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SUMMARY

Tools to understand how the spliceosome functions
in vivo have lagged behind advances in the structural
biology of the spliceosome. Here, methods are
described to globally profile spliceosome-bound
pre-mRNA, intermediates, and spliced mRNA at
nucleotide resolution. These tools are applied to
three yeast species that span 600 million years of
evolution. The sensitivity of the approach enables
the detection of canonical and non-canonical events,
including interrupted, recursive, and nested splicing.
This application of statistical modeling uncovers
independent roles for the size and position of
the intron and the number of introns per transcript
in substrate progression through the two catalytic
stages. These include species-specific inputs sug-
gestive of spliceosome-transcriptome coevolution.
Further investigations reveal the ATP-dependent
discard of numerous endogenous substrates
after spliceosome assembly in vivo and connect
this discard to intron retention, a form of splicing
regulation. Spliceosome profiling is a quantitative,
generalizable global technology used to investigate
an RNP central to eukaryotic gene expression.
INTRODUCTION

A signature feature of eukaryotic gene expression is the

splicing of primary transcripts by the spliceosome. Rather

than serving as a mere impediment, introns are central to

gene regulation at many levels. In addition to controlling prote-

ome diversity (Blencowe, 2017), splicing affects RNA stability,

for example, through the inclusion of exons with premature

termination codons subject to nonsense-mediated decay

(NMD) and plays critical roles in RNA export and translation

efficiency (Le Hir et al., 2016). Finally, splicing is a major player

in human disease; a large fraction of SNPs associated with hu-

man disease affect splicing (Li et al., 2016), and many human
1014 Cell 173, 1014–1030, May 3, 2018 ª 2018 Elsevier Inc.
cancers harbor driver mutations in components of the spliceo-

some itself (Bejar, 2016).

Our understanding of the assembly dynamics of the spliceo-

some almost entirely comes from studies of model intron sub-

strates in splicing-competent cell extracts from S. cerevisiae

and HeLa cells (Wahl et al., 2009) and has been further illumi-

nated by recent high-resolution structural work (Fica and Nagai,

2017). Activation of the spliceosome after its assembly involves

major ATP-dependent rearrangements that expel two RNA-

protein complexes, the U1 and U4 small nuclear ribonucleopro-

tein particles (snRNPs), and several proteins (Wahl et al., 2009).

At the same time, the Prp19 complex (NTC) and NTC-related

proteins (NTRs) join the complex to produce the Bact complex.

These events trigger assembly of the RNA catalytic core.

Splicing proceeds via two transesterification reactions. In

step 1, nucleophilic attack of the 20 hydroxyl of an adenosine

at the branchpoint (BP) on the phosphate at the 50 splice site

(ss) produces a cleaved 50 exon and branched species harboring

a 20-50 phosphodiester bond called the ‘‘lariat intermediate’’ (Fig-

ure 1A). Step 2 is achieved through attack of the 30 hydroxyl of
the cleaved 50 exon on the phosphate at the 30 ss, producing
the ligated exons and excising the lariat intron. A handful of addi-

tional factors are required to bind and then leave the spliceo-

some during these two steps. These include the ATPases

Prp16 and Prp22, which are thought to remodel/inactivate the

active site after the first and second chemical steps, respectively

(Wahl et al., 2009). Following mRNA release, the excised lariat

intron and associated snRNPs are dissociated by the helicase

Prp43 (Martin et al., 2002; Tsai et al., 2005). The 20-50 phospho-
diester bond at the BP of the lariat intron is hydrolyzed by the de-

branching enzyme (Ruskin and Green, 1985).

The dynamic and complex nature of the spliceosome is

thought to promote the fidelity of splicing through kinetic proof-

reading, while also permitting flexibility and regulation. Studies

using S. cerevisiae have shown that mutant pre-mRNA sub-

strates that assemble into spliceosomes but are kinetically

slow at either chemical step trigger spliceosome disassembly

prior to completion of the reaction, a process termed ‘‘discard.’’

Failure to perform catalysis prior to ATP hydrolysis by Prp16

(step 1) or Prp22 (step 2) produces a spliceosome ‘‘marked’’

for discard and signals disassembly by Prp43 (Koodathingal

and Staley, 2013). These studies are based on analysis of mutant
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RNAs in S. cerevisiae, which harbors few introns and these

display unusually strong matches to 50 ss, BP and 30 ss

consensus signals (Irimia and Roy, 2008). Fungi from other

subphyla, such as S. pombe and C. neoformans, are consider-

ably more intron-rich and display a much broader range of

splicing signals. Because of these considerations, it remains

unclear to what extent inefficiency triggers discard in native

introns in vivo and whether discard contributes significantly to

the regulation of the RNA population as a whole, particularly in

intron populations with diverse sequences at the 50 ss and BP

regions.

RNA sequencing (RNA-seq) has enabled genome-wide iden-

tification of splicing events in vivo from rare sequencing reads.

Sufficiently high-depth experiments have even revealed non-

canonical splicing events such as recursive splicing involving

exons of size zero in mammals and Drosophila (Duff et al.,

2015; Sibley et al., 2015; Suzuki et al., 2013). Mutation of

factors involved in nuclear or cytoplasmic RNA turnover can

enable detection of splicing events that produce highly unsta-

ble RNAs, but these mutations are confounding as they neces-

sarily alter the RNA population. Likewise, excised lariats can be

stabilized in cells containing a knockout of DBR1 (Awan et al.,

2013), but this approach has the same drawback. Sequencing

of chromatin-associated RNA enriches for shorter-lived prod-

ucts of splicing (Bhatt et al., 2012; Mayer et al., 2015), but

this requires such products to co-fractionate with the genome.

Affinity purification of Prp16 from of S. cerevisiae extracts has

enabled qualitative detection of a sub-population of lariat-in-

trons (Qin et al., 2016). Despite these advances, none of these

approaches directly interrogates the full population of tran-

scripts bound to active spliceosomes. They also cannot be

used to quantify the progression of substrates through the spli-

ceosome cycle.

Here, we describe a strategy for purification of endogenous

active spliceosomes using a cross-organism tagging and

purification strategy followed by high-throughput sequencing

to identify total spliceosome-bound RNA, step 1 and step 2

cleavage sites, and methods to quantify relative precursor and

intermediate levels. We apply it to three divergent yeasts, the

brewing yeasts S. cerevisiae and S. pombe and the human path-

ogenic yeast C. neoformans, which diverged from a common

ancestor approximately 600 million years ago (Prieto andWedin,

2013). Below, we describe these methods, which we term the

‘‘spliceosome profiling suite,’’ their utility for investigating the

spliceosome in vivo, and the insights gained.

RESULTS

Prp19 Is a Species-Independent Handle for Isolating
Active Spliceosomes
The spliceosome is series of dynamic complexes (Figure 1A).

The NTC component Prp19 joins the spliceosome during the

process of activation and is associated primarily with

S. cerevisiae spliceosomes that are activated and bound to

mRNA precursor (Bact), intermediate (C), or product (ILS) (Fig-

ure 1A) (Fabrizio et al., 2009). Affinity purification of Prp19-TAP

from S. pombe also yields components diagnostic of these

complexes (Ren et al., 2011). To extend these studies to
C. neoformans, we affinity purified Prp19-FLAG-associated spli-

ceosomes from cell extracts prepared at a range of salt (KCl)

concentrations (Figure S1A) and performed tandem mass tag

mass spectrometry (TMT-MS) (Figure 1B). We found that

300 mM KCl provided the optimal balance for retention of

splicing factors and depletion of common contaminants for

C. neoformans (Table S1). For S. cerevisiae and S. pombe,

enrichment comparable to that observed using C. neoformans

was achieved by lowering the KCl concentration to 200 mM

(data not shown).

Of splicing factor orthologs that co-purify with Prp19 in

C. neoformans, 49/72 are part of Bact, C, and ILS complexes (Fig-

ure 1C; Table S1), indicating that the Prp19 purification effec-

tively enriches for actively splicing and post-catalytic spliceo-

somes. Further, U2, U5, and U6 snRNAs are highly enriched

over U1 and U4 (which are found only in earlier assembly inter-

medates) in Prp19-associated RNA isolated from S. cerevisiae,

S. pombe, and C. neoformans (Table S1). Twenty-four factors

associated with C. neoformans Prp19 have no orthologs in

S. cerevisiae and all but three have human orthologs annotated

as spliceosome-associated factors that associate with

human Bact and C complexes (Figure S1C; Table S1) (Cvitkovic

and Jurica, 2013).

Profiling Spliceosome-Associated RNA
We extracted RNA from affinity-purified spliceosomes from

S. cerevisiae, S. pombe, andC. neoformans using endogenously

tagged Prp19 and a single-step purification protocol (Fig-

ure S1A). We also isolated total RNA from whole-cell extracts

and selected polyadenylated (polyA) RNA to measure abun-

dance of mature RNA in the same biological sample. Comparing

the abundance of the transcript associated with the spliceosome

to the abundance of the polyA mRNA, we observed that, in all

three yeasts, Prp19-associated RNA is enriched for transcripts

having at least one annotated intron (Figure 1D). Furthermore,

we observed significantly higher read coverage in introns relative

to exons in Prp19-associated RNA compared to polyA RNA (Fig-

ure S1B). As detailed below, RNA associated with Prp19-

spliceosomes was processed, sequenced, and analyzed in a

number of ways to illuminate action of the spliceosome in vivo

(Figure 1E).

30 End Profiling of Transcripts Reveals Intermediates
and Products of Splicing
Genome-wide methods to analyze the rate or efficiency of

splicing, such as splicing microarrays (Clark et al., 2002) and

high-throughput sequencing (Conesa et al., 2016), typically rely

on measuring precursor and spliced RNA in total or mature

RNA. In contrast, using RNA from spliceosomes, we could

observe spliceosome-bound precursors, intermediates, and

products of the splicing reaction. To detect the intermediates

and products, we labeled free 30 hydroxyl groups using an

approach adapted from native elongating transcript sequencing

(NET-seq) (Figure 2A) (Churchman and Weissman, 2011). In

addition to profiling 30 ends, we also prepared hydrolyzed spli-

ceosome-bound and polyA RNA for standard RNA-seq analysis

(Figure 2A) as previously described for ribosome profiling (Ingolia

et al., 2012).
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Figure 1. Purification of Active Endogenous Spliceosomes

(A) Spliceosome assembly pathway indicating relevant substrate transformations and complexes.

(B) SDS-PAGE analysis of spliceosomes purified from C. neoformans extracts using FLAG-tagged Prp19. Proteins visualized using SYPRO Ruby.

(C) TMT-MS reveals that Prp19-associated splicing factors primarily belong to Bact, C, and ILS complexes. Membership of S. cerevisiae orthologs in complexes

was used to assign factors (see Figure S1C).

(D) RNAs associated with Prp19 spliceosomes are enriched for transcripts containing annotated introns (Kolmogorov-Smirnov [KS] test).

(E) Uses of Prp19-associated RNA in the spliceosome profiling suite.

See also Tables S1 and S2.
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Figure 2. 30 End Profiling Reveals Splicing Intermediates and Products

(A) Strategies for 30 end profiling and RNA-seq of spliceosome-bound and polyA RNA (see the STAR Methods for details).

(B) 30 end profiling (black traces) reveals splicing intermediates (cleaved 50 exon) and products (lariat intron) globally in the three indicated organisms.

Spliceosome-bound (blue) and polyA (gray) RNA-seq coverage for each transcript are also shown.

(C) 30 end profiling also discovers novel 30 ends (red) that may be spliceosomal cleavages or transcript ends.

(D) Logos from predicted and unpredicted peaks detected by 30 end profiling.

See also Figure S2 and Table S3.
In each of the yeasts, we observed pile-ups of reads beginning

at annotated 50 splice sites that correspond to 30 OH of the

cleaved 50 exon, an intermediate of the splicing reaction (Fig-

ure 2B). This species is also sometimes detected by NET-seq
(Mayer et al., 2015; Nojima et al., 2015), consistent with the

occurrence of cotranscriptional splicing. We also observe

pile-ups of reads at annotated 30 ss whose ends correspond to

the 30 OH of the excised lariat intron, a product of the reaction
Cell 173, 1014–1030, May 3, 2018 1017
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(Figure 2B). 30 end intensities at annotated splice sites and read

density across spliceosome-bound and polyA RNA were repro-

ducible between biological replicates (Figures S2A–S2F show

data for S. pombe and C. neoformans).

To automatically detect peaks, we developed a pipeline using

the PELT (pruned exact linear time) changepoint method (Killick

et al., 2012) (see the STAR Methods) and applied this approach

to two replicate experimental datasets obtained using a tagged

Prp19 allele and data from an untagged control experiment.

Peaks that were detected in both experimental datasets, but

not in the control, were retained for analysis. We observed peaks

corresponding to annotated splice sites, as well as peaks

throughout transcripts (Figure 2C). While sequences that

neighbor peaks at annotated sites mirror the consensus

sequence for each organism as expected, peaks corresponding

to unannotated sites did not follow splicing consensus se-

quences (Figure 2D, right panel). The majority of these may

correspond to non-adenylated/uridylated transcript 30 ends pro-
duced by pausing or termination of RNA polymerase II or endo-

nucleolytic cleavage. While we observed a large number of un-

predicted peaks (Figure 2D), only a minority of read counts at

peaks are at unpredicted sites (6.5% in S. cerevisiae, 7.2% in

S. pombe, and 22% in C. neoformans).

Junction and Branch Profiling Confirm Identities of
30 End Peaks
To identify the subset of unpredicted peaks that correspond to

bona fide cleaved 50 exons at unannotated 50 splice sites, we

took advantage of existing tools for detecting the complementary

species produced by splicing: the branch formed after the first

step of splicing or the exon-exon junction formed after the

second step (Figure 3A). To observe branching events, we en-

riched for lariat-intermediate and lariat-intron species by treating

spliceosome-bound RNA with the 30-50 exonuclease, RNase R

(Suzuki et al., 2006), and prepared libraries for 100 bp paired-

end sequencing. We searched reads that did not align to the

genome for those beginning downstream of a 50 ss or unpre-

dicted peak and end downstream inside the same intron

(Figure 3A; STAR Methods). To identify exon-exon junctions,

we prepared libraries for 100 bp paired-end sequencing from

spliceosome-bound RNA and detected exon-exon junctions

(see the STAR Methods). Of junctions detected in spliceosome-

bound RNA in C. neoformans, 26% were observed only in

spliceosome-bound RNA and not in polyA RNA, while only 3%

of those detected in polyA RNA were not observed in spliceo-

some-bound RNA (Figure 3B). Transcripts with junctions only

apparent on the spliceosome display significantly higher ratios
(B) Overlap of junctions discovered by polyA versus spliceosome-bound RNA-se

(C) Comparison of RNA levels for transcripts with and without junctions detected o

data (log2 transcript per million [TPM]).

(D) Example of an exon-exon junction and branch detected at an annotated intro

curves are derived from junction BED files (junction profiling) or custom scripts (

(E) Examples of junctions and branches that confirmed unannotated alternative 50

align with other splicing events are black with other signals in gray.

(F) Likelihood that a given dinucleotide is overrepresented based on its frequen

downstream of peaks (determined independently) inC. neoformans (see Figure S3

dinucleotides (red letters) and splicing signal dinucleotides (black letters), while pe

See also Tables S3 and S4.
of spliceosome-bound RNA to polyA RNA (Figure 3C), suggest-

ing that they are subject to turnover and/or accumulate on the

spliceosome.

To select high-confidence splicing events, we compared

branches and junctions to peaks detected by 30 end profiling

(see Figure 3D for examples, algorithm design in Figure S3A).

We identified thousands of peaks that correspond to annotated

and unannotated complementary splicing events in S. pombe

and C. neoformans. Figure 3E shows examples of alternative

50 ss choice in S. pombe and C. neoformans, including low-fre-

quency alternative splicing events not expected to contribute

significantly to the mature mRNA population.

We observe 89 unannotated 50 or 30 splice sites in S. pombe

and 446 in C. neoformans that have a detectable peak by

30 end profiling and either a junction or branch. Within these

high-confidence sets, dinucleotides immediately before the

peaks are strongly enriched for the GT dinucleotide (50 ss) and
the dinucleotides immediately after the peaks are strongly

enriched for the AG dinucleotide (30 ss), consistent with the iden-

tification of bona fide splicing events in both C. neoformans (Fig-

ure 3F) and S. pombe (Figure S3B).

Spliceosome Profiling Detects Non-canonical Events
We tested whether the sensitivity of spliceosome profiling

enabled the detection of unusual splicing events. Using junction

profiling, we detected numerous alternative splicing events

(738 in S. pombe and 1,367 in C. neoformans) that coincide

with at least one peak from 30 end profiling. Within these unanno-

tated events, we searched for examples of types of non-canon-

ical splicing. One such type is interrupted splicing, where the

spliceosome recognizes a 50 ss and BP and performs the first

step but then does not proceed to the second step due to lack

of an acceptable splice receptor (Figure 4A). In S. cerevisiae, in-

terrupted splicing of theBDF2 transcript results in degradation of

the transcript (Volanakis et al., 2013). Indeed, we observed a

substantial amount of spliceosome-bound intermediate for the

BDF2 transcript and no peaks that correspond to a 30 ss (Fig-

ure 4B). In S. pombe, the 30 end of the telomerase RNA, TER1,

is formed by the first step of splicing occurring without the sec-

ond (Kannan et al., 2013). We observed the intermediate formed

by this reaction (Figure 4C) and also the exon-exon junction to a

nearby 30 ss; however, transcripts with this junction appear to be

unstable as the relative read coverage is low compared to that of

canonically spliced transcripts (Figure S4A). We also uncovered

another transcript subject to interrupted splicing, an unanno-

tated S. pombe transcript named ‘‘SPBC530.07c’’ (Figures 4D

and S4A). This gene encodes a member TENA/THI-4 family of
q reproducible in two replicates.

nly in spliceosome-bound (SB) RNA. Light and dark traces, biological replicate

ns in S. pombe and C. neoformans (PRA1: CNAG_04950). Purple and yellow

branch profiling) visualized with corresponding number of reads.

splice sites in S. pombe and C. neoformans (GRB1: CNAG_03281). Peaks that

cy in the genome (displayed as a log[odds ratio]) immediately upstream and

B for S. pombe). Unfiltered unpredicted peaks are enriched for pyrimidine-rich

aks with a junction or branch are only enriched for splicing signal dinucleotides.
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proteins, which includes enzymes involved in thiamine meta-

bolism (Akiyama and Nakashima, 1996). The BDF2, TER1, and

SPBC530.07c transcripts are enriched 30- to 75-fold on the

spliceosome relative to transcripts without annotated introns

(Figure S4B, compare BDF2 to FET5 and Figure S4C, compare

TER1 and TENA to ACT1), consistent with accumulation of inter-

mediates on the spliceosome.

In addition to interrupted splicing, we observed other non-

canonical phenomena, such as recursive splicing, the removal

of introns that flank a zero-nucleotide exon. We identified a

recursive splicing event in C. neoformans in a 375 nt intron

of the BOT1/CNAG_07884 gene, which encodes a protein

essential for viability (Ianiri and Idnurm, 2015). Multiple lines

of evidence indicate that recursive splicing effectively splits

this intron into two smaller ones of 210 and 165 nt (Figure 4E),

including a peak that includes signal from both the lariat intron

of the first splicing event and the free 50 exon of the second

splicing event and junctions and branches for both events (Fig-

ure 4E, magenta and yellow, shorter arches). We observed two

additional large peaks (Figure 4E, gray) that do not correspond

to splicing events but appear to be the 30 ends of premature

transcripts based on spliceosome-bound RNA-seq (Figure 4E,

blue trace). In another transcript, an alternative 30 ss is chosen

that, curiously, results in the precise skipping of the down-

stream exon (Figure 4F). The isoform lacking this exon was

not detected in the mature polyA mRNA (data not shown).

Another type of non-canonical splicing is nested splicing,

where a smaller intron is excised from a larger intron poten-

tially reducing the size of the intron. We observed 13 examples

of nested splicing in C. neoformans (one example is shown in

Figure 4G). We also identified many instances (63 in S. pombe

and 104 in C. neoformans) of introns where branch sites

unusually distal from the 30 ss are recognized and used

for the first step (Figure 4H). These ‘‘early’’ or ‘‘distal’’ branch-

ing events have also been detected in RNA-seq data from

human cells (Taggart et al., 2017). In both S. pombe and

C. neoformans, they are particularly common in introns larger

than 150 nt (Figure S4D). In C. neoformans, 43% of early

branching events result in BP-30 ss distances greater than 50

nt (Figure S4E), which may be prohibitively large for the sec-

ond step of splicing.

Estimating the Efficiency of Splicing with Spliceosome
Profiling
Assuming steady-state kinetics, reproducible measurements of

the relative abundance of pre-mRNA and intermediate bound

to Prp19-associated spliceosomes (normalized to total spliceo-

some-bound RNAs) would enable estimates of the ability of

endogenous substrates to progress through the first and second

steps in vivo (including preceding conformational changes),
(D) Interrupted splicing event in SPBC530.07c discovered by spliceosome profil

(E) Example of recursive splicing inC. neoformans. Traces colored as above with b

on the profile of the spliceosome-bound RNA-seq.

(F) Example of a splicing event resulting in exclusion of an exon in C. neoforman

(G) Nested intron inside a large (391 nt) intron. Traces colored as above.

(H) Example of early branches resulting in branch to 30 ss distances that are larg

See also Figure S4.
thereby providing insights into how substrates behave once acti-

vated spliceosomes have assembled.

We focused on high-confidence splicing events identified by

our pipeline by defining a transcript set that is above a threshold

for the quantification limit of the assay (at least one high-confi-

dence splicing event within each transcript; S. cerevisiae; 128,

S. pombe: 1,889; C. neoformans: 2,121). Within this set, we

calculated spliceosome-bound precursor and intermediate

levels at each annotated intron and any unpredicted 50 splice
sites (Figure 5A; see the STAR Methods). Based on the assump-

tion that the steady-state level of precursor bound to the spliceo-

some would be inversely proportional to the rate of the first step

of splicing, we used the precursor level to estimate the relative

efficiency of the first step of splicing. Likewise, we estimated

the relative efficiency of the second step of splicing at the inter-

mediate level. Spliceosome-bound precursor and intermediate

level measurements were both reproducible between biological

replicates, with intermediate level measurements displaying

higher reproducibility (Figures 5B, S5A, and S5B).

The total amount of transcript associated with Prp19 spliceo-

somes positively correlates with the abundance of polyA mRNA

in the cell as determined by RNA-seq (Figure 5C) and is likely

related to the rate of transcription. In contrast, mRNA abundance

does not positively correlate with the spliceosome-bound pre-

cursor or the intermediate level in any yeast, suggesting a strong

role for substrate differences in controlling progression through

splicing in vivo. Unexpectedly, relative intermediate levels on

spliceosomes from S. cerevisiae are strongly negatively corre-

lated with mRNA abundances (Figures 5C and 5D). This negative

correlation is also apparent when comparing S. cerevisiae inter-

mediate levels with amount of spliceosome-bound transcript,

and slight negative trends are seen for these metrics in

S. pombe and C. neoformans as well (Figure 5E). Additionally,

precursor, but not intermediate, levels for introns on the same

transcript exhibit slightly but significantly lower variance than

for introns from randomly selected transcripts (Figure S5D) in

C. neoformans.

Bayesian Modeling Identifies Features That Predict
Bound Precursor and Intermediate Levels
Because spliceosome profiling provides the opportunity to

assay splicing efficiency across thousands of substrates, we

investigated intron features that predict the levels of normalized

spliceosome-bound precursor and intermediate. As any such

approach is data-driven, we restricted our analysis to the

intron-rich species S. pombe and C. neoformans. We employed

Bayesian model averaging, which averages the best linear

models from a large set and determines the probability, magni-

tude, and uncertainty of the contribution of a given feature to

the final ensemble of models (Clyde et al., 2012). The probability
ing.

ranch profiling in yellow. Gray peaks correspond to putative 30 RNA ends based

s.

er than typical range of 15–30 nt.
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(A) Quantitating levels of precursor and intermediate at each splice site. Precursor is determined by counting reads that start downstream of the splice site and

end upstream. Intermediate is determined by counting reads that begin at the splice site. Each read begins with a barcode (rainbow colors).

(B) Reproducibility and distribution of precursor and intermediate levels in S. pombe (see Figures S5A and S5B for other yeast). Points represent splicing events.

Annotated introns in any transcript with at least one detected high-confidence splicing event are included to avoid bias against splicing events with low inter-

mediate accumulation.

(C) Correlation of precursor, intermediate, and spliceosome-bound transcript levels with the abundance of themature transcript as determined by polyARNA-seq

(log2 transform).

(D) Correlation of polyA RNA-seq with intermediate levels in S. cerevisiae. Gray indicates 95% confidence interval from linear regression.

(E) Correlation of precursor and intermediate levels with spliceosome-bound transcript levels (log2 transforms).
of including an intron feature in the final model is expressed as

the marginal posterior inclusion probability, or PIP. A PIP of 0.5

is interpreted as an equal probability (50%) that a feature is

significantly predictive of the response variable, the level of

normalized spliceosome-bound precursors or intermediates.

We tested a range of features based on our current understand-

ing of introns and the spliceosome (Figure S6A; Table S6). We

focus here on three aspects of the results of this analysis: (1)

the correlation of match to intron consensus with spliceosome-

bound precursor and intermediate, (2) the correlation of dis-

tance-related features such as intron size, and (3) roles of intron

number and position.
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We observed PIPs of 1.0 for a negative correlation of 50 ss
and BP scores with spliceosome-bound precursor levels in

both S. pombe and C. neoformans, presumably reflecting the

role of these sequences in step 1 catalysis (Figures 6A–6D,

S6A, and S6B), such that a stronger 50 ss and BP results in

more rapid transition through the first step (or the immediately

preceding steps). 50 ss, BP, pyrimidine tract, and 30 ss scores

are positively correlated with intermediate levels in S. pombe

and BP and pyrimidine tract scores in C. neoformans (PIPs =

1.0; Figures 6B, 6C, S6B, and S6C). The predictive roles of

these sequences for intermediate levels may reflect higher

accumulation of the products of step 1 catalysis (the cleaved
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50 exon and lariat-intermediate) when splicing signals are more

optimal.

Strikingly, a predictive feature of both precursor and interme-

diate levels (PIPs = 1.0) in C. neoformans identified by the

models is intron size (Figures 6D, 6E, and S6A). This feature

is not predictive in S. pombe (PIP = 0.02 and 0.15 for precursor

and intermediate). Notably, C. neoformans introns display a

size distribution that is significantly narrower than that of

S. pombe (Figure S6D). Precursor and intermediate levels are

contributed to by the distance between the BP to 30 ss in

S. pombe and C. neoformans (PIPs = 1.0; Figure 6F), and are

also positively predicted by the presence of detectable alterna-

tive BP or 30 ss utilization events (PIP = 1.0; Figures S6A and

S6F). We also identified sizes of upstream and downstream

exons as species-specific predictors (Figure S6A). Taken

together, these data indicate that the distance between splice

sites play a role in the efficiency of splicing after spliceosome

assembly in vivo in a species that displays a relatively narrow

intron length distribution.

Finally, we found that the number of introns in the transcript

and the position of the intron in the transcript are also predictive

of precursor and intermediate levels (Figures 6G and 6H). Tran-

scripts with more introns predict lower intermediate levels in

both S. pombe and C. neoformans (PIPs = 1.0; Figures 6G and

6H, bottom panels). Precursor levels are also negatively pre-

dicted by intron number (PIPs = 0.9–1.0; Figures 6G and 6H).

Introns that are first in the transcript also exhibit a higher interme-

diate level in C. neoformans, but lower precursor and intermedi-

ate levels in S. pombe (Figures 6G, S6A, and S6G).

Intron Retention May Be Triggered by Discard after
Spliceosome Assembly
Intron retention is amajor formof alternative splicing thought tobe

the result of inefficient spliceosome assembly. An untested alter-

native possibility for the source of such intron-retained species

derives from the kinetic proofreading model of splicing fidelity

described in the Introduction, in which suboptimal pre-mRNA

substratescanbediscarded fromthespliceosomeafterassembly

due to slow catalysis (Koodathingal and Staley, 2013). This

hypothesis predicts a correlation between the levels of intron

retention in the polyA RNA population and the normalized levels

of spliceosome-boundprecursor, ashigh levelsof the latter reflect

slower progression through first-step catalysis after assembly.
Figure 6. Relationship between Intron Features and Splicing Efficiency

(A) Posterior inclusion probabilities (PIPs) for Bayesian model averaging of the rela

between the BP and 30 ss and precursor/intermediate levels. Intron features with

(B) Relationship between precursor and intermediate levels and 50 ss scores. Intro
and the distribution of each metric is plotted as a cumulative distribution function

C. neoformans).

(C) Same as (B) but for the percentage of pyrimidine between the BP and the 30

(D) PIPs for intron size and the distance between the BP and 30 ss.
(E) Relationship between precursor and intermediate levels and intron length in

red, long).

(F) Same as (E) but for BP to 30 ss distance.

(G) PIPs for the number of introns in the transcript and the relative position of the

(H) Difference in precursor and intermediate levels based on the number of introns

transcript).

See also Table S6.
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Wemeasured intron retention in RNA-seq data produced from

polyA RNA, defining the level of retention as the read density

inside the intron normalized to the total read density across

the transcript. In S. pombe and C. neoformans, but not

S. cerevisiae, weobserved significant correlations between intron

retention and precursor levels, indicating that transcripts that

progress slowly through the first chemical step after spliceosome

assembly are more likely to be retained in the polyA population

(Figure 7A). A potential alternative explanation for this result is

that introns adjacent to, but not bound by, active spliceosomes

contribute to the measurement of precursor levels. To address

this possibility, we examined single-intron transcripts in

S. pombe (n = 690) and found that indeed the correlation persists

(FigureS7A). InC.neoformans, single-introngenesare rare, sowe

separated spliceosomes bound to the same transcript by treating

withRNase I (FiguresS7BandS7C; see theSTARMethods).Anal-

ysis of RNAextracted from these samples revealed that the corre-

lationwasmaintained (FigureS7D). Thesedata support themodel

thatS. pombe andC. neoformans execute discard after assembly

to produce intron-retained species in the polyA population.

Unexpectedly, we also observed similar correlations with inter-

mediate level (Figure S7E); however, in this case,S. cerevisiae and

C. neoformans exhibited the strongest effects. This correlation

may occur because defects in signals that result in slow step 1

kinetics also result in slow step 2 kinetics; this is known to be the

case for certain splice site mutations in S. cerevisiae (Lesser and

Guthrie, 1993; Query and Konarska, 2004).

Discard of Precursor and Intermediate Species In Vivo

Nonetheless, the result that inefficiently spliced introns are more

likely to appear as retained introns in the polyadenylated mRNA

population generally supports the hypothesis that substrates

can be discarded from the spliceosome after its assembly

(Mayas et al., 2010). To further test this idea, we employed a

mutation in the RNA helicase that disassembles the spliceosome

upon successful completion of splicing, Prp43 (Tsai et al., 2005).

In vitro studies in S. cerevisiae have demonstrated that addition

of a dominant-negative form of Prp43 that binds the spliceosome

but cannot hydrolyze ATP results in accumulation of spliceo-

some-bound lariat intermediate of a substrate mutated at the

30 ss to block the second catalytic step (Mayas et al., 2010).

We hypothesized that expression of this allele would also lead

to accumulation of precursor and intermediate species of
tionship between 50 ss, 30 ss, and BP scores and the percentage of pyrimidine

a PIP higher than 0.5 are highlighted (see also Figure S6A).

ns were split into quartiles based on 50 ss score (blue, random; red, consensus),

(CDF) (see Figures S6B and S6C for BP and 30 ss scores; Sp, S. pombe; Cn,

ss.

C. neoformans. Introns were split into quartiles based on length (blue, short;

intron in the transcript.

in the transcript (see Figures S6F and S6G for alternative splicing and position in
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endogenous introns on spliceosomes in vivo if they were nor-

mally subjected to discard and Prp43-dependent disassembly

(Figure 7B). To test this hypothesis, we created a strain of

C. neoformans that expresses the equivalent dominant-negative

Prp43 allele, prp43-Q435E (hereafter prp43DN) under control of

the galactose-inducible GAL7 promoter. Under repressive

glucose conditions, the prp43DN transcript accumulates to

roughly the same abundance as the wild-type transcript but

the strain exhibits no growth defect (Figure 7C). Under inducing

galactose conditions, the prp43DN transcript accumulates to

30- to 60-fold more and the strain displays a marked growth

defect (Figure 7C). No splicing factors exhibited decreased

expression in either condition (Figure S7F; Table S7); nonethe-

less, to minimize potential indirect effects, we performed spli-

ceosome profiling analysis under repressive conditions.

To examine changes in the steady-state spliceosome-bound

substrate populations in the prp43DN strain, we clustered in-

trons based on normalized bound precursor and intermediate

levels (Figure 7D; see the STAR Methods). Of these clusters,

one exhibits a significant increase in spliceosome-bound precur-

sor levels (cluster 1; Figures 7D and 7E) and another exhibits a

significant increase in spliceosome-bound intermediate levels

in the prp43DN strain (cluster 2; Figures 7D and 7E). These

data support the model that Prp43 disassembles spliceosomes

assembled on specific sets of introns in vivo prior to completion

of the catalytic steps.

Introns whose spliceosome-bound precursor and intermedi-

ate levels are controlled by Prp43 do not display significantly

weaker 50 ss or 30 ss sequences (Figures S7G and S7H). Rather,

introns with increased intermediate levels in the prp43DN strain

display shorter BP to 30 ss distances on average (Figure 7F) and

detectably stronger 50 ss and BP scores (Figures S7G and S7H;

BP scores – Mann-Whitney U p value: 4 3 10�6) and are more

likely to be the last intron (Figure S7I). In contrast, introns with

increased spliceosome-bound precursor in the prp43DN back-

ground are significantly longer (Figure 7F) and are more likely

to be first introns (Figure S7I). Together with the studies of intron

retention above, these studies provide evidence for widespread

discard of natural spliceosome-bound substrates and reveal

endogenous predictors of this behavior.

DISCUSSION

The spliceosomal layer of gene expression determines the

amount and structure of proteins and ncRNAs produced in the
Figure 7. Spliceosomal Discard In Vivo

(A) Intron retention correlates with precursor levels in S. pombe andC. neoformans

in polyA RNA-seq. Distribution of precursor levels in each quartile is plotted as a

(B) Simplified model of Prp43-mediated discard from the spliceosome. The mode

intermediates to accumulate on spliceosomes.

(C) Growth of strains expressing prp43-Q435E or prp43DN from the URA5 locus in

(compared to the wild-type sequence) in each condition in polyA RNA-seq.

(D) Heatmap of the log2 ratio of precursor and intermediate in the prp43DN st

Methods).

(E) CDF plots of precursor and intermediate in prp43DN (red) and wild-type (bl

intermediate or precursor, respectively, is increased in the prp43DN strains. p va

(F) Intron size and BP to 30 ss distance for each cluster compared to all introns for c

See also Table S7.
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cell. Understanding these mechanisms during normal homeo-

stasis and disease requires tools to interrogate this RNA-protein

machine in vivo. We have described a suite of spliceosome

profiling tools that marry the biochemical purification of endoge-

nous spliceosomes with high-throughput sequencing/analysis

methods to identify high-confidence splicing events in spliceo-

some-bound RNA, quantifying both the precursor and intermedi-

ates as well as identifying products that evade detection by

RNA-seq. We implemented these methods in three divergent

species. Although we used tagged alleles of Prp19, which is

located at the periphery of spliceosome structures, the approach

is adaptable to any accessible tag in organisms for which suffi-

cient numbers of cells can be obtained. Spliceosome profiling

has advantages over current methodologies because (1) it quan-

tifies spliceosome-bound precursor and intermediate levels, (2) it

identifies trans-esterification events that cannot be easily identi-

fied by RNA-seq because of their transient nature or decay after

release from the spliceosome, and (3) it does not require addi-

tional mutations to stabilize RNA species. Consequently, we

anticipate its widespread application.

Quantification Enables Investigation of Substrate
Features That Influence Progression
We proceeded beyond qualitative identification of cleavage and

ligation sites by focusing on spliceosome-bound substrates suf-

ficiently abundant to be quantified. This enabled searches for

determinants of substrate behavior in fully assembled spliceo-

somes in vivo. The much larger number of splicing events in the

intron-rich yeast species S. pombe and C. neoformans allowed

for theuseof anautomatedstatisticalmodeling approach. Aclear

finding was that stronger 50 ss and BP sequences predict lower

bound precursor levels in S. pombe and C. neoformans, as

expected when the intron itself has a role in catalytic efficiency

(or immediately preceding conformational changes). This finding

is consistent with recent cryo-EM structures that show known

and novel intimate interactions between the 50 ss and BP

sequences with the catalytic core of the spliceosome (Fica and

Nagai, 2017). Surprisingly, more optimal intron sequences

(50 ss, BP, pyrimidine tract, and 30 ss) predicted higher intermedi-

ate levels, particularly in S. pombe, which may reflect the more

rapid accumulation of intermediate as a result of the effects of

more optimal sequences on the first chemical step.

Modeling also revealed predictive roles for splice site and BP

spacing and spliceosome-bound precursor and intermediate

levels in C. neoformans, but not S. pombe. As mentioned above,
, but notS. cerevisiae. Introns were split into quartiles based on intron retention

CDF (see Figure S7E for intermediate levels).

l predicts that disabling the ATPase activity of Prp43 will cause precursor and

glucose or galactose media and number of reads corresponding to prp43-DN

rains versus wild-type grown in glucose (K-means clustering, see the STAR

ack) in glucose for cluster 1 (top panel) and cluster 2 (bottom panel), where

lues: KS test.

luster 1 (top panel) and cluster 2 (bottom panel). p values: Mann-Whitney U test.



this is consistent with the tighter distribution of intron sizes in

C. neoformans, which has been shown to be under complex

evolutionary selective forces (Hughes et al., 2008). Consistent

with prior work, we observe that long introns in S. pombe and

C. neoformans harbor stronger splicing signals (Figure S6C),

further suggesting evolutionary pressure to compensate for

non-optimal intron size. Our observation of ‘‘early branching’’

in long introns suggests size is measured prior to the first

chemical step. The corresponding longer distance between the

BP and 30 ss could then impact the second chemical step as

this is a well-established determinant of step 2 kinetics in

S. cerevisiae (Luukkonen and Séraphin, 1997; Zhang and

Schwer, 1997).

Numerous species display narrow intron length distributions,

with the most notable being the ciliate Stentor in which nearly

all introns are precisely 15 nucleotides in length (Slabodnick

et al., 2017). The Drosophila genome is enriched for introns of

60–65 nucleotides in length (Lim and Burge, 2001) and smaller

introns may be selected for during evolution due to improved

splicing efficiency (Carvalho and Clark, 1999). Intron length has

been shown to impact overall efficiency during in vitro splicing

in HeLa and in Drosophila cell extracts (Fox-Walsh et al., 2005;

Guo and Mount, 1995) and in vivo (Ulfendahl et al., 1985) but

whether this is due to an impact on spliceosome assembly or

catalysis has not been assessed; our studies demonstrate a

role after assembly in vivo. The yardstick(s) that measures intron

size in spliceosomes remains to be discovered.

We observed that higher numbers of introns in a transcript

correlate with lower levels of bound intermediate in both

S. pombe and C. neoformans. An intriguing explanation for this

correlation would be that spliceosomes bound to nearby introns

on a transcript can influence each other’s activities. While the

modeling presented in this study begins to describe the intron

and transcript features that contribute to splicing efficiency,

the parameters considered here (which originate largely from

studies in S. cerevisiae) have limited predictive power. This un-

derscores the need to discover additional contributors to

splicing efficiency in vivo. Splicing occurs not only in the context

of chromatin, which may modulate splicing (Sorenson et al.,

2016), but also transcription (Oesterreich et al., 2016) and may

be influenced by its rate (Aslanzadeh et al., 2018; Braberg

et al., 2013). Spliceosome profiling will enable further investiga-

tion of these poorly understood links.

Spliceosome Discard of Native Transcripts
The ability of spliceosomes stalled in vitro to be disassembled is

well established. However, as these studies require alterations to

the substrate that induce stalling, the extent to which such

events occur frequently in normal cells is unclear. Spliceosomal

discard has been conceptualized as a mechanism for enhancing

the fidelity of splicing by limiting the impact of splicing errors

based on substantial in vivo and in vitro analysis of mutant

substrates in S. cerevisiae. While a reasonable inference, it has

not been tested in the context of naturally occurring transcripts,

in part because tests for discard in vivo have been challenging to

develop. A notable exception is the finding that Prp43 is pro-

motes biogenesis of TER1 RNA in S. pombe via interrupted

splicing (Kannan et al., 2013). Our finding that intron retention
correlates with high levels of spliceosome-bound precursor sug-

gests another role for discard in the biogenesis of intron-retained

RNA, a common form of alternative splicing that is regulated by

environmental stresses in C. neoformans (Gonzalez-Hilarion

et al., 2016). Additionally, specific populations of precursor and

intermediate accumulate on spliceosomes in cells expressing

an ATPase-defective version of Prp43, providing in vivo evidence

for Prp43 activity upstream of spliceosome disassembly on a

substantial fraction of native transcripts prior to the completion

of splicing, suggesting that these introns are more likely to un-

dergo discard under normal conditions.

Prospects
The ability to interrogate mutants in spliceosomal components

combined with the data analysis approaches described here

offers an approach for understanding the function of spliceoso-

mal components, including many whose three-dimensional

location is now known but whose precise function across sub-

strates is not. C. neoformans retains numerous factors that

have human orthologs but are not found in the intron-reduced

species S. cerevisiae, including the exon junction complex. Anal-

ysis of these factors by spliceosome profiling may illuminate

mechanisms important for species harboring a higher degree

of splicing complexity.
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Hiten D.

Madhani (hitenmadhani@gmail.com).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Strains
Yeast strains used in this study are listed in the Key Resources Table. C. neoformans strains were constructed by biolistic

transformation (Chun andMadhani, 2010). Briefly, the ORF, 30 UTR and downstream 500 bp of PRP43-Q435E followed by a selection

marker and flanked by 1 kb of homology to the URA5 locus were cloned into vector pRS316 using homologous recombination in

S. cerevisiae. 10 mg of the plasmid were linearized and desiccated and then precipitated onto gold beads using spermidine and

CaCl2. DNA-coated gold beads were shot into cells using a gene gun (BioRad, Model PDS-1000/He Biolistic-Particle Delivery

System). Insertion of the full construct into the genome was confirmed by colony PCR using primers outside the sequence included

in the plasmid and failure to grow on SC –Uramedium. The existence of thewild-type andmutant copies of PRP43were confirmed by

Sanger sequencing and detected by RNA-seq. Tags in all strains (including those previously constructed) were confirmed by west-

ern blot.

Growth conditions
2 L of all strains were grown in Difco YPADmedium (S. cerevisiae andC. neoformans) or YS + 3%glucose (S. pombe) starting at a low

density (0.002-0.004 OD) overnight at 30�C. An additional 1% glucose was added when the cultures reached 1 OD. Cells were

harvested at 2 OD.

METHOD DETAILS

Prp19 immunoprecipitation via FLAG tag
2 L of all strains were grown in Difco YPAD medium starting at a low density (�0.002 OD/ml) overnight at 30�C. 1% glucose was

added when the cultures reached 1 OD. Cells were harvested at 2 OD by centrifugation at 6200xg for 6 min at 4�C (Beckman

JLA-8.1000 rotor). They were then washed in ice-cold sterile water and harvested again at 9000xg for 6 min at 4�C (Beckman

JLA-8.1000 rotor). Cells were resuspended in 25 mL cold H03 buffer (25 mM HEPES-KOH, pH 7.9, 100 mM EDTA, 500 mM EGTA,

2 mM MgCl2, 300 mM KCl, 16% glycerol, 0.1% Tween) with protease inhibitors (Complete-EDTA free, Pierce) and 1 mM DTT.

The resuspension was dripped into liquid nitrogen to form popcorn. Cells were lysed by cryo-grinding in a SPEX Sample Prep

6870 for 3 cycles of 2 min at 10 cps with 2 min of cooling between each cycle.

Lysate was thawed quickly with mixing in a 30�Cwater bath until just liquid. 500 units of RNaseOUT (Invitrogen) were added imme-

diately after thawing. Lysate was cleared by centrifugation at 40000xg for 40 min at 4�C (Beckman JA17.0 rotor). Whole cell extract

samples were removed and flash frozen at this point. 400 mLM2-FLAG agarose beads (Sigma) were washed in 10 mL H03 buffer and

collected by centrifugation at 1200 rpm (228xg) for 2 min three times. Lysate was incubated with the prepared beads for 3 hours at

4�C. The beads were collected by centrifugation at 1200 rpm (228xg) for 2 min and then resuspended and incubated for 10 min with

15 mL H03 buffer (protease inhibitor in the first wash) at 4�C. This was repeated two additional times (three washes total). Bound

material was eluted three times in 150 mL elution buffer (25 mM HEPES-KOH, pH 7.9, 2 mM MgCl2, 300 mM KCl, 20% glycerol)

with 1 mg/ml 3X FLAG peptide (Sigma).

Prp19 immunoprecipitation via TAP tag
2 L of all strains were grown in the appropriate rich medium (S. cerevisiae: Difco YPAD, S. pombe: YS + 3% glucose) starting at a low

density (�0.002 OD/ml) overnight at 30�C. 1% glucose was added when the cultures reached 1 OD. Cells were harvested at 2 OD by

centrifugation at 6200xg for 6min at 4�C (Beckman JLA-8.1000 rotor). They were then washed in ice-cold sterile water and harvested

again at 9000xg for 6 min at 4�C (Beckman JLA-8.1000 rotor). Cells were resuspended in 25 mL cold H03-200 buffer (25 mM

HEPES-KOH, pH 7.9, 100 mM EDTA, 500 mM EGTA, 2 mMMgCl2, 200 mM KCl, 16% glycerol, 0.1% Tween) with protease inhibitors

(Complete-EDTA free, Pierce) and 1mMDTT. The resuspension was dripped into liquid nitrogen to form popcorn. Cells were lysed by

cryo-grinding in a SPEX Sample Prep 6870 for 3 cycles of 2 min at 10 cps with 2 min of cooling between each cycle.

Lysate was thawed quickly with mixing in a 30�C water bath until just liquid. 500 units of RNaseOUT (Invitrogen) were added

immediately after thawing. Lysate was cleared by centrifugation at 40000xg for 40 min at 4�C (Beckman JA-17.0 rotor). Whole

cell extract samples were removed and flash frozen at this point. 400 mL IgG agarose beads (Sigma) were washed in 10 mL

H03-200 buffer and collected by centrifugation at 1200 rpm (228xg) for 2 min three times. Lysate was incubated with the prepared

beads for 3 hours at 4�C. The beads were pelleted by centrifugation at 1200 rpm (228xg) for 2 min and then washed three times for

10 min with 15 mL H03-200 buffer (protease inhibitor in the first wash). Prp19 was eluted in 500 mL 1X TEV buffer with 50 units AcTEV

protease (Invitrogen) and 40 units RNaseOUT for 1 hour at room temperature.
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Treatment of purified material with RNase I
Prp19 associated material was affinity purified as above (FLAG protocol). However, immediately before elution, beads were resus-

pended in 500 mL H03 buffer with 1X PhoStop solution (Roche) and 30 U RNase I. The bead-associated spliceosomes were then

incubated 1 hour at room temperature with agitation. After 1 hour, 5 mL Superasin (Ambion) was immediately added to the mixture

and the slurry was placed on ice. The beads were washed twice for 10 min with 1 mL H03 buffer at 4�C. After careful removal of all

wash buffer, Prp19 was eluted from the beads as described above.

The amount of RNase I to use for this assay was determined by adding 0.2-30 U RNase I or 0.2-2 U RNase T1 to the reaction

mixture. 7.5 mL of eluate or digest supernatant were mixed with 7.5 mL formamide loading dye, boiled for 2 min, loaded on 10% poly-

acrylamide gel (8 M Urea, 1XTBE) and separated at 200 V for 90 min. The extent of digestion of RNA originating from CNAG_07888

was then assayed by Northern blot using the Dig Northern starter kit (Sigma) according to the manufacturer’s instructions. The mem-

brane was exposed to film for 2 min. U6 was detected on the samemembrane using a complementary 32P end labeled oligomer. The

probe was hybridized to the membrane for 6.5 hours at 45�C, then washed 3 times for 5 min in 2X SSC, 0.1% SDS and twice for

15min in 0.1X SSC, 0.1%SDS at 45�C.Membrane-associated 32Pwas detected by overnight exposure to a phosphorimager screen.

Mass Spectrometry
Immunoprecipitation of Prp19 was performed as described above, except that protein was eluted three times in 0.1 M glycine HCl,

pH 3.5, for 5 min at 4�C. Proteins were visualized by SDS-PAGE (4%–12%Acrylamide Tris-Glycine, Novex) followed by staining with

Sypro Ruby. The samples were dissolved in 60 mL of 8M urea in 100mMTEAB, pH 8.0. Reduction was performed with at 5mMTCEP

20 min at room temperature. Alkylation followed at 55 mM 2-chloroacetamide for 20 min in the dark at room temperature. The sam-

ples were precipitated in cold acetone (1:6) at�20�C overnight. Tryptic digestion and Ten-plex TMT labeling (Thermo Scientific) were

performed according to the manufacturer’s instructions. The ten samples were combined and run. Additionally, the five control (un-

tagged) samples were combined and analyzed as were five experimental (Prp19-2XFLAG) conditions. The TMT labeled samples

were analyzed on a Fusion Orbitrap tribrid mass spectrometer (Thermo Fisher Scientific) with multinotch data acquisition (McAlister

et al., 2014). Samples were injected directly onto a 30 cm, 75 mm ID column packed with BEH 1.7 mm C18 resin (Waters). Samples

were separated at a flow rate of 400 nL/min on a Thermo Easy-nLC 1000 (Thermo Fisher Scientific). Buffer A and B were 0.1% formic

acid in water and acetonitrile, respectively. A gradient of 0�10%B over 20 min, 10�45%B over 270 min, an increase to 90% B over

another 60 min and held at 90% B for a final 10 min of washing was used for 360 min total run time. Column was re-equilibrated with

20 mL of buffer A prior to the injection of sample. Peptideswere eluted directly from the tip of the column and nanosprayed directly into

themass spectrometer by application of 2.5 kV voltage at the back of the column. The Orbitrap Fusion was operated in a data depen-

dentmode. Full MS1 scanswere collected in theOrbitrap at 120k resolution. The cycle timewas set to 3 s, andwithin this 3 s themost

abundant ions per scan were selected for CIDMS/MS in the ion trap. MS3 analysis with multinotch isolation was utilized for detection

of TMT reporter ions at 60k resolution. Monoisotopic precursor selection was enabled and dynamic exclusion was used with

exclusion duration of 30 s.

Protein and peptide identification and protein quantitation were done with Integrated Proteomics Pipeline - IP2 (Integrated Prote-

omics Applications, San Diego, CA, http://www.integratedproteomics.com/). Tandem mass spectra were extracted from raw files

using RawConverter (He et al., 2015) and were searched against a C. neoformans protein database (https://www.broadinstitute.

org) with reversed sequences using ProLuCID (Peng et al., 2003; Xu et al., 2015). The search space included all half- and fully-tryptic

peptide candidates, with static modifications of 57.02146 on cysteine and of 229.1629 on lysine and the N terminus. Peptide

candidates were filtered using DTASelect, with these parameters -p 1 -y 2–trypstat–pfp 0.01–extra–pI -DM 10–DB–dm -in -t

1–brief–quiet (Tabb et al., 2002). Quantitation was performed using Census (Park et al., 2014). Common contaminants, including

heat shock, ribosomal and chaperone proteins aswell as several other proteins we commonly find inmass spectrometry experiments

inC. neoformans are excluded from Figure S1A. All detected proteins can be found in Table S1, excluded contaminants are shown in

gray. Proteins with at least 15 spectral counts in all tagged samples were considered for further analysis.

RNA preparation
RNA was extracted from affinity purified spliceosomes and whole cell extract by first treating with 120 mg Proteinase K in reverse

buffer (10 mM Tris-HCl, pH 7.4, 5 mM EDTA, 1% SDS). RNA was then isolated by phase separation with 1 volume acid Phenol:

Chloroform (1:1) and then washed with 1 volume chloroform. RNA was precipitated with 2 mL GlycoBlue in 0.3 M sodium acetate

and 50% isopropanol, then recovered by centrifugation for 30min at 18400xg at 4�C andwashedwith 70% ethanol. RNAwas initially

checked by RT-qPCR and later by Bioanalyzer for enrichment of U2, U5 and U6 snRNAs after DNase treatment with 6 units TURBO

DNase I (Invitrogen) and purification using the Zymo RNAClean and Concentrate kit. RNA fromwhole cell extract was polyA selected

with OligoTex beads (QIAGEN) and DNase treated in the same manner as the spliceosome-bound RNA.

Library preparation for 30 end profiling and spliceosome-bound RNA-seq
RNA from each IP was split with 4 parts used for the ‘‘A’’ sample (30 end profiling) and 1 part for the ‘‘B’’ sample (spliceosome-bound

RNA). ‘‘A’’ sample RNA was ligated to a pre-adenylated adaptor (PreA Linker1, see Key Resources Table) with a 50 random hexamer

(see Key Resources Table) using T4 RNA ligase 2, truncated, K227Q (NEB) for 2.5 hours at 37�C (25% PEG-8000, 12.5% DMSO, 1X

buffer). After precipitation and resuspension, RNA was hydrolyzed in hydrolysis buffer (100 mM sodium carbonate, pH 9.2) for a pre-
e4 Cell 173, 1014–1030.e1–e7, May 3, 2018

http://www.integratedproteomics.com/
https://www.broadinstitute.org
https://www.broadinstitute.org


determined amount of time (10-15min) at 95�C then immediately neutralized with 0.3M sodium acetate and precipitated. ‘‘B’’ sample

RNA was first hydrolyzed (see ‘‘A’’ sample) and precipitated. Hydrolyzed RNA ends were then repaired by treating with 25 units PNK

(NEB) for 1 hour at 37�C. After precipitation, ‘‘B’’ sample RNAwas ligated to the pre-adenylated adaptor as for the ‘‘A’’ sample. PolyA

selected samples were treated the same as the ‘‘B’’ samples. All samples were loaded on a 10% polyacrylamide gel with 8 M urea

and 1X TBE in 1X formamide dye with bromophenol blue. The gel was run for 50 min at 200 V then stained for 5 min in 1X Sybr Gold

(Invitrogen), 1X TBE. RNA bandswere excised between 50 and 400 nt. RNAwas extracted from crushed gel in nuclease freewater for

10 min at 70�C and then separated from the gel by centrifugation in a Spin-X column (Costar) for 3 min at 16000xg. RNA was precip-

itated with GlycoBlue and 0.3 M sodium acetate in 50% isopropanol.

All samples were converted to cDNA using the Superscript III kit (Invitrogen) and the oLSC007 reverse transcription primer (see Key

Resources Table). cDNA was separated from primer by denaturing PAGE (same conditions as for RNA above). Resuspended cDNA

was circularized with the Circligase kit (Epicenter). Circularized cDNA was amplified by PCR with the Phusion polymerase kit (NEB)

using one indexed primer and oNT231 (see Key Resources Table). Libraries were size selected on 8% non-denaturing polyacryl-

amide gels and confirmed by Bioanalyzer (High Sensitivity DNA kit). Libraries were sequenced on a HiSeq 4000 with single-end

50 bp reads with the oLSC006 custom sequencing primer.

Library preparation for junction and branch profiling
RNA recovered by affinity purification of Prp19 was treated with 10 units RNase R (Epicenter) or mock treated for 1 hour at 37�C. RNA
was then immediately purified using the Zymo RNA Clean and Concentrate kit and DNase treated as above. Libraries were prepared

using the NEBNext directional kit (NEB) according to the manufacturer’s instructions. To improve read-through of branches in lariat

RNA species, we added 1 mMMnCl2 to the reverse transcription reaction (Mayerle et al., 2017; M. Raghavan and J. Pleiss, personal

communication). Final size selection was performed using an 8% non-denaturing 1X TBE polyacrylamide gel. Libraries were

sequenced on a HiSeq 4000 with paired-end 100 bp reads.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data analysis for 30 end profiling and RNA-seq
50 adaptor sequence was trimmed from the 30 end of reads using custom scripts. Reads shorter than 24 bp after adaptor trimming

were excluded from analysis. Reads were then collapsed using fastx_collapser (http://hannonlab.cshl.edu/fastx_toolkit/). The 6 nt

barcode was removed from the beginning of collapsed reads using a custom script. Collapsed, trimmed reads were first aligned

to rRNA and snRNA sequences using Bowtie (Langmead et al., 2009) with the following parameters:

bowtie -p10 -v2 -m1 --un CM764no_A_rRNA_un /home/jordan/GENOMES/crypto_rRNA -f CM764no_A_S64_L007_R1_001_

debarcoded.fasta --sam CM764no_A_rRNA_al.sam

Unaligned reads were then aligned to the genome with Bowtie using the following parameters:

bowtie -p10 -v2 -M1 --best --max CM763db_A_multi --un CM763db_A_un /home/jordan/GENOMES/Crypto_for_gobs -f

CM763db_A_UBC4_un --sam CM763db_A_al.sam

Conversion to BAM format, sorting and indexing was accomplished using Samtools (Li et al., 2009). BAM files were converted to

bedgraph files using BEDTools (Quinlan and Hall, 2010). Data were visualized using IGV (Robinson et al., 2011). Total reads in tran-

scripts in RNA-seq style libraries were determined using custom scripts written around HTseq (Anders et al., 2015). Reads spanning

50 splice sites (precursor) and reads beginning at 50 splice sites (intermediate) were counted using custom scripts using the Pysam

package (https://github.com/pysam-developers/pysam). Precursor values are included for sites with at least 20 reads covering the

exon-intron junction.

Peakswere identified using the PELT (Pruned Exact Linear Time) algorithm (Killick et al., 2012) in the R package changepoint (Killick

and Eckley, 2014). First, 50 ends of aligned reads were converted to the bedgraph format using BedTools. Then, a range of thresholds

between 1 and 100 were tested for each sample from each yeast. Peaks were detected after the threshold at which the number of

detected peaks dropped most steeply (10 for all samples Figure S2G–S2I) was applied. Peaks called in data from both tagged

samples but absent from untagged data were selected for further analysis.

Data analysis for junction and branch profiling
Adaptor was trimmed from either end of reads usingCutadapt (Martin, 2011). Reads shorter than 25 bp after trimming orwith a quality

score less than 10 were not considered in the analysis.

cutadapt -a AGATCGGAAGA -A AGATCGGAAGA–trim-n -m 25 -q 10 -o CM763-RR_1_trim.fq -p CM763-RR_2_trim.fq

../FASTQ_FILES/CM763-RR_S31_L007_R1_001.fastq.gz ../FASTQ_FILES/CM763-RR_S31_L007_R2_001.fastq.gz

Trimmed reads were aligned to the genome with Tophat

tophat -p 1 -o CM763-RR–library-type rf-firststrand -i 30 -I 400 -G CNA3_FINAL_CALLGENES_1_gobs.gff3 H99-2 CM763-

RR_1_trim.fq CM763-RR_2_trim.fq
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Data were converted for visualization in IGV as described above. Junction position and read depth were extracted from junc-

tion.bed files from Tophat using custom scripts. Only junctions with at least 5 reads were included in the analysis.

Reads that did not align to the genome were searched for branches with custom Python scripts. First, a set of potential 50 splice
sites were established based on annotation and cleavage events that occur immediately before a ‘‘GC’’ or ‘‘GT’’ in the genome.

Unaligned reads were extracted from the Tophat generated BAM file using BEDTools and searched for the 15 nt sequence imme-

diately downstream of this site. All reads containing one of these sequenceswere split and realigned to the genomewith Bowtie using

the following parameters:

bowtie -p2 -v1 -M1 --best /home/jordan/GENOMES/Crypto_for_gobs -f Cn_ann_split.fa --sam Cn_ann_branches.sam

The 50 splice site position was embedded in the read name so it could be recovered later during analysis. Finally, potential

branches were filtered based on the presence of an adenosine within 3 nt of the read split and required that the branch be with

1 kb of the 50 splice site. Only branches with at least 5 reads were considered for further analysis.

Precursor and intermediate level calculations
Precursor and intermediate levels were determined for high confidence 50 splice sites (as called by our pipeline described above and

in Figure S3A). Both metrics are normalized to spliceosome-bound RNA-seq coverage for the corresponding transcript (SB). This is

defined as the number of reads aligning to the transcript (on the correct strand) divided by the length of the transcript in kb then

normalized to the sum of all such densities in all transcripts (T) divided by a million (similar to TPM).

SBi =
readsi=lengthi�P

j˛T readsj
�
lengthj

�
� 1X10�6

:

Precursor reads for a given splicing event, P, were determined b
y counting the number of reads that begin between 3 and 50 nt

downstream of a 50 ss and end between 3 and 50 nt upstream of the same site (using Pysam). Reads were divided by the window

size (0.1 kb) and then normalized to the total number of precursor reads from all splicing events (SE) divided by the window size

(0.1 kb) and then a million. Precursor level, PL, was determined by dividing this value by the spliceosome-bound RNA-seq coverage

(SB) for the corresponding transcript.

PLk =
PðkÞ =

0:1�P
l˛SEPðlÞ =

0:1

�
� 1X10�6

,
SBi:
Similarly, intermediate reads for a given splicing event, I, were de
termined by counting the number of reads that begin at the peak

called by our pipeline. Intermediate reads were normalized to the total number of intermediate reads from all splicing events (SE)

divided by a million. Intermediate level, IL, was determined by dividing this value by the spliceosome-bound RNA-seq coverage

(SB) for the corresponding transcript.

ILk =
IðkÞP

l˛SEIðlÞ � 1X10�6

�
SBi:

Splice site scoring
Splice site scores of each site were determined using a position-specific scoring matrix (PSSM) method. The scoring matrix (S[i,j]) is

constructed based on all the annotated splice sites in the genome as follows:

F½i; j�= nij

k
;

where nij is the number of sequences with base i at site j and
k is the total number of sequences.

P½i; j�=F½i; j�
fðiÞ ;
where f(i) is the frequency of the base in the genome at position
 j. Finally,

S½i; j� = log2ðP½i; j�Þ.
Each individual splice site in a sample is scored against this matrix. Logos were generated using WebLogo3 (Crooks et al., 2004).

Branch determination
If a branch was determined experimentally, the branch with the most reads was used as the major branch site. Otherwise, branches

were determined based on sequence and distance from the 30 splice site. First, a list of all experimentally determined branches was
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assembled forC. neoformans and S. pombe. Each unique branch sequence was ranked based on its usage throughout the genome.

Introns without experimentally determined branches were searched for each branch in this list in rank order. If no branch was found,

then the adenosine closest to the 30 splice site was chosen as the branch site. This method produced a distribution similar in terms of

sequence and branch to 30 splice site distance to experimentally determined branches.

Bayesian model averaging
Bayesian model averaging was performed using the R package BAS (Clyde, 2017).The optimal model was determined by Markov

chain Monte Carlo sampling. Bayesian inclusion criteria (BIC) were used as the prior distribution of the regression coefficients and

a uniform prior distribution was assigned over all models. Highly similar models were also obtained using traditional linear modeling.

K-means clustering
K-means clustering was performed using the Python package sklearn (Garreta and Moncecchi, 2013). The number of centroids was

selected by the ‘‘elbow method’’ (Ketchen et al., 1996) by calculating the difference in the sum of squares for 10 clusters each in the

range of 2 to 12 centroids.

DATA AND SOFTWARE AVAILABILITY

All next-generation sequencing data has been deposited in the Gene Expression Omnibus under ID code GSE108059. Custom

scripts developed for analyzing spliceosome profiling are available as a GitHub repository: https://github.com/jeburke/SPTools/.
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Figure S1. Composition of Affinity-Purified Spliceosomes, Related to Figure 1

(A) General scheme for purifying Prp19-associated spliceosomes (see the STAR Methods for details).

(B) Comparison of read coverage in introns versus exons. Reads in introns and exons were counted in RNA-seq datasets (SB: spliceosome-bound/Prp19-

associated, pA: polyA, UnT: affinity-purified from cells lacking tagged Prp19) then divided by the size of the intron or spliced transcript in kb to calculate coverage.

The ratio of intron to exon coverage is plotted for all transcripts with exon coverage of at least 10. P values were determined by Mann-Whitney U test.

(C) Splicing factors detected by TMT-MS in Prp19-IPs organized by complex named based on their S. cerevisiae orthologs, unless they are not found in

S. cerevisiae (‘‘Auxiliary,’’ ‘‘PPIs’’ and ‘‘EJC’’) in which case they are named for the S. pombe or human ortholog. Category name abbreviations: NTC(r): Prp19

complex and Prp19 complex related; PPIs: peptidyl prolyl isomerases; EJC: exon junction complex; Cn specific: specific to C. neoformans.

(D) Proportion of genes with annotated introns and density of introns per transcript in each organism from this study (Sc: S. cerevisiae, Sp: S. pombe, Cn:

C. neoformans) as well as humans (Hs).
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Figure S2. Data Selection and Reproducibility, Related to Figure 2

(A–C) Reproducibility and distributions of 30 end profiling peak heights (A) and RNA-seq of spliceosome-bound RNA (B) and polyA RNA (C) in S. pombe. 30 end
profiling is measured in reads per million aligned reads. RNA-seq metrics are measured in transcript per million (TPM).

(D–F) Same as (A–C) but for C. neoformans.

(G–I) Determination of changepoint thresholds in all three yeast. Peaks were detected using changepoint analysis (see the STAR Methods) in each yeast. The

number of peaks at each threshold was determined and the threshold that accomplished the largest drop in the number of peaks (maximum of the 1st derivative

traces, light orange and green) was chosen as the threshold.
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Figure S3. Selection of High Confidence Splicing Events, related to Figure 3

(A) Workflow and structure of the spliceosome profiling software package (SP Pipeline). See the STAR Methods for additional details.

(B) Dinucleotide overrepresentation in unpredicted peaks and unpredicted peaks that overlap with junctions or branches in S. pombe.

(C) Proportions of reproducible peaks, annotated introns with high confidence splicing events and transcripts with detected splicing events. Peaks at annotated

splice sites display high reproducibility. Note that the algorithm in (A) was designed to detect events with high confidence rather than high sensitivity. Additionally,

detection of intermediates is dependent on sufficiently slow step 2 kinetics to produce a long-lived intermediate.
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Figure S4. Additional Information on Non-canonical Splicing, Related to Figure 4

(A) Ratio of junction coverage to transcript coverage for exon-exon junction reads originating from either interrupted splicing events (TER1 and TENA/

SPBC530.07c) or canonical splicing events (OMH3 and CYT2) in S. pombe.

(B and C) Abundance of spliceosome-bound versus polyA mRNA for transcripts with interrupted splicing events compared to canonically spliced and unspliced

transcripts.

(D) Size distributions of introns with only one detected branch or more than one detected branch. Branches were detected with the SPBranch module of the SP

Pipeline as described in the STAR Methods.

(E) Distance between the branch point and 30ss in introns with only one detected branch or more than one detected branch.
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Figure S5. Reproducibility and Distribution of Precursor and Intermediate Levels, Related to Figure 5

(A and B) Distribution of precursor (dark gray) and intermediate (light gray) levels for S. cerevisiae (A) and C. neoformans (B).

(C) Scatterplots of the relationship between polyA RNA-seq and spliceosome-bound RNA-seq for each transcript.

(D) Variance was calculated for introns in the same transcript (red) in C. neoformans. A paired variance was calculated for the same number of introns selected

randomly from different transcripts (gray). P values were calculated using Mann-Whitney U test.
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Figure S6. Uncovering Intron Features That Predict Splicing Efficiency, Related to Figure 6

(A) Bayesian modeling of the correlation between intron features and precursor (Pre) or intermediate (Int) level. Coefficients for explanatory variables with a

posterior inclusion probability (PIP) of at least 0.5 are shown. Error bars indicate the uncertainty of each coefficient in the final averaged model.

(legend continued on next page)



(B and C) Relationship between precursor and intermediate levels and BP or 30ss scores. Introns were split into quartiles based on BP score (blue = random

sequence, red = consensus) and the distribution of each metric is plotted as a CDF.

(D) Differences in intron length distributions in the three yeasts used in this study.

(E) Long introns have 50 splice sites that are closer to consensus. P values were determined by the chi-square test for independence and logos were generated

with WebLogo3 (Crooks et al., 2004).

(F and G) Difference in precursor and intermediate levels based on the whether an alternative BP or 30ss was detected for an intron and the position of the intron in

the transcript.



F

H

G

I

0 
1 

-1 

2 
3 
4 
5 
6 

CLF
1 

SLU
7 

PRP9 

PRP16
 

DDX35
 

IS
T3

 

BRE1 

CW
C23

 

PRP43
 

NTR
1 

PRP22
 

lo
g2

 F
ol

d 
C

ha
ng

e Glucose 
Galactose 

100

50

0

Intron position

First
Middle
Last

%
 o

f c
lu

st
er

1 2 All
Cluster

*

*

1.0

0.5

0.0

1.0

0.5

0.0

0 5 105’ ss score 5’ ss score

Cluster 1
p-value: 0.5

Cluster 2
p-value: 1e-4

3’ ss score 3’ ss score

Cluster 1
p-value: 0.4

Cluster 2
p-value: 0.02

2 4 6 2 4 6

All Cluster

All Cluster

A

E

B C D

S. cerevisiae S. pombe C. neoformans

0-2-44 40-2-4-4 20-2 2 2
log2 Spliceosome-bound intermediate level

Fr
ac

tio
n 

of
 s

pl
ic

in
g 

ev
en

ts 1.0

0.5

0.0

Pearson R: 0.34
p-value: 6e-5

Pearson R: 0.05
p-value: 4e-4

Pearson R: 0.16
p-value: 4e-61

0 5 10

Fr
ac

tio
n 

of
 in

tro
ns

Fr
ac

tio
n 

of
 in

tro
ns

RNase:    I   T1

C
N

A
G

_0
78

88

U6

Lone introns
- -1

0.8

0.6

0.4

0.2

0.0

1

0.8

0.6

0.4

0.2

0.0
-2 0 2

log2 Precursor
-2 0 2 -2 0 2

log2 Precursor

Sp Cn Cn

R: 0.39
p: 2e-26

R: 0.26
p: 2e-10

R: 0.35
p: 2e-17

+RNase IRNase I -RNase I

Eluate Rxn mix

4

2

0

-2

-4

+ -

lo
g2

(In
tro

n/
E

xo
n)

p<5e-264

Figure S7. Discard of Native Transcripts, Related to Figure 7

(A) Relationship between intron retention in polyA mRNA and precursor level in lone introns in S. pombe (n = 690). Introns were split into quartiles based on the

level of intron retention calculated in polyA RNA-seq data. The distribution of precursor level in each quartile is plotted as a CDF. R and p values were determined

by Pearson R test.

(legend continued on next page)



(B) Digestion of spliceosome-bound RNA with RNase. Affinity-purified spliceosomes were treated with 0.2 or 2 units RNase T1 or 0.3, 3 or 30 units RNase I (see

the STAR Methods). Degradation of the transcript originating from CNAG_07888 and retention of U6 snRNA were visualized by Northern blot.

(C) Distribution of the log2 ratio of read density in introns to read density in exons after treatment with 30 U RNase I versus mock-treatment.

(D) Relationship between intron retention in polyA mRNA and precursor level in spliceosomes treated with 30 U RNase I or mock-treated. Introns were split into

quartiles based on the level of intron retention calculated in polyA RNA-seq data. The distribution of precursor level in each quartile is plotted as a CDF. R and

p values were determined by Pearson R test.

(E) Relationship between intron retention in polyAmRNA and intermediate level. Introns were split into quartiles based on the level of intron retention calculated in

polyA RNA-seq data. The distribution of intermediate level in each quartile is plotted as a CDF.

(F) All splicing factors that are significantly differentially expressed in prp43DN by polyA RNA-seq are increased (log2 fold change and significance (adjusted

p value) determined using DESeq2).

(G and H) 50 and 30 splice site scores as determined by scoring against a PSSM for each cluster (see the STAR Methods). P values determined by Mann-Whitney

U test.

(I) Intron position proportions of each cluster (see Figure 7). The proportion of introns that are first, last or in the middle of the transcript are plotted for the

clusters with either increased precursor (cluster 1) or increased intermediate (cluster 2) versus all introns. P values determined by proportion hypothesis test

(*p value < 0.01).
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