for understanding the basic mechanisms underly-

ing the process of splicing (Fair and Pleiss, 2017; Käufer and Po-

tashkin, 2000). For instance, pioneering work in S. pombe has

been carried out to describe, for the first time, the identification

of alternative splicing events by intron lariat sequencing (Awan

et al., 2013), the structural composition of the spliceosome at

3.6-Å resolution (Yan et al., 2015), and a transcriptome-wide

‘‘intronome’’ by spliceosome profiling (Burke et al., 2018; Chen

et al., 2018). In fact, the high degree of degeneracy of splice

site sequences, which closely reflects that seen in human tran-

scripts, provided the opportunity to study their contribution to

regulated splicing in fission yeast (Ast, 2004). Furthermore, alter-

native splicing under different environmental conditions and after

perturbations of spliceosomal or spliceosome-associated fac-

tors has been reported in fission yeast (Moldón et al., 2008;

Pleiss et al., 2007; Sridharan et al., 2011; Thakran et al., 2018).
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On the molecular basis, splicing is a two-step trans-esterifica-

tion reaction in which introns are excised from the nascent

mRNA. The physical and functional coupling of transcription

and splicing is founded in the conserved C-terminal domain

(CTD) of the large subunit of RNA polymerase II (RNA Pol II)

(Bird et al., 2004; Fong et al., 2003). The phosphorylation status

of this domain mediates the interaction between RNA Pol II and

splicing factors as well as a variety of other RNA processing fac-

tors. A highly dynamic multi-component ribonucleoprotein com-

plex, called the spliceosome, catalyzes the process of splicing. A

splicing-competent spliceosome comprises �100 proteins and

five small nuclear RNAs (snRNAs) and is assembled anew for

each splicing reaction. This complex is built up in an ordered

fashion, and a series of conformational changes, accompanied

by the exchange of snRNAs, drives this ribonucleoprotein com-

plex into its catalytically active state (Will and L€uhrmann, 2011).

The first step in any splicing reaction is the establishment of

the exon-intron boundaries. This is achieved by the early spliceo-

somal complex (E complex), also called commitment complex

(CC) in yeast (Jamison et al., 1992; Kent et al., 2005; Legrain

et al., 1988; Seraphin and Rosbash, 1989). This complex con-

sists of U1 snRNP, splicing factor 1 (SF1), and the U2 small nu-

clear ribonucleoprotein auxiliary factor (U2AF). These three ma-

jor parts of the E complex are responsible for the interactions

among the 50 splice site (50ss), the branch point (BP), and the

30ss. U1 snRNP recognizes the start of the intron through

base-pairing between the 50 end of U1 snRNA and the 50ss
sequence (Lerner et al., 1980; Siliciano and Guthrie, 1988;

Zhuang and Weiner, 1986). Recognition of functional 30ss is

achieved by the U2AF heterodimer, composed of a 65-kDa sub-

unit (U2AF65) that is proposed to recognize poly-pyrimidine (Py)

tract (Ruskin et al., 1988; Zamore andGreen, 1989) and a 35-kDa

subunit (U2AF35) that interacts with the AG dinucleotide at the

30ss (Merendino et al., 1999; Wu et al., 1999; Zorio and Blumen-

thal, 1999). Finally, the conserved pre-mRNA splicing factor SF1

is implicated in 30ss recognition by binding directly to the BP site

(Peled-Zehavi et al., 2001). The binding of U2AF65 to SF1 in-

creases the affinity of SF1 to the pre-mRNA BP site (Berglund

et al., 1998; Huang et al., 2002;Wang et al., 2013), and this coop-

erative association of SF1 with U2AF65 plays an important role

for initial assembly of the spliceosome. Once the pre-spliceoso-

mal complex is assembled, SF1 is displaced from U2AF65 and

replaced by the U2 snRNP protein SF3b155/SAP155 (Gozani

et al., 1998; Rutz and Séraphin, 1999).

U2AF65 belongs to the family of SR proteins containing an

arginine- and serine-rich (RS) domain and three RNA recognition

motifs (RRMs) (Agrawal et al., 2016; Kielkopf et al., 2004).

Despite being long considered an absolutely essential element

for splicing, current work on the role of U2AF65 in regulated

and constitutive splicing has revealed that U2AF has a maximal

capacity to recognize 88% of functional 30ss in the human

genome (Wu and Fu, 2015). In line with this, the existence of a

U2AF65-independent pre-spliceosomal complex (termed E0)
has been reported in humans (Kent et al., 2005). Furthermore,

while the putative homolog of U2AF65 in budding yeast, Mud2,

is not essential (Kistler and Guthrie, 2001; Tang et al., 1996), a

conditional role of fission yeast U2AF65 (Prp2) in the splicing of

introns with unconventional Py tracts has been identified in
2 Cell Reports 37, 109893, October 26, 2021
S. pombe (Sridharan et al., 2011; Sridharan and Singh, 2007).

However, the mechanistic details discriminating both types of

pre-spliceosomal assembly processes remain only partially un-

derstood. Here, we have analyzed the dependency on functional

Prp2 for splicing. To include all the 4,698 fission yeast introns,

our analysis was done with cells as they progressed into syn-

chronous meiosis. We have found that the requirement on

Prp2 for splicing is defined by the degree of degeneration from

the consensus sequence at the 30ss and, surprisingly, also at

the 50ss, pointing to a role of Prp2 in placing the 50ss and 30ss
in close proximity before the first splicing reaction.

RESULTS

Intron-dependent requirement on Prp2 for efficient
splicing
To gain insight into the possible roles of Prp2 in alternative

splicing, we decided to monitor the transcriptome dependency

on Prp2 during progression into meiosis. In S. pombe, meiosis

involves an augmented complexity of the transcriptome, with

the upregulation of �400 genes and the activation of specific

pre-mRNA splicing programs (Harigaya et al., 2006; Moldón

et al., 2008). We used an ATP-analog-sensitive pat1-as2 strain

to induce synchronous meiosis, as previously reported

(Guerra-Moreno et al., 2012), in combination with a prp2 temper-

ature-sensitive allele (prp2-1) (Urushiyama et al., 1996) (Fig-

ure 1A). In this genetic background, the interaction between

SF1 (bbp1) and U2AF23 (uaf2) is disrupted at non-permissive

temperature (Figure S1A), probably due to either Prp2-1 degra-

dation or mis-folding of the mutant protein, which has a C387Y

substitution in the spacer between the two RRMs of the protein

(Figure S1B). We have previously demonstrated that some

meiotic genes, such as rem1, are spliced only in meiosis

(Alves-Rodrigues et al., 2016; Malapeira et al., 2005; Moldón

et al., 2008). As shown in Figure 1B, the meiosis-specific splicing

of the rem1 transcript is fully abolished at non-permissive tem-

peratures and is therefore Prp2 dependent. We analyzed the

transcriptome of meiotic cells at either permissive or restrictive

temperature for prp2-1, mapping all the introns. After applying

a cutoff to exclude low-abundance transcripts (<50 reads of

spliced and unspliced transcript), splicing efficiency of 1,325 in-

trons was determined as the ratio between the number of reads

for the spliced and not-spliced form of each intron. Based on

these data, we were able to determine the splicing efficiency of

individual introns depending on the functionality of Prp2 (Fig-

ure 1C). U2AF65 in mammalian cells and prp2 in S. pombe are

essential genes (unlikemud2 in S. cerevisiae) due to their central

function in pre-mRNA splicing. In accordance with this and in

agreement with previous reports (Sridharan et al., 2011), the

vast majority of the analyzed introns showed a clear dependency

on Prp2 for efficient splicing (92% of introns with log2 fold

change [log2FC] < �1). Interestingly, several transcripts were

spliced equally well at permissive and restrictive temperature

(splicing ratio �1). For further analysis, we defined two major

groups corresponding to the 5% of introns (66 introns in each

group) with the highest and the lowest dependency on prp2 for

efficient splicing (Figure 1C, orange and green dots,

respectively).



Figure 1. Prp2-dependent regulation of

splicing

(A) Synchronization of cells in meiosis after nitrogen

starvation in the prp2-1 strain.

(B) Validation by analysis of rem1 splicing. RT-PCR

analysis with primers in the flanking exons (sche-

matic drawing on top). Control reaction without

reverse transcriptase (-RT) after the DNase treat-

ment is shown. 25, permissive temperature; 36,

restrictive temperature. PCR from genomic DNA

(gDNA) indicates the unspliced product. The

migration of spliced and unspliced products is

indicated on the left.

(C) Splicing efficiency at permissive (x axis) and

restrictive temperature (y axis) of all fission yeast

introns in the prp2-1 strain. Highlighted are the in-

trons with the lowest (green, top 5%) and highest

(orange, bottom 5%) dependency on Prp2. The red

dot indicates rem1(I1).

(D) RT-PCR validation of introns from genes with

similar expression levels in mitosis and meiosis.

RNA was isolated from cells synchronized in

meiosis (meiosis) or logarithmic growing cells

(mitotic) before and after temperature shift for 1 h.

(E) RT-PCR-validated introns in the top 5% and

bottom 5% groups from (C).

(F) RT-PCR analysis of introns from rpl21, vps32,

and rhb1 (introns 1 and 2) in a wild-type (WT) or

prp2-1 strain transformed with a plasmid express-

ing WT Prp2 (indicated with a ‘‘+’’ at the bottom).

Samples were prepared from cultures grown at

25�C or 36�C (indicated on top).

See also Figure S1.

Article
ll

OPEN ACCESS
To verify our data experimentally, we randomly tested several

introns by RT-PCR analysis from cells in meiosis or the mitotic

cell cycle. In general, we could detect the same splicing effi-

ciency of transcripts with similar level of transcription in mitosis

and meiosis (Figure 1D); for this reason, and to simplify our

experimental approach, further validation of splicing efficiencies

was carried out in mitotically growing cells, except where indi-

cated. We extended our experimental confirmation of our RNA

sequencing (RNA-seq) analysis and tested the splicing of several

introns from the top 5% and bottom 5% by RT-PCR (Figure 1E).

This analysis confirmed that even though Prp2 is an essential

component of the spliceosome, not all introns need fully func-

tional Prp2 for splicing. To confirm that this effect on splicing

was indeed produced through inactivation of Prp2 and not as a

collateral effect of increasing the temperature, we tested the

splicing of some introns in a wild-type (WT) strain at 25�C and

36�C, as well as in the prp2-1 strain carrying a plasmid that

was overexpressing WT Prp2. As can be observed in Figure 1F,

splicing was not affected in the WT strain at any temperature,

and the exogenous expression of WT Prp2 could rescue the ef-

fect on splicing in the prp2-1 background, ruling out possible ar-

tifacts of the prp2-1 strain.

To identify the regulatory elements within introns that

enable splicing in the absence of Prp2, we first analyzed
C

and compared the 50ss and the BP from

the entire dataset (all) with the introns
with high (bottom 5%) and low dependency (top 5%) on

Prp2 for efficient splicing (Figure S1C). We concluded that

there were no major differences among the three groups.

Since mammalian U2AF65 is proposed to recognize the Py

tract (between the BP and the 30ss), we next determined the

location of the Py tract within each individual intron. In agree-

ment with previous reports (Kupfer et al., 2004; Sridharan and

Singh, 2007), we found that the Py tract was located down-

stream of the BP only in �20% of the introns (Figure S1D).

We also found that there were no significant differences

among the three groups. In addition, we determined the intron

length, the distance between the BP and the 30ss and 50ss, as
well as the abundance and half-life of the transcripts. As

shown in Figures S1E–S1I, we could not detect significant dif-

ferences among the groups of introns, indicating that the

requirement on Prp2 for efficient splicing must be based on

additional features than the ones included in classical

analysis.

Intron-flanking sequences are required for splicing in
the absence of functional Prp2
Since an intron-based analysis did not reveal correlations with

the Prp2 dependency on splicing, we decided to investigate

the differences in the context of the entire transcript. To be
ell Reports 37, 109893, October 26, 2021 3



Figure 2. Exonic sequences regulate splicing

in the absence of functional Prp2

(A) Schematic drawing of the rhb1 transcript.

Primers used in the RT-PCR are indicated on top.

Exons are in blue, and introns are in yellow. Bottom:

sequence of both introns. Branch point (BP)

sequence (white) and Py tract (black) are shown.

(B) Splicing efficiency of rhb1 intron1 (green) and

intron 2 (orange) from the RNA-seq data.

(C) Validation of the RNA-seq data on the indicated

rhb1 introns in the WT strain and two different prp2-

ts alleles (prp2-1 and prp2-2). rpl31 and vps32 are

shown as controls. 25, permissive temperature; 36,

restrictive temperature. Themigration of spliced and

unspliced products is indicated on the left.

(D) Splicing analysis (RT-PCR) of the rhb1 introns

(rhb1 I1 and rhb1 I2). Endogenous rpl31 and vps32

are shown as a control. The migration of spliced and

unspliced products is indicated on the left. On top,

schematic drawing of the rhb1 reporter constructs,

rhb1 WT and rhb1 SWAP. Exons are in blue, and

introns are in green (intron1) or orange (intron2). 41

stands for nmt41 promoter or terminator; H, HA-tag;

F, FLAG-tag.

See also Figure S2.
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able to study the impact from the diverse features that define

a pre-mRNA, we started by using an engineered reporter tran-

script based on rhb1 (Rheb GTPase 1), which contains two in-

trons with opposite requirements on Prp2 for efficient splicing

(Figures 2A and 2B). While intron 1 is efficiently spliced at

restrictive temperature in two different prp2-temperature-sen-

sitive alleles (prp2-1 or prp2-2), splicing of intron 2 was

strongly inhibited at restrictive temperature (Figure 2C). To

facilitate the analysis, we generated a minigene reporter con-

taining the genomic sequence of rhb1 under the control of the

inducible nmt1 promoter and integrated at the leu1 chromo-

somal locus. By using a combination of gene and plasmid

specific primers, the PCR product in our analysis was reporter

specific, since no signal from the endogenous gene could be

observed in the control (Figure 2D). When analyzing the

splicing efficiency of the minigene, we could readily confirm

the results obtained for endogenous rhb1; while both introns

are spliced efficiently at permissive temperature, only intron
4 Cell Reports 37, 109893, October 26, 2021
1 was fully spliced at restrictive tempera-

ture. Since our in silico analysis of in-

tronic features did not reveal significant

differences between introns with high

and low dependency on Prp2 for splicing

(Figures S1C–S1I), we hypothesized that

exonic elements could account for this

effect. To test this possibility, we con-

structed an rhb1 minigene in which the

positions of the two introns were inter-

changed (rhb1 SWAP). While both introns

of this construct were spliced at permis-

sive temperature, inactivation of Prp2 re-

sulted in the fully retention of intron 1
placed in the position of intron 2 (Figure 2D). In contrast to

this, intron 2 (which has an absolute dependency on Prp2 in

the endogenous rhb1 or in the rhb1WT minigene) was fully

spliced at non-permissive temperature.

These results confirmed that the surrounding exon se-

quences could provide the requirement for Prp2-dependent

or independent splicing. Since inter-intron cross talk could ac-

count as a possible mechanism for the different requirement

on Prp2 for splicing, we constructed minigenes with 30 trunca-
tions of rhb1 WT, generating constructs devoid of intron 2

(rhb1 WT1–380, rhb1 WT1–245, and rhb1 WT1–170). Efficient

splicing of these constructs could be detected at restrictive

temperature (Figure S2A). Similarly, shortening rhb1 SWAP

from the 50 end to generate a mono-intronic minigene resulted

in the same splicing regulation as when both introns were pre-

sent (Figure S2B). Further truncations of the rhb1 constructs

until 50 bp up- and downstream of the intron did not result

in alterations of splicing efficiencies (Figures S2A and S2B).



Figure 3. G at position �1 of the exon-intron

junction facilitates splicing in a Prp2-inde-

pendent manner

(A) SeqLogo representation of the 50 exon-intron

junction from the groups corresponding to the top

5%, bottom 5% Prp2-dependent genes and all

fission yeast introns.

(B) RT-PCR analysis from the indicated strains and

conditions (25, permissive temperature; 36,

restrictive temperature). rhb1(A2) and rhb1(B3)

correspond to the PCR product spanning intron 1

and intron 2, respectively. rpl31 and vps32 are

shown as controls. The migration of spliced and

unspliced products is indicated on the right. Top:

schematic drawing of the rhb1 constructs used.

50ss of introns are indicated, and the mutations are

highlighted in red.

(C) Splicing analysis of truncated rhb1 minigene (1–

170) containing only intron 1, withWT or with a point

mutation (G62T) in exon 1.

See also Figure S3.
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Supporting these results, mono-intronic genes with high (ctp1,

rpl29, and tuf1) and low dependency (rpl31 and rpt2) on Prp2

were identified in the RNA-seq experiments and verified by

RT-PCR (Figure 1E). Furthermore, there are other transcripts

with two introns showing opposite requirements on Prp2 for

splicing, like ubc4. But in this case, the order of Prp2-inde-

pendent and dependent introns was reversed to that of

rhb1, indicating that the relative position of the introns did

not appear to be crucial for their dependency on Prp2 for

splicing. We conclude that Prp2-dependent splicing was not

reliant on other introns present in the same transcript.

Next, we analyzed the sequences of the upstream exon-intron

boundaries. While this analysis revealed a certain bias for gua-

nine (G) at position -1 of the 50ss when analyzing all introns (Fig-

ure S3A), we detected a striking enrichment for G in this position

in the group of introns with low dependency on Prp2 for splicing

(top 5%; Figure 3A). This was even more notorious when
C

compared with the bottom 5% group of in-

trons, which are absolutely dependent on

Prp2 for splicing. This observation pointed

us that the last nucleotide of the preceding

exon could play a role in the regulation of

splicing by Prp2. To confirm this hypothe-

sis, we mutated this nucleotide of rhb1

exon 1 to T (G62T) and determined the

effect on splicing in the prp2-1 strain.

While still being efficiently spliced at

permissive temperature, the G62T muta-

tion completely abrogated splicing at

non-permissive temperature (Figure 3B).

This effect was also observed in the

context of a minigene with only intron 1

(Figure 3C). On the contrary, rhb1 intron 2

has a T at position �1, and its splicing is

highly dependent on fully functional Prp2.

However, when we mutated this nucleo-

tide to a G (T380G), we suppressed the
Prp2 dependency on splicing, confirming our hypothesis and

suggesting that there is no epistasis (Figure 3B).

The Prp2 requirement for efficient splicing inversely
correlates with U1 snRNA binding
Our genome-wide analysis revealed a broad range distribution

of Prp2-dependent splicing efficiencies and not an ON/OFF bi-

nary output (Figure 1C). We have shown that Prp2-dependent

splicing efficiency was not dependent on the characteristics

of a single factor, like the Py tract (Figure S1D). However, the

sequence composition of the 50 exon-intron junction might

have a major role in Prp2-dependent splicing regulation. To

determine if we could extend our observation on rhb1 pre-

mRNA as a general rule, we characterized the sequence

composition of all the 50 exon-intron junctions in fission yeast.

Given the fact that the strength of the interaction between

snU1 and the 50 exon-intron junction promotes the formation
ell Reports 37, 109893, October 26, 2021 5



Figure 4. Mutations in snU1 complement in

trans the Prp2 requirement for splicing.

(A) Scheme of WT and U1 mutants (snU1 C7A and

snU1 triple). Mutations are shown in red.

(B) Splicing analysis of rhb1(I1 and I2), rps1202(I1),

and vps32 (I1) in the prp2-1 strain at 25�C or 36�C.
PCR from genomic DNA (gDNA) indicates the un-

spliced product. The migration of spliced and un-

spliced products is indicated on the right.

See also Figure S4.
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of the pre-spliceosomal E complex (Figure S3B), we wondered

whether the requirement on Prp2 for efficient splicing might be

found in the strength of this interaction. We first determined the

relative contribution of the individual nucleotides of the pre-

mRNA to the interaction strength with snU1. Starting from the

optimal 50ss sequence, variation of the nucleotide at each sin-

gle position combined with the determination of the minimum

free energy change (DG kcal/mol) calculated by RNA-fold

was used to define the relative weight of each position for

the interaction with U1-snRNA (Figure S3C). The analysis re-

vealed that apart from the invariant GU dinucleotide (positions

1 and 2), position �1 of the 50ss has the strongest impact on

the interaction with U1, so that a G at this position potentiates

the strongest interaction. As a proof of concept, we calculated

the interaction strength of the two rhb1 introns as well as the

point mutations derived from the original rhb1 (G62T and

T380G). We observed a clear correlation between the calcu-

lated DG values (Figures S3D and S3E) and the requirement

on Prp2 for efficient splicing (Figure 3B). We extended this

calculation to all fission yeast introns in three separate groups

according to their dependency on Prp2 for efficient splicing

(all introns, top 5% and bottom 5%). As shown in Figure S3F,

there was a significant difference in the DG values between

the top 5% and bottom 5% groups.

To experimentally confirm our theoretical calculations on

the cross talk between the snU1 exon-intron junction and

Prp2, we hypothesized that some splicing defects on specific

introns could be rescued in trans through the expression of

mutated alleles of snU1; optimizing the nucleotide alignment

between snU1 to an intron with a non-consensus exon-intron

junction could facilitate splicing in the absence of functional

Prp2. To test this, we used intron 2 of rhb1, whose splicing

is dependent on Prp2 and has a predicted low DG between

the exon-intron junction and snU1 (0.8). We generated two

mutant versions of snU1, snU1C7A and snU1triple, which

improved the annealing with rhb1 rendering DG of �2.3
6 Cell Reports 37, 109893, October 26, 2021
and �5.9, respectively (Figures 4A and

S4A). We expressed the WT or the

mutated snU1 as an additional copy to

the endogenous snU1 in the prp2-1

strain and determined the splicing effi-

ciency of rhb1 intron 2 at permissive

and restrictive temperatures. As shown

in Figure 4B, snU1C7A improved

the splicing efficiency of rhb1(I2), and

snU1triple transformed rhb1(I2) in a
completely Prp2-independent intron. This observation could

be extended to other Prp2-dependent introns, like intron 1

of rps1202, which contains the same nucleotides at the

exon-intron junction in an otherwise unrelated sequence

context (Figure 4B) and lcp1 (Figure S4B), although to a

lesser extent than rhb1(I2). The fact that the latter two did

not achieve complete Prp2 independence for splicing, like

rhb1(I2), might be attributed to the fact that rhb1(I2) had

25% of unspliced product with WT snU1, while the other

two were totally unprocessed. Thus, while being able to pre-

dict the requirement on Prp2 based on the strength of the

interaction between the 50 exon-intron junction and snU1,

additional features in some introns might finally determine

the degree of Prp2 dependency for splicing.

Furthermore, the expression of the different snU1 mutants did

not affect the splicing of introns that already were Prp2 indepen-

dent, like rhb1 intron 1 (Figure 4B) or rpl31 intron 1 (Figure S4B),

and it did not improve splicing of vps32 intron 1 (Figure 4B),

which had a totally unrelated sequence at the exon-intron junc-

tion. It has to be taken into consideration that the different

snU1 mutants were expressed in the background of the endog-

enous snU1 and, consequently, did not have any effect on unre-

lated 50 exon-intron sequences. We conclude that when a per-

fect complementary sequence alignment of the exon-intron

junction with the snU1 RNA exists, Prp2 may become dispens-

able, explaining why some introns did not require the presence

of this accessory factor. However, the difference observed be-

tween rhb1(I2), which displayed weak splicing in the absence

of functional Prp2, and lcp1(I1) or rps1202(I1), whose splicing

could not be turned into completely Prp2 independent even

with the expression of snU1 triple mutant, led us to consider

additional options. Thus, while being able to predict the require-

ment on Prp2 based on the strength of the interaction between

the 50 exon-intron junction and snU1, additional features in

some introns might finally determine the degree of Prp2 depen-

dency for splicing.



Figure 5. The BP sequence defines Prp2 de-

pendency in introns with moderate 50ss-
snU1 interaction strength

(A) Splicing efficiency of ypt7(I1) and ypt7(I2) from

the RNA-seq data (green and orange, respectively).

(B) Splicing of ypt7 in the prp2-1 strain at permissive

(25) and restrictive temperature (36). rpl31(I1) and

vps32(I1) are shown as controls. The migration of

spliced and unspliced products is indicated on the

left. Top: scheme of the ypt7 transcript.

(C) Scheme of the ypt7 construct. The sequence of

intron 2 is shown.

(D) RT-PCR analysis of the indicated constructs with

mutations in the 50ss and/or the BP sequence of

ypt7 intron2. The calculated DG values between the

50ss and snU1 is shown. RNA was prepared from

cultures grown at 25�C or after 1 h at 36�C. Splicing
of ypt7 intron 1 (ypt7(A2)), vps32(I1), and rpl31(I1) is

shown as controls. PCR from genomic DNA (gDNA)

indicates the unspliced product.

(F) Extracts (2 mg) from a WT or prp2-1 strain ex-

pressing the indicated tags on top were immuno-

precipitated with a-GFP antibodies (GFP IP) and

analyzed by western blotting (a-GFP or a-HA).

Input, whole-cell extracts (100 mg).

See also Figures S5 and S6.
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The strength of the interaction between the 50ss and
snU1 in combination with the BP sequence determines
the requirement of Prp2 for splicing
To determine the additional features that ultimately are

involved in the fine-tuning of the requirement on Prp2, we

analyzed the splicing efficiency by RT-PCR of over 30

randomly chosen introns. Analysis of the obtained data re-

vealed that introns with a DG value bigger than �7.5 required

fully functional Prp2 to achieve full splicing (Figure S5). This

value is in agreement with our previous findings, as �7.5 is

the lowest DG value that can be reached when the nucleotide

at position �1 is not a G. Therefore, the DG value for the 50ss-
snU1 interaction is the major determinant to achieve efficient
C

splicing; thus, G at position -1 is the

largest contributing factor to obtain the

minimal required DG value. Among this

group of introns, ypt7 (I2) and ppk8 (I1)

did not have a DG value below �5.2

and consequently required functional

Prp2 for splicing (Figure S5).

Among the tested introns with a DG %

�5.2, we could observe different degrees

in the dependency on Prp2 for splicing,

confirming our hypothesis that additional

features within introns must ultimately

determine the dependency on Prp2 for

splicing. Like in the case of the exon-

intron junction, the BP sequence in

S. pombe has a high degree of degenera-

tion; while 66% of the introns contain the

canonical CUAAC sequence (like in

S. cerevisiae), 34% have a degenerated
YURAY motif (Y = pyrimidine; R = purine) (Fair and Pleiss,

2017; Kupfer et al., 2004). Focusing on the experimentally veri-

fied introns, we could detect clear correlations among BP

sequence, the DG value of the snU1 exon-intron junction inter-

action, and the dependency on Prp2 for efficient splicing

(Figure S5). Furthermore, in several of the introns with a

DG % �5.2 that were highly dependent on Prp2, the

BP sequence fitted with the degenerated YURAY

motif (SPAC12G12.07c(I1), stt3(I1), ctr6(I1), rgf2(I1), ctp1(I1),

cka1(I2), spn7(I2), and tuf1(I1)). On the other hand, a low depen-

dency on Prp2 could be observed for introns with a rather low

DG value (< �7.0) but that had a fully canonical BP sequence,

(CUAAC) (ubc4(I2) and atp3(I1)).
ell Reports 37, 109893, October 26, 2021 7



Figure 6. Model for the role of Prp2 in the formation of the

commitment complex

The requirement of Prp2 for splicing correlates with the degeneration of splice

site motifs. Top: formation of a stable commitment complex as the result of

individual interactions (50ss-U1, BP-SF1, and 30ss U2AF23) in consensus-

motif-containing introns, which does not require functional Prp2. Bottom:

degeneration of consensus motifs weakens individual interactions and re-

quires Prp2-mediated cooperativity for the formation of a stable commitment

complex.
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Based on these data, we hypothesized, that the requirement

on Prp2 for the splicing of introns depends at least on these

two factors, the strength of the interaction between snU1 and

the exon-intron junction and the BP sequence. To test this hy-

pothesis, we focused our analysis on the splicing of the ypt7

pre-mRNA. Like in the case of rhb1, ypt7 contains two introns

with opposite requirements for Prp2 for efficient splicing (Figures

5A and 5B). The Prp2-dependent intron (I2) is characterized by

having (1) a G at position �1 of the 50ss, (2) a DG value of

�4.5, and (3) a non-canonical BP sequence (CTAAT). Following

our prediction, we introduced mutations either in the 50ss to in-

crease the DG value or in the BP sequence to convert the

sequence into the canonical CUAAC motif. By combining four

different sequences of the 50ss (DG values �0.8, �4.5, �8.6,

and �11.6) with either CUAAC or CUAAT as BP sequence, we

generated eight different constructs to study the relationship be-

tween both sequence elements in their role for the requirement

on Prp2 for splicing. All these constructs were tested in the

prp2-1 strain at permissive and restrictive temperatures (Figures

5C and 5D). In line with our previous results, the dependency on

Prp2 for efficient splicing decreases with the reduction of the DG

value, calculated for the individual 50ss-snU1 interaction. In com-

parison to the WT ypt7 construct (DG �4.5), the increase in the

DG value (DG = �0.8) enhances the dependency on Prp2 for

splicing of ypt7 intron 2, while the decrease in the DG value ren-

ders splicing of the intron independent on Prp2 (DG = �11.6).
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Additionally, a mutation in the BP (CUAAT to CUAAC) causes a

further decrease in the Prp2 dependency for all tested 50ss var-

iants, except for the construct with the highest DG value (DG =

�0.8). Therefore, the 50ss sequence is the major determinant

for the requirement on Prp2 for efficient splicing; among those

50ss that have partial splicing, a consensus like BP can further

enhance splicing at non-permissive temperature. To confirm

that this effect is not transcript dependent, we introduced a mu-

tation in the BP sequence of rhb1(I1) altering the sequence from

CUAAC to CUAAT. Although the 50ss rhb1(I1) had a high affinity

to snU1 (DG� 10.8), we could observe an increase in the depen-

dency on Prp2 when the BP sequence was modified (Figure S6).

Finally, and to confirm the role of Prp2 as a scaffold that could

link U1 and U2, we sought to determine whether components of

U1 and U2 could co-immunoprecipitate and if this wasmediated

by Prp2. As shown in Figure 5E, while we could detect an inter-

action between the U1 subunit Usp104 (Prp40 in budding yeast,

PRPF40B in humans) and U2AF23 (U2AF35 in humans) in a WT

strain, this interaction was abolished in a prp2-1 background.

This result points to the essentiality of Prp2 for proper intron

recognition, which could be especially critical to compensate in-

dividual weak interactions at the 50ss or at the BP.

DISCUSSION

Precise regulation of splicing is a key step in regulated gene

expression, and defects in this process are often associated

with disease (Faustino and Cooper, 2003). Approximately 1.6%

of all disease-causing mutations affect either of the splice sites

(Krawczak et al., 2007). Among those mutations, two-thirds are

located within the 50ss (Abramowicz and Gos, 2019). Analysis

of the relative distribution of nucleotide substitutions causing

the use of cryptic or de novo splice sites revealed that while

the highest frequency of mutations can be found in the invariable

position +1 (G), substitutions at position �1 are also frequently

identified (Buratti et al., 2007; Krawczak et al., 2007). Even

though loss-of-function mutations in core components of the

spliceosome are not compatible with life, certain hypomorphic

mutations lead to widespread alterations in splicing and disease.

But even more important than the detection of diseases is their

cure, and the exact knowledge of the splicing mechanisms has

provided promising attempts to correct specific diseases (Wan

and Dreyfuss, 2017). As we have shown here, expression of a

mutant snU1 could complement splicing defects on introns

with weak 50ss to rescue Prp2-deficient cells.

The current model for the assembly of the spliceosome pre-

dicts that functional 50ss and 30ss are defined via base-pairing

with snRNAs U1 and U2, respectively. A consensus sequence,

complementary to the sequence of these snRNAs could be

defined for the 50ss, BP, and 30ss. However, these sequence

motifs are degenerated throughout evolution, and a small

portion of the splice sites in human match those sequences

(Ast, 2004; Fair and Pleiss, 2017; Kupfer et al., 2004). As a

consequence, auxiliary factors are required to determine the

exon-intron boundaries. Interestingly, these evolutionary adap-

tations are accompanied by an increase in auxiliary factors in

U2, while U1 is highly conserved from yeast to human (Käufer

and Potashkin, 2000). One of the most important factors in the
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initial intron recognition is the U2AF heterodimer, whose function

strongly correlates with the presence of degenerated splicing

signals (Ruskin et al., 1988; Zamore and Green, 1991). This is

at best illustrated by the fact that in S. cerevisiae, which contains

mainly introns with strictly consensus splicing sites, Mud2 is not

essential (Abovich et al., 1994). In contrast, the degeneration of

splice site motifs in S. pombe is accompanied by an essential

role of Prp2. This correlation is supported by our results, demon-

strating that only consensus-type introns in S. pombe are insen-

sitive to Prp2 inactivation. While the requirement of functional

Prp2 for only a subset of introns in fission yeast was already

described (Sridharan and Singh, 2007), the specific sequence

elements responsible for the differential requirement on Prp2

for splicing remained to be described. Previous work strictly

focused their analysis on the intronic sequences. We have

now demonstrated that only by inclusion of the exonic part of

the 50ss can we identify the strength of the 50ss-snU1 interaction

as a major cis-acting element determining the requirement for

Prp2 for efficient splicing. Since in the vast majority of nucleotide

sequence databases only exon or intron sequences are avail-

able, future efforts should be invested in generating datasets

for intron sequences containing the flanking exons, as functional

splice sites require exonic and intronic sequence elements.

Interestingly, the contribution of exonic sequence elements for

formation of the 50ss also impacts on the coding potential for

amino acids at the exon junction. In this regard, G at position

-1 of the 50ss excludes the coding of certain amino acids, inde-

pendently of the reading frame (phenylalanine, tyrosine, histi-

dine, isoleucine, and asparagine), while other amino acids like

lysine and arginine are overrepresented. This coding bias at

the 50ss appears to be conserved in higher eukaryotes, as the

detection of peptides covering the exon-junctions by mass

spectrometry has been reported to be hampered by the fact

that the enrichment for basic amino acids results in cleavage

by the standard protease trypsin (Wang et al., 2018).

In addition to the 50ss, a consensus-type BP sequence can

further support Prp2-independent splicing. According to the

well-established timing of spliceosome assembly, the BP

sequence is first recognized by SF1, which is later substituted

by snU2. Following the order of events and the described coop-

erative interaction between SF1 andU2AF65 to the BP sequence

(Berglund et al., 1998), it is tempting to speculate that the contri-

bution of the BP sequence to the requirement of U2AF65 for effi-

cient splicing might be mainly attributed to this interaction. How-

ever, we cannot formally rule out, that the interaction between

snU2 and the BP sequence might also account for this effect.

Future studies, determining the exact contribution of the individ-

ual nucleotides of the BP sequence to either SF1 or snU2 in

S. pombe are ultimately required to discriminate between both

possibilities.

Using this information, the requirement of Prp2 for the splicing

of any given intron can be predicted in S. pombe for the vast ma-

jority of introns, solely on the base of the primary nucleotide

sequence (Table S1). The few exceptions from this general pre-

diction are found in some meiosis-specific transcripts, which

might depend on alternative and/or additional sequence ele-

ments, or under a meiotic-specific transcription program

(Alves-Rodrigues et al., 2016).
Prp2 was proposed to act as a molecular bridging factor be-

tween SF1 and U2AF23 to enable cooperative recognition of

the BP and the AG dinucleotide at the 30ss and thereby could

assist in defining a functional 30ss (Huang et al., 2002). We pro-

pose that Prp2 may act as a bridging factor between the

sequence-specific recognition of the 50ss via snU1 and the as-

sembly of the U2 complex at the 30ss, working as a scaffold

among SF1, U2AF23, and U1 (Figure 6). In this scenario, Prp2

could enable the cooperative assembly of the E complex by

bundling individual weak interactions with non-consensus se-

quences at the 50ss, BP, and 30ss. This cross talk ultimately

would help in the definition of the 50ss and 30ss of any single

intron and would enable its splicing with single-nucleotide preci-

sion. An interaction between proteins at the 50ss and 30ss ends of
introns was already described in fission yeast during a later step

in splicing, where the helicase Prp11 assisted in doing the first

ATP-dependent step in spliceosome assembly bridging U1

(through Rsd1) and U2 (through SF3b) (Shao et al., 2012). On

the other hand, this mechanism is also partly reminiscent of

the mechanism of transcription activation described in prokary-

otes, where activation largely depends on the strength of the

interaction between RNA polymerase and the promoter (Mon-

salve et al., 1997) and mutations at the promoter modulate the

strength of this interaction.

Prp2 and the interplay between U1 and the 30ss
The first step in the spliceosome assembly is the ATP-indepen-

dent association of the U1 snRNP at the 50ss and SF1-U2AF at

the 30ss (Michaud and Reed, 1991; Reed, 1990). The binding of

both subcomplexes to form a stable configuration is interdepen-

dent, which might be particularly important when the binding

sites are degenerated and the individual interactions alone are

not sufficient to ensure a stable assembly of the commitment

complex. In budding yeast, it was shown that the U1-associated

protein Prp40 could bind SF1Bbp1, which was thought to help

defining simultaneously both ends of the intron (Abovich and

Rosbash, 1997; Kao and Siliciano, 1996). The formation of the

commitment complex seems to be conserved in metazoans,

since the human ortholog of Prp40, PRPF40B, was shown to

interact directly with SF1 and associate with U2AF (Becerra

et al., 2015). Interestingly, weak 50ss and 30ss are required for

PRPF40B function, which is reminiscent of what we have

observed with Prp2 in fission yeast where it is required for the

splicing of introns that do not fit the strict consensus at the

50ss and/or BP. It is important to note that in HeLa nuclear ex-

tracts, the commitment complex can be formed in the absence

of U2AF65; base-pairing of snU1 with the 50ss and recruitment

of SF1 to the BP are sufficient to promote the association of

both ends of the intron and commit the pre-mRNA for splicing

(Kent et al., 2005). While the 50ss appears to be the major deter-

minant for the requirement on Prp2 for efficient splicing, the BP

sequence can either strengthen or weaken the dependence on

prp2 for efficient splicing. Remarkably, such context depen-

dence of the 50ss strength has also been reported in higher eu-

karyotes (Wong et al., 2018). Future work using different degen-

erated splice site motifs will help to determine whether our

proposedmodel also applies to the earliest steps of spliceosome

formation in higher eukaryotes. The architectural differences
Cell Reports 37, 109893, October 26, 2021 9
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between introns in S. pombe and higher eukaryotes are mainly

found in the total length of the introns. Therefore, our findings

might primarily account for introns in higher eukaryotes, which

are similar in length to the ones of S. pombe. However, the dis-

tance between the BP and the 30ss appears rather similar be-

tween humans (16–25 nt) (Taggart et al., 2012) and S. pombe

(10–16 nt) (Kupfer et al., 2004; Figure S1F). It will be interesting

to determine whether the proportionally long intronic sequence

between the 50ss and the BP in higher eukaryotes can adopt a

conformation (e.g., looping) allowing the interaction between

those sequence elements.

Recognition of the 30ss by Prp2
In metazoans, the function of U2AF65 has been described to be

carried out by binding to Py-tract sequences. While these ele-

ments could be efficiently recognized by U2AF65 alone, the entire

U2AF heterodimeric complex was able to discriminate between

Py tracts with or without a flanking AG dinucleotide. Recent

cross-linking immunoprecipitation (CLIP)-seq studies in cultured

cells confirmed such binding specificity on functional 30ss but

also revealed numerous binding events on Py tracts elsewhere

in the transcriptome (Shao et al., 2014; Zarnack et al., 2013).

The AG dinucleotide was recognized by U2AF35 (Wu et al.,

1999), and besides the fact that both subunits were required for

efficient splicing, they cooperated to enhance splicing activity

(Zuo and Maniatis, 1996). This cooperative RNA binding was

thought to be especially important for the association to introns

with weak Py tracts (Guth et al., 1999; Pacheco et al., 2006; Wu

et al., 1999). The binding of U2AF65 is thought to be achieved

by direct interaction with the Py tract and/or driven by the stable

interaction with SF1 and U2AF35 (Kang et al., 2020). However,

in the majority of introns in S. pombe, the Py tract is located up-

stream of the BP or even absent (Kupfer et al., 2004), and there

is no relationship with the requirement on functional Prp2 for

splicing (Sridharan and Singh, 2007). Thus, in fission yeast, the

binding of Prp2 to Py tracts appears to have rather an assisting

function, if any. In fact, even this appears to be dispensable for

over 30%of the introns, since they lack any recognizable Py tract.
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Antibodies

Mouse monoclonal anti-HA Sigma-Aldrich NA931V; RRID:AB_772210

GFP-Trap beads agarose Chromotek gta-20; RRID:AB_2631357

Rabbit anti-Peroxidase (a-TAP) Sigma-Aldrich P1291; RRID:AB_1079562

Bacterial and virus strains

E.coli FB810 Benson et al., 1994 N/A

Chemicals, peptides, and recombinant proteins

3-MB-PP1 Sigma-Aldrich Cat# 529582

Anhydrotetracycline hydrochloride Sigma-Aldrich 37919

DNase I Sigma-Aldrich 04716728001

RNase A Sigma-Aldrich 10109142001

Taq Meridian Bioscience MDX001

Deposited data

RNA seq data This paper Gene Expression Omnibus (GEO) GSE97203

Experimental models: Organisms/strains

S. pombe background strain 972 h- Leupold, 1970 N/A

Other S. pombe strains see Table S1

Recombinant DNA

pJK148 Lab stock N/A

pJK148 nmt41 promoter/terminator Lab stock N/A

Other plasmids see Table S2

Software and algorithms

TagDust tool Lassmann et al., 2009 N/A

TopHat software (v2.0.5) Trapnell et al., 2009 N/A

BEDTools Quinlan and Hall, 2010 N/A

RNAsoft (Pairfold) Andronescu et al., 2003 www.rnasoft.ca
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, José Ayté

(jose.ayte@upf.edu).

Materials availability
Plasmids and fission yeast strains generated in this study are freely available upon request to the lead contact (jose.ayte@upf.edu).

Data and code availability

d The RNA-seq data have been deposited in NCBI’s Gene Expression Omnibus and are accessible through GEO Series acces-

sion number: GSE97203

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Wild-type fission yeast strains were grown in rich medium (YE5S) or minimal medium (MM) at 30�C as described previously

(Moreno et al., 1991). Temperature sensitive strains (prp2-1and prp2-2) were maintained at 25�C. Fission yeast cells expressing
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temperature-sensitive mutants were grown in MM at 25�C before incubation at restrictive temperature (37�C) for 1h. The genotypes

of strains used in this study are shown in Table S2.

METHOD DETAILS

Construction of plasmids
A list of plasmids is shown in Table S3. The genomic region of rhb1 and ypt7, containing the entire sequence of the gene, were PCR

amplified fromWTgenomic DNA. Primers are specified in Table S4 and contain the following characteristics for cloning and detection

matters: primers contain a BamH1 (50) or Sma1 (30) restriction sites as well as the coding sequence for the epitopes of HA (50) and Flag

(30) in the frame of the coding sequence. The construct rhb1 swap, having the introns of rhb1 in reverse order, was synthesized (Gen-

Script) and PCR amplified with the primers described above. Deletion fragments of rhb1were derived from the full length constructs

and where constructed with the same cloning strategy as described above with the exception that 30 deletions were generated

without the Flag coding sequence. All PCR products were cloned into the plasmid pAY24. pAY24 is derived from the plasmid

pJK148 and contains in addition to the leu1 gene for stable integration and selection into the leu1 locus, the nmt41 promoter to drive

expression of the gene of interest.

The genomic U1 construct contained 1kb flanking region on both sides of the gene to ensure correct expression of the transcript

under its own regulatory elements. It was amplified by PCRwith primers containing SalI (50) or SmaI (30) restriction sites. PCR product

was cloned into pJK148 plasmid (AY43).

Mutations were introduced using overlapping extension methodology described previously (Ho et al., 1989). Overlapping primers

with opposite orientation are designed, carrying themutation in themiddle of the primer. In two separate PCR reactions, the products

are amplified using the mutation containing primers and the respective 50 or 30 primer for the gene of interest. Next, products of the

first PCRs aremixed at equimolar ratio and the full length product is amplified with the 50 and 30 primers used in the first PCR reaction.

Products are cloned into the respective vectors as described above. The sequence of all constructs was confirmed by Sanger

sequencing at the Genomic Core Facility (https://www.upf.edu/web/sct-genomics).

Construction of S. pombe strains
All plasmids were stably integrated into the leu1 locus by transformation of linearized plasmids into S. pombe, followed by selection

for leu1+ expressing colonies and confirmation by colony PCR with flanking gene specific primers.

Protein extracts and immunoprecipitation
Co-immunoprepitation analysis was done as previously described (Gómez-Escoda et al., 2011), with minor modifications. Cells from

500 ml cultures at an OD600 of 0.5 were pelleted and re-suspended in lysis buffer (50 mM Tris-HCl pH 7.5, 120mMKCl, 5 mMEDTA,

0.1% NP-40, 10% glycerol, protease inhibitor cocktail and phosphatase inhibitor cocktail) and lysed in a cryogenic grinder. Cleared

lysates (2mg) were immunoprecipitated with camelid anti-GFP beads, washed 4 timeswith lysis buffer, analyzed on 10%SDS-PAGE

and detected by immunoblotting.

Cell synchronization in meiosis and prp2 inactivation
Cell synchronization in meiosis was carried out with the pat1 ATP-analog sensitive strain (pat1-as (L78G) KanR+ leu1-32) as

described previously (Guerra-Moreno et al., 2012). This strain was crossed with prp2.1 (Tokio Tani, SU35-3A) resulting in the strain

(pat1-as (L78G) KanR+ prp2-1 leu1-32). This strain background allows the induction of meiosis by the ATP analog (3MB-PP1) and

inactivation of Prp2 by the temperature shift from 25�C to 36�C. Cells were grown in minimal media supplemented with 100 mg/ml

leucine and grown at 25�C to 1–2 3 107 cells/ml. The cultures were filtered through a Millipore membrane, washed with 2 volumes

of medium without nitrogen, and re-suspended in medium without nitrogen containing 50 mg/ml leucine. The concentration of the

cells was adjusted to 4-6 3 106 cells/ml and incubated at 25�C overnight. NH4Cl and leucine were added to the cultures at

500 mg/ml and 50 mg/ml, respectively, just before the ATP analog was added (3MB-PP1) to final concentration of 25 mM to induce

meiosis. Meiotic progression was determined by DAPI stain of heat fixated fission yeast cells as previously described (Guerra-Mor-

eno et al., 2012). After 5h, cells were shifted to 37�C for 1h to inactivate prp2 and subsequently harvested.

RNA-isolation
RNA was prepared in the presence of hot phenol (Castillo et al., 2003). In brief, 25–50 mL of yeast cultures were centrifuged at

1500 rpm for 3 min, washed with H2O, pellets were immediately frozen in liquid nitrogen. Samples were re-suspended in 0.4 mL

of AE buffer (50 mM sodium acetate, pH 5.3, 10 mM EDTA, pH 8.0). Sodium dodecyl sulfate was then added to a final concentration

of 1%, and proteins and DNA were extracted by adding 0.3 mL of acidic phenol and incubation at 65�C for 5 min. Samples were

cooled down and 0.3 mL of chloroform was added. The aqueous phase was separated by centrifugation at 10,000 g for 2 min at

4�C. The aqueous phase was subjected to a second round of phenol/chloroform extraction. RNA was subsequently precipitated

with 1/10 volume of 3M sodium acetate (pH 5.2) and 2.5 volumes ethanol. Air-dried pellets were re-suspended in 40ml DEPC-treated

H2O. DNAwas digested with DNase I (Roche) for 30min at 37�C, followed by phenol/chloroform extraction and EtOH precipitation as

described above. Total RNA concentration was measured with a NanodropTM (Thermo-scientific).
e2 Cell Reports 37, 109893, October 26, 2021
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RNA-sequencing
Directional mRNA sequencing libraries were prepared by combining the Illumina TruSeq mRNA-Seq and Illumina TruSeq small RNA

protocols. Briefly, mRNA selection was performed using 4 mg of total RNA and oligo-dT beads, as described in the low throughput

protocol for Illumina TruSeq RNA sample preparation. The mRNA was subjected to fragmentation at 94�C, treated with Antarctic

Phosphatase (NEB) and T4 polynucleotide kinase (NEB), and then purified using RNeasy MinElute spin columns (QIAGEN). TruSeq

indexed RNA adapters were ligated to the RNA and further processing, including 11 cycles of PCR for library amplification, was per-

formed as described in the Illumina v1.5 small RNA protocol. Finally, fragments corresponding to an insert size of 250–500 nt were

selected on a 6% Novex TBE gel (Invitrogen). After elution from the gel slice, library quality was confirmed using a DNA 1000 Bio-

analyzer chip on an Agilent 2100 Bioanalyzer. Sensitive quantitation was performed using a KAPA Library Quantification Kit (Kapa

Biosystems). Five indexed libraries were pooled and run in each HiSeq lane using Illumina HiSeq v3 sequencing chemistry. Base call-

ing was performed using the Illumina pipeline software version 1.8.1 (within HCS 1.4.8).

Processing of RNA-sequencing data
Rawdata were processed in the following way: Adapters used during library preparation were removed from reads using the TagDust

tool (Lassmann et al., 2009); approximately 1% of the initial reads were removed in this way. Reads were mapped to the S. pombe

genome using the TopHat software (v2.0.5) (Trapnell et al., 2009). The TopHat alignment was performed using the annotation defined

in the Ensembl database (version ASM294 v1.15), taking into account the orientation of the reads. The percentage of mapped reads

was approximately 95% for all samples. Finally, the unequivocally mapped reads (85%–89% of the initial reads) were selected for

further analysis. The RNA-seq data have been deposited in NCBI’s Gene Expression Omnibus and are accessible through GEO Se-

ries accession number GSE9720.

Analysis of RNA splicing events
The average coverages for the exonic and intronic spaces were determined considering only genomic elements longer than 30 bp.

Exons that were defined simultaneously as the 50 exon for one intron and the 30 exon for another intron were considered twice. Finally,

the coverage was calculated by normalization to the total number of mapped reads using BEDTools (Quinlan and Hall, 2010). For

each intron, the number of split and unsplit reads that mapped to the splice junction (defined as the three bases around the 50

exon junction) were counted. Unsplit reads ( = unspliced) were defined as reads, mapping to the genomic sequence. To work

with high confidence data, we excluded from the analysis all introns for which the sum of split and unsplit reads was below 50.

The final list contained 1325 introns. Splicing efficiency (SE) was determined as the ratio of unsplit to split reads and was calculated

for permissive (SE 25�C) and restrictive temperature (SE 36�C). The base-2 logarithm of the ratio between both SE values (SE 36�C/
SE 25�C) was calculated. This value reflects the Prp2-dependent splicing efficiency (SEprp2) and introns were ranked according to

this value. 66 introns (5%) with the lowest dependency on Prp2 (top 5%) and highest dependency on Prp2 (bottom 5%) were

selected.

Analysis of splice site motifs
For the analysis of introns and their respective splice site motifs, sequences were obtained from Pombase Dataset (Version

ASM294v2.33), FTPsite (https://www.pombase.org/data/archive/Intron_Data/OLD/). All analysis was based on text search functions

and character counts in Microsoft Excel to determine the position of splice site motifs and the distances between them. Branch point

sequences (BP) were primarily obtained from the Pombase dataset and missing sequences were manually annotated by screening

the intron sequence for motifs of the consensus (YTNAY according to the IUPAC nomenclature). Poly-pyrimidine tracts were defined

as a sequence in which at least four pyrimidine residues (C,U) are not interspaced by a purine (A, G) and the total number of uredines

(U) in sequencewas used to express the strength of the poly-pyrimidine tract. The 50 ss sequences containing the last 3 nucleotides of

the preceding exon and the 6 first nucleotides of the intron were obtained from BioMart at the Ensembl Fungi data server (S. pombe

ASM294v2) (https://fungi.ensembl.org/biomart/martview/778aa0778f01b3fd7fbd4a746ba350b4).

Determination of minimum free energy (DG)
The interaction strength between the 50ss and snU1 was determined by Pairfold (www.rnasoft.ca) using the default settings

(Sequence type: RNA; Temperature: 37�C) (Andronescu et al., 2003). Measurements of the interaction strength between snU1

and the region surrounding the 50ss were determined by 15 consecutive measurements (sliding window). The first DG value of

snU1 (9-mer) with the pre-mRNA was measured 10 nucleotides upstream of the 5‘ss spanning nucleotide �10 to �2. The measure-

ment in the middle of this series (8 of 15) represents the ‘‘optimal’’ snU1 interaction with the 5‘ss (nucleotide �3 to +6).

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism 6.01 was used to generate the Box-Whisker-plot of the DG values and to perform statistical analysis (two-way

ANOVA multiple comparisons). The number of introns (n) in each group is given in the text and the definition of Box, Whisker and

the P values are given in the corresponding figure legend.
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Genomic DNA preparation
Genomic DNA was prepared from 10 mL of yeast cultures. Cells were pelleted at 1500 rpm for 3 min, washed with H2O, pellets were

immediately frozen in liquid nitrogen. Samples were re-suspended in 0.3 mL of genomic DNA preparation buffer (10 mMTris-HCl, pH

8.0, 100mM NaCl, 2% Triton X-100, 1% SDS, 1 mM EDTA), 0,15ml neutral phenol, and 0,15ml chloroform. Glass beads were added

and cells were lysed in Vortex Genie 2 (Scientific Industries). After removal of glass beads, homogenate was centrifuged at 20.000 g

for 5min (4�C), supernatant was collected and 0,2ml of Chloroform was added. Following centrifugation, supernatant was collected,

and DNA was precipitated with 1/10 volume of 3M sodium acetate (pH 5.2) and 2,5 volumes of EtOH. Following centrifugation, Pellet

was washed with 1ml EtOH (70%), air-dried and re-suspended in TE-buffer (10mM Tris-HCl, pH8.0, 1mM EDTA) containing 1ml

RNase A. RNA was digested for 30min at 37�C and DNA was afterward stored at �20�C.

cDNA preparation
The RT-PCR reactions were performed as described previously (Moldón et al., 2008). RNAwas isolated as described above. Eight mg

of total RNA were denatured at 65�C for 10 min and then chilled on ice. Reverse transcriptase reactions with oligo dT primers were

performed (60 min at 42�C, 30 min at 52�C and 3 min at 94�C) following manufacturer’s guidelines (Promega) in the presence or

absence of the enzyme.

PCR reaction
PCR reactions were performed in a total volume of 20ul using one ml of the cDNA or 50ng of genomic DNAwith primers listed in Table

S4. Genomic DNAwas used as reference for the unspliced transcript. PCR products were separated on 2%AgaroseGels in the pres-

ence of ethidium bromide containing TBE buffer. Digital images were acquired with BioRad software.
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