RNA Biology

ISSN: 1547-6286 (Print) 1555-8584 (Online) Journal homepage: https://www.tandfonline.com/loi/krnb20

Early splicing functions of fission yeast Prp16 and
its unexpected requirement for gene Silencing is
governed by intronic features
Drisya Vijayakumari, Amit Kumar Sharma, Pushpinder Singh Bawa, Rakesh
Kumar, Subhashini Srinivasan & Usha Vijayraghavan
To cite this article: Drisya Vijayakumari, Amit Kumar Sharma, Pushpinder Singh Bawa, Rakesh
Kumar, Subhashini Srinivasan & Usha Vijayraghavan (2019): Early splicing functions of fission
yeast Prp16 and its unexpected requirement for gene Silencing is governed by intronic features,
RNA Biology, DOI: 10.1080/15476286.2019.1585737
To link to this article: https://doi.org/10.1080/15476286.2019.1585737

Accepted author version posted online: 27
Feb 2019.

Submit your article to this journal

View Crossmark data

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=krnb20

Publisher: Taylor & Francis & Informa UK Limited, trading as Taylor & Francis Group
Journal: RNA Biology
DOI: 10.1080/15476286.2019.1585737

ip
t

Early splicing functions of fission yeast Prp16 and its unexpected

cr

requirement for gene Silencing is governed by intronic features

Subhashini Srinivasanb and Usha Vijayraghavana1

Department of Microbiology and Cell Biology, Indian Institute of Science, Bangalore 560012,

an

a

us

Drisya Vijayakumaria, Amit Kumar Sharmaa, Pushpinder Singh Bawab, Rakesh Kumara,

India

Institute of Bioinformatics and Applied Biotechnology, Bangalore 560100, India

1

To whom correspondence should be addressed

ed

M

b

ce
pt

E-mail: uvr@iisc.ac.in or uvr123@gmail.com
Telephone: +91-80-22932681; FAX: +91-80-23602697

Ac

Short Title: SpPrp16 functions in pre-mRNA splicing and transcriptional gene silencing

1

ip
t

Abstract
Prp16 is a DEAH box pre-mRNA splicing factor that triggers a key spliceosome conformational

cr

switch to facilitate second step splicing in Saccharomyces cerevisiae. However, Prp16 functions
are largely unexplored in Schizosaccharomyces pombe, an attractive model with exon-intron

us

architecture more relevant to several other eukaryotes. Here, we generated mis-sense alleles in

an

SpPrp16 whose consequences on genome-wide splicing uncover its nearly global splicing role
with only a small subset of unaffected introns. Prp16 dependent and independent intron

M

categories displayed a striking difference in the strength of intronic 5’ splice site (5’SS)-U6
snRNA and branch site (BS)-U2 snRNA interactions. Selective weakening of these interactions

ed

could convert a Prp16 dependent intron into an independent one. These results point to the role
of SpPrp16 in destabilizing 5’SS-U6snRNA and BS-U2snRNA interactions which plausibly
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trigger structural alterations in the spliceosome to facilitate first step catalysis. Our data suggests
that SpPrp16 interactions with early acting factors, its enzymatic activities and association with
intronic elements collectively account for efficient and accurate first step catalysis. In addition to

Ac

splicing derangements in the spprp16F528S mutant, we show that SpPrp16 influences cell cycle
progression and centromeric heterochromatinization. We propose that strong 5’SS-U6 snRNA
and BS-U2 snRNA complementarity of intron-like elements in non-coding RNAs which lead to
complete splicing arrest and impaired Seb1 functions at the pericentromeric loci may
cumulatively account for the heterochromatin defects in spprp16F528S cells. These findings
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suggest that the diverse Prp16 functions within a genome are likely governed by its intronic
features that influence splice site-snRNA interaction strength.
Keywords
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heterochromatin; cell-cycle
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Introduction

Pre-mRNA splicing is a central eukaryotic RNA processing event which contributes to a cell’s

us

functional transcriptome. Splicing occurs by the recognition and removal of introns through the

an

concerted action of over 150 conserved proteins and five snRNAs (U1, U2, U4, U5 and U6) that
associate to form the spliceosome [1]. The recognition of key intronic elements like the 5′ splice

M

site (5′SS), branch site (BS) and 3′ splice site (3′SS) by multiple spliceosomal factors is critical
for the alignment of splice-sites for the two transesterification reactions that generate mature
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spliced mRNA. During splicing, the spliceosome undergoes several compositional and structural
changes resulting in formation and disruption of various RNA-protein, RNA-RNA and protein-
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protein interactions mediated by non-snRNP ATP dependent DExD/H box helicases [2].
Biochemical and genetic studies in budding yeast Saccharomyces cerevisiae demonstrated
functions for eight such helicases at distinct steps in spliceosome assembly, catalysis and
disassembly [3]. The DEAD box proteins Prp5 and Prp28 function in spliceosome assembly [4,
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5, 6]. Prp2 coalesces with the activated assembled spliceosome (Bact complex), destabilizes early

assembly factors and promotes first step catalysis by generating binding sites for first step factors
Cwc25 and Yju2 [7, 8]. After the first step cleavage reaction, Prp16 triggers a conformational
change in the spliceosome to dissociate Cwc25 and Yju2 thereby allowing for the binding of
second step factors [9, 10]. Prp16 also destabilizes the U2-U6 helix I to reconfigure the catalytic
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center for second step catalysis after 5′SS cleavage by displacing NTC components Cwc2 and
Isy1 [11, 12, 13]. Prp22 helicase promotes exon-exon ligation and release of spliced mRNA from
the spliceosome [14]. Brr2 activity is necessary for both spliceosome activation (Bact) and
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disassembly [15, 16].
The ATPase activity of these helicases in budding yeast ensures splicing fidelity by preventing

cr

substrates with suboptimal cis elements from undergoing productive splicing [17, 18, 19]. Prp28

and Prp5 scrutinize the strength of 5′SS-U6 snRNA and BS-U2 snRNA interactions respectively

us

during early spliceosome assembly [5, 20, 21, 22]. Prp2 proofreads the catalytic core before first

an

step catalysis, Prp16 ensures branch site fidelity and Prp22 scrutinizes 3′SS fidelity during
second step exon ligation [23, 24, 25]. In case of substrates with suboptimal splice sites, the

M

ATPase activities of these DExD/DExH proteins trigger a conformational change in
spliceosomes prior to the occurrence of an upstream event. This untimely switch due to

ed

kinetically slow progression of sub-optimal substrates through an earlier event leads to splicing
failure [9, 23, 25]. In the normal splicing context, S. cerevisiae Prp16 binds to spliceosomes only
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after the first step catalysis [26]. However, two recent studies report an earlier spliceosomal
association of Prp16 can occur before first step splicing in substrates with invariant branch
residue A to C mutation and also when substrates have suboptimal 5′SS which undergo slow first
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step cleavage [9, 27]. ATP hydrolysis by Prp16 rejects these substrates to a Prp43 dependent
discard pathway [25, 27]. In the normal splicing context, Prp43 promotes spliceosome
disassembly on completion of an error-free splicing cycle [28]. Additionally, in substrates with
sub-optimal splice-sites S. cerevisiae Prp16 and Prp22 enable the utilization of alternate BS and
3’SS respectively [29].
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Schizosaccharomyces pombe (fission yeast) splicing factors share higher sequence similarity to
homologs in mammals and other eukaryotes than budding yeast S. cerevisiae factors [30, 31].
Further, its genome encodes transcripts with multiple short introns (average length 89
nucleotides) and degenerate splice signals as in genomes of other fungi, Drosophila
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melanogaster, Caenorhabditis elegans, protozoan parasites and plants [32]. Therefore, although

our understanding of pre-mRNA splicing was pioneered in S. cerevisiae, features of S. pombe

cr

make it a promising model to understand splicing mechanisms relevant to many other unicellular

us

and multicellular organisms. Prior studies from our laboratory on some fission yeast splicing
factors homologous to budding yeast second step factors, indicate that in S. pombe their

an

functions and interactions are important for first step catalysis [33, 34]. These underscore the coevolution of spliceosome assembly and splice-site recognition mechanisms with changes in

M

exon-intron architectures. Among splicing factors that are ATP dependent RNA helicases, a
recent study indicates that fission yeast SpPrp22 and SpPrp43 act to release spliced products, in

ed

an unconventional intron of the non-coding telomeric RNA [35]. Thus these helicases serve a
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conserved function in late post-catalytic spliceosomes as observed for their budding yeast
counterparts. However, the functions of other S. pombe ATP dependent RNA helicases during
spliceosome assembly, activation and catalysis are largely unexplored.

Ac

Here, we generated mis-sense mutants in the helicase domain of fission yeast SpPrp16 and
uncovered its nearly global splicing functions through transcriptome analysis. We deduce that
the strength of 5’SS-U6 snRNA and BS-U2 snRNA interactions are intronic risk factors that
together govern dependence on SpPrp16 for splicing. Further, our genetic studies provide
insights on its interactions in the activated spliceosome. Interestingly, we find a role for SpPrp16
in cell cycle progression and in heterochromatinization of centromeres and telomeres. Based on
5

our results presented here, we infer that the strength of these splice site - snRNA interactions in
genome-wide transcripts determines whether the major Prp16 function in that organism is in
splicing and/or gene silencing.

Results
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The carboxyl terminal of Prp16 is highly conserved and a mis-sense allele at SpPrp16 C-

cr

terminal abrogates splicing of several cellular transcripts

Schizosaccharomyces pombe Prp16 (SpPrp16) is an essential DExD/H box splicing factor [36]

us

that shares significant conservation at the C-terminal domain with its human (69.2% similarity)

an

and budding yeast homologs (69.4% similarity) (Supplementary Fig. S1A). Comparative
modeling of SpPrp16 with ScPrp43 confirm its structural similarity to DEAH splicing factors

M

having signatory walker motifs that perform ATP binding, hydrolysis and RNA duplex
unwinding (Supplementary Fig. S1B). The pre-mRNA splicing role of SpPrp16 is however

ed

unexplored. To gain functional insights on SpPrp16, we tested the consequence of mis-sense
mutants in the residues G515 and F528 homologous to S. cerevisiae G373 and Y386 residues, as
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mutants in these residues were instrumental in understanding of S. cerevisiae Prp16 functions
[23, 37] (Supplementary Fig. S1A). Mutants in SpPrp16 were generated by random substitutions
at each of these residues followed by the integration of the mutant alleles at the leu1 locus of a
strain where the endogenous, essential prp16+ locus was disrupted (Supplementary Fig. S1C)

Ac

and was supported by expressing the wild-type protein from a plasmid (pREP4Xspprp16+).
Replacements, in prp16G515 and in prp16F528 that are expressed from the leu1 and sustain
viability of cells after eviction of the pREP4Xspprp16+ plasmid were selected.

Sequence

analysis of prp16 allele that was integrated at the leu1 was determined and we identified
spprp16G515A, spprp16F528S and spprp16F528H mis-sense alleles (Fig. 1A). The
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spprp16F528S and spprp16F528H cells were slow growing at all temperatures as compared to a
control strain where the wild-type spprp16+ allele was expressed from the leu1 locus. The
spprp16F528S mutant was notably cold sensitive at 23oC. The spprp16G515A mutant growth
was comparable to the wild type at all three temperatures (Fig. 1A). To gain further insights on
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SpPrp16 function in fission yeast, we exploited the two mis-sense mutants spprp16F528S and

cr

spprp16G515A, with differing growth phenotypes.

We first tested a few cellular transcripts for the splicing of introns with diverse lengths and splice

us

site consensus elements – tfIId+Intron1 (tfIID+I1), mdm35+Intron1 (mdm35+I1) and

an

nda3+Intron4 (nda3+I4) (Fig. 1B-D, Supplementary Table S2; for intron characteristics). All
these introns were poorly spliced in spprp16F528S even in cells grown at the optimal

M

temperature 30oC. The tfIId+Intron1 splicing phenotype was aggravated at 23oC agreeing with
the cold sensitivity of spprp16F528S (Fig. 1B, right panel). In wild-type cells splicing was

ed

efficient at both temperatures. In the spprp16G515A mutant all three introns were spliced
normally (Fig. 1B-D).
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Genome-wide analysis of the dependency of introns on SpPrp16 for splicing
To assess the genome-wide dependency of introns on SpPrp16, a global splicing profile was
generated by deep sequencing of RNA (RNA-seq) from spprp16+ and spprp16F528S strains

Ac

grown at 30oC. 96% of the obtained reads which aligned to the S. pombe genome were mapped
to a virtual dataset of 70 bp sequence stretches representing all S. pombe 5′exon-intron (EI) and
exon-exon (EE) junctions (see Materials and Methods for filters applied). The splice index (SI)
of each intron was computed as log2 (EE/EI) where EE represents reads from exon-exon
junctions and EI represent reads from 5’exon-intron junctions. Of the total 5,122 introns
analysed, 4,040 were statistically significant between the two biological replicates. The
7

differential SI was calculated as the ratio of wild-type SI by mutant SI. Splicing of 3,853 introns
were affected at differential SI cut-off of 1.5 fold while splicing of 187 introns were unaffected
in the spprp16F528S mutant (Fig. 2A; Dataset S1). The transcriptome sequencing data was
validated by semi-quantitative RT-PCR for representative introns from the SpPrp16 dependent
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(seb1+I1 and dga1+ I2) and independent (dga1+ I3) categories (Supplementary Table S2).
Consistent to the RNA-seq data set, splicing of seb1+I1 was severely impaired while dga1+I3

cr

was efficiently spliced in spprp16F528S cells (Fig. 2B). Multi-intron containing transcripts like

us

dga1+ (dga1+I3 and dga1+I2; Supplementary Table S2) had introns with contrasting splicing
phenotypes in the spprp16528S mutant (Fig. 2B, compare the middle and right panels). Such

an

intron-specific differential splicing factor dependence is also reported in other fission yeast
splicing factor mutants [33, 34, 38, 39] suggesting that individual intronic features determine

M

dependency on a splicing factor. Integrative genomics viewer representation of RNA seq reads
spanning the exon-intron-exon regions of these candidate introns are shown (Supplementary Fig

ed

S3). Reads that correspond to the intronic region of seb1+I1 and dga1+ I1 and I2 were enriched in
the sprp16F528S mutant when compared to the reads in wild type cells. On the other hand, for
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reads mapping to intron 3 of the dga1+ transcript the variation between the wild type and mutant
cells was not statistically significant. We analyzed for global intronic signatures that distinguish
SpPrp16 dependent and independent intron categories. No remarkable difference was observed

Ac

with respect to sequence consensus of 5′SS, polypyrimidine tract, BS and 3′SS. Other general
features like intron length, AU content, 5′ SS to BS and BS to 3′SS distances were also similar
between the two categories (Supplementary Figs. S2A-F). However, analysis of the log odds
ratio revealed the occurrence of a rare nucleotide at the +4 position of 5’SS in the SpPrp16
dependent intron category (Supplementary Table S3). We also analyzed the U6 snRNA-5′SS and
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U2 snRNA-BS base pairing interactions as they are known to be critical in the formation of the
catalytic center for first step splicing [2, 13, 40] (Fig. 2C). The +4, +5 and +6 nucleotides of the
5′SS in SpPrp16 dependent and independent introns differed in the strength of interaction with
the – ACA invariant residues of U6 snRNA ACAGAGA box. A larger percentage of SpPrp16
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dependent introns had complete 5’SS-U6 snRNA complementarity for all three base-pairs (+ +

+). Conversely, loss of complementarity at these positions (- - -) was relatively enriched in the

cr

independent intron category (Fig. 2D). To validate this correlation, we tested whether weakening

us

the 5’SS-U6 interaction can bypass the requirement of SpPrp16 for splicing. Primer extension
was done on RNA from spprp16+ wild type and spprp16F528S mutant cells transformed with

an

pDBlet seb1 E1-I1-E2 minigene construct with the wild type 5’SS sequence (TGT at +4 to +6
positions) and another construct where TGT was mutated to AGA to weaken the intronic

M

interaction with U6 snRNA. In agreement with the prediction that the strength of 5’SS-U6
snRNA interaction could be a feature linking splicing efficiency of an intron with SpPrp16

ed

activity, we observe that the poor splicing of seb1+ intron1 seen in cells of the spprp16F528S
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mutant is partially rescued on mutating the 5’SS in this intron (Fig. 3A). The partial rescue of
splicing defects instigated us to check whether the complementarity between BS and U2 snRNA
could be an additional determinant contributing to a SpPrp16 requirement for splicing.
Interestingly, Principal Component Analysis (PCA) of intron subsets indicate a significant

Ac

correlation between the strength of 5’SS-U6 snRNA interaction and BS-U2 snRNA
complementarity for SpPrp16 independent introns (Fig. 2E and Figs. S2G-I). The lack of 5’SSU6 interactions at all three 5’SS positions +4, +5 and +6 (- - -) was associated with weakened
BS-U2 complementarity at -3 and -1 residues of the BS. Other SpPrp16 independent introns
whose 5’ SS +4 and +5 residues (- - +) cannot base-pair with U6 had potentially weakened BS-

9

U2 pairing based on nucleotide variations at BS -4 and +1 positions. Also, the absence of
complementarity at +4 position (- + +) of 5’SS in certain introns co-occurred with loss of
complementarity at -3 residue of BS. These results suggest that weakened 5’SS-U6 and BS-U2
interactions can cumulatively pre-dispose these introns to be spliced independent of SpPrp16
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activity. To validate these observations, we chose another candidate intron tif313+ intron 2 as an
example of an intron with complete BS-U2 snRNA complementarity, very weak 5’SS-U6

cr

snRNA base-pairing strength and where transcriptome data indicate dependence on SpPrp16 for

us

splicing. These features make it an appropriate candidate to test the individual contribution of
BS-U2 snRNA interaction strength and requirement for SpPrp16 activity. The splicing of the

an

mini-gene transcript comprising tif313 exon2-intron2-exon3 with wild type BS, or two other
mini-genes mutated either at the BS -4 (A to T) or at the -3 position (C to U) were assessed.

M

These mutations reduce its BS complementarity with U2 snRNA. All three mini-transcripts were
tested in wild-type and in spprp16F528S mutant cells. These mutations reduce this intron’s BS

ed

complementarity with U2 snRNA. The poor splicing of the wild type tif313+ intron 2 mini-
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transcript in spprp16F528S cells as compared to wild-type cells confirmed that splicing of this
intron is dependent on SpPrp16. The BS -4 mutant mini-transcript was rendered as an efficiently
spliced substrate even in spprp16F528S cells. However, the splicing inefficiency of tif313 intron
2 was exacerbated when the mini-transcript had BS mutant at the -3 residue as indicated by

Ac

increased levels of unspliced pre-mRNA even in spprp16+ wild-type cells wherein it was

efficiently spliced otherwise (Fig. 3B). These results suggest that the -4 residue of tif313+ intron
2 BS plays a critical role in its interaction with snRNA and its destabilization requires Prp16
function. These data are supported by the co-relations we observed between the splicing
efficiencies of introns within other cellular transcript with natural sequence variations influence
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their 5’SS-U6 snRNA or BS-U2 snRNA interactions (Supplementary tables S4A and B). We
validated this observation by semi-quantitative RT-PCR to examine splicing efficiency of
introns. These data on sec6102+ intron 3 and intron 5 splicing demonstrate that their respective
SpPrp16 dependence and independence correlates with variations in their 5’SS-U6 snRNA
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strength (Supplementary Fig. S4A). Similarly, the SpPrp16 dependent splicing of intron 4 in
apl5+ is correlated with strong BS-U2 snRNA interaction; whereas intron 2 splicing in the same

cr

transcript is SpPrp16 independent and is correlated with weaker BS-U2 snRNA interactions

us

(Supplementary Fig. S4B).
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SpPrp16 facilitates first step splicing catalysis

The budding yeast scprp16 mutants (prp16-1, prp16-2, prp16-201 to prp16-204 and prp16-302

M

alleles) largely accumulate lariat intron-3′exon splicing intermediates indicating a second step
splicing arrest or inefficient transition of these mutant spliceosomes from first to second step

ed

catalytic confirmation [23, 41, 42, 43]. To assess if equivalent mutants in the fission yeast
sprp16+ protein also allowed first step catalysis, we took up primer extension assays. Further, as
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the inactivation of lariat debranching enzyme dbr1+ could stabilize the lariat intron-3′exon RNA
species by impeding its predicted rapid turnover [44], we generated the fission yeast double
mutants spprp16F528S dbr1Δ and spprp16G5151A dbr1Δ to carry out growth kinetics and

Ac

splicing analyses in these strains. The spprp16F528S dbr1Δ double mutant spores were
extremely poor growing indicating a synthetic lethal interaction (Fig. 4A, bottom row) while the

spprp16G515A dbr1Δ double mutant was viable and mildly temperature sensitive at 37oC (Fig.
4B, bottom row). Primer extension assays were done on RNA from spprp16+, spprp16F528S,
spprp16+dbr1Δ and dbr1Δ strains to assess levels of pre-mRNA, mRNA and lariat intron-3′exon
species from tfIId+I1 splicing. spprp16F528S cells had high pre-mRNA and reduced spliced
11

mRNA levels i.e. ~15% as compared to mRNA in the wild-type prp16+ strain (Fig. 4C, compare
lane 2 with 1). As expected, splicing was unaffected in the control strains spprp16+dbr1Δ and
dbr1Δ (Fig. 4C, lanes 3 and 4). Interestingly, lariat intron-3′exon species was not detected in the
spprp16F528S mutant grown at 30oC or even in cells grown at 23oC (Fig. 4C, lanes 5 and 6).
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These data indicate a predominant arrest prior to first step catalysis in the spprp16F528S mutant.

cr

However, the corresponding mutant in S. cerevisiae, prp16-1, showed high levels of lariat intron-

3′exon and precursor mRNA marking a strong arrest after first step catalysis and failure of only

us

the second reaction [41]. Primer extension assays in the spprp16G515A dbr1Δ double mutant
strain showed neither first nor second step splicing defects and splicing efficiency was

an

comparable to spprp16G515A single mutant and control strains (Fig. 4D).
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SpPrp16 shows strong genetic interactions with other pre-catalytic splicing factors
We used genetic approaches to understand fission yeast SpPrp16 functions in spliceosome
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assembly and its catalytic transitions that lead to first and subsequently second step splicing
reactions. Genetic interactions of sprp16F528S with conditional mutants in other essential
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splicing factors were tested. Cwf10 is an U5 snRNP GTPase and studies with the fission yeast Nterminal deletion mutant cwf10-ΔNTE, suggested its role in spliceosome activation as was
already known for Snu114, its S. cerevisiae orthologue [45, 46]. We generated the fission yeast
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double mutant of cwf10-1 (temperature sensitive allele in the guanosine triphosphate binding
domain of Cwf10 - C323Y, [47]) and spprp16F528S and found that the cold sensitivity of the
spprp16F528S allele at 23oC was robustly suppressed in the double mutant. However,
temperature sensitivity of cwf10-1 cells remained unsuppressed in the double mutant (Fig. 4E).
The retention of cwf10-1 temperature sensitivity while rescue of spprp16F528S cold sensitivity
in the double mutant hints at SpPrp16 functions in the activated spliceosome, downstream to
12

Cwf10 action. SpPrp8 is the orthologue of S. cerevisiae Prp2, an ATP dependent RNA helicase
that remodels the catalytic center of the activated spliceosome to promote the first splicing
reaction [48]. The synthetic sickness of the spprp16F528S spprp8-1 double mutant suggests a
role for SpPrp16 probably at the juncture of Bact to C transition (Fig. 4F). As the activity of the
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splicing helicase Prp22 is required for spliceosome disassembly [49, 50] we tested whether

overexpression of fission yeast Prp22 could improve splicing in spprp16F528S cells. The pBG1

cr

plasmid expressing Prp22 under its endogenous promoter [35] was transformed into

us

spprp16F528S and control spprp16+ cells. A partial rescue of tfIId+ I1 and tim13+ I2 splicing
defects was indeed observed in spprp16F528S cells that overexpress wild-type spprp22+ (Fig.

an

4G). The suppression of the splicing defect was not noted if catalytically inactive prp22S663A
was expressed in spprp16F528S cells. Thus, active Prp22 could enhance recycling of stalled

M

spliceosome complexes in spprp16F528S. Alternatively, a possibility that cannot be ruled out is
partial complementation of the loss of SpPrp16 function by SpPrp22. Together, our results imply

ed

that the spprp16F528S allele causes strong splicing defects with arrest of spliceosome complexes
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prior to the first catalytic reaction (Fig. 4H).

SpPrp16 interactions with intronic branch nucleotide mutations
Budding yeast Prp16 helicase contributes to splicing fidelity and several ATPase defective

Ac

scprp16 mutants can suppress the splicing arrest of ACT1 substrates with branch site mutations
[9, 23, 41]. This instigated us to examine interactions of S. pombe Prp16 wild type and mutant
proteins with substrates bearing mutations in the intronic branch nucleotide. In budding yeast,
splicing of substrates with the ACT1 BS mutation A259C was arrested at or prior to the first
transesterification reaction, while A259G mutant substrate was specifically compromised for
second step splicing [23, 51]. To test the effects of similar BS substitutions in a fission yeast
13

substrate we created plasmids expressing tfIID E1-I1-E2eGFP mini-transcripts with the wildtype branch residue A (A441) or plasmids with its variants A441C (Br-C) or A441G (Br-G).
These were transformed into wild-type, spprp16F528S and spprp16G515A strains (Fig. 5A) and
primer extension assays were done to assess splicing of wild-type and mutant mini-transcripts.

ip
t

The wild-type mini-transcript was spliced normally in both spprp16G515A mutant and wild-type
cells (Fig. 5B, lanes 1 and 5) while splicing of the Br-C substrate was moderately affected in

cr

these cells (Fig. 5B, lanes 2 and 6). In spprp16F528S mutant the splicing of wild-type mini-

us

transcript itself was inefficient (Fig. 5B, compare lane 3 with lanes 1 and 5) and the defects were
further exacerbated for the Br-C mutant substrate (Fig. 5B, compare lanes 3 and 4) indicating an

an

additive effect. This observation contrasts the findings that budding yeast scprp16-1 allele can
suppress the first step arrest of a substrate with Br-C mutation. Intriguingly, the splicing of Br-G

M

substrate was completely arrested prior to first catalysis even in spprp16+ wild-type cells (Fig.
5C), which again differed from S. cerevisiae where an identical intronic mutation allowed for

ed

first step catalysis and caused arrest before second step. Early arrest in fission yeast of Br-G
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substrate led us to speculate that the interaction of the first step splicing factor Cwf25 with BS in
S. pombe may be weaker than the homologous Cwc25-BS interaction in S. cerevisiae. To
examine this, we used the recently solved cryo-electron microscopy structure of the catalytically
active budding yeast spliceosome where the N-terminal Cwc25 helix (encompassing residues 3

Ac

to 48, Fig. 5D) is in proximity to the intronic branch site [52]. The homology based modeling of
fission yeast Cwf25 with Cwc25 (PDB ID-5LJ5) show their structural identity at this region (Fig.
5E). In this structure, the N-terminal amino acid close to the branch residue A is serine in
budding yeast Cwc25 whereas glycine occupies this position in the modeled fission yeast Cwf25
(Fig. 5E). The –OH group of serine forms electrostatic interactions with the –NH2 or the =O

14

group at carbon 6 of the purine ring when the branch residue is an A or G. This interaction we
predict may be weak in the case of fission yeast Cwf25 as glycine at the homologous position
lacks the hydroxyl group (Fig. 5E, right panels). We speculate that these weakened Cwf25–BS
interactions may cause the early splicing arrest that we note in fission yeast substrate with branch
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residue G. As the suppression of splicing phenotypes due to branch site mutants in S. cerevisiae
is a consequence of compromised ATPase activity of ScPrp16 mutant proteins, we investigated

cr

the in vitro enzymatic activities of our fission yeast Prp16 mutants.

us

In vitro biochemical activities of the wild-type and mutant helicase proteins
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The in vitro helicase and ATPase activity of the spprp16F528S helicase domain was tested to
assess if the splicing defects observed in the spprp16F528S mutant could be attributed to the

M

catalytic functions of its helicase domain. The wild-type SpPrp16 and Spprp16F528S helicase
domains (amino acids 501 to 862) were purified from bacteria as translational fusions with the

ed

Maltose Binding Protein (MBP) tag (Fig. 6A). These proteins were first tested for their ability to
hydrolyze ATP. Both the wild-type and Spprp16F528S helicase proteins triggered Pi release
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from γP32 ATP in a time-dependent manner with comparable efficiency (Fig. 6B). The
interesting observation that the Spprp16F528S helicase protein hydrolyzed ATP led us to check
if it could efficiently couple this chemical energy into mechanical energy by unwinding in vitro
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RNA substrates. Two structurally different dsRNA substrates - one with 3′ overhang and the
other with 5′ single stranded overhang were used for determining its potential as a RNA helicase
(Fig 6C). The wild-type SpPrp16 helicase domain showed a time and protein concentration
dependent conversion of the 3′ overhang containing dsRNA to ssRNA with ~50% unwinding
being achieved in ~ 42 minutes and ~15 minutes by 10 nM and 40 nM wild-type protein
respectively (Fig. 6C, WT upper and middle panels). The unwinding activity of Spprp16F528S
15

helicase protein was nearly comparable to the wild-type protein for both the concentrations
tested (Fig. 6C, F528S upper and middle panels). These observations were unexpected, as the
spprp16F528S mutant is strongly impaired for in vivo splicing.

This in vitro enzymatic

competency of Spprp16F528S contradicts the inactivity of the corresponding S. cerevisiae
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protein Scprp16Y386D. These data can explain the differing response that these Prp16

homologues have on substrates with branch nucleotide mutations. The proficient ATP

cr

hydrolyzing ability of the Spprp16F528S mutant may enable rejection of tfIID BrC sub-optimal

us

substrate from the splicing cycle and thereby aggravate the splicing defect (Fig. 5B). dsRNA
with just the 5′ overhang was a poor substrate for both the proteins, confirming SpPrp16 to be a

an

3′ to 5′ helicase like ScPrp16 (Fig. 6C, bottom panel).

centromeric locus

M

SpPrp16 is required for cell cycle progression and transcriptional gene silencing at the

ed

In addition to the splicing phenotypes, the spprp16F528S cells were also elongated and
resembled cell division cycle (cdc) mutants (Supplementary Fig. S5A). We observed high
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incidence of fragmented nuclei, a signature of chromosome segregation defects and prevalence
of cut (cells untimely torn) cells due to the occurrence of cytokinesis before nuclear division
(Fig. 7A). These observations suggested mitotic defects in spprp16F528S cells. FACS analysis

Ac

was done to assess the DNA content in spprp16F528S and wild-type cells (Supplementary Fig.
S5B). Wild type fission yeast cells grown in nitrogen depleted media for 12 hours served as the
G1 synchronized cell population [53] and wild-type spprp16+ cells grown in defined complete

media served as the G2 control. Majority of spprp16F528S cells had 2C DNA content which
together with their elongated morphology suggest an arrest at the G2 or M phase (Supplementary
Fig. S5B). The role of SpPrp16 in cell cycle progression could well be a consequence of
16

impaired splicing of introns such as - cdc2+I2 and cdk8+ I1 in transcripts that encode Cdc2 and
Cdk8 kinases required for G2 to mitotic transition (Supplementary Fig. S5C; Supplementary
Table S2). Splicing of nda3+I4, whose transcripts encode tubulin, the principal component of
mitotic spindle is also affected in spprp16F58S cells (Fig. 1D). However, such splicing

ip
t

dependent cell cycle arrest phenotypes do not exclude possibilities of a more direct role for

cr

Prp16 in cell cycle.

Lagging chromosomes and the thiabendazole (TBZ) sensitivity of spprp16F528S (Fig. 7A and

us

B) suggest abnormalities in centromeric heterochromatinization [54]. Interestingly the growth

an

defect of spprp16F528S in the presence of TBZ is similar to that of the heterochromatin
defective ago1Δ strain (Fig. 7B). To investigate the heterochromatin status in the spprp16F528S

M

mutant, we revisited our transcriptome sequencing data and analyzed reads from the centromeric
locus. Intriguingly, the spprp16F528S mutant had higher number of reads that mapped to these

ed

loci, as compared to that in the wild-type, indicating abnormalities in centromeric transcriptional
silencing (Supplementary Fig. S6). A closer investigation revealed significantly elevated levels
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of spncRNA.362, spncRNA.230, spncRNA.231 and spncRNA.232 transcripts in the spprp16F528S
mutant (Fig. 7C). These abnormal ncRNA levels were confirmed for ncRNA.232 and ncRNA.362
by semi-quantitative RT-PCR (Fig. 7C, right panel). The RNAi mutant ago1Δ and the splicing
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factor mutant cwf10-1 with reported heterochromatin defects [47] served as positive controls for
estimating abnormal ncRNA levels. The major and minor amplicons observed for ncRNA.232 in

ago1Δ cells correspond to the unspliced and spliced forms resulting from the inclusion or

removal of its intron-like element as previously reported [55]. While our study was ongoing,
Mutazono et al., 2017 showed that the splicing efficiency of intron-like elements in centromeric
dg transcripts was inversely correlated with heterochromatin status. Interestingly, we note that
17

these introns in centromeric transcripts also have features in their 5’SS (ncRNA.232 5’SSGTAAGT) and BS consensus (ncRNA.232 BS- TACTGAT) that indicate strong base pairing
with U5 snRNA and U2 snRNA respectively. These features likely make them Prp16 dependent
for splicing. To further explore the link between centromeric transcription and its
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heterochromatinization in the context of SpPrp16, we assessed the splicing of intron-like

elements in centromeric ncRNAs such as ncRNA.232. To be able to assess the splicing of
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ncRNA.232 it is required to test these RNAs out of the centromeric context as in wild-type the

us

centromeric locus is transcriptionally silenced. To this end, a mini-gene construct comprising the
exon1, intron-like elements and exon2 for ncRNA.232 was generated and transformed into

an

spprp16+ and spprp16F528S cells. The splicing of mini-ncRNA.232 transcript was inefficient
even in the wild-type (Fig. 7D) confirming that these centromeric transcripts are poor splicing

M

substrates. This defect was much exacerbated in the spprp16F528S mutant. This suggests that
the partial or inefficient splicing in wild-type cells cause slower progression through splicing

ed

which increases the residence time of sub-spliceosome complexes on centromeric transcripts.
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Such specific sub-spliceosomal complexes may be competent to recruit the silencing machinery.
The involvement of specific sub-spliceosomal complexes in this recruitment role reconciles with
the fact that not all splicing factor mutants show heterochromatin defects, as these mutants may
arrest at different stages. Severe centromeric splicing defect in spprp16F528S cells probably lead

Ac

to arrest with complexes having entirely unspliced RNA and fail to promote/ recruit factors for
efficient silencing at the centromeric locus. Together these results suggest that in wild-type cells
the intrinsic inefficient splicing of centromeric transcripts and not a complete splicing arrest can
promote heterochromatinization. The role of SpPrp16 in centromeric silencing was further
validated by generating strains with either spprp16+ or spprp16F528S allele integrated at the
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leu1 locus and otr1::ade6+ reporter gene at the pericentric repeats of chromosome I. Growth of
these strains in media with limiting adenine would reflect the extent of centromeric
heterochromatinization. The red colony color of wild-type cells indicate complete silencing of
centromeric ade6+ while the nearly white color of spprp16F528S cells imply ade6+ expression
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due to impaired centromeric silencing (Fig. 7E). The defective silencing of ade6+ reporter in the

spprp16F528S mutant could be completely rescued on complementation with the prp16+

cr

expressing plasmid. The spprp16G515A mutant on the other hand could efficiently silence the

us

centromeric ade6+ reporter gene expression similar to the wild-type. Together, our study
uncovers the contribution of splice site-snRNA interaction strength as a feature governing

an

SpPrp16 requirement for splicing and heterochromatinization.

M

Discussion

Studies on budding yeast and human DExH/DExD box splicing factors are central to our

ed

understanding of spliceosomal transitions, organization of catalytic center conformations and
mechanisms underlying splicing fidelity. A homozygous autosomal recessive G332D mutation in
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DHX38, the human homolog of Prp16 helicase, and dominant mutations in homologs of other
splicing factors like Prp4, Prp8, Prp31 etc., are associated with retinitis pigmentosa in humans
(RP) [56, 57, 58]. Studies testing the effects of homologous Prp8-RP mutations in S. cerevisiae
uncover defects in spliceosome activation and in spliceosomal transition from first to second step

Ac

catalysis [59, 60]. While developmental roles for spliceosomal proteins are emerging from
several models [61, 62, 63], relatively unexplored are the splice-site interactions for accurate
recognition and removal of short introns that are abundant in the genomes of several eukaryotes
[32]. Remarkably, Arabidopsis Prp16 and Brr2 are required for the splicing of only subsets of
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introns [62, 63] and Prp16 orthologues in Chlamydomonas reinhardtii and Caenorhabditis
elegans majorly function in other gene regulatory pathways [64, 65].
Here from genome wide transcriptome analysis, we infer nearly global splicing functions for
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fission yeast SpPrp16 and find that a small subset of introns with weak 5’SS-U6 snRNA
interactions are efficiently spliced in spprp16F528S cells. This identified strong U6 snRNA-5′SS

cr

interactions as an intronic risk factor, which individually or in combination with the strength of

BS-U2 interaction can dictate dependence on SpPrp16. A significant proportion of fission yeast

us

SpPrp16 dependent introns have uridine (U) at the 5’SS +4 position which is complementary to

an

the invariant A of U6 snRNA ACAGAGA box and thus can participate in U6-5’SS interaction.
Interestingly, the global 5′SS consensus in Chlamydomonas introns lacks U at this position [66].

M

The resulting weak 5′SS-U6 snRNA complementarity in Chlamydomonas introns may facilitate
its destabilization in the Chlamydomonas Prp16 mutant mut6 and explain the splicing

ed

competence of this mutant. Therefore, we infer that the global dependence on Prp16 for splicing
in a genome is dictated by the strength of splice site – snRNA interactions and decipher Prp16
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functions at the juncture of 5′SS cleavage in fission yeast. Interestingly, study on human Prp8
also reveals weak 5’SS element in introns as a feature that governs its splice-site utilization
across the human transcriptome [67].

Ac

We surmise early associations and functions for S. pombe Prp16 based on genetic interactions
and primer extension assays. These data are in agreement with reports which show budding yeast
Prp16 association with the spliceosome prior to catalysis at instances when substrates undergo
slow 5′SS cleavage kinetics or have a Br-C mutation [9, 23]. The prevalence of degenerate 5′SS
which can establish strong U6 snRNA interactions in genomes like fission yeast plausibly make
SpPrp16 early splicing functions more pervasive. Nevertheless, we do not exclude the possibility
20

of obtaining SpPrp16 alleles with defects in second step catalysis in future. As yet, second step
splicing arrest in fission yeast either due to mutations in splicing factors or cis intronic mutations
in protein coding transcripts are not known. Intriguingly, the functional telomerase is formed
due to uncoupling of first and second step splicing reactions in the TER1 precursor transcript.
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The cleaved 5’ exon generated after the first splicing reaction forms the functional telomerase

cr

without the intermediates undergoing the second step [35, 68]. Hyper stabilized 5′SS-U6 snRNA

or BS-U2 snRNA interactions forms the mechanistic basis of this uncoupling among the

us

different fungi tested [35]. TER1 like splice sites although rare in protein coding S. pombe
transcripts are frequent in non-coding RNAs. Analysis of these ncRNA introns in spprp16

an

mutants could give further leads on the role of SpPrp16 in the second step of splicing.

M

The efficient in vitro dsRNA unwinding (Figure 6C), and contrasting in vivo splicing functions
of Spprp16F528S mutant may be due to its impaired interactions with other splicing factors, or,

ed

interactions within the protein that are critical for coupling helicase activity to its in vivo splicing
functions. Such opposing effects of compromised in vivo splicing, but near normal in vitro
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enzymatic activities are also reported for budding yeast Prp22 (S635A and T637A), Prp2
(S378L) and Prp43 (T384A and T384V) mutants [69, 70, 71] which together suggest that the
ATPase or helicase activities of these proteins do not entirely explain their biological functions.
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Or in the in vivo contexts its unwinding activities may be closely coupled to spliceosomal
associations and may be influenced by protein co-factors. Supporting the possibility of such
protein co-factors, the G patch proteins Spp2 and Ntr1 are known to positively regulate the in
vivo activity of budding yeast helicases Prp2 [72, 73] and Prp43 respectively [71, 74]. Also, Prp8
C-terminal fragment positively influences the poor in vitro helicase activity of Brr2, and Snu114
regulates Brr2 activity during spliceosome activation and disassembly [15, 75]. Physical

21

interactions between Prp16 and Brr2 is supported by the recent cryo-electron microscopy
structure of budding yeast which demonstrate Prp16 interaction with the Sec 63-1 helicase
module of Brr2 and Jab1 domain of Prp8 [52, 76]. We modelled this SpPrp16 domain (amino
acids 481 to 1101) into the budding yeast spliceosome structure and found these interactions to
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be retained even with SpPrp16 (Supplementary Fig. S7). Also, S. cerevisiae Prp8 mutations
defective in transition from first to second step catalysis and homologous to the human retinitis

cr

pigmentosa alleles, map to the Prp8 Jab1 domain and may affect its association with Prp16 [60].
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Future genetic or biochemical experiments can substantiate the role of these proteins in

an

modulating helicase functions of SpPrp16.

Splicing phenotypes of BS mutant substrates differs between budding and fission yeasts (Fig. 5B

M

and C). The partial first step arrest of a mutant Br-C substrate is exacerbated in the equivalent
spprp16F528S mutant unlike in S. cerevisiae where this first step arrest is suppressed in the

ed

scprp16-1 mutant. In budding yeast, first step catalysis commences as Cwc25 binds to the branch
site [9, 77] and this binding is unstable for substrates with the intronic branch residue mutation
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Br-C. Therefore, Prp16 ATPase mediated release of the first step splicing factors Cwc25 and
Yju2 occurs before 5’SS cleavage leading to catalytic arrest [7, 9, 52, 77]. However, Prp16
mutants defective in ATPase activity allows longer time for Cwc25 to remain associated with the

Ac

branch site due to the delayed conformational switch thus favoring progression to first step
catalysis [9, 23]. We show that the Spprp16F528S helicase domain is enzymatically efficient in
vitro (Fig. 6B and C). The inability of the spprp16F528S to suppress the first step arrest of the
Br-C mutant is therefore explained by its ATPase proficiency that could displace Cwf25 from the
branch site thereby prevent first step splicing. This in turn contrasts with the ability of the
ATPase defective budding yeast mutant scprp16-1(Y386D) protein to suppress splicing of
22

substrates with Br-C mutation. Possibly, the Spprp16F528S protein may also fail to stabilize
BrC-Cwf25 interaction in the activated spliceosome, as it is reported for the budding yeast wildtype Prp16 [9]. This may account for the enhanced early splicing arrest in spprp16F528S cells as
compared to the moderate level of splicing in wild-type cells presented with a Br-C substrate
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(Fig. 5B).

cr

The high levels of centromeric ncRNA transcripts and aberrant silencing of centromeric reporter

genes in spprp16F528S cells highlights SpPrp16 functions in transcriptional gene silencing (Fig.
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7C-E). Mutants in Prp5, Prp8, Prp13 and Prp12 also show G2 cell cycle arrest with independent
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reports on its varying degrees of impaired centromeric heterochromatin [47, 78, 79]. Here, we
suggest that the unrepressed centromeric chromatin in spprp16F528S cells can result in

M

inadequate H3K9me2 methylation. Other studies have shown diminished levels of H3K9me2 at
centromeric loci to affect cohesin deposition and subsequent sister chromatid adhesion vital for
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properly timed mitotic metaphase to anaphase transition [54, 80]. This supports the link between
centromeric heterochromatinization and cell cycle progression observed in the context of
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spprp16F528S mutant. It has been proposed that a subset of splicing factors bind to the cryptic
intronic elements in the centromeric transcripts (as in ncRNA.232). Reducing the length of the
transcript region between TSS and dg intron, increased splicing and reduced repressive H3K9 di-
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methylation marks. However, mutation of splice sites which reduced H3K9me2 repressive mark
did not improve splicing [55, 81, 82, 83]. This suggest that splicing efficiency does not always
inversely co-relate with heterochromatin status. Our results show that the complete splicing
arrest of ncRNA.232 in the spprp16F528S mutant fails to promote heterochromatinization (Fig.
7D). We reason that for these ncRNA with cryptic intronic elements, slow splicing progression,
albeit inefficient, is the normal intrinsic property contributed by strong 5’ss-U6snRNA and BS23

U2snRNA interactions along with other features such as the distance between the TSS and the
intron-like element as described by Mutazono et al., 2017. The presence of both pre-mRNA and
mRNA forms of ncRNA.232 transcript observed in wild-type cells could be an outcome of slow
splicing catalysis rather than a stage-specific splicing arrest. Such slow progression through the

ip
t

splicing pathway helps in spliceosome stalling, proposed to be the pre-requisite for proper
heterochromatinization [55, 81, 82, 83]. However, complete splicing arrest of the centromeric

cr

transcript ncRNA.232 observed in the spprp16F528S reconciles with Prp16 requirement for
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destabilizing 5’SS-U6snRNA and BS-U2snRNA interactions and likely causes a complete block
in progression through the splicing pathway. The latter can thereby negatively impact
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recruitment of the silencing machinery required for heterochromatinization. The ncRNA binding
protein Seb1 is required for the recruitment of the SHREC complex comprising deacetylases to

M

peri-centromeric regions. This complex works in parallel to RNAi by promoting a positive feedback loop with alternate rounds of deacetylation and methylation for heterochromatinization
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[84]. Seb1 has also been recently shown to nucleate heterochromatin assembly by inducing
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RNAPII stalls[85]. Splicing of the seb1+cellular transcript is severely compromised in
spprp16F528S and thus could contribute to heterochromatin defects. Interestingly, while we
demonstrate the effects of fission yeast Prp16 in splicing and transcriptional gene silencing, its
orthologues Mut6 and Mog1 in Chlamydomonas reinhardtii and C. elegans identified as mutants

Ac

defective in transgene silencing and in translational repression during sex determination
respectively have solely splicing independent roles [64, 65]. Our results suggest a mechanistic

link between splicing and gene-silencing and future work on fission yeast Prp16 can shed light
on the complex relationship between these regulatory pathways in higher eukaryotes.
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Materials and methods
Additional details can be found in Supplementary Materials and Methods
Yeast strains and growth conditions
The standard genetic and molecular techniques used are as described previously [86, 87]. All

cr

All primers used in the study are listed in Supplementary Table S5.
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t

strains generated and used in this study are listed in Supplementary Table S1.

Generation of chimeric Prp16 construct

us

The N-terminal 298 amino-acids of ScPrp16 (894 bp of ScPRP16 ORF) was cloned in

an

translational fusion to the C- terminal 430 amino-acids of SpPrp16 (2232 -3522 bp of spprp16+
ORF). The chimeric protein was expressed from the budding yeast GPD promoter in pG1 vector.

SpPrp16F528 residue to serine (S).

M

Th pG1 NterScPrp16- CterSpPrp16 clone was further used as template for mutagenizing the

ed

RNA-seq data analysis

RNA was isolated from biological replicates of WT and spprp16F528S mutant cultures grown at
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pt

30oC. The library was prepared using Illumina Total Prepamp Kit (Cat No: AMIL1791) and
sequenced on the Illumina Hi-seq 2500 platform. Paired end reads of 100 base length were
obtained. The total reads were 43,967,073 and 52,543,226 for the wild-type and mutant
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respectively in batch1; and 61,531,918 and 40,993,549 in batch 2 for the two respective strains.
The reads were mapped using bowtie 2-2.1.0 [88] to the S. pombe genome database version
Schizosaccharomyces_pombe ASM294v2.26 and reads that matched to multiple loci were
removed from further analysis. Reads which corresponded to S. pombe genome (96% of total
reads) from all the four samples were mapped using bowtie-1.0.0 onto a compiled 70 bp junction
sequence (built-in-house) which represented all consecutive exon-intron (EI) and exon-exon
25

(EE) sequences for the S. pombe genome. Only reads which traversed the junction and extended
to either sides of the junction by at least 4 bases were considered. If all the read counts (EE and
EI) in a biological batch was less than three for any intron, it was excluded from analysis. These
two filters applied exempted 72 introns from a total of 5,122 S. pombe introns (Dataset S1).
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Splice index (SI) was calculated as SI=log2(EE/EI), as described in [46]. For EI reads only those

corresponding to upstream 5′exon relative to the intron (5′exon-Intron) were considered. The

cr

difference in the SI values between the wild-type and mutant for each intron gave the differential
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SI. This was computed for all introns in both biological replicates. Statistically significant introns
between the biological replicates were identified by the Cochran-Mantel-Haenszel (CMH) chi-
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square (mantelhaen.test command in R). The false-discovery rate (q-value) was computed using
the Bioconductor q-value package, and a cutoff of q <0.05 was applied. Using this statistical test

ed

replicates was derived.

M

a dataset of SpPrp16 dependent and independent introns significant between the two biological

To analyze the differential expression levels of centromeric non-coding RNA in the wild-type
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and spprp16528S mutant cells the reads were mapped using TopHat [89] were provided as input
to Cufflink 2.2.1 [90].

Helicase and ATPase assays

Ac

The helicase and ATPase assays of SpPrp16 wild-type and mutant helicase proteins were
performed as previously described [91]. RNA duplexes for helicase assays were prepared by
annealing chemically synthesized RNA oligos listed in Supplementary Table S5. Detailed
methods are in SI Materials and Methods.
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RNA EMSA assays
Chemically synthesized ssRNA of 47 nucleotides was 5′ end labelled, purified on G-25 sephadex
columns and 10 nM labeled RNA was the substrate. Binding reactions were done at 30oC for 30
minutes in presence of the indicated proteins and the helicase assay buffer modified to omit ATP.
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Homology Modelling

The homology based model of SpPrp16 was generated using the crystal structure of SpPrp43

cr

(PDB ID-2XAU) [92] in SWISS MODEL [93]. For studies using the cryo-electron microscopy

us

structure of budding yeast spliceosome [52] to predict SpPrp16 spliceosomal interactions, the
structure of SpPrp16 C-terminal (residue 481-1101) was modelled based on homology with

an

ScPrp16 (in PDB ID-5LJ5). To understand Cwc25 and Cwf25 interactions with the branch site
nucleotide, homology based model of Cwf25 was generated using 5LJ5 as the template.

M

The homology models were generated in SWISS MODEL [93] and energy minimized using

ed

Swiss-PDB viewer which implements an empirical force field by partial implementation of
GROMOS96 in vacuum with default twenty cycles of steepest descent. The models were
by

means

of

PROCHECK

[94]

and

Verify_3D

available

at

ce
pt

validated

http://nihserver.mbi.ucla.edu/SAVES/ [95]. The quality of all models were also evaluated by
ProSA. The obtained models were saved in PDB format and visualized using PYMOL or

Ac

chimera.
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Figure legends

Fig. 1. spprp16F528S mutant affects splicing of introns with diverse features.
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(A) Growth kinetics of wild-type (WT) and mutants (F528S, F528H and G515A) on EMM leu-

us

media at 23oC, 30oC and 37oC analyzed by spotting 10-fold serial dilutions of cultures grown to
OD595 of 0.7. Schematic representation of the wild-type (leu1:spprp16+) and mutant strains

an

(leu1:spprp16) generated is shown. (B) Semi-quantitative RT-PCRs showing the splicing of
tfIId+I1 in WT, spprp16G515A and spprp16F528S cells grown at 30oC. Comparison of tfIId+I1

M

splicing in the WT and spprp16F528S mutant at 30 and 23oC is also shown. (C and D) Semiquantitative RT-PCRs showing the splicing of mdm35+I1 (C) and nda3+I4 (D) in WT,

ed

spprp16G515A and spprp16F528S cells grown at 30oC. Reverse transcription for each transcript
was done with the reverse primer (RP) corresponding to the downstream exon. PCR on the

ce
pt

cDNA was performed with the same RP in combination with upstream exonic forward primer
(FP). RT-PCR on the intronless actin transcript (act1+) served as normalization control. P- premRNA, M - mRNA and g. DNA - genomic DNA control as indicated. Bar graphs represent data

Ac

from three biological replicates. In this and other quantitative assays the statistical significance
was determined by unpaired student’s t test . *** = p < 0.001, ** p< 0.005, * = p<0.05 and ns =
non-significant.

Fig. 2. SpPrp16 has nearly ubiquitous splicing functions.

35

(A) Frequency histogram representing the number of introns plotted against their respective log2
differential splice index (SI). Introns with log2 differential SI ≥ 1 (i.e., ≥2 fold difference
between the wild-type and mutant) are considered strongly dependent on SpPrp16 for splicing
and those with log2 differential SI < 0.6 (i.e <1.5 fold difference between the wild-type and

ip
t

mutant) are considered unaffected in the spprp16F528S mutant. The introns with marginally
affected differential SI values (log2 differential splice index between 0.6 and 1) were excluded

cr

from this representation. (B) Semi-quantitative RT-PCR validation of the transcriptome based

us

splicing phenotype at 30oC for SpPrp16 dependent seb1+ intron1 (left panel), dga1+ intron2
(middle panel) and independent intron dga1+ intron3 (right panel). (C) Schematic of a S. pombe

an

transcript with global sequence consensus for the intronic 5’SS, BS and 3’SS elements. Basepairing of the 5’SS and the BS with U6 snRNA and U2 snRNA respectively are indicated by

M

dotted lines. (D) Graph representing the number of introns from SpPrp16 dependent and
independent classes categorized based on the complementarity of 5’SS +4, +5 and +6

ed

nucleotides with the U6 snRNA sequence –ACA. Base pairing at each position is denoted by a

ce
pt

“+”sign and no base pairing by “–” sign. The number of introns with complete complementarity
indicated as ‘+++’ is significantly different between the dependent and independent intron
categories at p=0.03. (E) Principal Component Analysis (PCA) showing variance between the
number of dependent and independent introns (Y axis) with loss of BS-U2 snRNA base pairing

Ac

for each indicated BS residue (X axis). The lines (Z axis) represent data for intron subsets with
varying 5’SS-U6 snRNA strength. Green (- - -), red (- - +) and blue (- + +) lines indicates three
intron subsets categorized based on 5’SS-U6 complementarity at the 5’SS +4, +5 and +6
positions. The invariant branch residue A was positioned as “0” and other BS nucleotides are
numbered with respect to this residue.
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Fig. 3. SpPrp16 destabilizes 5’SS-U6 snRNA and BS-U2 snRNA interactions
(A) Primer extension to assess the splicing of seb1+ E1-I1-E2 mini-transcripts having wild-type
or mutant 5’SS (depicted as 5’SS and 5’SS* respectively) in the WT (leu1:spprp16+) and F528S
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(leu1:spprp16F528S) mutant cells. The mutations introduced in the 5’SS (highlighted in red) and
positions which can base-pair with U6 snRNA are shown (black lines). Primer extension on

cr

snu2+ transcripts served as the loading control. Lane M- 100 nts to 1000 nts DNA size marker

(B). Semi-quantitative RT-PCRs to analyze the splicing of tif313+ intron2 in mini-transcripts

us

comprising exon2-intron2-exon3 with wild-type or mutant branch site (BS) in the WT

an

(leu1:spprp16+) and F528S (leu1:spprp16F528S) mutant strains. The mutations introduced
(highlighted in red) and the positions that can base-pair with U2 snRNA are shown (black lines).

M

Fig. 4. SpPrp16 facilitates first step splicing catalysis

(A and B) Genetic interaction of spprp16F528S and spprp16G515A with dbr1Δ. Comparative

ed

growth profile of double mutants with respective single mutants at the indicated temperatures.
(C) Primer extensions to estimate the levels of pre-mRNA, mRNA and lariat-exon2 species from

ce
pt

tfIId+I1 splicing in spprp16F528S and appropriate control strains grown at 30 and 23oC. The
schematic to the left marks the expected position of extension products from pre-mRNA (P),
mRNA (M) and lariat exon-2 (L) species. RNA from WT (leu1:spprp16+), F528S

Ac

(leu1:spprp16F528S), WTdbr1 (leu1:spprp16+ dbr1Δ) and dbr1Δ strains grown at 30oC were
used in lanes 1 to 4. For lanes 5 and 6, RNA from WT and F528S cultures grown at 23oC was the

input. The DNA sequencing ladder (lanes GATC) was prepared using the tfIId exon2 RP on
pDBlet tfIId E1-I1-E2 plasmid as the template. ATTAG is the reverse complement of BS
sequence and asterisk marks the position for invariant branch residue A. Lane M indicates DNA
size markers in the range of 100-1000 nts. (D) Primer extension reactions to assess tfIId+intron1
37

splicing in the spprp16G515A dbr1Δ double mutant grown at 37oC as compared to the single
mutant and wild-type control strains. RNA from WT (leu1:spprp16+), WT dbr1Δ (leu1:prp16+
dbr1Δ), G515A (leu1:spprp16G515A) and G515A dbr1Δ (leu1:spprp16G515A dbr1Δ) were
assessed in lanes 1 to 4. (E and F) Genetic interaction of spprp16F528S with splicing factor
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mutants cwf10-1 (E) and spprp8-1 (F). Growth of respective double mutants were compared with

cr

single mutant strains at the indicated temperatures. 10-fold serial dilutions of each culture from
an initial inoculum grown to equal OD595 were spotted. (G) Semi-quantitative RT-PCR

us

assessment of tfIId+I1 and tim13+I2 splicing in spprp16F528S cells that overexpress spprp22+.
(H) The proposed juncture of SpPrp16 function in the splicing pathway based on the genetic

an

interaction of spprp16F528S with other splicing factor mutants.

mutations.

M

Fig. 5. Spprp16F528S mutant exacerbates the splicing defect of substrates with branch site

ed

(A) Schematic of tfIId E1-I1-E2eGFP mini-transcript. The 5′SS, BS with invariant branch
nucleotide A or mutants C or G residues and the 3′SS of the mini-transcript are shown. The GFP-
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RP primer used for reverse transcription is marked by an arrow. (B) Primer extensions to detect
the splicing of tfIId mini-transcripts with branch residue A or C in spprp16+, spprp16F528S and
spprp16G515A strains. The expected positions of cDNA from pre-mRNA (P), lariat-exon2 (L)

Ac

and mRNA (M) species are depicted. Primer extension on snu2+ transcripts served as the loading

control. Lane M- 100 nts to 1000 nts DNA size marker (C) Primer extension on tfIID mini-

transcripts with the invariant branch residue A or the mutant residue G in spprp16 wild-type and
mutant strains. (D) Alignment of N-terminal 50 amino acids in S. cerevisiae Cwc25 and S.
pombe Cwf25. The red outline marks residues detected in the cryo-electron microscopy structure
of budding yeast spliceosome [52]. (E) The structure shows N-terminal region from Cwc25
38

(magenta) [52] and Cwf25 (modeled based on homology with Cwc25, cyan – magenta overlap)
in proximity to the branch site consensus (blue labelled A70 is the invariant branch residue) of
the UBC4 pre-mRNA substrate (orange). The close-up images to the right show interactions of
the N-terminal most residue in budding yeast Cwc25 (serine, Ser3-orange) and Cwf25 (glycine,
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Gly3-orange) with the intronic branch residue A. The side chain interactions of serine and
glycine (orange) with the -NH2 group (blue) of branch site adenosine are indicated by dotted red

cr

lines.

us

Fig. 6. Biochemical characterization of Spprp16 helicase domain mutants

an

(A) Schematic of SpPrp16 domain architecture. Arrow marks indicate primer positions used to
amplify the helicase domain (501-862 amino acids) of SpPrp16 wild type and mutant proteins.

M

(B) ATP hydrolysis by wild-type and Spprp16F528S helicase protein upon incubating 10 nM of
each protein with 1mM ATP and tracer amounts of γP32ATP at 30oC for the different time points

ed

indicated. (C) dsRNA unwinding activity of the wild-type and Spprp16F528S helicase proteins
on a 3′ overhang containing RNA duplex labelled at the 5′ end (schematic to the left). The
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reactions were arrested at the indicated time points (in minutes). The upper and middle panel
represent the activity of 10 nM and 40 nM proteins respectively. Δ duplex indicates heat
denatured RNA duplex, a marker for ssRNA. Bottom panel shows helicase activity of the wild-

Ac

type and Spprp16F528S helicase protein on a 5’ overhang containing RNA duplex. 40 nM of
wild-type and mutant protein was used in this experiment.
Fig. 7. SpPrp16 is required for successful mitosis and for efficient transcriptional gene
silencing at centromeres and telomeres.
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(A) Bright field and DAPI stained images of spprp16+, spprp16F528S and spprp16G515A cells.
The ‘cut’ cells (white arrow heads at the site of cell separation) and lagging chromosome
(fragmented nuclei) in spprp16F528S are shown. Scale bar is 10 µm in all panels. (B)
Thiabendazole (TBZ) sensitivity of spprp16 mutants as compared to wild-type and
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spago1Δ strains at 30oC. Cultures were grown to equivalent OD595 before spotting 10-fold serial

cr

dilutions on PMG complete media containing TBZ (at 15 µg/ml concentration). The growth

proficiency on PMG complete media (left) served as the control. (C) Normalized transcript levels

us

for centromeric ncRNAs obtained from RNA-seq of spprp16+ (WT) and spprp16F528S mutant
cells (left graph). P value significance for upregulated ncRNAs in the spprp16F528S mutant are

an

shown. The semi-quantitative RT-PCR for two centromeric transcripts ncRNA.232 and
ncRNA.362 are shown in the right upper and lower panels respectively. For ncRNA.232, ‘*’ to

M

the right side of the gel indicates the unspliced precursor. Control PCR reactions without reverse
transcription are shown in the -RT panel. (D) Semi-quantitative RT-PCR to assess the splicing of

ed

ncRNA.232 mini-transcript in the WT (leu1:spprp16+) and F528S (leu1:spprp16F528S) mutant
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pt

strain. (E) Transcriptional silencing of ade6+ centromeric reporter in the wild-type and
spprp16F528S mutant cells assessed in media with limiting adenine. cwf10-1 and spago1Δ

Ac

served as positive controls for defective centromeric heterochromatin.
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Supplementary material
Materials and methods
Yeast strains and plasmid construction

ip
t

To generate pREP4Xspprp16+ and pREP81Xspprp16+ constructs, the 3522 bp spprp16+ Open

cr

Reading Frame (ORF) was cloned at the XhoI site of both pREP4X and pREP81X vectors. The

confirmed recombinant clones pREP4Xspprp16+ and pREP81Xspprp16+ were used as needed.

us

The endogenous spprp16+ locus was disrupted by transforming a 3.1 kb spprp16::KanMX6
fragment (containing the KanMX6 cassette flanked by spprp16+ homology regions) into wild

an

type diploid cells. This was followed by selection of the transformants on PMG Ade-G418
media. The heterozygous diploid with locus specific spprp16+ disruption (confirmed by southern

M

blot hybridization) was transformed with ura4+ marked pREP4Xspprp16+ plasmid. The resulting
strain was sporulated to generate the haploid spprp16::KanMX6 strain complemented with

ed

pREP4Xspprp16+. The wild type spprp16+ cloned under nmt81 promoter in the integrating
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vector pJK148 (pJK148 Pnmt81:spprp16+) was used as the template for generation of Spprp16
missense mutants. Site directed mutagenesis of the selected residues were done on this template
with degenerate mutagenic primers. The PCR product obtained was DpnI treated and
transformed into E. coli. Plasmids isolated from the transformed pool of E. coli cells were

Ac

linearized with NruI and integrated at the leu1-32 locus of spprp16::KanMX6 strain supported by
pREP4Xspprp16+ plasmid described above. The leu prototrophic transformants were then

subjected to 5-FOA selection to evict the pREP4Xspprp16+ Ura4 marked plasmid. Sequencing

the integrant allele of some 5-FOA survivors identified the mutations to be F528S, F528H and
G515A.
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Generation of branch site mutants in tfIId mini-gene
pDBlet plasmid containing the tfIIdE1-I1-E2 mini-gene in translational fusion with eGFP
(tfIIdE1-I1-E2eGFP) under the tbp1 promoter was used as the template for mutagenizing the
invariant branch-site adenosine to cytosine or guanine. These specific mutations in the pDBlet
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tfIId E1-I1-E2 plasmids were confirmed by sequencing following which each of these plasmids

cr

with wild type or mutant branch sites were transformed into wild type (leu1:spprp16+) and
mutant strains (leu1:spprp16F528S and

leu1:spprp16G515A). RNA isolated from these

us

transformants were assessed for splicing status of mini-transcripts by primer extension using

an

GFP-RP.

Reverse transcription and primer extension of S. pombe transcripts

M

Total RNA from fission yeast was extracted using TRI-reagent (Sigma). 2 µg of DNase I (NEB)
treated total RNA was reverse-transcribed with Moloney murine leukemia virus (MMLV)

ed

reverse transcriptase (NEB) using the appropriate reverse primer. For assessment of splicing,
PCRs were done on the desired cDNAs using appropriate primers in the presence of αP32 dATP
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tracer label and the amplicons were analysed on 8% native PAGE. Table S4 enlists all the RTPCR primers used in the study. Primer extensions were done using γP32 end-labelled 3′ exon RP
or GFP-RP (as mentioned) on 30-40 µg total RNA isolated from cultures grown at the indicated

Ac

temperatures. The reverse transcriptions were performed at 37oC for 90 minutes in the
appropriate buffer and the products were analysed on 6% denaturing PAGE. To map the
products we performed DNA sequencing by dideoxy chain termination reactions on pDBlet
tfIIdE1-I1-E2 eGFP plasmid template using 5′ end labelled tfIID RP. Images were acquired
using the GE Typhoon FLA 9500 Phosphor imager.
Generation of constructs for protein expression
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The helicase domain (501 to 862 amino acids; nucleotide position 1503 to 2586 in the SpPrp16
open reading frame) of the wild type and Spprp16F528S mutants were PCR amplified from
genomic DNA isolated from their respective strains. Amplicons obtained with SpPrp16 helicase
BamHI FP and SpPrp16 helicase SalI RP were initially cloned into pBSKS at the EcoRV site and
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later sub-cloned into pMALC2X vector as BamHI-SalI fragment so as to be in translational
fusion with the Maltose Binding Protein (MBP). The confirmed recombinant plasmids were

cr

transformed into C41 (DE3) E. coli cells and then used for protein expression.

us

Helicase assay

an

The RNA oligonucleotides used for preparing the two different RNA duplexes used in this study
are listed in S5 Table. Chemically synthesized RNA oligo (IDT) was 5′ end labelled and

M

combined with twice the concentration of complementary oligo in the presence of annealing
buffer composed of 40 mM Tris-HCl (pH-7.4) and 100 mM potassium acetate. This mixture was

ed

heated to 95oC for 10 minutes followed by its slow cooling to room temperature for
hybridization. The annealed dsRNA species were separated and purified from the un-annealed
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population by gel electrophoresis. 10 nM or 40 nM of the purified recombinant MBP-SpPrp16
wild-type or mutant helicase proteins were incubated with 5 nM of the specified RNA duplex in
a 20 µl reaction containing 40 mM HEPES-KOH (pH-7.9), 50 mM potassium acetate, 1mM

Ac

DTT, 0.05 mg/ml BSA, 3mM MgCl2 and 3mM ATP [1]. All reactions were incubated at 30oC
for the indicated time intervals and were terminated by the addition of stop solution (8%
glycerol, 0.4% SDS, 20 mM EDTA and 0.1mg/ml protease) followed by incubation at 37oC for
10 minutes. The halted reactions were then held on ice until all the time points were collected.
The reactions were loaded on a 10% native PAGE and electrophoresed in 0.5X TBE running
buffer at 100 volts in 4oC to minimize heat induced denaturation of the RNA duplexes. The data
50

were acquired using GE Typhoon FLA 9500 Phosphor imager and RNA duplex unwinding was
quantified as follows:
Percentage ssRNA = Spot intensity of ssRNA formed/(Spot intensity ssRNA + Spot intensity
dsRNA) X 100.

Spot intensity corresponds to the radioactivity of the indicated species

ip
t

quantified using Multi Gauge V3.0.

cr

ATPase assay

us

The MBP-SpPrp16 wild type or the mutant helicase protein was incubated at 30°C in the
reaction buffer containing 40 mM HEPES-KOH (pH-7.9), 100 mM potassium acetate, 0.5 mM

an

MgCl2, 1.0 mM ATP and trace amounts of γP32ATP. For time course assays, incubation was
performed for the indicated time points while in assays with increasing concentrations of

M

helicase proteins the reactions were done for 30 minutes. All reactions were stopped with 50 mM
EDTA. 1µl of each reaction was spotted onto PEI- cellulose plates and the separation of

ed

inorganic phosphate from ATP was carried out in the mobile phase comprising 0.5 M LiCl, 0.5
M formic acid for 45 minutes. The data was acquired using GE Typhoon FLA 9500 Phosphor

ce
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imager. ATP hydrolysis for each sample was quantified as follows:
Percentage ATP hydrolysis = Spot intensity of the released γP32/ (intensity of the input ATP +

Ac

released phosphate) X 100

FACS Analysis and DAPI staining of fission yeast cells
To analyse the nuclear DNA content, cells were collected by brief centrifugation, fixed in icecold 70% ethanol and treated with RNase A (10 mg/ml) in 50 mM sodium citrate buffer at 37oC

for 6 hours. After staining with propidium iodide (20 µg/ml), the fluorescence intensities were
measured by flow cytometry using BD FACS Canto (BD Biosciences). 10,000 events were
51

scannedd for each annalysis. Froom the ethannol fixed ceell suspensioons, a smalll volume (200-30μl) of
~ 2 X 106 cells wass rehydratedd in 50mM ssodium citraate buffer annd stained with
w 4,6-diaamidino-2phenylinndole (DAP
PI- 1μg/ml) [2]. The sttained cells were spottted on a 0.88% even aggarose bed
preparedd on a miccroscopic sllide and im
mages were acquired using
u
Zeiss Apotome.22, 63X oil
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immersiion objectivve.

cr

Log oddds ratio

Log oddds ratio wass calculated as described in [3] bassed on the loogistic regreession modeel for each

us

nucleotiide positionn. The probbability of a specific nucleotidee at each position
p
of the 5’SS

an

consenssus that makkes it SpPrrp16 dependdent is reprresented as log odds rratio. The number
n
of
introns w
with A, G, C or T nucleeotides at eaach positionn of the 5’SS
S hexamer w
was calculatted for the

M

dependeent and inddependent inntron classees. Commonn and rare nucleotide at each possition was
decidedd based on thhe fission yeast
y
global consensus ffor the 5’SS
S. The mostt prevalent nnucleotide

ed

occupyiing a particcular positioon Odds rattio (OR) is calculated as the ratioo between (a/b):(c/d)
where a and b aree the numbeer of intronns with rare nucleotidees at a partiicular positiion of the
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hexamer for the Prrp16 dependdent and inndependent intron classses respectiively. c andd d are the
number of introns w
with commoon nucleotiddes at a partticular position of the hexamer
h
for the Prp16
dependeent and indeependent inttron classes respectivelly. A positivve ratio wouuld mean that the rare

Ac

nucleotiide is positiively associated with dependent
d
inntrons and a negative rratio suggests that the
rare nuccleotide is nnegatively aassociated w
with dependeent introns. The naturaal log (ln) of the odds
ratio (O
OR) was calcculated.
Confideence Intervaal (Upper annd Lower lim
mits) in (ln) scale =
Point E
Estimated ± Confidencee Coefficientt * Standardd Error =
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Confidence co-efficient used was 1.96 which indicated a 95% confidence interval.
The number of rare and common nucleotides at each nucleotide position of the hexamer (for both
SpPrp16 dependent and independent introns) is included in the table S3.
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Figure Legends

Fig. S1. Sequence alignment of the C-terminal domain of fission yeast Prp16 with that of its

us

endogenous locus by Southern blot hybridization.

cr

homologs from other organisms. Confirmation of the genomic disruption of spprp16+

(A) Alignment of Prp16 C-terminal sequence from C. albicans, S. cerevisiae, S. pombe, H.

an

sapiens and A. thaliana. Only the region comprising the walker motifs (highlighted in grey) is
shown in the alignment. (B) Homology based modeling of the C-terminal region of fission yeast

M

SpPrp16 using ScPrp43 C-terminal crystal structure (PDBID-2XAU) as the template. The
conserved walker motifs are highlighted- GETGSGKT (salmon red), TQPRRVA (green), DEAH

ed

(blue), SAT (yellow), LVFMTG (red), QRAGRA (cyan). (C) Schematic of spprp16

+/-

heterozygous disruption strain generated in this study (top). To confirm the locus specific
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pt

disruption of endogenous spprp16+ locus by the KanMX6 cassette, genomic DNA isolated from
candidate strains were digested with EcoRI and taken for analysis by southern hybridization
using radiolabeled KanMX6 fragment as the probe. The site-specific disruption was confirmed

Ac

by a cross-hybridizing fragment of 2.8 kb.
Fig. S2. Comparative analysis of intronic features in SpPrp16 dependent and independent
splicing events.
(A-F) Intronic features in SpPrp16 dependent and independent splicing events as compared to
the global profile - intron length (A), AU content (B), 5′SS to branch point distance (C), branch
53

point to 3′SS distance (D), length of polypyrimidine tract (PyT) between 5′SS and branch point
(E), and that between branch point and 3′SS (F). (G - I) Correlation of 5′ SS-U6 snRNA and BSU2 snRNA interaction strength between dependent and independent intron categories. The
histograms show number of introns of either category with loss of BS-U2 complementarity at
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each BS position. This has been plotted for three subsets of introns based on the varying 5′SS –

cr

U6 snRNA strength as indicated.

us

Fig. S3. Integrative genomics viewer representation of candidate introns for their splicing
status.

an

Integrative genomics viewer representation of RNA seq reads spanning the exon-intron-exon
regions relevant to candidate introns from the dependent (seb1+ intron1 and dga1+ intron2) and

M

independent category (dga1+ intron3). The arched line represents the region of the intron and the
number indicated below corresponds to the intronic reads normalized for sequencing depth.

ed

Fig. S4. The differential dependence of introns within the same transcript on SpPrp16 are
correlated to their 5’SS-U6 snRNA and BS-U2 snRNA strength.
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(A) Semi-quantitative RT-PCR validation of the SpPrp16 dependent and independent splicing
status of sec6102+ intron 3 and intron 5 respectively as a function of their 5’SS-U6 snRNA
interaction strength. (B) Semi-quantitative RT-PCR validation of the SpPrp16 dependent and

Ac

independent splicing status of apl5+ intron 4 and intron 2 respectively as determined by their

corresponding BS-U2 snRNA interaction strength. Bar graphs in both A and B represent data
from three biological replicates and the statistical significance was determined by unpaired
student’s t test. *** = p < 0.001, ** p< 0.005 and ns = non-significant.
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Fig. S5. Spprp16 is required for G2-M cell cycle transition
(A) The quantitation of cell length (n=100) in each strain where the horizontal bar in each case is
the median cell length in each population. (B) FACS analysis of the nuclear DNA content in
propidium iodide (PI) stained wild-type (middle panel) and spprp16F528S mutant cells (right

ip
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panel). MBY100 cells grown in nitrogen depleted media (left panel) served as G1 control. The
PI-A values and the relative cell counts are on X and Y axes respectively. (C) Semi-quantitative

cr

RT-PCR assessing splicing of introns in transcripts of cell cycle regulators Cdc2 (cdc2+I2) and

us

Cdk8 (cdk8+I1) in spprp16+ (wild-type), spprp16F528S and spprp16G515A strains.

an

Fig. S6. Reads from the transcriptome dataset that map to S. pombe centromeric locus.
Reads from centromeric regions in wild-type and mutant cells derived from RNA-seq data for all

M

three centromeric co-ordinates. Data was visualized using Integrative Genomics Viewer-

ed

http://software.broadinstitute.org/software/igv/.

Fig. S7. Homology modelling of SpPrp16 C-terminal and its replacement in the cryo-
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pt

electron microscopy structure of catalytically active budding yeast spliceosome.
The C-terminal of SpPrp16 (red) modelled onto the C-terminal structure of ScPrp16 in the cryoEM spliceosome structure (PDB ID-5LJ5). The H1-Sec63-1 module of S. cerevisiae Brr2 (blue)

Ac

and the Jab1 domain of S. cerevisiae Prp8 (green) are closely associated with Prp16. In the
magnified view of modelled SpPrp16, F528 and G515 residues in the C-terminal region are
highlighted in magenta (right).
Table S1. Strains used in the study
Table S2. List of introns analyzed for splicing
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Table S3. Log odds ratio analysis of nucleotides in the 5′SS of SpPrp16 dependent and
independent introns.
Table S4: Representative list of introns from within the same transcript with varying
dependence on SpPrp16 and their correlating 5’SS-U6 snRNA and BS-U2 snRNA
interactions.
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Table S5. Primers used in the study
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Table S6. Oligonucleotides used for in vitro RNA helicase and RNA binding assays.
Dataset S1. RNA-seq datasets of spprp16+ and spprp16F528S mutant cells
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Supplementary Table S1. List of strains used in this study with their genotypes.
Strain

Genotype

Source

h- ura4-D18 leu1-32 his3-D1 ade6-M216

Prof. S. Forsburg

FY528

h+ ura4-D18 leu1-32 his3-D1 ade6-M210

Prof. S. Forsburg

h+/h- spprp16::kanMX6/spprp16+ ade6M210/ade6-M216 his3-D1/his3-D1
ura4D18/ura4D18

This study

cr

spprp16Δ / spprp16+
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FY527

h+ spprp16::kanMX6 ura4-D18 leu1-32 his3-D1 This study
ade6-M216 pREP4Xspprp16+

spprp16Δ
pREP81Xspprp16+

h+ spprp16::kanMX6 ura4-D18 leu1-32 his3-D1 This study
ade6-M216 pREP81Xspprp16+

spprp16+ (WT)

h+ spprp16::kanMX6 ura4-D18 leu1-32 his3-D1 This study
ade6-M210 leu1:Pnmt81spprp16+

spprp16F528S (F528S)

h+ spprp16::kanMX6 ura4-D18 leu1-32 his3-D1 This study
ade6-M216 leu1:Pnmt81spprp16F528S

spprp16F528H (F528H)

h+ spprp16::kanMX6 ura4-D18 leu1-32 his3-D1 This study
ade6-M216 leu1:Pnmt81spprp16F528H

ed
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spprp16Δ
pREP4Xspprp16+

h+ spprp16::kanMX6 ura4-D18 leu1-32 his3-D1 This study
ade6-M216 leu1:Pnmt81spprp16G515A

ce
pt

spprp16G515A (G515A)
spdbr1Δ

h+ spdbr1::kanMX6 ura4-D18 leu1-32

Bioneer

ade6-M216

Ac

spprp16+dbr1Δ
(WT dbr1Δ)

spprp16F528S dbr1Δ
(F528S dbr1Δ)

spprp16G515A dbr1Δ
(G515A dbr1Δ)

h+ spprp16::kanMX6 spdbr1::KanMX6 ura4-D18 This study
his3-D1 ade6-M216 leu1:Pnmt81spprp16+

h+ spprp16::kanMX6 spdbr1::KanMX6 ura4D18his3-D1ade6-M216
leu1:Pnmt81spprp16F528S

This study

h+ spprp16::kanMX6 spdbr1::KanMX6 ura4D18 his3-D1 ade6-M216

This study
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leu1:Pnmt81spprp16G515A
h- dis3-54 ura4-D18 leu1-32

dis3-54
spprp16F528S dis3-54
(F528S dis3-54)

Prof. D. Moazed

h+ dis3-54 ura4-D18 ade6-M216
leu1:Pnmt81spprp16F528S

his3-D1 This study

spprp2-1

h- prp2-1 leu2-1

cwf10-1

h- cwf10-1 otr1Rsph1::ade6 lys1::Nat ade6- Prof. R. Allshire
DN/N leu1-32 ura4-D18

spprp8-1

h- prp8-1
210::Kan

spprp22+

h- prp22::KanMX4 leu1-32 his3-D1 ura4-D18 Prof. Peter Baumann
pBG1 pr22+

lys1::Nat

ade6- Prof. R. Allshire

an

us

otr1sph1::ade6

cr

ip
t

Prof. K. Gould

h+ prp2-1 spprp16::kanMX6 ura4-D18his3-D1 This study
ade6-M216 leu1:Pnmt81spprp16F528S

spprp16F528S cwf10-1

h+ cwf10-1 spprp16::kanMX6 ura4-D18 his3-D1 This study
ade6-M216 leu1:Pnmt81spprp16F528S

spprp16+ cwf10-1

h+ cwf10-1 spprp16::kanMX6 ura4-D18 his3-D1 This study
ade6-M216 leu1:Pnmt81spprp16+

ed

M

spprp16F528S spprp2-1

h+ prp8-1 spprp16::kanMX6 ura4-D18 his3-D1 This study
ade6-M216 leu1:Pnmt81spprp16+

ce
pt

spprp16F528S spprp8-1
FY1181

h- ade6-210 leu1-32 ura4-D18 otr1R(sphI)::ade6

Prof. R. Allshire

h+ spprp16::kanMX6 otr1R(SphI)::ade6+ura4D18 leu1-32 his3-D1 ade6-M216
leu1:Pnmt81spprp16+

This study

spprp16F528S
otr1::ade6+

h+ spprp16::kanMX6 otr1R(SphI)::ade6+ura4D18 leu1-32 his3-D1 ade6-M216
leu1:Pnmt81spprp16F528S

This study

spprp16G515A
otr1::ade6+

h+ spprp16::kanMX6 otr1R(SphI)::ade6+ura4D18 leu1-32 his3-D1 ade6-M216
leu1:Pnmt81spprp16G515A

This study

Ac

spprp16+ otr1::ade6+
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h- ago1::kanMX4 otr1R(SphI)::ade6+ura4-DS/E This study
ade6-216 leu1-32 his7-366

spago1Δ otr1::ade6+

h- ago1::kanMX4 otr1R(SphI)::ura4+ura4-DS/E Prof.
ade6-216 leu1-32 his7-366
R. Marteinssen

ce
pt

ed

M

an

us

cr

ip
t

ZB20

Ac

Supplementary Table S2. List of introns analysed for splicing by semi-quantitative RT-

PCR

Intron

Length (nts)

5′SS sequence

Branch site sequence

3′SS sequence

tfIId+ I1

255

GTAAGT

CTAAT

TAG

mdm35+ I1

62

GTAGAG

CTAAA

CAG

67

51

GTAAGC

CTAAC

AAG

tim13+ I2

43

GTATGA

CTAAC

AAG

seb1+ I1

190

GTATGT

CTAAC

TAG

dga1+ I3

92

GTAAGA

CTAAC

AAG

dga3+ I2

108

GTATGT

CTAAC

cdc2+ I2

72

GTAAGT

CTAAC

cdk8+ I1

79

GTACGT

CTAAC

ip
t

nda3+ I4

TAG

cr

AAG

Ac
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pt

ed

M

an

us

TAG

Supplementary Table S3. Comparative analysis of the 5′ SS nucleotide frequency at each
position between the dependent and independent intron category.
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B. SpPrp16 independent introns
N2

A

0

0

434

C

0

3406

264

G

184

194

2530

T

0

N2

N3

N4

N5

N6

A

0

0

3565

1867

205

611

C

0

3

5

422

34

G

3838

0

117

122

T

1

3836

152

1428

M

Independent

Rare

1

Common

3838

184

3

0

ce
pt

Rare
N2

Common

3836

184

Rare

274

20

Common

3565

164

Rare

1972

82

Common

1867

102

Rare

433

28

Common

3406

156

Ac

N3

N4

N5

0

ed

N1

Dependent

N5

N6

164

102

10

36

0

17

3

14

0

6

5

156

22

184

14

60

15

112

Odds Ratio

Log Odds

Confidence

Ratio

interval

-

-

-

-

-

-

0.630

-0.46

0.15, 1.11 (ns)

1.313

0.273

1.016, 1.611
(p<0.05)

0.708
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N4

0

an

C. Log odds ratio calculation

N3

cr

N1

N1

ip
t

A. SpPrp16 dependent introns

Nucleotide Position

Prp16 Independent ( 184 introns)

Prp16 dependent (3839 introns)

us

Global

-0.345

0.293, 1.12
(ns)

N6

Rare

13009

72

0.80488

Commoon

25330

112

-0..217

00.5, 1.108 (nns)

##

Splicinng
status

Depenndent

0.076

Indepeendent

1.818

Depenndent

0.257

Indepeendent

Intron 1

2.715

Depenndent

Intron 5

0.42

Indepeendent

Intron 1

3.061

Depenndent

Intron 2

0.506

Indepeendent

Intron 3

ed

SPBC19G7.17

Intron 4

3.001

M

(w
wtf17)

Splice Inddex
(log2)

an

Intron 2
SPC
CC285.06c

*

cr

Intron

# Differenttial

us

Gene

5’SS-U6
snRNA

ip
t

mentary Taable S4A. Representa
R
ative list off introns w
within the saame transccript with
Supplem
varyingg dependence on SpPrrp16 and th
heir 5’SS-U66 snRNA in
nteraction sstrength

(seec6102)

ce
pt

Intron 5

SPBC2G2.06c

Ac

((apl1)

SPA
AC17C9.12
(scs22)

70

Intron 2

1.908

Depenndent

Intron 4

0.325

Indepeendent

AC6F6.11c
SPA
(PP
PP kinase)

Splice index (SI) w
was calculatted as SI=loog2(EE/EI).

ip
t

*
#

The diffferential spplice index is the differeence in the S
SI values beetween the w
wild-type annd
prp16F5528S mutannt.

cr

Introns w
with differeential SI cut-off of 1 (2--fold differeence) are inttrons strongly dependennt on
SpPrp166 for splicinng.

Validaation of sec66102+ intronn 3 and 5 spplicing statuss is shown iin Supplemeentary Figurre S4A

an

us

##

Intron

BS-U2
snRNA

ce
pt

ed

Gene

M

mentary Taable S4B. R
Representaative list off introns within the saame transccript with
Supplem
varyingg dependence on SpPrrp16 and th
heir BS-U2 ssnRNA inteeraction strrength

Differenntial#
Splice
Index*
(Log2)

Spliccing
statuss

Intron 1

2.35

Depeendent

Intron 7

0.0966

Indeppendent

Intron 3

2.896

Depeendent

Intron 2

0.517

Indeppendent

SPB
BC21.06c

Ac

((cdc7)

CC18.10
SPC
(PPP
P kinase)
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Intron 3

2.156

Depeendent

Intron 2

0.257

Indeppendent

Intron 4

2.585

Depeendent

Intron 3

0.36855

(uufd2)

*

(aapl5)

Intron 2

0.26855

Depeendent

Indeppendent

M

##

1.63255

an

Intron 4
SPAC
C144.06

Indeppendent

us

(rhho2)

cr

SPA
AC16.01

ip
t

SPAC
C20H4.10

Splice index (SI) w
was calculatted as SI=loog2[(Exon-E
Exon reads)/((Exon-Introon reads)].

#

ed

The diffferential spplice index is the differeence in the S
SI values beetween the w
wild-type annd
prp16F5528S mutannt.

##

ce
pt

Introns w
with differeential SI cut-off of 1 (2--fold differeence) are inttrons strongly dependennt on
SpPrp166 for splicinng.
Validdation of apll5+ intron 4 and 2 spliciing status iss shown in S
Supplementaary Figure S4B
S

Supplem
mentary Taable S5. Liist of primeers used in the
t study

Ac

Primer

Sequencce (5′ to 3′)

Spprp166F528X FP

ACCC
CAATTAGC
CTCAANN
NKTTATAT
TGAGGAT

Spprp166F528X RP

ATCC
CTCATATA
AAMNNTT
TGAGCTAA
ATTGGGT

Spprp166G515X FP
P

CTTA
ATTGTAGT
TTNNKGAG
GACTGGT
TTCTGGT

Spprp166G515X RP
P

ACCA
AGAACCA
AGTCTCMN
NNAACTA
ACAATAAG
G

72

CCGCTCGAGGTCGACTCTGGTATGGGTCATT

ScPRP16 RP

CCATCGATAGATTGTTGAATATGTTCC

SpPrp16 chi FP

CCATCGATAGTGCTGCTACATCCCTTGCT

SpPrp16 chi FP

CCATCGATGTCGACATTTTGAGATGGGAACC

Helicase BamHI FP

CGGGATCCCTTTCTGTTATACGTGATAACC

Helicase SalI RP

CGACGTCGACACCAAGGGATTTTAAA

tFIID FP

GTATCTGGCATTGTTCCAACCCTTC

tFIID RP

GGGTTGTATTCTGCATTACG

mdm35 E1 FP

GAATCCAACTATGTCGTCCTCT

mdm35 E2 RP

CAAAGAGCTCATCACAGTCT

nda3 E4FP

AGCTGGTCAATGCGGAAA

nda3 E5 RP

CAGCTGAATCCAAACTATG

cr

us

an

M

ATGCTATACAGCATGCGCCATCTG

GGAGGAAATGTTGAAGCCTTCTCC

ce
pt

seb1 E2 RP

ed

seb1 E1 FP

tim13 E2 FP

CTGTTTTGATAAATGTATCCCGG

tim13 E3 RP

CATATAGCGTTCCATACATTTGG

dga1 E3 FP

GCGTTTCGGGTTCGTTAAGTTAGC

dga1 E4 RP

ACGAGTACGCGGATTGTTATCAACC

act1 FP

GCTGCTCAATCTTCCTCCCTTG

act1 RP

GGTCCGCTCTCTCATCATACTCTT

Ac

ip
t

ScPRP16 FP

73

TGCATTACGTGCATGTAGCGCAATAGT

Snu2 RP

GAACAGATACTACACTTGATC

tFIID A441FP

TTAGACCTTATTACTABTAATCCTCTTAA

tFIID A441RP

TTAAGAGGATTABTAGTAATAAGGTCTAA

GFP-RP

CCCATTAACATCACCATCTAA

cdc2E2FP

TGAATCTGAGGGAGTTCC

cdc2E3RP

GATACAACTTTGATTCAGC

cdk8 E1 FP

ACTTCCGATAAATTATGGACCAC

cdk8 E2 RP

TCTCCTTTCTGGATAATGAATAGG

ncRNA.232 FP

TCCATCCGCAGTTGGGA

ncRNA.232 RP

TACCATGCTTTTAGTGCG

ncRNA.362 FP

CGATATTGAAGATGGCGTATGTAGTG

cr

us

an

M

CCTATTTGTCCCTTATTTACACGTATG
GATGTGTTTCTCAAATTACATTGGTC

ce
pt

tlh1 FP

ed

ncRNA.362 RP

ip
t

tFIID E2 RP

GATTGGCTTTTCAGCAAACTTCATA

tlh2 FP

TC AACTGTGTCTACGATGTATGGA

tlh2 RP

GATTCGTATTAGCATTGCCAAAGC

Ac

tlh1 RP

74
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Supplementary Table S6. Sequence of RNA oligonucleotides used for helicase and RNA
binding assays
Oligo

GACUAGAAAGCACAGAGGUCACGUCUUUG

an

1. Common complementary

us

Sequence (5′ to 3′)

2. Oligo to generate RNA duplex

GACCUCUGUGCUUUCUAGUCAAACUACUUUGUAAAC
UAAAUAAUCGGA

ed

with 3′ overhang when

M

oligo

combined with the

ce
pt

complementary oligo

3. Oligo to generate RNA duplex
with 5′ overhang when

ACGAAAUAAAUCUCUUUGUCUAUACACACAAAGACG
UGACCUCUGUG

Ac

combined with the

complementary oligo

RNA duplex with 3′ overhang was prepared by annealing oligos 1 and 2.
RNA duplex with 5′ overhang was prepared by annealing oligos 1 and 3.
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