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ABSTRACT

The stepwise assembly of the highly dynamic spliceosome is guided by RNA-dependent ATPases of the DEAD-box family, whose
regulation is poorly understood. In the canonical assembly model, the U4/U6.U5 triple snRNP binds only after joining of the U1
and, subsequently, U2 snRNPs to the intron-containing pre-mRNA. Catalytic activation requires the exchange of U6 for U1 snRNA
at the 5′ splice site, which is promoted by the DEAD-box protein Prp28. Because Prp8, an integral U5 snRNP protein, is thought to
be a central regulator of DEAD-box proteins, we conducted a targeted search in Prp8 for cold-insensitive suppressors of a cold-
sensitive Prp28 mutant, prp28-1. We identified a cluster of suppressor mutations in an N-terminal bromodomain-like sequence of
Prp8. To identify the precise defect in prp28-1 strains that is suppressed by the Prp8 alleles, we analyzed spliceosome assembly in
vivo and in vitro. Surprisingly, in the prp28-1 strain, we observed a block not only to spliceosome activation but also to one of the
earliest steps of assembly, formation of the ATP-independent commitment complex 2 (CC2). The Prp8 suppressor partially
corrected both the early assembly and later activation defects of prp28-1, supporting a role for this U5 snRNP protein in both
the ATP-independent and ATP-dependent functions of Prp28. We conclude that the U5 snRNP has a role in the earliest events
of assembly, prior to its stable incorporation into the spliceosome.
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INTRODUCTION

The spliceosome is a macromolecular machine that locates
and excises introns with single-nucleotide precision. To ac-
curately identify and remove introns, the spliceosome under-
goes a stepwise series of binding events and conformational
rearrangements, guided by proteins of the DExD/H-box
family of RNA-dependent ATPases. In the canonical model
of spliceosome assembly (for review, see Will and Lührmann
2011) the U1 snRNP first recognizes the 5′ splice site (5′ss),
forming commitment complex 1 (CC1). The branch site
and 3′ end of the intron are then recognized by two proteins,
BBP and Mud2 in yeast, forming commitment complex 2
(CC2). Next, the first ATP-dependent step of splicing occurs:
DEAD/DECD-box proteins Prp5 and Sub2 promote rear-
rangements that replace BBP and Mud2 with the U2 snRNP
at the branch site, forming the pre-spliceosome or A com-

plex. The U4/U6.U5 triple-snRNP (tri-snRNP) then joins
to form the assembled spliceosome or B complex.
Once assembled, the spliceosome undergoes activation for

catalysis. DEAD-box protein Prp28 promotes release of the
U1 snRNP, allowing U6 to base-pair with the 5′ss. In coordi-
nation with Prp28, DEIH-box helicase Brr2 (a stable compo-
nent of the U5 snRNP) unwinds U4 from U6, allowing U6 to
base-pair with U2. Together, these ATP-dependent activities
of Prp28 and Brr2 form the U2/U6.U5 spliceosome (Bact

complex) competent for the final steps of activation, which
include binding of the NineTeen Complex (NTC) and addi-
tional rearrangements catalyzed by the DEAH-box protein
Prp2. While this general sequence of events is well supported,
several studies have also implicated the U5 snRNP in very
early steps of spliceosome assembly, before stable incorpora-
tion of the tri-snRNP (Wassarman and Steitz 1992; Wyatt
et al. 1992; Newman et al. 1995; Ast and Weiner 1997; Mar-
oney et al. 2000). In addition, the mechanisms underlying the
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timing and coordination of each assembly step remain poorly
understood. In this study, we focus on Prp28 and its interac-
tions with Prp8, an integral component of the U5 and tri-
snRNPs, thought to be a central regulator of spliceosome
activity (Kuhn et al. 2002; Grainger and Beggs 2005; Galej
et al. 2013).
Several studies have provided evidence that Prp28 pro-

motes U1 snRNP release and is involved in stable tri-snRNP
incorporation into the spliceosome. The cold-sensitive
prp28-1 mutation, G279E, is in motif 1b of the DEAD-box
domain (Strauss and Guthrie 1991, 1994), which likely con-
tacts an as yet unknown RNA substrate (Fairman-Williams
et al. 2010). It causes a broad splicing defect (Pleiss et al.
2007) and exacerbates mutations that hyperstabilize the
base-pairing between U1 and the 5′ss (Staley and Guthrie
1999). Other mutations in Prp28 reduce fidelity of U6/5′ss
base-pairing, the interaction that replaces U1/5′ss pairing
(Yang et al. 2013). Further supporting a role in U1 snRNP re-
lease, Prp28 is nonessential in strains with mutations that are
predicted to destabilize the U1/5′ss interaction (Chen et al.
2001; Hage et al. 2009; Schwer et al. 2013). Finally, U1/5′ss
hyperstabilization and prp28-1 cause similar in vitro spliceo-
some assembly defects, which include inhibition of U4/U6
unwinding and reduced stability of tri-snRNP association
(Staley andGuthrie 1999). Inmammalian cells, Prp28 is a sta-
ble component of the tri-snRNP (Teigelkamp et al. 1997) and
is directly involved in its recruitment to the spliceosome
(Ismaili et al. 2001; Mathew et al. 2008). However, yeast
Prp28 appears to be less stably associated with tri-snRNP
(Strauss and Guthrie 1994; Gottschalk et al. 1999; Stevens
et al. 2001; Small et al. 2006), so it is unclear whether the defect
in tri-snRNP incorporation in the prp28-1 strain is direct or is
an indirect consequence of the block to U1 snRNP release.
The Prp28- and Brr2-catalyzed releases of the U1 and U4

snRNPs appear to be coordinated: mutations that inhibit ei-
ther step also block the other (Kuhn et al. 1999; Staley and
Guthrie 1999). Prp8 is a good candidate for regulating
Prp28 and coordinating its activity with that of Brr2. The
Jab1/MPN domain at the C terminus of Prp8 is known to
regulate Brr2 activity (Maeder et al. 2008; Mozaffari-Jovin
et al. 2012, 2013). Furthermore, the N-terminal domain
(NTD) of Prp8 harbors a mutation that suppresses the
cold-sensitivity of the prp28-1 mutation (Kuhn et al. 2002)
and also physically interacts with two U1 snRNP proteins
(Abovich and Rosbash 1997; van Nues and Beggs 2001). A re-
cent study found that Prp8 cross-links to the U1 snRNA, and
mutations in U1 that reduce this cross-link also reduce triple-
snRNP association with the pre-mRNA (Li et al. 2013).
Therefore, Prp8 is perfectly positioned to promote tri-snRNP
joining through interactions with U1 and then regulate
Prp28-directed-U1 release.
To define Prp28’s interaction with Prp8, we conducted a

targeted selection for cold-insensitive suppressors of prp28-1
in the Prp8-NTD. We identified 15 suppressor substitu-
tions that cluster in a proposed bromodomain (Dlakic ́ and

Mushegian 2011). To determine the precise order of spliceo-
some assembly defects caused by prp28-1 and to identify
which defects are suppressed by the Prp8 alleles, we moni-
tored the kinetics of cotranscriptional spliceosome assembly
in vivo and post-transcriptional spliceosome assembly in vi-
tro. As expected, prp28-1 blocks U1 and U4 release and re-
duces stable tri-snRNP association. Surprisingly, however,
prp28-1 also inhibits formation of the pre-spliceosome and
ATP-independent CC2. Therefore, we propose that Prp28
has at least two distinct roles in spliceosome assembly and
activation: an ATP-independent role in CC2 formation and
a subsequent ATP-dependent role in U1 release. A prp28-1-
suppressor mutation in the PRP8-NTD partially alleviates
all of the spliceosome assembly and activation defects caused
by prp28-1, including the early CC2 formation defect. Our re-
sults provide evidence that Prp8 and theU5 snRNPhave a role
in the earliest events of spliceosome assembly, prior to the
stable incorporation of the tri-snRNP into the spliceosome.

RESULTS

prp8-tes alleles: substitutions in the N-terminal
quarter of Prp8 that suppress prp28-1

In order to characterize the interactions between Prp28 and
its potential regulator, Prp8, we screened the NTD of Prp8
for suppressors of prp28-1. Prp8 is a 280-kDa protein that
is an integral component of the U5 and tri-snRNPs. Sub-
stitutions in distinct regions of Prp8 suppress mutations in
a variety of spliceosomal proteins as well as mutations in
snRNAs and conserved splice signals in the pre-mRNA itself
(Grainger and Beggs 2005). Recent studies have provided
deep insight into the structure of the C-terminal two-thirds
of Prp8 (Galej et al. 2013). The C-terminal domains of
Prp8 contact the 5′ss with an RNase-H-like fold (Pena
et al. 2008; Ritchie et al. 2008; Yang et al. 2008; Schellenberg
et al. 2013) and regulate Brr2 through a Jab/MPN domain
(Pena et al. 2007; Maeder et al. 2008; Mozaffari-Jovin et al.
2012, 2013). The N-terminal portion of Prp8 remains struc-
turally elusive, but is particularly interesting in connection
with Prp28. In a prior selection for suppressors of a cold-sen-
sitive mutation in U4 RNA (U4-cs1) that blocks U4 and U1
release at 16°C, we isolated an N-terminal Prp8 substitution
(L280P) that suppressed both U4-cs1 and prp28-1 (Kuhn
et al. 2002). This substitution was the only U4-cs1-suppres-
sor of 13 tested that also suppressed prp28-1, implying that
suppression of prp28-1 is due to alteration of a specific inter-
action rather than a general effect of decreased Prp8 activity.
Therefore, we sought to map this interaction surface in the

N-terminal quarter of Prp8 by mutagenizing codons 1–660
of PRP8 by error-prone PCR and selecting alleles that allow
a prp28-1 strain to grow at 16°C (Fig. 1A,B; Table 1).
Thirty-seven cold-resistant clones were isolated, 16 of which
contained the substitution D273G, either as the sole substitu-
tion (eight clones) or as one of two or more substitutions.
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Three additional suppressors contained
a D273N substitution, once as the sole
mutation. Seven clones had an R226G
substitution, in two cases as the sole mu-
tation, and another clone had the R226S
substitution. Of the remaining 10 clones,
three had at least one substitution be-
tween residues 222 and 229, six had at
least one change between residues 263
and 281, and one had the substitution
L314S. Silent (synonymous) and second-
ary mutations spanned codons 20–595 in
the mutagenized region, indicating that
the tight clustering of the suppressor
mutations is not an artifact of the PCR
mutagenesis or in vivo recombination.
Furthermore, the most common sup-
pressor mutations were isolated in three
independent selections; therefore, it is
unlikely that they were over-represented
in the mutant pool by chance.
Working from the collection of sup-

pressor alleles, we generated PRP8 alleles
containing 15 different single amino acid
substitutions at 12 positions between
residues 222 and 314. We refer to these
collectively as “prp8-tes” alleles, for twen-
ty-eight-1 suppression. The prp8-tes alleles
were scored for their strength of suppres-
sion of prp28-1 (Fig. 1B; Table 1). P263L
and W279G gave stronger suppression
when present in combination, as isolated
in the selection, than when present indi-
vidually. The previously isolated L280P
substitution conferred a level of cold-re-
sistant growth similar to that of the newly
selected suppressors of prp28-1.
To assess the general effects of the sup-

pressor substitutions on Prp8 function,
we also tested the prp8-tes alleles for
growth phenotypes in the presence of
wild-type PRP28. The R226S substitution
conferred a strong heat-sensitive growth
defect at 37°C, but supported normal
growth at 16°C and 30°C (Fig. 1C). All
other substitutions exhibited no qualita-
tive growth defect at 16°C, 30°C, or 37°C.
Importantly, the prp8-R226S, prp28-1
double-mutant strain was not heat
sensitive (Fig. 1C), indicating that these
two mutations mutually suppress one
another.
Of the 12 residues altered by prp8-tes

mutations, nine are invariant in yeast,
rice, fruit fly, worm, and human Prp8

FIGURE 1. Suppressors of prp28-1 selected in the N-terminal quarter of Prp8. (A) Map of Prp8,
showing domains identified by sequence or structural homology (Grainger and Beggs 2005;
Dlakic ́ and Mushegian 2011; Galej et al. 2013). Numbers indicate amino acid residues. (BRD)
Bromodomain-like (Dlakic ́ andMushegian 2011). The region that was screened for prp28-1-sup-
pressor mutations and the subregion in which such mutations were obtained are indicated.
Sequences of human (H.s.), fly (D.m.), worm (C.e.), rice (O.s.), and budding yeast (S.c.) Prp8
are shown below, aligned in the region containing suppressor mutations, with the position num-
ber of the first residue and selected altered residues indicated. Residues highlighted in blue are
identical in all five sequences, while those highlighted in yellow are highly similar. Substitutions
that suppress prp28-1 are shown in red below the alignment, and substitutions that suppress
U4-cs1 (Kuhn and Brow 2000) are shown in black. Locations of putative α-helices (see D) are
indicated above the sequences. (B) prp8-tes alleles suppress the cold-sensitive growth defect of
prp28-1. Tenfold serial dilutions of wild-type, prp28-1/PRP8, and the indicated prp28-1/prp8-tes
strains were spotted on YEPD medium and incubated at 16°C for 10 d. (C) The prp8-R226Smu-
tation confers a heat-sensitive growth defect that is suppressed by prp28-1. Another substitution at
the same position, prp8-R226G, is not heat sensitive. Tenfold serial dilutions on YEPD are shown.
(D) Locationof prp8-tes substitutionsmapped onto a structuralmodel of the putative Prp8 bromo-
domain (model from Dlakic ́ and Mushegian 2011). Residues altered by prp8-tes mutations are
shown in red and selected residues and secondary structure elements are labeled. (E) prp8-tesmu-
tations do not suppress the cold-sensitive phenotype caused bymutations in BRR2 or the U4 RNA
gene. Tenfold serial dilutions of strains were spotted on YEPDmedium and incubated at 16°C for
10 d, except for U4-cs1 strains (18°C for 12 d). Controls prp8-L280P and prp8-V1098D behaved as
in Kuhn et al. (2002).
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(Fig. 1A), consistent with an important function. Intriguing-
ly, the region encompassing the prp8-tes substitutions corre-
sponds to a recently proposed bromodomain (BRD) in Prp8
(Dlakic ́ and Mushegian 2011). Bromodomains bind acetylat-
ed lysine residues in histones and other proteins (Filippako-
poulos and Knapp 2012). The putative Prp8 bromodomain
lacks several residues important for acetylated-lysine binding
(Dlakic ́ and Mushegian 2011) and so may serve as a general
protein–protein interaction domain instead. Strikingly,
when the suppressor residues are mapped on the structural
model of the bromodomain from Dlakic ́ and Mushegian
(2011), the residues cluster tightly in the four α-helices of a
helical bundle (Fig. 1D), in contrast to their dispersal in the
primary structure. All but three of the 15 substitutions sub-
stantially alter the side-chain structure, and thus are likely
to destabilize the putative four-helix bundle itself and/or its
interaction with another protein or RNA.

Substitutions in Prp8 that suppress prp28-1
do not generally suppress U4-cs1

Since the original prp28-1 suppressor, Prp8-L280P, was iso-
lated in a selection for suppressors of the cold sensitivity of
U4-cs1, we hypothesized that mutations in the Prp8-NTD
that decrease reliance of the spliceosome on Prp28 may
also counteract the effects of U4-cs1. To test this hypothesis,
we assessed the ability of prp8-tes alleles to suppress U4-cs1.
None other than L280P suppressed U4-cs1, nor did any
suppress the cold-sensitive growth phenotype conferred by
brr2-1, which blocks U4 release (Fig. 1E; Raghunathan and
Guthrie 1998; data not shown). This result indicates that sup-
pression of the growth defect of prp28-1 is not sufficient for

suppression of U4-cs1, and suggests that L280P is unusual in
its ability to suppress both mutations.

prp8-tes substitutions do not promote U1/5′ss
destabilization or alter the interaction of Prp8-NTD
with Prp39, Prp40, or Prp28 in vitro

We next tested the hypothesis that disruption of Prp8–U1
snRNP interactions by the prp8-tes alleles could bypass the
growth requirement for Prp28 function. The prp8-tes muta-
tions cluster in a potential protein–protein interaction inter-
face, and the Prp8-NTD is known to interact with U1 snRNP
proteins Prp39 and Prp40 (Abovich and Rosbash 1997; van
Nues and Beggs 2001). Further, Prp28 is nonessential in the
presence of mutations in U1 snRNP proteins or the U1
snRNA that are expected to destabilize the U1/5′ss interaction
(Chen et al. 2001; Hage et al. 2009; Schwer et al. 2013).
Therefore, if loss of Prp8–U1 interactions similarly leads to
destabilization of U1 snRNP from the 5′ss, they might bypass
the requirement for Prp28. However, we found that a prp8-tes
allele did not rescue the lethality caused by a complete ab-
sence of Prp28 protein or by a substitution predicted to
destroy the catalytic activity of Prp28 (prp28-D341N) (Fig.
2A). Nor did a prp8-tes allele suppress the low-temperature
growth defect caused by hyperstabilization of U1/5′ss base-
pairing (Fig. 2B). These results indicate that prp8-tes alleles
do not significantly destabilize the U1/5′ss interaction.
To more directly test the effect of prp8-tes alleles on bind-

ing of the Prp8-NTD to Prp39 or Prp40, we used in vitro
binding assays. An N-terminal fragment of Prp8 (Prp8 resi-
dues 1–330) with an N-terminal glutathione S-transferase
(GST) tag and either wild-type sequence or one of three
prp8-tes substitutions was expressed in E. coli. Full-length
Prp39 and Prp40 with C-terminal His6 tags were also ex-
pressed in E. coli. Using a standard GST pull-down method,
we reproduced the known interactions of the Prp8-NTDwith
Prp39 and Prp40. However, wild-type Prp8-NTD and the
three prp8-tes alleles all pulled down similar amounts of
both Prp39 and Prp40 (Fig. 2C). Taken together, our results
indicate that prp8-tes alleles suppress prp28-1 by a means oth-
er than altering interactions between Prp8 and Prp39 or
Prp40, or by directly promoting destabilization of the U1/
5′ss interaction.
If the prp8-tesmutations are not suppressing prp28-1 indi-

rectly by destabilizing the U1 snRNP-5′ splice-site interac-
tion, they may be acting directly by altering a Prp8–Prp28
interaction. Although a direct interaction between Prp28
and the Prp8-NTD has not been reported, we were able to
detect binding by GST pull-down using moderately stringent
wash conditions (200 mM KOAc at room temperature).
However, the prp8-tes substitutions did not alter that interac-
tion under the conditions of our assay (Fig. 2D). These results
do not exclude the possibility that the prp8-tes substitutions
alter Prp8–Prp28 interactions in a way that alters regulation
of Prp28 activity by Prp8.

TABLE 1. Suppressors of prp28-1 in the N-terminal quarter of Prp8

Substitution

No. of
independent

clones

Isolated as
single

substitution
Strength of
suppression

I222R 1 1 +++
I222V 1 1 +
R226G 7 2 +++
R226S 1 0 ++++
R229Q 1 0 +++
P263L 1 0a ++
I264R 1 0 ++++
L266P 1 0 ++
L268S 2 2 +++
D273G 16 8 ++++
D273N 3 1 ++++
W279G 1 0a +++
L280Pb NA NA ++
Y281C 1 0 ++
L314S 1 0 +++
P263L/W279G 1 NA ++++

(NA) Not applicable.
aP263L/W279G were isolated as double substitution.
bIdentified previously (Kuhn et al. 2002).
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A prp8-tes allele partially suppresses the prp28-1
global splicing defect

To measure the effect of a prp8-tes mutation on the global
splicing defect caused by prp28-1 in vivo, we used splicing-
specific DNA microarrays (Pleiss et al. 2007). The prp8-tes
strain P263L/W279G was chosen for this and subsequent as-
says, as it displays strong suppression of the prp28-1 growth
defect. Cy3- or Cy5-labeled cDNAwasmade from total cellu-
lar RNA isolated from wild-type, prp28-1, prp8-tes, or prp28-
1/prp8-tes double-mutant strains, then was competitively hy-
bridized to DNA microarrays as indicated in Figure 3.
Genome-wide splicing improved in the prp28-1/prp8-tes

strain relative to prp28-1 alone. The prp28-1 strain exhibited
a broad splicing defect at 16°C, characterized by increases in
intron levels and decreases in spliced RNA levels relative to
wild-type, consistent with our previous report (Fig. 3, lanes
6,10; Pleiss et al. 2007). The prp8-tes strain by itself behaved
similarly to wild type (lanes 1,5,9), as expected given its lack
of growth defect. Suppression of the prp28-1 splicing defect
can be seen by comparing the prp28-1 versus wild-type pat-
tern to the prp28-1/prp8-tes versus wild-type pattern (cf.
lanes 6 and 7), or by directly testing suppression on the array
by competitively hybridizing cDNA from prp28-1 against
cDNA from prp28-1/prp8-tes (lanes 4,8,12). Intron-contain-
ing RNA accumulated to some extent in the suppressed dou-
ble mutant relative to wild type (lane 7). A mild level of
suppression is consistent with the incomplete suppression
of the prp28-1 growth defect (Fig. 1B).

U2 snRNP joining and subsequent steps
of spliceosome assembly are inhibited
by prp28-1 in vivo

In order to determine the precise defect in the prp28-1 strain
that is suppressed by prp8-P263L/W279G, we monitored the
kinetics of cotranscriptional spliceosome assembly in prp28-1
and prp28-1/prp8-tes strains using chromatin immunopre-
cipitation (ChIP). We measured the occupancy of several
HA-tagged splicing factors (representatives of the U1, U2,
and U5 snRNPs and of the NTC) at five positions along an
intron-containing gene, ECM33. As pre-mRNA is synthe-
sized, splicing factors bind and can be cross-linked to nearby
DNA. Thus, the position of cross-linking along a gene can be
used as a readout for splicing factor association with the na-
scent pre-mRNA (Fig. 4A; Kotovic et al. 2003; Görnemann
et al. 2005; Lacadie and Rosbash 2005). To compare spliceo-
some assembly at permissive and nonpermissive tempera-
tures, cultures were grown at 30°C, then divided and
incubated at either 30°C or 16°C for 45 min.
Our results for a wild-type strain at 30°C are consistent

with previous reports (Görnemann et al. 2005; Lacadie and
Rosbash 2005). U1 snRNP association peaked near the region
of ECM33 DNA that corresponds to the 3′ss, then decreased
by 500 bp downstream to a level similar to that at the 5′ss,

FIGURE 2. prp8-tes does not bypass Prp28, suppress U1/5′ss hypersta-
bilization, or alter interactions with U1 proteins Prp39 or Prp40 in vitro.
(A) prp8-P263L/W279G does not bypass the requirement for Prp28. A
prp28Δ/prp8Δ strain (JG140) containing wild-type PRP28 on a URA3-
marked plasmid and pRS313-prp8-P263L/W279G was transformed
with pRS317 (empty vector), pRS317-PRP28, pRS317-prp28-D341N
(should be catalytically inactive), or pRS317-yhc1-1, which is known
to bypass Prp28 (Chen et al. 2001). Tenfold serial dilutions were plated
on YEPD or YEPD + 5-FOA and grown at 30°C for 3 d. Only strains with
pRS317-PRP28 or pRS317-yhc1-1 were able to grow in the absence of
the URA3-marked PRP28 plasmid. (B) prp8-tes does not suppress U1/
5′ss hyperstabilization. Fivefold serial dilutions of strains with PRP8
or prp8-P263L/W279G and wild-type or U1/5′ss hyperstabilized Act-
Cup splicing reporters (Staley and Guthrie 1999) were plated onto
SD–Ura medium with 0.1 mM copper sulfate, and grown at 16°C for
6 d. In the presence of the U1/5′ss hyperstabilized Act1-Cup1 reporter,
wild-type PRP8 and prp8-tes strains grow equally poorly at 16°C on
0.1 mM copper sulfate. (C) Prp39 and Prp40 bind similarly to wild-
type Prp8-NTD, Prp8-NTD(P263L/W279G), Prp8-NTD(R226G), and
Prp8-NTD(D273G). His6 fusion Prp39 or Prp40 proteins were added
to bead-bound GST-fusion Prp8-NTD proteins in a threefold dilution
series. GST-only beads were incubated with the highest amount of
His-fusion protein, and Input lanes contain 25% of the lowest amount
of His-fusion protein used in the binding reactions. (D) Prp28 binds
similarly to Prp8-NTD and Prp8-NTD-tes alleles. His6 fusion Prp28
was added to bead-bound GST-fusion Prp8-NTD proteins in a fourfold
dilution series. GST-only beads were incubated with the highest amount
of Prp28 protein, and Input lane contains 65% of the lowest amount of
Prp28 used in the binding reactions.
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consistent with release of the U1 snRNP upon activation of
the spliceosome (Fig. 4B, black). U2 snRNP occupancy was
highest near the 3′ss, then slowly decreased over the next
1000 bp (Fig. 4C). U5 and NTC associations were similar:
they peaked over the second exon, consistent with tri-
snRNP and NTC addition following U2 snRNP binding
(Fig. 4D,E). When wild-type cultures were shifted to 16°C
prior to cross-linking for ChIP, the patterns of U1 snRNP
and NTC binding were similar to those at 30°C (Supplemen-
tal Fig. 1). U2 and U5 snRNP associations were slightly de-
layed compared with 30°C, but reached similar maximum
levels (Supplemental Fig. 1).
The prp28-1 strain shifted to restrictive temperature

(16°C) yielded a dramatically different ChIP pattern (Fig.
4B–E, orange). In agreement with the function of Prp28 in
displacing the U1 snRNP from the 5′ss, we observed persis-
tence of the U1 snRNP signal in the prp28-1 background
up to 1500 bp downstream from the 5′ss (Fig. 4B). This de-
layed release was most pronounced at 16°C, but was evident
even at permissive temperature (30°C). U2 snRNP recruit-
ment was predicted to be unaltered by the prp28-1 mutation
because the U2 snRNP is thought to bind the branch point
well before Prp28 removes the U1 snRNP from the 5′ss
(for review, see Will and Lührmann 2011). Surprisingly,
shifting the prp28-1 strain to 16°C caused a pronounced delay
in U2 snRNP recruitment and decreased the maximum U2
snRNP signal (Fig. 4C). We also observed a severe delay in
U5 snRNP binding at 16°C: the highest signal was at the

end of the gene and was well below the peak signal observed
at 30°C (Fig. 4D). This finding was confirmed by analyzing
the U5 snRNP pattern along SEC27, a gene with a longer sec-
ond exon than ECM33 (Supplemental Fig. 2). We conclude
that prp28-1 causes a delay in recruitment of the U2 and
tri-snRNPs to introns in vivo.
The prp28-1 strain exhibited even more dramatically de-

layed/reduced association of NTC, even at permissive tem-
perature (Fig. 4E). The NTC joins the spliceosome soon
after the tri-snRNP (Hoskins et al. 2011) and appears to be
more stably associated after the U4 snRNP is released from
the tri-snRNP (Fabrizio et al. 2009). Thus, the result that
the NTC is even more sensitive to prp28-1 is consistent
with the allosteric cascade model, which posits that later
binding events are dependent on conformational changes in-
duced by earlier binding events (Brow 2002). Similarly, the
inhibition of U2 snRNP joining by prp28-1 may be a conse-
quence of decreased commitment complex 2 formation (see
below).
The prp8-tes allele partially suppressed all of the cotran-

scriptional assembly defects caused by prp28-1 at the nonper-
missive temperature. U1 snRNP release was still somewhat
delayed in the prp28-1/prp8-tes strain, but substantially less
so than in the absence of the suppressor mutation (Fig.
4B). A corresponding increase in the rate and magnitude of
recruitment of U2 snRNP, U5 snRNP, and NTC was ob-
served at 16°C (Fig. 4C–E). The ability of prp8-tes to suppress
the U2 association defect suggests that Prp8, a component of

FIGURE 3. The global splicing defect of the prp28-1mutant is partially suppressed by prp8-P263L/W279G. Each of 253 introns is represented by three
probes on a DNAmicroarray (Pleiss et al. 2007): one in an exon to detect total RNA (lanes 1–4), one in the intron to detect unspliced pre-mRNA (lanes
5–8), and one across the exon–exon junction to detect spliced mRNA (lanes 9–12). Differentially labeled cDNA samples from pairs of strains were
competitively hybridized to each array and log2-transformed normalized fluorescence ratios are presented. Yellow indicates an increase (ratio >0
[log2]) and blue a decrease (ratio <0 [log2]) in signal. (Lanes 1,5,9) prp8-P263L/W279G hybridized against wild-type; (lanes 2,6,10) prp28-1 against
wild type; (lanes 3,7,11) prp28-1 + prp8-P263L/W279G (“double”) against wild type; (lanes 4,8,12) prp28-1 + prp8-P263L/W279G against prp28-1 to
directly measure suppression. Results presented are the average of two biological replicates, each with a dye-flip technical replicate.
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the tri-snRNP, can influence a step of splicing that occurs
prior to tri-snRNP incorporation into the spliceosome.

U2 and tri-snRNP association are inhibited by prp28-1
in vitro, and inhibition is suppressed by prp8-tes

To determine whether the effects of prp28-1 and prp8-tes on
U2 snRNP and U5 snRNP association also occur in the ab-
sence of chromatin and transcription, we monitored the ki-
netics of spliceosome assembly in vitro at 16°C (Fig. 5).
snRNP association with biotinylated pre-mRNA as a function
of time was determined by streptavidin affinity purification,
followed by RT-qPCR for each snRNA. All five snRNPs asso-

ciated rapidly with pre-mRNA in wild-type splicing reac-
tions, reaching maximum accumulation at 5–15 min. Using
a pull-down procedure with low stringency washes to main-
tain U1 snRNP association, we were able to see that prp28-1
blocks release of U1 snRNP in vitro (Fig. 5A) as proposed,
but not directly observed previously (Staley and Guthrie
1999). At most time points, about twofold more U1 was
pulled down from reactions containing prp28-1 extract
than from reactions containing wild-type extract (Fig. 5A).
We also confirmed the previous report that U4 is released
in wild-type reactions, but retained in prp28-1 reactions at
late time points (Fig. 5B; Staley and Guthrie 1999). Consis-
tent with our in vivo ChIP results, we found that association

FIGURE 4. The prp28-1 mutation delays cotranscriptional spliceosome assembly at the ECM33 gene. (A) Diagram of the expected order of snRNP
and NTC occupancy of nascent transcripts along the ECM33 gene. The short and long open rectangles represent the 5′ and 3′ exons, respectively.
(RNAP) RNA polymerase II. In order, from the transcription start site (bent arrow), the splicing complexes are as follows: CC1, CC2, pre-spliceosome,
complete spliceosome, and active spliceosome. (B–E) Data for four HA-tagged splicing factors, which are components of three snRNPs and the
NineTeen Complex (NTC), as indicated on each panel. Diagrams at top show the positions of qPCR amplicons used for ChIP analysis of the gene
ECM33. In the panels aligned below, data points are placed according to the positions of the PCR products along the gene. Cross-linking of each factor
was assessed in strains with wild-type PRP28 and PRP8 (black line), prp28-1 and wild-type PRP8 (orange lines), and prp28-1 and prp8-P263L/W279G
(green lines). Strains were grown at 30°C (dashed lines) or 16°C (solid lines). The data represent the average of at least three independent experiments.
Error bars, SEM.
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of U2, as well as U5 and U6, was inhibited in reactions con-
taining prp28-1 relative to wild type (Fig. 5C–E). The accu-
mulation of excess U4 RNA in spliceosomes assembled in
prp28-1 extract, despite the decreased level of U5 and U6
RNAs, implies that decreased tri-snRNP recruitment is ac-
companied by decreased Brr2 activity, and thus increased
U4 snRNP retention as observed previously (Staley and
Guthrie 1999). Our in vivo and in vitro results suggest that
Prp28 has at least two functions: one important for early spli-
ceosome assembly, affecting U2 and subsequent tri-snRNP
association with pre-mRNA, and one required for U1 and
U4 release after spliceosome assembly.
The prp8-tes allele was able to suppress most of the in vitro

spliceosome assembly defects (Fig. 5A–E, green). Important-
ly, the reduction in U2 snRNA pull-down was completely
suppressed, which indicates that the functional role of Prp8
early in spliceosome assembly is not specific to cotranscrip-
tional spliceosome assembly. The defects in U5 and U6 bind-
ing and U4 release were also partially suppressed. However,
U1 release was not improved in the prp28-1/prp8-tes dou-
ble-mutant extract (see Discussion).

prp28-1 inhibits ATP-independent
CC2 formation

The surprising in vivo and in vitro defect
in U2 snRNP recruitment caused by
prp28-1 could result from inhibition of
an even earlier assembly step, so we inves-
tigated commitment complex and pre-
spliceosome formation directly. Splic-
ing reactions with radiolabled RP51A
pre-mRNA were incubated at nonper-
missive temperature (16°C) and run on
native gels that resolve CC1 from CC2
(Seraphin and Rosbash 1989, 1991).
Wild-type splicing reactions depleted of
ATP formed roughly equal amounts of
CC1 and CC2, and very little pre-splic-
eosome or spliceosome (P/SP; these
complexes comigrate) (Fig. 6, lane 1).
Addition of ATP and incubation for an
additional 20 min converted most of
the CC2 into P/SP (Fig. 6, lane 5). In con-
trast, prp28-1 splicing reactions without
ATP accumulated the majority of pre-
mRNA in CC1 (Fig. 6, lane 3), and the
CC1 band appeared more diffuse. Upon
addition of ATP to the prp28-1 splicing
reaction, only about half as much pre-
mRNA was converted to P/SP than was
with wild-type extract, and most of the
pre-mRNA that remained in commit-
ment complexes remained in CC1 (Fig.
6, lane 7). Thus, prp28-1 not only inhibits
U2 snRNP joining but also reduces BBP

and Mud2 association with CC1 (see Fig. 4A). The decrease
in U2 joining, seen in this assay and in Figures 4 and 5, is
thus likely a downstream result of inefficient CC2 formation.
Splicing is not completely blocked at 16°C by the prp28-1

mutation (Strauss and Guthrie 1991; data not shown), so we
repeated the commitment complex gels with extracts from a
strain in which Prp28 expression can be turned off by growth
in glucose-containing media (P Raghunathan and C Guthrie,
unpubl.). After 3.5–5 h of growth in the presence of glucose,
splicing extract made from these cells no longer contained
HA-tagged Prp28 detectable by Western blot for HA and
failed to splice at 16°C (data not shown). This extract formed
even less CC2 (−ATP) and subsequent splicing complexes
(+ATP) than prp28-1 extract (Fig. 6, lanes 9–10). This result
confirms that Prp28 contributes to the ATP-independent
formation of CC2, and shows that the defect in CC2 forma-
tion is not specific to the prp28-1 allele.
We also assayed the ability of prp8-tes to suppress the

prp28-1 defects in CC2 and pre-spliceosome formation
(Fig. 6, lanes 4,8). Only partial suppression was observed,
but prp8-tes/prp28-1 extract reproducibly formed CC2 and

FIGURE 5. In vitro, prp28-1 blocks U1 and U4 release and reduces stable U2, U5, and U6 asso-
ciation. Splicing extracts made from four strains (wild type: black, prp28-1: orange, prp8-P263L/
W279G: blue, prp28-1 + prp8-P263L/W279G: green lines) were incubated with biotinylated actin
pre-mRNA at 16°C. Aliquots were taken at the indicated times and snRNAs bound to the pre-
mRNA were detected by RT-qPCR. (A–E) Pull-down results for U1, U4, U2, U5, and U6
snRNAs, respectively. Reactions with the four extracts were performed in parallel. The “−5
min” time point represents background (mock pull-down without pre-mRNA). The data were
normalized as described in Materials and Methods. Error, SEM after normalization.
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pre-spliceosome better than PRP8/prp28-1 extract. There-
fore, Prp8, in addition to Prp28, influences this ATP-inde-
pendent step of spliceosome assembly.

DISCUSSION

A novel, ATP-independent function of Prp28
in CC2 formation

Here we have shown that the DEAD-box ATPase Prp28 has
an unanticipated function early in spliceosome assembly.
Specifically, we found that Prp28 promotes formation of
CC2 prior to the first ATP-dependent step of splicing, since
ATP-depleted splicing reactions containing prp28-1 or de-
pleted of Prp28 accumulated CC1 instead of CC2 (Fig. 6).
We also observed prp28-1-dependent decreases in U2 and
tri-snRNP association in vitro and in vivo, which are likely
downstream effects of the failure to efficiently or stably
form CC2 (Figs. 4, 5). Previous studies on Prp28 indicated

that it acts during spliceosome activation to promote U1
snRNP release (Staley and Guthrie 1999; Chen et al. 2001;
Ismaili et al. 2001), and our current results confirm this con-
clusion. Therefore, we propose a model in which Prp28 has at
least two roles during spliceosome assembly and activation:
one ATP-independent role in which Prp28 helps stabilize
U1, BBP, and Mud2 on the pre-mRNA during CC2 forma-
tion, and a subsequent ATP-dependent role in which Prp28
facilitates the release of U1 following tri-snRNP association
(Fig. 7).
Prp28 is an essential gene, but becomes nonessential in the

presence of mutations predicted to destabilize the U1/5′ss in-
teraction and facilitate U1 release independent of Prp28
(Chen et al. 2001; Hage et al. 2009; Schwer et al. 2013).
Therefore, while Prp28 strongly stimulates CC2 formation
on the gene we tested, it is likely not absolutely required for
this assembly step. Indeed, cells that have lost PRP28 in the
presence of the yhc1-1 bypass mutant grow very slowly
(Fig. 2B), consistent with the low level of CC2 formation
that we observed in extract depleted of Prp28 (Fig. 6).
It is not surprising that a substitution in a conserved heli-

case motif of Prp28 inhibits its ATP-dependent function
in U1 snRNP displacement, but why would this substitution
affect an ATP-independent role in CC2 formation? Motif
Ib, in which the prp28-1 substitution lies, is implicated in
RNA binding (Fairman-Williams et al. 2010), and so may

FIGURE 6. prp28-1 inhibits formation of CC2 and the transition from
commitment complex to pre-spliceosome. Complexes assembled on
32P-labeled RP51A pre-mRNA substrate in the presence or absence of
ATP were resolved on a nondenaturing acrylamide/agarose composite
gel. (Lanes 1–4,9) no ATP added; (lanes 5–8,10) 2 mM ATP added.
(Lanes 1,5) wild-type extract; (lanes 2,6) prp8-P263L/W279G extract;
(lanes 3,7) prp28-1 extract; (lanes 4,8) prp28-1 + prp8-P263L/W279G
extract; (lanes 9,10) extract from cells genetically depleted of Prp28.
(CC1) Commitment complex 1; (CC2) commitment complex 2; (P/
SP) pre-spliceosome/spliceosome, which comigrate on these gels.
Percentage of substrate in P/SP band, relative to the sum of P/SP,
CC1, and CC2 bands, and ratio of CC2:CC1 are presented below.
Error, SEM. (∗) Paired t-test conducted, pairing samples run on the
same gel: significantly different, P = 0.00023.

FIGURE 7. Model for the dual functions of Prp28 in spliceosome as-
sembly and activation. Prp28 has an early, ATP-independent function
in assembly of commitment complex 2 (CC2) and the pre-spliceosome
(A), as well as a later, ATP-dependent function in conversion of the
complete spliceosome (B) into the active spliceosome (Bact). Only se-
lected splicing factors are shown.
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influence the ATP-independent interaction with an RNA
substrate.
The DExD/H-box splicing factors Prp5 and Sub2 also

have both ATP-dependent and ATP-independent roles in
spliceosome assembly. Prp5 uses ATP hydrolysis to promote
rearrangements in the U2 snRNP that allow U2 RNA to base-
pair with the branchsite, but it first helps recruit U2 to the
pre-mRNA in an ATP-independent manner (Perriman
et al. 2003; Xu et al. 2004; Kosowski et al. 2009). In addition,
extracts depleted of Prp5 are less able to form commitment
complexes (Kosowski et al. 2009). Sub2 uses ATP hydrolysis
to release BBP and Mud2 during pre-spliceosome formation
(Kistler and Guthrie 2001; Libri et al. 2001), but is also re-
quired for CC2 formation: Depletion of Sub2 results in spli-
ceosomes that are stalled at CC1 (Zhang and Green 2001).
Our finding that Prp28 promotes CC2 formation suggests
that Prp28, Sub2, and Prp5 all collaborate to promote forma-
tion of CC2, whose components they later destabilize.

Substitutions in the U5 snRNP protein Prp8 promote
formation of early spliceosomal complexes

Our finding that substitutions in the N terminus of Prp8, an
integral U5 snRNP and tri-snRNP protein, suppress the early
assembly defects caused by prp28-1, supports the hypothesis
that the U5 snRNP functions in the earliest steps of spliceo-
some assembly, prior to its stable incorporation into the spli-
ceosome. We identified 15 “prp8-tes” substitutions spanning
a recently proposed bromodomain in the N terminus of
Prp8, each of which partially suppressed the cold-sensitive
growth defect of a prp28-1 strain. We tested one of the stron-
gest prp8-tes alleles in subsequent assays, and it was able to
partially suppress every prp28-1 splicing defect discussed
above, including the CC2 and pre-spliceosome formation de-
fects (Figs. 4–6), except the in vitro U1 snRNP release defect
(Fig. 5A). Suppression of the U1 snRNP release defect could
be substrate dependent, or could require that additional fac-
tors specific to cotranscriptional splicing collaborate with
Prp8 and Prp28 to promote U1 release in vivo. The strongest
prp8-tes allele did not bypass the growth requirement for
Prp28, nor did it physically interact differently with two U1
snRNP proteins or suppress the growth defect caused by
hyperstabilizing U1/5′ss base-pairing (Fig. 2). Together, our
results indicate that prp8-tes suppresses prp28-1 by promot-
ing formation of early splicing complexes, not by destabiliz-
ing U1 from the spliceosome.
The finding that substitutions in Prp8 suppress the earliest

spliceosome assembly defects caused by prp28-1 raises the
intriguing possibility that both Prp28 and Prp8 act on CC1
in the context of the U5 snRNP. Yeast Prp28 is associated
only weakly with U5 snRNP (Gottschalk et al. 1999; Stevens
et al. 2001; Small et al. 2006) and our results do not deter-
mine whether it promotes CC2 formation as a component
of the U5 snRNP or tri-snRNP, or as a free protein. Prp8,
however, is an integral component of both the U5 snRNP

and tri-snRNP and is unlikely to exist as free protein, so it
presumably acts as part of the U5 snRNP or tri-snRNP
when influencing CC2 formation. Whether the U5 snRNP
or the tri-snRNP interact with the pre-mRNA early in spli-
ceosome assembly has been a controversial topic in the splic-
ing field. Several prior observations are consistent with an
early, transient role for Prp8 and the U5 snRNP. In vitro
cross-linking data place the U5 snRNA and Prp8 at the 5′ss
at early timepoints in the splicing cycle, both in human (Was-
sarman and Steitz 1992; Wyatt et al. 1992; Ast and Weiner
1997) and yeast (Newman et al. 1995) cell extracts. Also, af-
finity-purified human pre-spliceosomes contain U5 snRNP
proteins, including Prp28 (Hartmuth et al. 2002). Further
characterization of an early interaction between Prp8 and
the 5′ss showed that it required intact U4 and U6 RNAs
and ATP, but was independent of U2 snRNP binding to
the branch point (Maroney et al. 2000). Therefore, tri-
snRNP/pre-mRNA interactions apparently occur prior to
U2 binding. However, more recent ChIP and single-molecule
studies found that in wild-type yeast cells or yeast cell extract,
spliceosome assembly usually takes place in a stepwise se-
quence according to the canonical assembly pathway
(Kotovic et al. 2003; Görnemann et al. 2005; Lacadie and
Rosbash 2005; Lacadie et al. 2006; Hoskins et al. 2011). These
latter studies showed that the spliceosome is unlikely to bind
an intron as a pre-formed penta-snRNP, but they do not rule
out the transient U5–U1-pre-mRNA interactions that are
suggested by our results and others.
While our results implicate the U5 snRNP in early spliceo-

some assembly events, we cannot rule out the possibility that
Prp28 promotes CC2 formation as a free protein and the
prp8-tes substitutions destabilize Prp28–U5 snRNP inter-
actions, thereby increasing the pool of free Prp28 and com-
pensating for reduced Prp28 function. We found that the
N-terminal domain of Prp8 binds Prp28 in vitro, and the
prp8-tes alleles do not alter the pull-down of Prp28 with
Prp8-NTD (Fig. 2D). However, prp8-tes alleles could interact
differently with Prp28 in the context of full-length Prp8 and
the U5 snRNP. Alternatively, the prp8-tes mutations may al-
ter interactions in the Aar2–U5 snRNP, which is a precursor
of the U5 snRNP that lacks Brr2 and copurifies with the U1
snRNP (Gottschalk et al. 2001; Weber et al. 2011). If the U1
snRNP’s interaction with the Aar2–U5 snRNP competes with
stable CC2 formation, weakening this interaction via substi-
tutions in Prp8 could promote CC2 formation.

Prp8 as a master regulator of spliceosome assembly

Prp8 sits at the heart of the spliceosome starting from the time
the tri-snRNP binds until after the second step of catalysis, has
an extensive set of physical and genetic interactions with other
spliceosome components, and has been shown to regulate
Brr2 for U4/U6 unwinding (Maeder et al. 2008; Mozaffari-
Jovin et al. 2012, 2013). Because of these many interactions,
Prp8 is perfectly situated to be a master regulator of
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spliceosome assembly, activation, and disassembly. Here, we
have shown that substitutions in the N terminus of Prp8 pro-
mote CC2 and pre-spliceosome formation in a prp28-1 back-
ground. Thus, Prp8 may also regulate the earliest steps of
spliceosome assembly, even before stable tri-snRNP joining.
This regulation could be through physical contacts that
Prp8 makes with U1 snRNP proteins or the U1 snRNA (Li
et al. 2013), although the Prp8/U1 protein interactions tested
here were not affected by prp8-tes alleles (Fig. 2). Prp8 may
also exert its influence on this step by regulating the activity
of Prp28; for example, by switching Prp28 between two states:
one that promotes a U1 conformation that is favorable for
CC2 formation, and one in which Prp28’s ATPase activity is
activated to promote U1 release after tri-snRNP joining.
Additional structural and biochemical studies will be required
to discriminate between such possibilities.

MATERIALS AND METHODS

Yeast strains

Yeast strains used in this study are listed in Supplemental Table 1.
For strains JG111–JG116 and JG121–JG126, a C-terminal HA6 tag
was added to splicing factors by one-step gene replacement using
K. lactis TRP1 as a selection marker (Knop et al. 1999). Wild-type
strains for ChIP are as described (Görnemann et al. 2011). Strains
JG110/AMP27 and JG120/AMP28 were generated by replacing
YCp50-PRP8 in ANK828 with pRS313-PRP8 (Kuhn and Brow
2000) or pRS313-prp8-P263L/W279G by plasmid shuffle. AMP25
and AMP26 were generated by crossing ANK828 to EJS54 (a gift
from E. Strauss: wild-type sister spore of the parent strain of
ANK828, EJS51) (Strauss and Guthrie 1991) and selecting for
prp8Δ::ADE2 PRP28 spores, then replacing YCp50-PRP8 with
pRS313-PRP8 or pRS313-prp8-P263L/W279G by plasmid shuffle.

Selection for suppressors of prp28-1 in PRP8

We used error-prone PCR and gap repair as described previously
(Umen and Guthrie 1996) to introduce mutations into the first
quarter of the PRP8 gene. A region of pRS313-PRP8 including
233 bp of vector sequence as well as 719 bp upstream of the PRP8
open reading frame and the first 1980 bp of the open reading frame
were amplified with Taq DNA polymerase and cotransformed into
ANK828 with pRS313-PRP8 that was gapped by restriction digest
with XhoI and SalI between base pairs (−717) and base pairs 1715
relative to the start codon. Functional PRP8 alleles were selected
by their ability to lose the wild-type copy of PRP8 on medium con-
taining 5-FOA, then suppressors of prp28-1 were selected by replica
plating to YEPD and incubating at 16°C. Colonies present after 14 d
were transferred to fresh medium. Plasmids were isolated from
clones that had grown at 16°C within 10 d, their suppression capac-
ity confirmed by retransforming ANK828, and then sequenced from
50 bp upstream of the Prp8 open reading frame to codon 660 to
identify mutated residues. Three independent selections were per-
formed. The ApaI/SalI fragments (base pairs −726 to +1715) were
subcloned into pRS313-PRP8 to ensure that suppression was due
to mutations within this region. Selected mutations from clones
with more than one amino acid substitution were introduced into

pRS313-PRP8 as single substitutions using the QuikChange tech-
nique (Stratagene) and analyzed for their ability to suppress the
cold-sensitivity of prp28-1. All suppressor alleles were also intro-
duced into ANK800 (wild type), ZRL102 (U4-cs1), and ANK821
(brr2-1), and the wild-type allele of PRP8 was shuffled out to test
for genetic interactions. Growth at different temperatures was as-
sayed by spotting 10-fold serial dilutions of OD600 = 0.25 cultures
on solid YEPD medium, followed by incubation as indicated.

Test for bypass suppression of prp28-1

Strain JG140 was constructed by one-step gene disruption of the
PRP28 locus in strain JG120, using the PCR-amplified kanMX6 cas-
sette of pYM1 (Knop et al. 1999) adding 45-bp homologous over-
hangs to delete base pairs −2 to +1650 of the PRP28 locus. The
PCR product was cotransformed with YCp50-PRP28. Resulting
strains were transformed with pRS317-PRP28, pRS317-prp28-
D341N, or pRS317-yhc1-1 to create strains JG141, JG142, and
JG144. Tenfold serial dilutions of OD600 = 0.25 cultures were then
plated onto YEPD or YEPD + 5-FOA to select for loss of YCp50-
PRP28, and grown at 30°C.

Test for suppression of U1/5′ss hyperstabilization

A prp8Δ::LYS2 strain, TB72 (a gift from T. Brenner), was crossed to a
cup1Δ::ura3-52 strain, YS72 (Burgess and Guthrie 1993), and a
prp8Δ, cup1Δ spore was selected. This strain, AMP24, was trans-
formed with pRS313-PRP8 or pRS313-prp8-P263L/W279G, and
with Act1–Cup1 splicing reporters (Lesser and Guthrie 1993)
pCG90 (wild type) or pCG91 (5′ss modified to extend U1/5′ss
base-pairing to 10 bp) (Staley and Guthrie 1999), generating
AMP39-42. Cultures were grown to OD600 0.6, diluted back to
OD600 0.1, and fivefold serial dilutions were plated onto SD -Ura
medium with varying concentrations of copper and were grown
for 6 d at 16°C.

GST pull-down assay to test in vitro protein–protein
interactions

Prp28 protein was expressed in E. coli BL21(DE3) RIPL (Agilent)
from plasmid pRSetA-Prp28 (a gift from Nils Walter), in which
Prp28 has a C-terminal His6 tag. Three liters of bacteria containing
the Prp28 plasmid were grown to OD600 0.6 and induced with 1
mM IPTG at 18°C for 15 h. Cells were harvested and frozen at
−80°C. Cells were then resuspended in 50 mM NaH2P04 (pH 8.0),
300 mM NaCl, 5 mM β-mercaptoethanol, 10 mM imidazole, and
sonicated in five 30-sec bursts at 10% intensity with 30-sec rests.
Lysate was clarified for 30 min at 20,000 RPM in a JA25.5 rotor,
then the supernatant was passed through a 0.22-µM filter and flowed
over a columnofNi-NTAAgarose (Qiagen). Beadswerewashedwith
50mMNaH2PO4, 300mMNaCl, 5 mM β-mercaptoethanol, and 20
mM imidazole (pH 8), then a second wash with imidazole increased
to 36mM. Prp28 protein was elutedwith 50mMNaH2PO4, 300mM
NaCl, 5 mM β-mercaptoethanol, and 250 mM imidazole (pH 8.0),
then dialyzed into 20% glycerol, 100 mM KCl, 20 mM HEPES
(pH 7.9), 0.2 mM EDTA, 0.5 mM DTT, and stored at −80°C.

Full-length Prp39 and Prp40 were tagged with His6 by cloning
into pET21b (Novagen) at the BamHI and XhoI restriction sites.
Prp39 and Prp40 proteins were expressed in E. coli Rosetta strain
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(Novagen) by growing 100-mL LB cultures to OD600 0.8 and then
inducing with 400 µM IPTG for 3 h at 30°C. Cells were harvested,
washed once with 1x PBS (pH 7.2), resuspended in 1.5 mL lysis
buffer (according to Qiagen protocol for native conditions), and fro-
zen at −20°C. After thawing, lysozyme was added to 1 mg/mL and
cells were sonicated in two 15-sec bursts at 25% intensity, with a
30-sec break. His6-fusion Prp39 and Prp40 were batch purified
with Ni-NTA Agarose (Qiagen), following the manufacturer’s pro-
tocol for native conditions, and stored at 4°C.
Prp8-NTD (1–330) was GST tagged by cloning into pGEX-KG

(Guan and Dixon 1991) at the XmaI and XhoI restriction sites.
GST-Prp8-NTDwas expressed as described for Prp39 and Prp40, ex-
cept 100 µM IPTG was used for induction and the cell pellet was re-
suspended in pull-down buffer (20 mM Hepes at pH 7.2, 200 mM
potassium acetate, 2 mM magnesium acetate, 0.5% Tween 20, 1
mM DTT). After two clearing spins at 4°C (10 min each at 10,000
rcf), GST-Prp8-NTD lysate was frozen in liquid nitrogen and stored
at−80°C for up to 3 mo. For pull-downs, 100 µL of GST fusion pro-
tein lysate per sample was added to 25 µL of a 50% slurry of glutathi-
one-Sepharose 4 fast flow (GEHealthcare). For Prp28pull-downs, 25
µL of GST fusion protein plus 75 µL pull-down buffer was used. GST
fusionproteinwas shown tobe in saturating amounts by checking the
supernatant byWesternblot for residualGST-taggedprotein after in-
cubation (data not shown). Following 1 h incubation at 4°C, super-
natants were removed, the beads were washed twice with pull-
down buffer and used for the pull-down assay. Purified His6-fusion
proteins were added in 350 µL pull-down buffer and incubated for
3 h at 4°C with rotation. Beads were then washed 4× with pull-
down buffer (4°C for Prp39 and Prp40, room temperature for
Prp28), spun for 1min at 750 rcf, and boiled with 30 µL 2x SDS sam-
ple buffer. Samples were analyzed by Western blot, detecting bound
His6-fusion Prp39 or Prp40 with mouse-anti-His5 serum (Qiagen),
then goat-anti-mouse IgG IR-Dye 680 (LI-COR Biosciences).
Bound Prp28 was detected with anti-Prp28 antibody (Strauss and
Guthrie 1994), then goat-anti-mouse-HRP secondary antibody
(Biorad), and detected by Amersham ECL (GE Healthcare). Equal
loading of GST-fusion proteins was checked either by Ponceau stain
prior to blocking or detection with goat-anti-GST antiserum
(Pharmacia), then donkey anti goat-HRP (Santa Cruz) and ECL.

Microarray analysis of in vivo splicing defects

Microarray samples were prepared essentially as in Pleiss et al.
(2007). Briefly, strains AMP25-28 were grown in YEPD at 30°C
to OD600 0.4–0.5, then shifted to 16°C for 50 min. Cells from
15 mL of culture were collected by centrifugation. cDNA was pre-
pared from 50 µg of total cell RNA using random 9-mer primers
and labeled with Cy3 or Cy5. Labeled cDNA from each mutant
was competitively hybridized to the array with cDNA from wild-
type or anothermutant as indicated in Figure 3. Arrayswere analyzed
as in Plocik andGuthrie (2012). The results presented are the average
of two biological replicates, each with a dye-flipped technical
replicate.

Chromatin immunoprecipitation and quantitative
PCR (ChIP-qPCR)

ChIP-qPCR analysis of the genes ECM33 and SEC27 was done es-
sentially as described (Görnemann et al. 2005). To cross-link splic-

ing factors to DNA, 4.0 mL 37% formaldehyde solution was added
to 150 mL yeast culture, incubated for 15 min at room temperature,
then quenched by addition of 8.1 mL 2.5 M glycine. For parallel
analyses at permissive and nonpermissive temperatures, cells were
grown in 200 mL YPD at 30°C to an OD600 of 0.6–0.8. The cultures
were divided, 100 mL added to 50 mL 30°C YPD or 4°C YPD, and
incubated for 45 min at 30°C or 16°C, respectively, before cross-
linking. Cells were harvested by centrifugation at 3500g for 5 min,
washed twice with PBS, and then frozen. Cell pellets were thawed
on ice, resuspended in 1 mL buffer FA-1 (50 mM HEPES-KOH at
pH 7.5, 140 mM NaCl, 1 mM EDTA, 1% Triton-X 100, 0.1%
sodium deoxycholate) and lysed on a Vortex Disruptor Genie
with glass beads for 40 min at 4°C at maximum speed. Lysates
were recovered, including two washes of the glass beads with 1
mL FA-1 each and subjected to sonication on ice to fragment the
chromatin to an average of 500 bp. With the 250D Sonifier
Ultrasonic Processor Cell Disruptor (Branson) used, this required
6 min of 15-sec on/off cycles at 30% intensity. Lysates were subse-
quently cleared by centrifugation at 3500g for 5 min. Supernatants
were cleared prior to immunoprecipitation by addition of 200 µL
of a 50% slurry of Sepharose CL-4B beads (Sigma-Aldrich), previ-
ously washed with FA-1 buffer, and rotation at 4°C for 1 h. Eight mi-
crograms of 12CA5 antibody was then added to 700 µL of lysate,
followed by rotation at 4°C for 2 h, then 50 µL of washed
GammaBind G beads (GE Healthcare) were added for 1 h. Mouse
IgG (Sigma) served as a negative control. Beads were washed three
times with buffer FA-1, once each with buffer FA-2 (FA-1 with
500 mM NaCl) and FA-3 (20 mM Tris-Cl at pH 8.0, 250 mM
LiCl, 0.5% NP-40, 0.5% sodium deoxycholate, 1 mM EDTA), and
twice with TE buffer (pH 8.0), transferring the beads to a fresh
tube. For elution and uncross-linking, 250 µL TE/1% SDS was add-
ed, followed by incubation at 65°C overnight. In parallel, 20 µL of
lysate in 200 µL TE/1% SDS was uncross-linked to serve as input
control. Eluates were transferred to a fresh tube, incubated with
10 µL Proteinase K (20 mg/mL) at 55°C for 2 h, and purified with
a PCR purification kit according to instructions (Qiagen). The
data in Figure 4 represent the average of three independent experi-
ments, except: Prp42 (all strains): n = 4; prp28-1—Brr2 at 16°C and
30°C: n = 6; prp28-1 + prp8- P263L/W279G—Brr2 at 16°C and
30°C: n = 4; Msl1, Brr2, Prp19 in WT: n = 4.

Primers used for ChIP-qPCR

ECM-UP-F: GCAGTATCATCCTTCACGACCC; ECM-UP-R: GCG
TCTTTCCCGTTTTTGC; ECM9-31: CAAGAACGCTTTGACTGC
TACTG; ECM145-123: GAAGAGGACCACGAATCTACTCG; ECM
430-451: ACTTCTGCCACTGCTACTGCTC; ECM562-539: AGG
AACCATCAATCTCTTGGATAC; ECM1073-1097: TTGGTCAAT
CTTTGTCTATCGTCTC; ECM1173-1150: TGTGTTGTTAGCAA
TGATGAAACC; ECM1531-1555: TCTAAGAAGTCTAAGGGTGC
TGCTC; ECM1582-1561: TGAATGAAGTGGCTGGAACAAG; SE
C280-304: GGGTTTTGACTACCTTGTACTCTGG; SEC370-349:
GGAGTTTCCGTAACTTGGATGG; SEC931-950: TTTCTGGTT
CCGAAGATGGC; SEC1043-1022: TGTTGGATGGGTAGCGATA
CAC; SEC1309-1330: TTGTTACAGTTGTTGGGGATGG; SEC
1395-1372: CAAAGTCTTGACATTTACCGAAGG; SEC1969-1992:
GAGAGGTCCATGTTTATGGTTACG; SEC2057-2037: AATGGC
TTCTTCAATTTCCCC; SEC2599-2622: CTGTATCAGAAAGAG
TTTGTGGGG; SEC2692-2669: GCTGGAGTGGAATCTAAGTC
AATG.
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In vitro splicing extract preparation

A total of 2–3-L cultures of strains AMP25-28 were harvested at
OD600 1.7–1.9, and splicing extract was prepared as described
(Umen and Guthrie 1995), except that frozen cell pellets were
ground with a ball mill (Retch MM 301 mixer-mill; 3 × 3 min at
11 Hz and 2 × 3 min at 12 Hz) and dialyzed twice in 2 L buffer
D. Prp28-depleted extract was made from strain PR88 (a gift from
P. Raghunathan) in which genomic PRP28 is deleted and comple-
mented by a plasmid with the GAL10 promoter controlling a copy
of PRP28 with a 3x HA tag inserted in the ClaI site near the start co-
don of PRP28. The strain was grown to an OD600 of 0.5–0.7 in YEP-
galactose, then filtered and shifted to YEPD for 3.5–5 h. Cells were
collected and splicing extract prepared as above. Extracts were
checked by Western blot with anti-HA antibody to confirm that
Prp28 was no longer detectable.

Biotinylated pre-mRNA pull-down experiments

Biotinylated pre-mRNA pull-down experiments were adapted from
previous protocols (Ruby et al. 1990; Kuhn et al. 1999; Staley and
Guthrie 1999; Brenner and Guthrie 2006). ActinΔ6 pre-mRNA
(Vijayraghavan et al. 1986) was synthesized with Megascript T7
RNA polymerase (Ambion) using biotin-11-UTP (Ambion) as 5%
of the UTP. Seven pull-down time course experiments were con-
ducted using four different extract preparations from each of the
four strains (AMP25-28); 120–140 µL splicing reactions were pre-
pared; 1.9 µL was taken for a “0 min input” sample, and in three ex-
periments, a 19-µL “no pre-mRNA” sample was removed to 50 µL
stop buffer for background pull-down measurement (shown as “−5
min” time point). Reactions were started by adding 2.5 fmol pre-
mRNA/µL and ATP to 2 mM final concentration, and were incubat-
ed at 16°C. Twenty microliter aliquots were removed at indicated
times, added to 50 µL ice cold stop buffer (20 mM EDTA, 40%
Buffer D, 60 mM KPO4 at pH 7, 3% PEG 8000), and incubated
on ice until the end of the time course. A 2-µL “input” sample
was taken at 30 min. A total of 50 µL of streptavidin-agarose beads
(Thermo Scientific) (50% slurry in stop buffer, after being blocked
in stop buffer plus 10 µg/mL each glycogen, tRNA, and bovine se-
rum albumin) were added to each reaction except inputs, and incu-
bated at 4°C, rocking for 1 h. For most experiments, 100 µL wash
buffer (150 mM NaCl, 60 mM HEPES at pH 7.6, 3 mM MgCl2,
15% glycerol, 0.05% NP40, 0.5 mM DTT) was added before super-
natant was removed. Beads were then washed 3× with 500 µL wash
buffer. snRNAs and pre-mRNA were eluted by adding 50 µL form-
amide +40 mM EDTA and incubating at 90°C for∼10 min followed
by washing beads with 50 or 100 µL TE +1% SDS. In two experi-
ments, RNA was instead eluted from beads with Proteinase K as
in Kuhn et al. (1999). Input samples were added to 5 µL stop buffer,
and were incubated on ice until the elution step, at which point they
were treated the same as pull-down samples. RNA was then phenol-
chloroform extracted, ethanol precipitated, and resuspended in 20
µL H2O. Eight microliters of RNA were reverse transcribed with
primers specific to the snRNAs as described in Brenner and
Guthrie (2006) and detected with qPCR as described, except the
standard curve was generated from serial dilutions of a pool of input
samples. qPCR values used are the average of 2–3 qPCR technical
replicates.

qPCR values from each individual time course were normalized
to the average of the respective 0 and 30-min input samples. All of

the values in a single experiment (time courses with all four extracts
done in parallel) were further normalized to the maximum value for
that experiment, which allowed all experiments to be averaged to-
gether. In three of the experiments, 1- and 2-min time points
were taken instead of 1.5 and 3 min. In order to include data
from all repeats, 1.5- and 3-min values were interpolated, assuming
a linear trend between 1 and 5 min. Similarly, in one experiment the
30-min value was interpolated from 25- and 50-min time points,
and the 50-min measurement was used as an approximation of
the 60-min point. These interpolated values were included in data
for Figure 2, but leaving them out did not significantly change the
results. Including interpolated values, n = 7 for 1.5, 3, 5, 10, 15,
and 30 min, and n = 6 for 60 min. Exceptions: wt 30 min: n = 6;
prp8-tes 30 min: n = 6, prp28-1 5, 10, and 30 min: n = 6, prp28-1/
prp8-tes 1.5 min: n = 6, background (no pre-mRNA added “−5
min”): n = 3. Error, SEM of final values after all described
normalization.

Native gel analysis

Commitment complex gels were based on a published protocol
(Seraphin and Rosbash 1989). Twenty-two-microliter standard
splicing reactions (Lin et al. 1985) containing 8.8 µL of extract
were depleted of ATP by adding glucose to 2 mM and incubating
at 25°C for 20 min. A total of 1–2 µL (∼15 fmol or ∼30,000 cpm)
radiolabeled RP51AΔ2 pre-mRNA (Seraphin and Rosbash 1991)
was added to each reaction, and reactions were incubated for 20
min at 16°C. Ten microliters was removed to 10 µL ice cold buffer
R (2 mM MgOAc, 50 mM Hepes (pH 7.5), 1 mg/mL tRNA, 50-
fold molar excess cold Ubc4 or Actin pre-mRNA). Then, ATP (to
2 mM) was added to the remaining reaction volume, and reactions
were incubated for another 20min at 16°C before the final 10 µL was
removed to 10 µL ice cold buffer R. Five microliters of loading dye
(2.5x TBE, 50% glycerol, bromophenol blue, and xylene cyanol
dyes) was added, and the reaction was loaded on a 0.5x TBE, 3%
acrylamide, 0.5% agarose, 5% glycerol gel, with a plug of 10% acryl-
amide gel at the bottom∼3 cm (1x TBE = 89mMTris-borate, 2mM
EDTA). The 26-cm gel was run in 0.5x TBE at 120 V for 20–24 h at 4°
C. Bands were detected by PhosphorImager (Molecular Dynamics)
and quantified with ImageQuant v.5.2 (Molecular Dynamics).
Error bars in Figure 6 show SEM from n = 5 (−ATP: prp28Δ), n =
6 (+ATP: prp28Δ), n = 8 (−ATP: wt, prp28-1, prp28-1/prp8-tes),
n = 9 (−ATP: prp8-tes), n = 11 (+ATP: prp28-1/prp8-tes), or n =
12 (+ATP: wt, prp8-tes, prp28-1) replicates. To determine whether
the CC2:CC1 ratio was different between prp28-1 and prp28-1/
prp8-tes, we conducted a paired t-test, pairing reactions that were
prepared together and run on the same gel.

DATA DEPOSITION

Microarray data generated in this study are available for download
from the Gene Expression Omnibus (GEO), under accession no.
GSE42754.
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