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ABSTRACT

Transcription and pre-mRNA splicing are coupled to
promote gene expression and regulation. However,
mechanisms by which transcription and splicing in-
fluence each other are still under investigation. The
ATPase Prp5p is required for pre-spliceosome as-
sembly and splicing proofreading at the branch-point
region. From an open UV mutagenesis screen for ge-
netic suppressors of prp5 defects and subsequent
targeted testing, we identify components of the TBP-
binding module of the Spt–Ada–Gcn5 Acetyltrans-
ferase (SAGA) complex, Spt8p and Spt3p. Spt8Δ

and spt3Δ rescue the cold-sensitivity of prp5-GAR
allele, and prp5 mutants restore growth of spt8Δ

and spt3Δ strains on 6-azauracil. By chromatin im-
munoprecipitation (ChIP), we find that prp5 alleles
decrease recruitment of RNA polymerase II (Pol II)
to an intron-containing gene, which is rescued by
spt8Δ. Further ChIP-seq reveals that global effects
on Pol II-binding are mutually rescued by prp5-GAR
and spt8Δ. Inhibited splicing caused by prp5-GAR is
also restored by spt8Δ. In vitro assays indicate that
Prp5p directly interacts with Spt8p, but not Spt3p.
We demonstrate that Prp5p’s splicing proofreading
is modulated by Spt8p and Spt3p. Therefore, this
study reveals that interactions between the TBP-
binding module of SAGA and the spliceosomal AT-
Pase Prp5p mediate a balance between transcription
initiation/elongation and pre-spliceosome assembly.

INTRODUCTION

Eukaryotic mRNA processing consists of multiple steps
that occur in the nucleus after transcription, including
5′-capping, pre-mRNA splicing, 3′-polyadenylation,
and RNA modifications, which occur mostly co-
transcriptionally, and subsequent post-transcriptional
steps of mRNA export and RNA surveillance (1,2).
Although each of these steps can be investigated inde-
pendently in vitro, much evidence in the past two decades
demonstrated that these processes affect each other ex-
tensively and that such ‘coupling’ contributes to gene
expression and regulation (reviewed in 3,4–6).

Transcription is central to the coupling of RNA pro-
cessing events, primarily through the catalytic component,
RNA polymerase II (Pol II) (6,reviewed in 7). Removal of
introns from nascent transcripts by pre-mRNA splicing is
essential in all eukaryotes. Coupling between transcription
and splicing has been extensively studied. In one direction,
components of the transcription machinery associate with
splicing factors and regulate pre-mRNA splicing. For ex-
ample, RNA Pol II has extensive association with SR pro-
teins and other factors that promote efficient spliceosome
assembly (8). The C-terminal domain (CTD) of RNA Pol
II recruits SRp20, promotes exon skipping, and regulates
alternative splicing (9). RNA Pol II and emergent splice
sites in the nascent pre-mRNA are tethered together (10),
with spliceosomal components being recruited in part by
the Ser5-phosphorylated CTD of Pol II during transcrip-
tion elongation (11). In the other direction, splicing factors
also promote transcription elongation. Depletion of splic-
ing factor SC35 induces RNA Pol II accumulation within
the body of specific genes and attenuates transcription elon-
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gation, correlating with defective recruitment of transcrip-
tion factor P-TEFb and a dramatic reduction of Ser2 phos-
phorylation of the CTD (12). Recruitment of SR proteins
to nascent FOS transcript is RNase sensitive and transcrip-
tion dependent, indicating that SR proteins are not pre-
assembled with Pol II (13). A dual-function factor, Tat-SF1,
identified as a transcription elongation factor in humans,
interacts with snRNPs and strongly stimulates both poly-
merase elongation in vivo and splicing in vitro (14,15).

Two models have been proposed to explain the co-
transcriptionality of splicing. The first is ‘recruitment cou-
pling’, in which splicing factors are recruited by the tran-
scription machinery. For example, the CTD of RNA Pol
II directly interacts with a human spliceosomal U2AF65–
Prp19 complex (16), and the yeast SR-like protein Npl3p
facilitates co-transcriptional recruitment of splicing factors
and thereby promotes splicing (17). The second model is
‘kinetic coupling’, which is achieved by coordinating the
rates of transcription and splicing––i.e. the relative rates of
sequential events are coordinated to optimize their func-
tion. In general, the transcription rate is hindered by chro-
matin structure, and the splicing rate is dependent on the
strength of splice sites and binding of splicing regulators
(18). However, transcription rates influence the outcome
of splicing (19–21) and splice events also could be tran-
scription checkpoints. Factors such as SC35, SAM68, and
the DBC1–ZIRD (DBIRD) complex, which can modulate
transcription and splicing rates, are important in the kinetic
co-transcriptional model (12,22–25).

Evidence has pointed to U2 snRNP components and
its related event, pre-spliceosome assembly, as critical in
the process of co-transcriptional splicing. First, two core
components of U2 snRNP, Lea1p/U2A′ and Msl1p/U2B′′
(yeast/mammalian names), exhibit genetic interactions
with GCN5; deletion of GCN5 rescues yeast lethality caused
by double deletion of LEA1 and MSL1 (26). Gcn5p is a cat-
alytic component of the Spt–Ada–Gcn5 Acetyltransferase
(SAGA) complex, an evolutionary conserved, multifunc-
tional transcription co-activator comprising two distinct
enzymatic activities, acetylation and deubiquitination of hi-
stone residues (27,28). The histone acetyltransferase (HAT)
activity of Gcn5p is required for co-transcriptional recruit-
ment of the U2 snRNP (26). Second, Cus2p, a yeast U2
snRNP component and putative orthologue of human Tat-
SF1 (29), has been proposed as a potential checkpoint fac-
tor in transcription elongation (30). Cus2p has been in-
vestigated as a functional target of Prp5p (31,32). Prp5p
is a spliceosomal RNA-dependent ATPase required for
stable binding of U2 snRNP to the branch site region
(BS) and consequent pre-spliceosome assembly (33–36).
PRP5 mutant allele prp5–1 causes transcriptional defects
of intron-containing genes, in which accumulation of RNA
Pol II across introns was observed, but this accumulation
was relieved in the absence of Cus2p (30). This led to a
model wherein Cus2p is a potential transcription elongation
checkpoint factor during cotranscriptional spliceosome as-
sembly.

Physical interactions have been reported between com-
ponents of the SAGA complex and U2 snRNP, each com-
plex containing around 20 subunits, conserved from yeast

to mammals. The SAGA complex is important in tran-
scription initiation and elongation, and in mRNA export
(37,38). It is organized into four functional modules, in-
cluding a HAT (histone acetyltransferase) module, a DUB
(deubiquitinase) module, a Core structure module, and a
TBP-binding module. 17S U2 snRNP is composed of U2A′,
U2B”, Sm proteins, SF3a, and the SF3b complex (39).
Human SAGA component SPT3 was found to interact
with SF3B3/SAP130 (40,41), a subunit in the SF3b com-
plex that is critical for pre-spliceosome assembly (42,43). In
Drosophila, two SF3b subunits, SF3B3 and SF3B5, are pro-
posed as components of the SAGA complex and interact
with multiple SAGA subunits, including Sgf29 and Spt7, in
a yeast two-hybrid assay (44).

Multiple genetic and physical interactions between the
SAGA complex and U2 snRNP strongly suggest that
these two complexes are important for regulation of co-
transcriptional splicing. However, the details and mecha-
nisms for how coupling between transcription and splic-
ing is mediated remain unclear. In this study, we per-
formed a genetic screen in yeast and found that a com-
ponent of transcriptional complex SAGA, SPT8, geneti-
cally interacts with PRP5. Further genetic studies revealed
that such interactions are limited to the TBP-binding mod-
ule of the SAGA complex. We propose that the TBP-
binding module (Spt8p/Spt3p) of SAGA, together with
the spliceosomal RNA helicase Prp5p, mediate a bal-
ance between transcription initiation/elongation and pre-
spliceosome assembly/proofreading.

MATERIALS AND METHODS

Yeast strains and plasmids

Saccharomyces cerevisiae strains used in this study are listed
in Supplementary Table S1. They were derived from strain
46ΔCUP (45), yYZX02 (MATa, ade2 cup1Δ::ura3 his3 leu2
lys2 prp5Δ::loxP trp1, pRS316-PRP5 [PRP5 URA3 CEN
ARS]), or yYZX06 (MATa, ade2 cup1Δ::ura3 his3 leu2
lys2 prp5Δ::loxP trp1, cus2Δ::loxP pRS316-PRP5 [PRP5
URA3 CEN ARS]) (36). Strains with deletions of SAGA
components or other factors were constructed by homol-
ogous recombination using PCR products of KAN-MX4
cassettes and G418 selection. Plasmids of prp5, prp28,
spt8, gcn5 and ACT1-CUP1 reporter mutants were pre-
pared by either in vivo gap repair cloning or traditional
cloning.

Screen for suppressors of prp5-GAR cold-sensitivity

yYZX-02 cells (0.02 OD600) carrying the cold-sensitive
prp5-GAR allele were spread on 10 cm -Trp plates and
grown overnight at 30◦C. To generate random mutations,
cell plates were irradiated with 10, 25 or 50 mJ/cm2 ultravi-
olet light (Stratalinker, 254 nm) and then incubated at 16◦C
until colonies appeared (∼2 weeks). Suppressor colonies
were then patched and cultured at 30◦C. To exclude cus2
mutations, the CUS2 gene in each colony was amplified and
Sanger sequenced. The remaining suppressor colonies were
then transformed with yeast cDNA library plasmids. Plas-
mids in the yeast strains that reverted to 16◦C cold sensi-
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tivity were isolated and sequenced to find suppressor candi-
dates, which were further identified by sequencing of their
chromosomal counterpart genes.

6-Azauracil and copper assays

Yeast strains were first grown overnight in synthetic com-
plete (SC) media without indicated amino acid(s) depend-
ing on the plasmid back-bone. Cells were then diluted to
OD 0.2 at 600 nm when the culture reached mid-log phase.
For 6-azauracil (6-AU) assays, yeast cells in 10-fold serial
dilutions were spotted on plates containing 75 �g/ml of
6-azauracil (Sigma-Aldrich) and cultured at various tem-
peratures. Plates were photographed each day to moni-
tor growth. Copper assays were carried out as described
(36,45). Plates were scored by the maximum copper toler-
ance of strain growth after 4 days culture at 30◦C.

Co-Immunoprecipitation, western blotting, and RT-PCR

To perform in vivo co-IP, Prp5p was tagged at the
N-terminus with FLAG through overlapping PCR and
cloning on pRS314-TRP plasmid, Spt8p was tagged at C-
terminus with 3xHA on pRS313-HIS plasmid. Both plas-
mids were then transformed into a spt8 strain (yYZX15
with WT PRP5 on a URA plasmid), and transformants
were further selected to lose the URA plasmid using 5-
FOA plates. Tag-containing strains were grown into mid-
log phase and harvested, and the cell pellets were washed
once in TBS buffer and the cell lysates were prepared
by glass beads using lysis buffer (50 mM Tris–HCl, pH
7.0, 0.1% Triton, 150 mM NaCl) with protease inhibitors.
Cleared lysates were then tumbled with anti-HA beads (In-
vitrogen) for 4 h at 4◦C, followed by washing three times
using the lysis buffer. Bead-bound proteins were separated
on SDS-PAGE gels and probed with anti-HA (Invitrogen)
or anti-Flag (Sigma) antibodies.

Purification of 6xHis-tagged full-length and truncated
Prp5p proteins was described previously (46). GST-tagged
Spt8p and Spt3p were generated by cloning coding se-
quences of SPT8 and SPT3 into pGEX-4T-1 and expressed
in Escherichia coli (Rosetta) for 20 h at 16◦C with 1.0 mM
IPTG followed by purification using glutathione-sepharose
(GE) under standard conditions. All purified proteins were
dialyzed and stored in buffer D (20 mM HEPES–KOH at
pH 7.9, 0.2 mM EDTA, 100 mM KCl, 0.5 mM dithiothre-
itol, 1 mM phenylmethylsulfonylfluoride, 20% glycerol). For
in vitro protein–protein interaction assays, Prp5p proteins
(40 pmol) were incubated with Spt8p or Spt3p (10 pmol) in
500 �l binding buffer (20 mM Tris–Cl at pH 8.0, 150 mM
NaCl, 1mM EDTA, 0.2% Triton X-100, 0.5 mM PMSF) for
4 h at 4◦C with Ni-NTA agarose. Bead pellets were washed
four times with wash buffer (50 mM Tris–Cl at pH 8.0, 140
mM NaCl, 1 mM EDTA, 0.1% Triton X-100) and then re-
suspended in 50 �l of 1× sample loading buffer for SDS-
PAGE electrophoresis. Spt8p, Spt3p and Prp5p were de-
tected by western blotting using anti-GST (Sigma) or anti-
His (Sigma) monoclonal antibodies.

Total RNA was isolated from yeast strains grown under
various conditions, and RT-PCR was then performed as de-
scribed (36,47). All related primers are listed in Supplemen-
tary Table S2.

Chromatin immunoprecipitation and Hiseq-PE150 sequenc-
ing

Chromatin Immunoprecipitation (ChIP) was performed as
described (17). Yeast strains were grown overnight from a
starting culture and diluted in fresh medium to reach mid-
log phase. Cells were then either shifted to 16◦C for an ad-
ditional 30 min culture, or added to 6-AU (final 75 �g/ml)
for additional 1 h culture at 30◦C. For cross-linking, cells
were treated with 1% formaldehyde for 15 min and then
quenched by addition of glycine to 125 mM. After centrifu-
gation, cell pellets were washed with cold TBS and lysed
by glass beads in FA lysis buffer (50 mM HEPES–KOH
at pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton X-
100, 0.1% Na deoxycholate, 0.1% SDS, 1 mM PMSF) con-
taining protease inhibitors. Chromatin was sheared using
a Diagenode Bioruptor. Immunoprecipitations were per-
formed using anti-RNA Pol II antibody (8WG16; Cov-
ance MMS-126R), anti-HA-agarose beads (Sigma), and
anti-Flag M2 Affinity Agarose (Sigma). Associated DNAs
were then purified using a PCR clean-up kit (Axygen)
and analyzed by QuantStudio Real-Time PCR (Thermo
Fisher) and Hiseq-PE150 (Novogene). For Real-Time PCR,
primers used are as described (30,48), and the PCR signals
from the immunoprecipitated samples were normalized to
input.

The standard framework of ChIP-seq was used from
nf-core/ChIP-seq version 1.1.0 pipeline (49): reads were
aligned to S. cerevisiae genome (version R64–1-1) using
BWA version 0.7.17-r1188; reads that were marked as du-
plicates and mapped to multiple locations were removed by
Samtools version 1.9; read counts per bin were normalized
to one million mapped reads (RPM) by deepTools version
3.2.1; peak calling used MACS2 version 2.1.2. We used DE-
Seq2 version 1.22.2 to make differential binding analysis of
different IP samples. IP enrichment signals were calculated
using ratio of RPMIP and RPMinput. Then, deepTools was
used to draw the different value coverage of IP enrichment
signal from two IP samples in exons, introns and 200 bp
regions before the TSS. The gene annotation was obtained
from the NCBI database.

RESULTS

spt8 mutants rescue the cs phenotype of the prp5-GAR allele

To identify additional interactions with or functions of
Prp5p, we performed a yeast genetic screen using UV
irradiation-induced mutagenesis and searched for suppres-
sors that rescued the cs phenotype of the prp5-GAR allele
(Figure 1A), which has mutations in the Prp5p SAT mo-
tif, has severely reduced ATPase activity, and is defective
in splicing of branch site (BS) region mutant introns––i.e.
introns with reduced base-pairing to U2 snRNA (36).
The WT background S. cerevisiae strain with prp5-GAR
allele cannot grow at the non-permissive temperature
16◦C (Figure 1B); however, in the genetic screen we ob-
tained dozens of clones that could grow at 16◦C after
UV-irradiation.

It was known that deletion of CUS2, encoding a protein
component of U2 snRNP and an assumed functional tar-
get of Prp5p, rescued growth defects of the ts prp5–1 al-
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Figure 1. Reciprocal genetic interactions between transcription factor SPT8 and splicing factor PRP5. (A) Strategy for genetic screen for suppressors of
the cold sensitive (cs) prp5-GAR allele. One spt8 mutant allele was obtained. (B) Deletion of SPT8 gene rescues the cs phenotype of prp5-GAR allele at
16◦C. (C) At the permissive temperature (30◦C), prp5 alleles (-SAG, -TAG and -GAG) rescue growth defects of spt8Δ allele on 6-AU.

lele (31,32) and of the cs prp5-GAR allele (36). To eliminate
cus2-mutated clones, we first amplified and sequenced the
CUS2 gene in all suppressor clones, identifying more than
70% of clones that contained various mutations in CUS2,
all of which introduced early stop codons thereby trun-
cating Cus2p. We then focused on the non-cus2-mutated
clones. We transformed cDNA library plasmids of S. cere-
visiae (50) into the non-cus2 suppressor-containing clones
to search for plasmids that could restore the cs phenotype,
and identified a library plasmid carrying full-length tran-
scription factor SPT8 that restored the yeast clone back to
cold sensitivity. Further sequencing of this clone revealed
that it had a mutation in the coding region of chromoso-
mal SPT8, in which guanosine (position 980) was mutated
to adenosine, introducing a stop codon (TAG) that termi-
nated translation of Spt8p within its WD40 domain (Sup-
plementary Figure S1A).

To confirm that loss of Spt8p, which is not essential for
cell viability (51), suppressed prp5-GAR defects, we deleted
the chromosomal SPT8 gene (spt8Δ) in the prp5-GAR
strain and validated that spt8Δ also rescued the cs pheno-
type of the prp5-GAR allele (Figure 1B, cf. columns 2 to 1).
Deletion of SPT8 did not change the growth of strains con-
taining other prp5-SAT alleles (-SAG, -TAG, -GAG), all of
which grew similarly to the WT PRP5-SAT strain at 16◦C
and 30◦C (Figure 1B). Thus, inactivation of SAGA compo-
nent Spt8p, either by mutation or deletion, partly rescues
the severely ATPase-defective prp5-GAR allele.

prp5 alleles rescue growth defects due to SPT8 deletion

Spt8p is a component of SAGA, a chromatin-modifying
complex that contains two distinct enzymatic activities,
acetylation and deubiquitination of histone residues, and
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is involved in transcription initiation and elongation
(27,28,52). We surmised from the SPT8−PRP5 genetic in-
teraction that prp5 alleles might have previously-undetected
effects on transcription. To address this possibility, we as-
sayed growth in the presence of 6-azauracil (6-AU), which
exacerbates transcription defects through inhibition of IM-
PDH, an enzyme catalyzing the first committed step in
GMP biosynthesis (53,54). A series of prp5 alleles, includ-
ing prp5-SAG, -TAG, -GAG and -GAR that have decreased
ATPase activities (51%, 42%, 22% and 4%, respectively, rel-
ative to WT PRP5-SAT, 36), were tested at the permissive
temperature (30◦C). In comparison to the WT PRP5-SAT
allele, strains with prp5-GAR allele grew mildly worse on
6-AU, but other prp5 mutant alleles did not show obvious
defects in growth (Figure 1C, column 3). Consistent with
Spt8p’s primary function in transcription, growth of the
spt8Δ strain on 6-AU was significantly inhibited (55); how-
ever, this inhibition was rescued by the presence of prp5-
SAG, -TAG or -GAG alleles (Figure 1C column 4).

We further tested the 6-AU sensitivity at two other tem-
peratures, 16◦C and 37◦C. At 16◦C, all the yeast strains
grew slower on 6-AU medium, but their patterns of inhi-
bition and rescue were similar to that described above at
30◦C (Supplementary Figure S1B). In contrast, at 37◦C, the
pattern was reversed: in the presence of all tested prp5 alle-
les, cells grown on 6-AU were significantly inhibited; how-
ever, spt8Δ rescued growth on 6-AU of the WT PRP5-SAT
and prp5-GAR alleles, but not -SAG, -TAG, or -GAG alle-
les (Supplementary Figure S1C). Taken together, these data
suggest a reciprocal genetic interaction between Prp5p and
Spt8p that impacts transcriptional elongation.

SPT3, another SAGA component, also genetically interacts
with PRP5

The yeast SAGA complex is composed of 19 protein com-
ponents, which are roughly divided into four modules ac-
cording to their functions, TBP-binding (Spt8p and Spt3p),
core structural (Ada1p, Spt7p, Spt20p, Taf5p, Taf6p, Taf9p,
Taf10p, and Taf12p), deubiquitinating (Sgf11p, Sgf73p,
Sus1p and Ubp8p), and HAT (Ada2p, Ada3p, and Gcn5p)
(37,56,57). To address whether other components of the
SAGA complex are also involved in a reciprocal genetic in-
teraction with Prp5p, we further tested deletion of the SPT3
gene, the other component of the TBP-binding module, and
deletion of two genes selected from each of the other three
SAGA modules, including spt7Δ, spt20Δ, ubp8Δ, sgf11Δ,
gcn5Δ and ada2Δ (Figure 2A). None of the tested deletions
could rescue the cs phenotype of prp5-GAR allele except for
spt3Δ, which allowed yeast with prp5-GAR allele to grow
at 16◦C (Figure 2B, column 2), similar to the above find-
ings with spt8Δ; in addition, the spt3Δ yeast strain grew
slowly at 30◦C, which was partially rescued by prp5-GAR
allele (Figure 2B, cf. columns 4 to 3). Similarly, inhibition
of growth on 6-AU of the spt3Δ strain could be rescued by
prp5-TAG and -GAG alleles, but not by the prp5-GAR allele
(Figure 2C, column 2). We note that prp5-GAR mildly re-
duces the growth at 30◦C in the background of spt7Δ and
gcn5Δ (Figure 2B, cf. columns 4 to 3).

GCN5 has genetic interactions with U2 snRNP pro-
tein component genes LEA1/U2A′ and MSL1/U2B”, and

gcn5Δ rescues the lethality of LEA1 and MSL1 double dele-
tion (26). Therefore, we further used two gcn5 mutant alle-
les, gcn5-AAA(KQL), which eliminates the HAT activity of
Gcn5p, and gcn5-AAA(RGY), which retains intermediate
HAT function (26), and tested their genetic interaction with
prp5 alleles. As with gcn5Δ above, these two gcn5 mutant al-
leles could not rescue the cs phenotype of prp5-GAR allele
(Supplementary Figure S2), indicating no detectable genetic
interaction between GCN5 and PRP5 under the conditions
tested here.

Therefore, these data reveal a previously unknown recip-
rocal genetic interaction between the TBP-binding module
(SPT8 and SPT3) of the SAGA complex and the spliceoso-
mal ATPase gene PRP5. In one direction, spt8Δ or spt3Δ
rescues the cs phenotype of the prp5-GAR allele, indicating
that impaired splicing can be improved by deletion of tran-
scription factors; in the other direction, prp5 mutant alleles
rescue the growth defects on 6-AU of spt8Δ and spt3Δ, in-
dicating that impaired transcription can be improved by the
slower spliceosomal ATPase.

Decreased RNA Pol II binding in the presence of prp5 mutant
alleles is reversed by spt8Δ

To further explore the mechanism of this genetic interaction
between PRP5 and SPT8/SPT3, we performed ChIP us-
ing Rbp1p antibody (8WG16) to detect occupancy of RNA
Polymerase II (Pol II) on regions of two frequently tested
genes: DBP2, an intron-containing gene, and PDR5, an in-
tronless gene (48). At the permissive temperature (30◦C),
binding of Pol II on the intron-containing gene DBP2 in
the presence of prp5-TAG or -GAR allele was decreased
across gene regions in comparison to the WT PRP5-SAT al-
lele (Figure 3A upper left). Deletion of SPT8 significantly
decreased Pol II binding in the presence of all prp5 alleles
(Figure 3A upper right). After shift to the non-permissive
temperature (16◦C), binding of Pol II on DBP2 was gen-
erally reduced and the inhibition by prp5-TAG allele was
not as strong as at 30◦C (Figure 3A lower left). In con-
trast, spt8Δ significantly improved Pol II binding on DBP2
in the presence of prp5-GAR allele at 16◦C, with a >4-fold
enhancement on the promoter region in the presence of
prp5-GAR allele compared to WT-PRP5 (Figure 3A, lower
right). However, on the intronless gene PDR5, we did not
observe decreased Pol II binding in the presence of prp5
mutant alleles, or the reverse effects by spt8Δ (Figure 3A′).
Taken together, these results demonstrate that rescue of the
prp5-GAR cs phenotype by spt8Δ correlates with the in-
creased binding of RNA Pol II in an intron-dependent man-
ner.

We next performed the same ChIP assays on yeast that
grew in media with 6-AU, and found that 6-AU dramat-
ically inhibited the binding of Pol II on both DBP2 and
PDR5 genes (Supplementary Figure S3), as previously de-
scribed (58). Similar to the above data (Figure 3A, lower
right), in the presence of 6-AU, mutant prp5 alleles inhibit
Pol II binding on intron-containing gene DBP2, whereas
spt8Δ allows slow prp5 alleles to increase Pol II binding.
These results are consistent with our genetic results (Figure
1), that prp5-TAG allele rescues cell growth on 6-AU when
SPT8 is deleted.
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Figure 2. SPT3, another SAGA component, also genetically interacts with PRP5. (A) Illustration of the yeast SAGA complex. Components are classified
into four groups (57), in which colored factors are tested in this study. (B) Deletion of SPT3 rescues the cs phenotype of the prp5-GAR allele, whereas
deletion of other tested SAGA components cannot. (C) prp5 alleles (-TAG and -GAG) rescue growth defects of the spt3Δ allele on 6-AU.
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Figure 3. In the absence of SPT8, prp5 mutant alleles stimulate RNA polymerase II binding to an intron-containing gene. ChIP assays on intron-containing
gene DBP2 and intronless gene PDR5 were performed using RNA Pol II antibody 8WG16 (A and A’), anti-HA agarose for the HA-tagged Spt8 strain (B)
and for the HA-tagged Gcn5 strain (C), and anti-Flag agarose for the Flag-tagged Prp5 strains with WT SPT8 (D) or spt8Δ (E). Temperatures for yeast
cultures and location of PCR primers are indicated. Bar graphs represent the co-immunoprecipitated signals and were normalized to input. All the data
were analyzed from triplicates. Error bars represent standard deviation from the mean.

Spt8p and Prp5p reciprocally affect each other’s recruitment
to transcribed genes

To further address the role of Spt8–Prp5 interaction, we
performed additional ChIP assays using antibodies against
epitope tags on Spt8p, Gcn5p, and Prp5p (Figure 3B–E).
First, we observed that Spt8p binds to promoter regions of
both the intron-containing gene DBP2 and the intronless
gene PDR5; this binding was decreased after the transcrip-
tion initiation site and then restored at the elongation stage,

as previously described (59). In comparison to WT PRP5-
SAT, prp5-TAG, and -GAR mutant alleles significantly en-
hanced the binding of Spt8p at the elongation stage (Fig-
ure 3B). Second, Gcn5p, a component of the HAT module,
exhibited overall less binding and no obvious changes dur-
ing transcription on both intron-containing and intronless
genes; and the prp5 alleles did not alter binding of Gcn5p
(Figure 3C). These data again suggested that the function of
Gcn5p is not coupled with Prp5p’s activity. Third, we per-
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formed Prp5p ChIP in yeast strains with or without SPT8.
In the presence of SPT8, recruitment of WT Prp5p to the
intron-containing gene DBP2 was steadily increased from
the transcription initiation site to the elongation stage, and
prp5 mutant proteins exhibited enhanced recruitment to
DBP2 (Figure 3D). In contrast, spt8Δ significantly changed
the recruitment of Prp5p on DBP2: WT Prp5p was in-
creased, whereas Prp5p mutants were significantly inhibited
(cf. Figure 3D to E). However, for the intronless gene PDR5,
recruitment of WT Prp5p and its mutants was not changed
across the transcribed regions, and spt8Δ had no detectable
effects (Figure 3D and E).

Taken together, these data demonstrate that slow prp5
mutants enhance the recruitment of Spt8p to transcribing
genes, especially at the elongation stage, and the presence
of Spt8p facilitates the recruitment of Prp5p to the tran-
scribing intron-containing gene. These results are globally
consistent with the above-identified reciprocal genetic inter-
actions.

Inhibited splicing caused by prp5-GAR is rescued by SPT8
deletion

We previously found that prp5-GAR significantly inhibited
splicing of the WT ACT1-CUP1 reporter (36). Here, we in-
vestigated splicing changes of endogenous genes in the mu-
tant strains by RT-PCR. In comparison to the WT strain,
splicing of all eight tested intron-containing genes was in-
hibited in the prp5-GAR strain, exhibiting increased levels
of pre-mRNA, but not in the spt8Δ strain (Figure 4A). Al-
though the prp5-GAR allele is cs, splicing inhibition was al-
ready obvious at 30◦C. Interestingly, the inhibited splicing
caused by prp5-GAR was rescued by the spt8Δ, evidenced
by a decrease of pre-mRNA level to a similar level as in the
WT strain (Figure 4A). These data demonstrate that Spt8p
contributes to the modulation of spliceosome assembly at
the stage of U2 snRNP binding that is facilitated by the
ATPase/RNA helicase Prp5p.

Genome-wide analysis of RNA Pol II binding shows that prp5
mutation and spt8Δ globally rescue each other’s effects

To further investigate the role of Prp5p–Spt8p interaction
on genome-wide transcription, we performed ChIP-seq of
yeast strains with spt8Δ, prp5-GAR, and both mutant al-
leles using the RNA Pol II antibody. At the permissive
temperature, deletion of SPT8 resulted in significantly de-
creased RNA Pol II binding over 661 genes (568 intron-
less genes plus 93 intron-containing genes), while 459 genes
(442 plus 17) showed relatively mild increased Pol II binding
(Figure 4B, left), consistent with the function of Spt8p be-
ing to facilitate transcription of a subset genes (60,61). The
prp5-GAR allele decreased RNA Pol II binding over 327
genes (249 plus 78) and increased Pol II binding over 455
genes (438 plus 17), but with no significant direction prefer-
ence as was observed for spt8Δ (Figure 4B middle). Interest-
ingly, in the double mutant strain (prp5-GAR, spt8Δ), only
2 (decreased) and 132 (increased) genes showed significantly
changed Pol II binding, suggesting a transcriptional effect
of mutual rescue between the prp5 mutation and spt8Δ (Fig-
ure 4B, right). In contrast, we did not observe this mutual

rescue effect at the non-permissive temperature, because the
prp5-GAR allele changed RNA Pol II binding of far fewer
genes at 16◦C (Figure 4B′).

To further address co-transcriptional splicing, we looked
at the transcription profile of all intron-containing genes,
and found that three of them had restored pausing of RNA
Pol II in their intron regions in the double-mutant strain.
For example, the well-studied co-transcriptional splicing
gene, DBP2, has a high peak of RNA Pol II binding in
the intronic region after the 5′SS in the WT strain, and
this peak was decreased in the prp5-GAR strain but sig-
nificantly restored with additional spt8Δ, especially at the
16◦C (Figure 4C). A similar pattern was also found for two
other intron-containing genes, NOG2 and RPL6B, but most
intron-containing genes did not exhibit an obvious pause of
RNA Pol II around the intron region.

Prp5p physically interacts with Spt8p, but not with Spt3p

One possible basis of the Spt8p and Spt3p specific genetic
interactions with Prp5p could be direct and physical in-
teractions between the transcription and splicing factors.
To address this, we first generated yeast strains in which
Spt8p was tagged with 3xHA at its C-terminus and/or
Prp5p was tagged with FLAG at its N-terminus; these
tags did not change the cs phenotype of prp5-GAR al-
lele (Supplementary Figure S4A). We found that Prp5p
was co-immunoprecipitated with Spt8p using HA antibody
in lysate from the double-tagged yeast strain, whereas no
signal was detectable from the single-tagged yeast strain
(Figure 5A, cf. lanes 4 to 3), suggesting that Spt8p and
Prp5p form a stable interaction in vivo. Second, we tested
in vitro protein-protein interactions using purified recom-
binant proteins and Ni-NTA beads, in which Prp5p was
fused with a 6xHis tag, and Spt8p and Spt3p were fused
to a GST tag. Pull-down assays showed that Prp5p directly
interacted with Spt8p, but not Spt3p (Figure 5B). Further-
more, we also investigated the region of Prp5p required to
interact with Spt8p. In contrast to the full-length Prp5p,
two truncated Prp5p proteins without its N-terminal region
(aa 1–206), ΔN and ΔN&ΔC, could not pull-down Spt8p.
However, truncated Prp5p that lacked the C-terminal re-
gion, ΔC, still efficiently pulled-down Spt8p (Figure 5C).
Although we were unable to express and test the N-terminal
domain directly, these results imply that the N-terminal re-
gion of Prp5p is required for interaction with Spt8p.

We previously found that the N-terminal region of Prp5p
also directly interacts with two different HEAT motif re-
gions of Hsh155p/SF3B1, a U2 snRNP component (46).
To address whether the Prp5p interaction with Spt8p and
Hsh155p are mutually exclusive, an in vitro competition
assay was performed. We found that Prp5p pulled down
similar levels of Spt8p in the presence or absence of ex-
cess amounts of HEAT-motif fragments of Hsh155p (Sup-
plementary Figure S4B), indicating that these two interac-
tions might not be mutually exclusive. In addition, pull-
down assays using yeast lysates showed that Spt8p-3HA
could not co-IP Hsh155p (Supplementary Figure S4C).
Taken together, these results suggest that Prp5p has dif-
ferent functional motifs within its N-terminal domain for
these two interactions, but that the Prp5p-Spt8p and the
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Figure 4. ChIP-seq reveals that global RNA Pol II binding is mutually rescued by prp5-GAR and spt8Δ. (A) Inhibited splicing by the prp5-GAR allele
is restored by SPT8 deletion. RT-PCRs were performed and the inhibited splicing ratios were semi-quantitated by signals of pre-mRNA / (pre-mRNA
+ mRNA) from triplicates. Analyses of genome-wide RNA Pol II binding on yeast genes in the presence of prp5-GAR, spt8Δ, and the double-mutant
alleles at 30◦C (B) and 16◦C (B’). Intronless and intron-containing genes were separately analyzed, and genes were grouped into increased, no change and
decreased RNA Pol II binding according to the total mapped reads that are normalized by input. Individual analyses of three genes with RNA Pol II
pausing in the intronic regions suggested the restored pausing in the double-mutant strain (C).
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Figure 5. Prp5p physically interacts with Spt8p, but not Spt3p, in vivo and in vitro. (A) Spt8p interacts with Prp5p in cell lysate. In the cell lysate from a
double-tagged strain, Spt8p-HA pulls down FLAG-Prp5p. Single-tagged strains are used as controls. (B) Prp5p directly interacts with Spt8p, but not Spt3p.
Direct in vitro protein-protein interactions were tested using purified recombinant proteins and Ni-NTA agarose. Spt8p and Spt3p were GST-tagged, and
Prp5p was fused to a 6xHis tag. No-bait pulldowns (i.e. beads alone) were used as controls. (C) The N-terminus of Prp5p is required for Spt8p–Prp5p
interaction. Upper, schematic representation of the full-length and truncated Prp5p proteins. Lower, in vitro protein-protein interactions were tested as in
panel B. (D) CUS2 is required for maintaining the genetic interaction between PRP5 and SPT8. cus2Δ abrogates the ability of all tested prp5 alleles to
rescue the growth defects of spt8Δ on 6-AU medium at 16◦C and 30◦C.
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Figure 6. Deletion of the TBP-binding module components of SAGA complex, SPT8 or SPT3, reverses PRP5-dependent proofreading at branch site
region. (A) Schematic of the ACT1-CUP1 reporter used for copper tolerance assay to monitor the efficiency of in vivo splicing. Mutant sites used in this
study are indicated in red. (B) Deletion of SPT8 reverses the improvement of splicing activity of suboptimal branch site region substrates by prp5 alleles
(SAT mutants). Growth of each strain on three representative copper concentrations was selected to illustrate altered splicing activities. (C) Deletion of
SPT3, but not other transcription factors, also reverses proofreading at the branch site region by PRP5.

Prp5p-Hsh155p interactions are for the most part at differ-
ent stages/times. However, this does not rule out the pos-
sibility of transient simultaneous interactions (see Discus-
sion).

As mentioned previously, another critical splicing fac-
tor for the function of Prp5p is Cus2p, which binds to
Hsh155p through a UHM-ULM interaction (62). Deple-
tion of Cus2p allows U2-intron binding in vitro in the ab-
sence of ATP, although Prp5p is still physically required
(31,63,64); in vivo, cus2Δ suppresses a transcriptional elon-
gation defect wherein RNA Pol II accumulates on introns
(30). To address the role of CUS2 in the Prp5p−Spt8p in-
teraction, we performed 6-AU assays in the cus2Δ back-
ground. In the absence of CUS2, the prp5-GAR allele is
no longer cs (Figure 5D upper), as previously described
(36). Deletion of CUS2 resulted in sensitivity to 6-AU and
abrogated the rescue of spt8Δ growth defects on 6-AU by
prp5 alleles under all tested temperatures (Figure 5D and
Supplementary Figure S5A). Thus, CUS2 is required for

maintaining the Spt8p−Prp5p interaction-mediated cou-
pling between transcription and splicing.

SPT8 and SPT3 contribute to BS proofreading by PRP5

Prp5p alleles, depending on their relative ATPase activities,
can modulate the use of weak BS:U2 snRNA duplexes in
splicing (36,47,65). We addressed whether disrupting the
above-identified interactions would alter the BS region se-
lectivity using the well-characterized splicing reporter gene
ACT1-CUP1 in S. cerevisiae (45), where the tolerance to
copper in the media is proportional to the splicing of the
reporter intron (Figure 6A). In the WT SPT8 background,
prp5-SAG, -TAG and -GAG alleles that are slow ATPases
relative to WT PRP5-SAT improved splicing of suboptimal
BS region substrates, such as U257C and A258U, whereas
the WT reporter was unchanged, as previously reported
(Figure 6B, left; 36). However, in the absence of SPT8, prp5-
SAT mutant alleles no longer improved splicing of subop-
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timal BS substrates; instead, their splicing activities were
decreased (Figure 6B, right); spt3Δ showed the same loss
of improved splicing due to slow-ATPase prp5 alleles (Fig-
ure 6C). In contrast, deletion of other transcription factors,
such as GCN5, DST1, or SPT4, did not alter the improved
splicing of suboptimal BS substrate by SAT motif mutant
allele prp5-TAG (Figure 6C). The exacerbation of BS region
mutants in the absence of SPT8 is likely due to the failure of
prp5 mutants to be recruited. These results indicate that the
Prp5–Spt8/Spt3 interaction modulates splicing proofread-
ing at the BS region.

DISCUSSION

Prp5p is an RNA-dependent ATPase required for early
spliceosome assembly and has been proposed to contribute
to a splicing-dependent transcriptional checkpoint associ-
ated with pre-spliceosome formation (U1–U2–intron com-
plexes) (30). In this study, we find partner proteins for
Prp5p’s coupling to the transcriptional machinery in the
TBP-binding module of the SAGA complex. This is sup-
ported by several lines of evidence: (i) reciprocal genetic in-
teractions between PRP5 and SAGA components, limited
to SPT8 and SPT3; (ii) direct physical interaction between
Prp5p and Spt8p; (iii) contribution of Spt8p and Prp5p to
each other’s recruitment to transcribed genes; (iv) global
restoration of affected transcription in the prp5-GAR and
spt8Δ double-mutant strain; (v) inhibited splicing by a prp5
mutant allele is rescued by spt8Δ and (vi) influence of Spt8p
and Spt3p on Prp5p-dependent splicing proofreading at the
BS region.

Reciprocal genetic interactions

Our data reveal a reciprocal genetic interaction between the
TBP-binding module (SPT8 and SPT3) of SAGA complex
and the spliceosomal ATPase gene PRP5. In one direction,
spt8Δ or spt3Δ rescues the cs phenotype of the prp5-GAR
allele, indicating that impaired splicing can be improved
by deletion of transcription factors; in the other direction,
prp5 mutant alleles with reduced ATPase activities rescue
the growth defects on 6-AU of spt8Δ and spt3Δ, indicating
that impaired transcription can be improved by the slower
spliceosomal ATPase. This reciprocal relationship suggests
that in WT cells there is a balance of activity of Prp5p and
Spt8p/Spt3p. Mutation of either of these results in defects
due to imbalance; in contrast, mutation of both restores this
balance.

The genetic interaction of PRP5 with both SPT8 and
SPT3 is consistent with previous findings that SPT8 and
SPT3 are functionally similar to each other, form the TBP-
binding module (51,57,60), and are structurally separated
from other SAGA components (27). Null mutations in
SPT8 are suppressed by several spt3 mutations (51). Along
with Spt3p, one proposed role of Spt8p is to control the
TBP–TATA interaction at the promoter region, identified
by chemical crosslinking (66).

Direct Prp5p–Spt8p interaction

The reciprocal genetic effects of prp5 mutants and
spt8Δ/spt3Δ suggested that they might be direct bind-

ing partners. We found that Prp5p and Spt8p co-
immunoprecipitate from yeast lysates, indicating associa-
tion within a complex. We directly tested this by making
recombinant His-Prp5p, GST-Spt8p, and GST-Spt3p pro-
teins and performed in vitro binding and pull-down as-
says (Figure 5). Prp5p directly interacts with Spt8p, but not
Spt3p; this is consistent with newly revealed cryo-EM struc-
tures of the yeast SAGA complexes, in which Spt3p is lo-
cated within the central core module (relatively inaccessi-
ble), while Spt8p is positioned outside on the adjacent sur-
face (67,68).

Other described interactions between SAGA transcrip-
tion components and splicing factors include U2 snRNP
components, Lea1p/U2A′ and Msl1p/U2B”, with GCN5
in yeast (26), the co-purification of U2 snRNP SF3B3
(SAP130) with human GCN5-containing STAGA complex
(41), and the co-purification of both U2 snRNP SF3B3 and
SF3B5 with Drosophila SAGA (44). Recently, transcription
elongation factor Spt5p has been shown to contribute to
splicing efficiency by recruitment of U5 snRNP to intron-
containing genes (69).

We previously demonstrated direct protein-protein inter-
action between Prp5p and Hsh155p, orthologue of human
SF3B1 (46). Both Prp5p–Hsh155p and Prp5p–Spt8p inter-
actions require the N-terminal domain of Prp5p, but we
could not detect any mutual exclusivity of these interactions
(Supplementary Figure S4). It is tempting to suggest that
these interactions may occur simultaneously. This may help
to first recruit Prp5p and U2 snRNPs to SAGA at the pro-
moter of transcribed genes, and then subsequently to pass
off Prp5p from SAGA to the Hsh155p component of U2
snRNP as U2 snRNA recognizes the branch site sequence
in the transcript (Figure 7). Such simultaneous interaction
would likely be transient, during pre-spliceosome forma-
tion itself, as pull-down assays using yeast lysates showed
that Spt8p-3HA did not detectably co-IP Hsh155p. Further
work is needed to address these possibilities.

Prp5p–Spt8p interaction guides proper transcription and
splicing

The physical interaction between splicing factor Prp5p
and SAGA component Spt8p is important for the cou-
pling between transcription and splicing (Figure 7A). Spt8p
and the TBP-binding module of SAGA recruit Prp5p to
the promoter region. The Spt8p−Prp5p interaction en-
sures proper initiation and elongation of transcription by
RNA Pol II (Figures 3 and 4) and modulation of splic-
ing proofreading of intron-containing gene at the BS re-
gion by Prp5p (Figure 6). In the presence of the WT Prp5p,
lack of Spt8p significantly alters transcription of a subset
of both intronless and intron-containing genes, in which
most are down-regulated, but does not change the splic-
ing efficiency of intron-containing genes (Figure 7B). On
the other hand, in the presence of Spt8p, prp5 allele (-
GAR) also affects transcription of a subset of intronless
and intron-containing genes and inhibits pre-mRNA splic-
ing of the intron-containing genes (Figure 7C). However,
the double-mutant (prp5-GAR and spt8Δ) restores the af-
fected transcription and the inhibited pre-mRNA splicing
(Figure 7D).
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Figure 7. Coupling between transcription and splicing mediated by Spt8p/Spt3p and Prp5p. (A) Schematic depicting recruitment of Prp5p to the promoter
region by the TBP-binding module of SAGA (Spt8p and Spt3p) and subsequent modulation of splicing proofreading at the BS region by Prp5p. This
recruitment relies on direct interaction between Prp5p and Spt8p. (B) Deletion of SPT8 results in altered transcription of a subset of intronless and
intron-containing genes, most are down-regulated. Loss of SPT8/SPT3 increases splicing proofreading at the BS region. (C) The prp5 mutant allele affects
transcription of a subset of intronless and intron-containing genes and inhibits pre-mRNA splicing. (D) The double mutant, prp5 allele and deletion of
SPT8, restores both affected transcription and inhibited pre-mRNA splicing. Cus2p plays a critical role in this coupling, deletion of CUS2 abrogates the
coupling between transcription and splicing. Lack of Spt8p/Spt3p results in increased splicing proofreading on suboptimal BS substrates. For clarity,
intronless genes are not depicted.

The meaning of changes in BS fidelity

In the above model, Prp5p–Spt8p interaction promotes pre-
spliceosome formation (Complex A). These findings lead
us to propose that Prp5p–Spt8p interactions accelerate pre-
spliceosome formation; this specifically suppresses splic-
ing defects caused by suboptimal branch site region sub-
strates. Conversely, loss of Prp5p–Spt8p interaction slows
pre-spliceosome formation; this exacerbates splicing defects
of suboptimal BS substrates (Figure 6). That a lack of
Spt8p/Spt3p results in increased splicing proofreading on
suboptimal BS substrates suggests that the Spt8p−Prp5p
interaction contributes to both the efficiency of transcrip-
tion and the fidelity of splicing. These data suggest that
Spt8p/Spt3p have a direct effect on U2 snRNP function at
the time of branch site recognition; alternatively, they may
alter the quality (i.e. some feature) of U2 snRNPs that are
recruited to nascent transcripts.

We note that the prp5-GAR mutant also changes the
RNA Pol II occupancy on hundreds of intronless genes;
this was unanticipated, suggesting that the recruitment of
Prp5p to transcribed genes by Spt8p might not be intron-
or splicing-dependent. Although the change in Pol II occu-
pancy on intronless genes could be due to indirect effects,
this possibility is less likely due to the short time interval

(30 min) at the non-permissive temperature. The possible
role of Prp5p on non-intron-containing genes will require
further investigation.

As a splicing factor, deletion of CUS2 causes strong
growth defects on 6-AU (Figure 5D), suggesting that it has a
critical role in yeast transcription, and this is consistent with
previous reports (30,70). The homolog of the yeast Cus2p in
humans is Tat-SF1 (29), first identified as a Tat-dependent
elongation factor important for HIV transcription (71). Re-
moval of Cus2p is a powerful suppressor of the defect of
ATPase deficient mutant Prp5p proteins (72). In the absence
of CUS2, the Prp5p-Spt8p interaction-mediated coupling is
no longer detectable, indicating a dynamic relationship be-
tween the transcription subcomplex SAGA and the spliceo-
some subcomplex U2 snRNP, and its mechanism needs
further investigation. It is intriguing that all three identi-
fied suppressors of mutant prp5 (CUS2, SPT8, and SPT3)
encode transcription factors, which underscores a role for
Prp5p in mediating a connection between transcription and
spliceosome assembly.

We considered the possibility that the Prp5p–Spt8p in-
teraction represents non-canonical roles for these proteins.
However, because prp5 mutants alter Spt8p-dependent pol
II occupancy, and spt8Δ alters the Prp5p-dependent use of
sub-optimal branch site sequences, we conclude that the in-
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teractions between Spt8p and Prp5p contribute to their re-
spective canonical roles. We also performed 6-AU assays
of spt8Δ with mutants of another ATPase Prp28p, which
is required for a later stage of spliceosome assembly, fa-
cilitating the transition from 5’SS:U1 snRNA base-pairing
to 5’SS:U6 snRNA base-pairing and resulting in the re-
lease of U1 snRNP (73,74). Using a series of prp28 mu-
tants (-E404K, -E404V, -E404L, -E404A) previously iden-
tified (75), we did not observe any detectable genetic inter-
action between SPT8 and PRP28 (Supplementary Figure
S5). These data suggest that the effects on splicing of the
interaction between Spt8p and splicing factors is limited to
pre-spliceosome assembly.
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