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ABSTRACT

SF3b1 is an essential component of the U2 snRNP implicated in branch site (BS) recognition and found to be frequently mutated in
several human cancers. While recent structures of yeast and human SF3b1 have revealed its molecular architecture, the
importance of specific RNA:protein contacts and conformational changes remains largely uncharacterized. Here, we
performed mutational analysis of yeast SF3b1, guided by recent structures of the spliceosome. We find that conserved amino
acids contacting the U2 snRNA backbone of the U2/BS duplex are nonessential, and that yeast can tolerate truncation of the
HEAT repeats containing these amino acids. The pocket housing the branchpoint adenosine (BP-A) is also amenable to
mutation despite strong conservation. However, mutations that support viability can still lead to defects in splicing pre-mRNAs
with nonconsensus BS substitutions found at −3, −2, −1, and +1 positions relative to the BP-A or at the branchpoint position.
Through the generation of yeast and human chimeric proteins, we further defined the functionally conserved regions of
Hsh155 as well as identify changes in BS usage resulting from inclusion of human SF3b1 HEAT repeats. Moreover, these
chimeric proteins confer a sensitivity to small molecule inhibition by pladienolide B to yeast splicing. Together, these data
reveal the importance of individual contacts of Hsh155/SF3b1 to the U2/BS duplex and define their contribution to BS usage
by the spliceosome.
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INTRODUCTION

Pre-mRNA splicing is an essential process in eukaryotic gene
expression carried out by the spliceosome. The splicing ma-
chinery is composed of five small nuclear ribonucleoproteins
(the U1, U2, U4, U5, and U6 snRNPs) and additional pro-
tein-only cofactors that assemble de novo on pre-mRNAs
to catalyze intron removal and exon ligation (Wahl et al.
2009; Hoskins and Moore 2012). Spliceosome assembly oc-
curs in a stepwise fashion from preassembled snRNP parti-
cles on nascent RNA during transcription to define the
intron 5′ and 3′ splice sites (5′SS and 3′SS) and the branch
site (BS) sequence used in catalysis (Hoskins and Moore
2012; Herzel et al. 2017). The 5′SS, 3′SS, and BS sequences
are well conserved in yeast but variable in humans. For exam-
ple, very few yeast introns deviate from the yeast consensus
BS sequence (UACUAAC, branch point adenosine [BP-A]
underlined), while human spliceosomes can use highly diver-
gent BS sequences and have a more degenerate consensus se-
quence (CURAY) (Harris and Senapathy 1990; Mercer et al.
2015; Gould et al. 2016; Qin et al. 2016). However, in both

yeast and humans the BS is recognized by base-pairing
with the U2 snRNA GUAGUA sequence to form the U2/BS
duplex containing a bulged adenosine that acts as the nucle-
ophile in the first step of splicing (Query et al. 1994; Wahl
et al. 2009).
Spliceosome assembly is a dynamic process involving

the association and disassociation of numerous factors to
ensure accurate and efficient intron removal (Will and
Lührmann 2011; Chen andMoore 2014). During early stages
of assembly, addition of the U1 and U2 snRNPs to the 5′SS
and BS, respectively, mark the formation of the spliceosome
A complex. The U4/U6.U5 tri-snRNP is then recruited to
form the B complex spliceosome. Activation of the spliceo-
some converts B complex to Bact, wherein U1 and U4 have
been ejected from the spliceosome and the protein-only,
Prp19-containing complex (NTC) has joined. A number of
rearrangements occur within the active site of the spliceo-
some to then generate a complex competent for catalysis
(Brow 2002). Following exon ligation, the mRNA is released
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and the spliceosome disassembles to permit recycling of indi-
vidual components for the next round of splicing (Wahl et al.
2009).
Defects in pre-mRNA splicing are implicated in a variety of

cancers including myelodysplastic syndromes (MDS), chron-
ic lymphocytic leukemia, breast cancer, and uveal melanoma
(Dvinge et al. 2016). The splicing factor most frequently mu-
tated in these diseases is the conservedU2 snRNP component,
SF3b1 [Hsh155 in Saccharomyces cerevisiae (yeast)] (Dvinge
et al. 2016; Agrawal et al. 2017; Jenkins and Kielkopf 2017).
Mutation of SF3b1 results in activation of cryptic 3′SS and al-
tered BS usage in mammalian cells (Darman et al. 2015;
Alsafadi et al. 2016). MDS-associated mutations also change
BS usage in yeast, as mutation of Hsh155 can either increase
or decrease nonconsensus BS usage by the spliceosome
(Tang et al. 2016; Carrocci et al. 2017). This suggests that
the role and mechanism of SF3b1 at the BS is conserved be-
tween yeast and humans.
SF3b1 is a large protein containing an N-terminal region

with multiple U2AF ligand motifs (ULM) and a C-terminal
HEAT domain composed of 20 highly conserved HEAT re-
peats (Supplemental Fig. 1; Kielkopf 2017). The N terminus
of human SF3b1 is heavily post-translationally modified
(Wang et al. 1998; Boudrez et al. 2002) and contacts many
other protein partners through its ULMs (Kielkopf 2017).
SF3b1 associates with the pre-mRNA during assembly of
the spliceosome and crosslinks directly to the intron (Gozani
et al. 1998; McPheeters and Muhlenkamp 2003; Schneider
et al. 2015). Structural studies of B and Bact spliceosomes
have revealed that distinct regions of SF3b1 make contact
with the U2/BS duplex as well as the region of the intron im-
mediately downstream from the BS (Rauhut et al. 2016; Yan
et al. 2016; Bertram et al. 2017; Plaschka et al. 2017). The
N- and C-terminal HEAT repeats contact the U2/BS duplex,
while HEAT repeats 3–8 bind downstream intronic RNA
(Fig. 1). Interestingly, MDS-associatedmutations that change
BS usage are found inHEATrepeats 4–9 rather than in regions
that directly contact the U2/BS duplex (Cretu et al. 2016; Rau-
hut et al. 2016; Yan et al. 2016). Cryo-EM structures revealed
that the BP-A is flipped out from the U2/BS duplex and se-
questered in a sequence-conserved pocket found between
HEAT repeats 15 and 16 (Rauhut et al. 2016; Yan et al.
2016; Bertram et al. 2017; Plaschka et al. 2017). However,
what role this pocket plays in BS recognition or activation of
the spliceosome prior to catalysis is unclear.
SF3b1 has also been identified as the major target of several

spliceosome inhibitors that block splicing in mammals in-
cluding spliceostatin A, herboxidiene, and pladienolide B
(PB) (Bonnal et al. 2012; Effenberger et al. 2017). These com-
pounds halt the progression of spliceosome assembly, leading
to widespread intron retention and changes in alternative
splicing (Corrionero et al. 2011; Folco et al. 2011; Vigevani
et al. 2017). The first identified small molecule inhibitor re-
sistance mutation, SF3b1 R1074H, abolishes the activity of
PB and its derivative E7107 and restores splicing (Yokoi

et al. 2011; Teng et al. 2017). Multiple mutations in SF3b1
and another splicing factor PHF5A (Rds3 in yeast) confer re-
sistance to spliceosome inhibitors, and this has led to a model
wherein inhibitors bind to a composite binding site formed
by the two proteins (Teng et al. 2017).
Despite the importance of SF3b1 to splicing, much re-

mains unknown about how the protein functions. Here, we
characterize structural features of Hsh155 and their function-
al impact on splicing in yeast. We performed structure-guid-
ed alanine scanning to identify important contacts between
Hsh155 and RNA and show that many of these contacts are
nonessential for yeast viability but influence BS usage.
Furthermore, we demonstrate that the entire N terminus of
the protein is dispensable for growth in yeast and deletion
of N-terminal HEAT repeats that contact the U2 snRNA
does not affect growth. Through the generation of yeast
and human chimeric proteins, we show that human sequence
can largely, but not fully, function in the context of the yeast
spliceosome. Replacing Hsh155 HEAT repeats with their hu-
man SF3b1 counterparts renders yeast splicing susceptible to
inhibition by PB, while the R1074H mutation confers resis-
tance. These results further define the role SF3b1/Hsh155
plays in BS selection as well as provide a new strategy for
chemically inhibiting yeast splicing.
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FIGURE 1. Alanine scan of Hsh155 contacts to the U2/BS duplex.
(A) Cartoon representation of the HEAT domains of Hsh155 (gray)
bound to the U2/BS duplex (blue/red) from a cryo-EM structure of
an activated spliceosome (pdb 5GM6) (Yan et al. 2016). The region
of human SF3b1 frequently mutated in MDS is colored in green. (B)
Schematic illustration of Hsh155-U2/BS duplex contacts observed in
the structure shown in A. (C) Sequence alignment of the U2/BS duplex
binding site of Hsh155 from yeast (Sc) and human (Hs). (D) Growth of
haploid yeast containing the indicated Hsh155 mutations on nonselec-
tive (−Trp) and selective (−Trp +FOA) media at 30°C.
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RESULTS

Hsh155 contacts to the snRNA strand of the U2/BS
duplex are not essential

Our laboratory and others have previously shown that MDS
mutations in Hsh155 can alter splicing by modulating BS us-
age (Tang et al. 2016; Carrocci et al. 2017). However, the
mechanism by which these mutations influence BS choice re-
mains unclear. Spliceosome structures have revealed that
Hsh155 contacts both the U2 snRNA and intron with three
distinct regions of the protein: HEAT repeats 1–2 contact
the snRNA strand of the U2/BS duplex, repeats 15–17 contact
the intronic strand of the U2/BS duplex, and repeats 3–8 in-
teract with the intronic RNA downstream from the BS (Fig.
1A; Rauhut et al. 2016; Yan et al. 2016; Bertram et al. 2017;
Plaschka et al. 2017). MDS mutations must alter BS usage
from a distance since the mutations are not found at the in-
terface of Hsh155 and the U2/BS duplex (Cretu et al. 2016;
Rauhut et al. 2016; Yan et al. 2016). Given this observation,
we examined whether mutation of direct contacts to the
U2/BS duplex would also influence splicing and BS selection.

We performed alanine scanning of conserved amino acids
nearby and potentially contacting the U2/BS duplex based on
the yeast B and Bact spliceosome structures (pdb 5NRL and
5GM6, respectively; Fig. 1B; Rauhut et al. 2016; Yan et al.
2016; Plaschka et al. 2017). The majority of residues near
RNA are conserved between yeast and humans, suggesting
they play a similar role in the human spliceosome (Fig. 1C).
We used a previously described hsh155Δ yeast strain to intro-
duce point mutations in Hsh155 and assay them for function
(Carrocci et al. 2017). We individually mutated five positions
found in the N-terminal HEAT repeats that contact the U2
snRNA strand (T178, R181, R182, R186, and R227) to ala-
nine. Each of these mutations supported yeast viability, with
similar growth observed on FOA-containing media as the
WT strain (Fig. 1D). A quadruple mutation of all of the con-
tacts found inHEAT repeats 1 and 2 (N4A: T178, R181, R182,
R186) also supported viability (Fig. 1D). These data argue that
N-terminal contacts with the U2/BS duplex are not critical or
may be functionally redundant with other components of the
splicing machinery.

Yeast were much more sensitive to mutation of Hsh155
residues contacting the intron strand of the U2/BS duplex.
We mutated four positions in C-terminal HEAT repeat 16
(Q773, R775, Q776, and R778) and assayed them for growth.
While yeast were viable after mutation of Q773 and Q776,
replacement of R775 or R778 with alanine was lethal as
was simultaneous mutation of all four amino acids (C4A,
Fig. 1D). Expression of lethal point mutations (R776 and
R778A) was confirmed by western blot in merodiploid
strains (Supplemental Fig. 2). It is possible that Hsh155
may be more sensitive to mutation at R775 and R778 com-
pared to Q773 and Q776 due to arginine’s greater ability to
neutralize the negative charge of the phosphodiester back-

bone of the U2/BS duplex or due to the need for these partic-
ular contacts occurring more closely to the site of the bulged
adenosine. While yeast can tolerate loss of nearly all of the
contacts between the snRNA strand of the BS duplex and
Hsh155, single point mutations on the complementary,
intronic strand can be lethal.

The adenosine binding pocket of SF3b1 is amenable
to mutation

The C terminus of SF3b1/Hsh155 engages the BP-A directly
by encapsulating the bulged nucleotide in a pocket composed
of residues R744, N747, V783, and Y826 (Fig. 1B). In addi-
tion, the BP-A ribose 2′ OH and 5′ phosphate are proximal
to K740 and K818, respectively. Although many of the resi-
dues that form the pocket are well-conserved, yeast were
surprisingly tolerant of alanine substitutions at K740, R744,
N747, and V783 (Fig. 1D). Thus, while many amino acids
involved in forming the binding site for the branchpoint
adenosine are conserved, they are nonessential. An exception
to this is the K818A mutation, which was lethal. This amino
acid interacts with the 5′ phosphate of the BP-A, similar to
how R775 and R778 (which also cannot be substituted for
by alanine) interact with the RNA backbone of the two
nucleotides that immediately precede the BP-A (Fig. 1B).
Expression of epitope-tagged K818A Hsh155 was also con-
firmed by western blot (Supplemental Fig. 2), suggesting that
the mutant protein is likely nonfunctional. Together, these
data demonstrate that the only essential contacts formed be-
tween Hsh155 and the U2/BS duplex occur in the C terminus
of the protein at positions immediately 5′ of the bulged BP-A.

The N terminus of Hsh155 is largely dispensable

The observation that Hsh155 could tolerate alanine substitu-
tion at most positions that contact the snRNA led us to define
the regions of Hsh155 that are essential. To this end, we pre-
pared 15 mutants of Hsh155 that contained successive trun-
cations of either the N or C termini and assayed whether
these proteins could support growth as the sole copy of
Hsh155 (Fig. 2A). The N-terminus of Hsh155 contains one
conserved U2AF ligand motif (ULM) and a second ULM-
like sequence lacking the characteristic tryptophan (Thick-
man et al. 2006). We generated truncations of Hsh155
containing both ULMs but lacking the rest of the N terminus
(residues 64–972), containing only the first ULM (residues
96–972) or lacking both ULMs (residues 103–972) and as-
sayed them for function in yeast (Fig. 2A). Growth was ob-
served for all of these truncations (Fig. 2B), consistent with
this region of Hsh155 having a nonessential role in yeast splic-
ing and previous results obtained for the Schizosaccharomyces
pombe homolog (Habara et al. 1998). Further truncation of
the protein to eliminate the entireN terminuswhilemaintain-
ing all of the HEAT repeats in the HEAT domain was nonvi-
able (Hsh155 167–972, Fig. 2B). Surprisingly, additional
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truncation of the N terminus resulting in elimination of indi-
vidual HEAT repeats restored growth. Hsh155 variants lack-
ing HEAT repeats 1 (residues 197–972); 1 and 2 (residues
237–972); and 1, 2, and 3 (residues 275–972) could all support
growth (Fig. 2B), whereas loss of HEAT repeat 4 or further
truncation of the protein was lethal.
The C terminus of Hsh155 is involved in contacting both

the U2/BS duplex and other components of the SF3 complex
including Ysf3, Cus1, Prp11, and Rds3 (Supplemental Fig. 3).
Consistent with the numerous contacts in this region, the C
terminus of the protein was largely intolerant of truncation
(Fig. 2C). Loss of just 15 amino acids from the C terminus re-
sults in a significant growth defect (Fig. 2C, residues 1–956)
and further C-terminal truncations of the protein cannot sup-
port growth. This 15 amino acid region interacts extensively
with both Rse1 and Ysf3, suggesting it may be important for
SF3b complex stability. These data define the essential regions
of Hsh155 as beginning with HEAT repeat 4, which is the re-
gion implicated in MDS and that contacts the downstream
intronic RNA (Fig. 1A), and ending with amino acids very
near the C terminus of the protein.

Contacts between Hsh155 and the U2/BS duplex
can alter BS selection

MDS mutations in Hsh155 that result in no apparent growth
phenotype can nonetheless alter BS usage (Tang et al. 2016;
Carrocci et al. 2017). This is likelydue to thehighly specific im-
pact of theMDS alleles on the splicing of pre-mRNAs contain-
ing certain nonconsensus BS substitutions at the −2, −1, and

+1 positions relative to the BP-A adeno-
sine. For this reason, we chose to examine
viable mutations of the Hsh155 U2/BS
duplex binding domains for defects in
splicing using the ACT1-CUP1 reporter
assay (Lesser and Guthrie 1993; Carrocci
et al. 2017). This well-characterized assay
relates reporter pre-mRNA splicing to
copper tolerance in yeast, with the extent
of copper resistance strongly correlating
with the amount of spliced reporter (Fig.
3A; Carrocci et al. 2017).

We first assayed the viable Hsh155
N4A mutant, in which most of the con-
tacts between Hsh155 and the snRNA
strand of the U2/BS duplex have been
mutated. As was previously observed
with the MDS alleles, the N4A quadruple
mutant did not appear to alter splicing of
the consensus BS reporter (UACUAAC;
Fig. 3B). However, this mutation slight-
ly improved splicing of a reporter
containing the A258U BS substitution
(UACUuAC, 1.6 mM versus 1.8 mM
[Cu2+]; Fig. 3B). These data do not allow

us to distinguish if this improvement stemmed from the N4A
mutation promoting spliceosome assembly at the A258U BS
or if ablation of these contacts facilitates spliceosome activa-
tion during conversion from the Bact to B∗ complex.

Mutation of the adenosine pocket alters BS recognition

As discussed above, yeast are more sensitive to mutation of
Hsh155 contacts to the intron strand of the U2/BS duplex
than contacts to the snRNA strand with the exception of ami-
no acids that form the pocket for the BP-A. We therefore fo-
cused on using the ACT1-CUP1 assay to determine if viable
mutations to the BP-A pocket also alter splicing. In addition
to the alanine mutations, we included a number of conserva-
tive mutations within the pocket and assayed each mutant
(K740A/R, N747A/Q, V783A/L, and K818R) for splicing de-
fects with the A258U ACT1-CUP1 reporter. Consistent with
both the N4A mutant and the previously examined MDS al-
leles, yeast grew equally well as WT using the consensus
ACT1-CUP1 reporters and any viable mutation of the BP-A
pocket (Supplemental Fig. 4). However, each of the remain-
ing BP-A pocket mutations altered growth on Cu2+-contain-
ing media when using the A258U BS mutant reporter (Fig.
3C). Several mutations improved Cu

2+

tolerance of yeast ex-
pressing the A258U reporter, while others decreased toler-
ance. Intriguingly, alanine substitutions of K740, N747, and
V783 all significantly improved Cu2+ tolerance in the pres-
ence of the A258U reporter while conservative mutations
(K740R, V783L, and K818R) were inhibitory. It is possible
that the greater steric bulk of these latter mutations disrupts

A C
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D

FIGURE 2. Identification of the essential regions of S. cerevisiae Hsh155. (A) Schematic illustra-
tion of Hsh155 domains. Numbers and arrows indicate the positions of truncation mutants
shown in panels B and C. (B,C) Growth of haploid yeast containing the indicated Hsh155 N-ter-
minal (panel B) and C-terminal (panel C) truncations on nonselective (−Trp) and selective
(−Trp +FOA) media at 30°C. (D) Cartoon illustration of the HEAT domains of Hsh155 (gray)
bound to the U2/BS duplex (blue/red) from a cryo-EM structure of an activated spliceosome
(pdb 5GM6). The nonessential region is shown in yellow.
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splicing by preventing proper accommodation of the BP-A
within Hsh155 when the U2/BS duplex is not properly
paired. Conversely, alanine substitution may provide addi-
tional space and flexibility for accommodating the BP-A
and improve spliceosome assembly when mismatches occur
in the duplex. This may then lead to increased splicing of pre-
mRNAs containing these BS.

We next tested a collection of ACT1-CUP1 reporters sam-
pling all positions in the BS in combination with several of
the BP-A pocket mutants (Fig. 3D). Each of the tested muta-
tions altered growth of multiple reporter-containing strains.
In contrast with our previous results for the MDS alleles
(Carrocci et al. 2017), mutations contacting the U2/BS du-
plex altered usage of introns containing an A to C substitu-
tion of the branchpoint (A259C reporter; UACUAcC) and
showed mixed patterns of splicing changes by improving
splicing of some reporters and inhibiting splicing of others.
The K740A, N747A, and V783A mutations all decreased
Cu2+ tolerance when using the A259C reporter, whereas
N747Q improved growth. This latter observation is consis-
tent with the hypothesis that a larger side chain could help
stably accommodate a smaller nucleobase. Abolishing the
K740 interaction with the ribose 2′ OH by introducing the
K740A mutation likely leads to destabilization of the bulged
nucleotide, and we observed a decrease in Cu2+ tolerance

consistent with this hypothesis. K818R
showed the strongest effect for most
reporters excluding the BP-A mutant
(A259C), consistent with K818 playing
an important role in binding of the U2/
BS duplex. This notion is further support-
ed by the observation that K818A is lethal
(Fig. 1D). It is less clear why N747A and
V783A decrease Cu2+ tolerance in the
presence of A259C, although it is possible
that these substitutions in combination
with a smaller nucleobase prevent proper
alignment of the U2/BS duplex phospho-
diester backbone with essential, positively
charged Hsh155 amino acids (Fig. 1B).
A second interesting observation is that

mutation of a single residue can either en-
hance or impair splicing depending on
the BS sequence. For example, V783A im-
proves A258U (UACUuAC) Cu2+ toler-
ance but reduces C260G (UACUAAg)
growth on Cu2+-containing media. This
result is in contrast to what has been de-
scribed forMDSmutationswhere a single
Hsh155 mutation will either enhance or
decrease splicing of all affected BS mu-
tants (Tang et al. 2016; Carrocci et al.
2017). For N747A and V783A, we ob-
served an enhancement of Cu2+ tolerance
when nonconsensus nucleotides were

present at the −2 and −1 positions, while this was inhibited
with A259C and +1 substitutions. This suggests additional
functional asymmetry in how Hsh155 interacts with U2/BS
duplex: Protein mutations are tolerated along the snRNA
but not the intron phosphodiester backbone (Fig. 1), and us-
age of nonconsensus BS differs depending on whether mis-
matches are found 5′ or 3′ of the branchpoint.
We found no effect of mutating the −4 and −5 positions

relative to the BP-A adenosine (UACUAAC; −4 and −5 po-
sitions in boldface) for any Hsh155 mutants, consistent with
few observed contacts between this region of the duplex and
the protein (Figs. 1B, 3D). However, most Hsh155 mutants
showed changes in Cu2+ tolerance using reporters with sub-
stitutions at the −2, −1, and +1 positions. Changes in the
splicing of reporters with substitutions at these same posi-
tions were previously observed upon incorporation of MDS
mutations in Hsh155 (Tang et al. 2016; Carrocci et al.
2017). Unlike with MDS mutations, we also found changes
upon substitution of the −3 position using the C256A
(UAaUAAC) reporter in combination with N747Q, K740A/
R, and K818R mutants. Interestingly, each of the 5′ phos-
phates of the −3, −2, −1, and +1 nt of the BS is in close prox-
imity to a positively charged (and often essential) amino
acid in Hsh155 (Fig. 1B). Together these data suggest a con-
nection between binding of the BP-A within the pocket,
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FIGURE 3. Mutation of BP-A pocket alters nonconsensus BS usage. (A) Schematic illustration of
the ACT1-CUP1 reporter pre-mRNA and assay. The consensus 5′SS, 3′SS, and BS are shown in
the intron. The position of A258 is noted and the branchpoint (BP-A; A259) is underlined.
(B) Results from a Cu2+ growth assay of strains containing mutations to U2/BS duplex contacts
and either the consensus ACT1-CUP1 reporter plasmid or one with a nonconsensus A258U BS
substitution. (C) Results from a Cu2+ growth assay of strains carrying mutations to the BP-A
pocket and containing a nonconsensus A258U BS reporter plasmid. (D) Heatmap summarizing
ACT1-CUP1 reporter data for the indicated Hsh155 mutants and BS reporters. Plotted data rep-
resent the log2 transform of the ratio of the maximum [Cu2+] at which growth was observed for
the indicated mutant to the maximum [Cu2+] at which growth was observed for WT Hsh155.
Purple indicates decreased growth relative to WT, while orange indicates improved growth. In
panels B and C, each bar represents the average of three independent experiments, and error
bars represent the standard deviation.
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interaction of the RNA backbone of the BS with conserved
amino acids, and usage of a particular BS sequence by the
spliceosome.

Genetic interactions between Hsh155 mutants
and the Prp2 ATPase

Hsh155 mutations that impact how the protein interacts with
the U2/BS duplex may also change how Hsh155 is ejected
upon activation of the spliceosome. The ATPase Prp2 binds
Hsh155 during spliceosome activation and triggers destabili-
zation or restructuring of the SF3a, the SF3b, and the reten-
tion and splicing (RES) subcomplexes (Lardelli et al. 2010;
Liu and Cheng 2012). Recently, it has been shown that the
absence of the RES complex components can bypass the re-
quirement for Prp2 (Bao et al. 2017b). A possible explanation
for this may be that without RES, interactions between the
U2/BS duplex and Hsh155 are less stable—eliminating the
need for Prp2 remodeling. Given that we have previously
shown that Hsh155 MDS alleles interact genetically with
the cold-sensitive (cs) Prp2 Q548N mutation, we explored
whether mutation of the Hsh155 U2/BS duplex binding site
would also rescue the cs phenotype.
We constructed strains in which N-terminal Hsh155 con-

tacts to the U2/BS duplex were either ablated (N4A) or re-
moved (Hsh155275-972) in combination with WT or mutant
Prp2. The N4A mutant grew similarly to WT Hsh155 in the
presence of WT Prp2 at 16°C, and neither N4A nor
Hsh155275−972 could rescue the cs phenotype of Prp2 Q548N
(Supplemental Fig. 5). Interestingly, the Prp2 Q548Nmutant
was also synthetically sick with Hsh155275−972 at 30°C and
37°C. Together these data indicate that Prp2 activity can
still be limiting for growth even if contacts between Hsh155
and the U2/BS duplex are significantly compromised.
We next tested for genetic interactions between Hsh155

BP-A pocket mutations and Prp2 by combining V783A
and V783L with Prp2 Q548N. We reasoned that if BP-A
pocket mutations changed how the U2/BS duplex was ac-
commodated by Hsh155, they might also alter the require-
ment of Prp2 for activation. V783A and V783L grew
similarly to WT Hsh155 regardless of the presence of
WT Prp2 or Q548N at 30°C and 37°C (Supplemental Fig.
5). At 23°C, both Hsh155 V783 mutants grew similarly to
WT Hsh155 in the presence of WT Prp2. However,
V783A showed decreased growth and V783L showed in-
creased growth relative to WT Hsh155 in the presence of
Prp2 Q548N. The observed differences in growth were fur-
ther exacerbated at 16°C, with the V783L mutant showing
significantly better growth. These results are similar to those
previously observed for the MDS-linked K335E and D450G
Hsh155 mutations that inhibit and enhance nonconsensus
splice site usage respectively (Carrocci et al. 2017). Thus,
mutations in Hsh155 can genetically interact with a cs allele
of Prp2 whether or not they are located within the U2/BS
duplex binding site.

Pladienolide B does not block splicing
in S. cerevisiae

SF3b1 is the target of several splicing inhibitors such as PB
that function in mammalian cells and these inhibitors are
thought to bind the HEAT domain (Yokoi et al. 2011;
Effenberger et al. 2016; Teng et al. 2017; Finci et al. 2018).
The HEAT domain of SF3b1 is extremely well conserved be-
tween yeast and human, with several HEAT repeats possess-
ing >60% identity (Supplemental Fig. 1). Previous work has
also shown that S. pombe splicing is blocked upon incubation
with inhibitors (Lo et al. 2007). Given these observations, we
investigated whether PB would also block splicing in yeast
splicing extract prepared from S. cerevisiae. While PB con-
centrations below 200 nM are sufficient to inhibit splicing
in human nuclear extracts (Effenberger et al. 2014), PB con-
centrations 100-fold higher failed to inhibit yeast splicing
(Fig. 4A). The surprising lack of PB efficacy suggests that
the binding site of PB on Hsh155 is sufficiently different in
yeast to prevent inhibition.

Human SF3b1 HEAT repeats support yeast growth

To explore the differences between yeast Hsh155 and human
SF3b1, we generated chimeric constructs and assayed them
for function in yeast (Fig. 4B). We began by replacing yeast
HEAT repeats 1–5, 1–12, and 1–16 with the human sequence
to generate the chimeric proteins Hs1-5, Hs1-12 and Hs1-16.
While not essential for growth (Fig. 2B), the N-terminal ex-
tension was not altered in these constructs and consists en-
tirely of the native yeast sequence. Hs1-5 and Hs1-12 grow
equally well asWT on FOA, but further exchange of sequence
in Hs1-16 results in a significant growth defect (Fig. 4C). This
result demonstrates that the region of SF3b1mutated inMDS
(HEAT repeats 4–9) in humans can functionally complement
for this same region in yeast Hsh155. This same region has
also been shown to interact with the spliceosomal ATPases
Prp2 and Prp5 (Rauhut et al. 2016; Tang et al. 2016; Yan
et al. 2016; Carrocci et al. 2017), and so it is likely that the hu-
man HEAT repeats also conserve these interactions to some
extent.
We also exchanged sequence internal to the protein start-

ing with HEAT repeat 5. Consistent with the above data, Hs5-
12 was well tolerated and, surprisingly, this now permitted
inclusion of additional HEAT repeats. A chimeric protein
containing human HEAT repeats 5–16 (Hs5-16) supported
yeast growth (Fig. 4D). From this, we propose that the
Hs1-16 mutant was likely very sick due to the exchange of
a large number of repeats and not due to incompatibility of
HEAT repeats 12–16. Whereas the N-terminal HEAT repeats
appear to be functionally interchangeable, exchange of the
C-terminal HEAT repeats are not tolerated (Fig. 4D). This
observation is consistent with C-terminal truncations of
Hsh155 being lethal and the general importance of the region
to SF3b function (Fig. 2C).
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Exchanging human and yeast sequences alters splicing

Wenext examined how inclusion of humanHEAT repeats al-
tered BS usage in yeast and how this was further changed by
two common MDS alleles (K666E and K700E; human
SF3b1 numbering). The Hsh155 chimeras containing Hs1-
12 showed no growth defects on Cu2+ when assayed with the
consensus ACT1-CUP1 reporter. However, these human se-
quences increased Cu2+ tolerance using reporters containing
the nonconsensus BS U257C and A258U relative to the yeast
protein even without inclusion of MDS-linked mutations
(Fig. 4E).Not all nonconsensusBSwereaffected, asnochanges
relative to Hsh155 were observed for any of the chimeras with
the C256A reporter. While both yeast and human HEAT re-
peats promote splicing of pre-mRNAs with consensus BS
equally well, humanHEAT repeats alone are sufficient to pro-
moteusageofnonconsensusBS in yeast.This suggests that fea-
tures of human SF3b1 may contribute to use of weak BS.

The K666E and K700E MDS alleles in the Hs1-12 chimera
both impaired growth in the presence of a nonconsensus
BS reporter relative to the WT Hs1-12 chimera (Fig.
4E). Reduced Cu2+ tolerance was observed using both the
U257C and A258U reporters but not with the consensus

BS. This indicates that the MDS alleles al-
tered splicing in ways consistent with pri-
or work in which homologous mutations
were introduced in Hsh155 (Tang et al.
2016; Carrocci et al. 2017). These results
support the notions that HEAT repeats
4–9 function similarly in yeast and hu-
mans and that MDS alleles in human or
yeast may alter splicing through similar
mechanisms.
We carried out similar experiments

with the Hs5-16 chimera to test how a
PB resistance mutation (R1074H) in
SF3b1 alters BS usage. As with the Hs1-
12 chimeras (Fig. 4E), we observed in-
creased Cu2+ tolerance using reporters
containing U257C and A258U BS with
Hs5-16 and no change in growth using
the WT reporter (Fig. 4F). Interestingly,
inclusion of the R1074H PB resistance
mutation alters this behavior. While
growth using the WT reporter was unaf-
fected, Hs5-16 R1074H Cu2+ tolerance
more closely resembled that of WT
Hsh155 with nonconsensus U257A and
A258U reporters and decreased Cu2+

tolerance using the U257C reporter rela-
tive to Hs5-16 (Fig. 4F). Like MDS and
BP-A pocket mutations, the PB-resis-
tance R1074Hmutation can also alter us-
age of nonconsensus BS.

PB inhibits splicing in chimeric Hsh155 mutants

Since yeast were able to tolerate substitution of the majority
of the Hsh155 HEAT repeats with those from human
SF3b1, we next tested whether PB would inhibit in vitro splic-
ing in extracts containing chimeric SF3b1. We generated
splicing extracts from cells expressing Hs1-12, Hs5-16, or
Hs5-16 R1074H. Extracts were incubated with PB or a
DMSO control prior to the addition of radiolabeled pre-
mRNA to initiate splicing (Fig. 5A). In the absence of PB,
all extracts containing the chimeras spliced in vitro, albeit
to different extents and with somewhat reduced activity com-
pared to WT. This was observed in multiple extract preps
(data not shown) and likely indicates reduced function of
these mutant proteins in vitro. Addition of 500 nM PB
did not inhibit the formation of the lariat intron-3′ exon in-
termediate or mRNA product from extracts containing
Hsh155 WT or the Hs1-12 chimera (Fig. 5A,B). However,
product formation was strongly inhibited in Hs5-16 extract
upon addition of PB (Fig. 5A,B). When the R1074H PB resis-
tance mutation was introduced in the Hs5-16 chimera, gen-
erating Hs5-16 R1074H, splicing product formation in the
presence of PB was restored.

BA
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FIGURE 4. Humanized Hsh155 functions in yeast and alters nonconsensus BS usage. (A) In vi-
tro splicing assay with WT Hsh155 in the presence or absence of PB (20 µM). PB does not inhibit
yeast splicing at this concentration. (B) Schematic illustration of the humanized Hsh155 chimeric
proteins. (C,D) Growth of haploid yeast containing the indicated humanized Hsh155 proteins on
nonselective (−Trp) and selective (−Trp +FOA) media at 30°C. (E) Heatmap summarizing
ACT1-CUP1 reporter data for the indicated humanized Hsh155 proteins and MDS mutants
with several BS reporters. Plotted data represent the log2 transform of the ratio of the maximum
[Cu2+] at which growth was observed for the indicated mutant to the maximum [Cu2+] at which
growth was observed for WT Hsh155. Purple indicates decreased growth relative to WT, and or-
ange indicates improved growth. (F) Heatmap of ACT1-CUP1 reporter data as in panel E but in-
cluding the Hs5-16 humanized protein with and without the R1074H splicing inhibitor resistance
mutation (note that numbering refers to human SF3b1).
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The Hs5-16 chimera was very sensitive to PB and titration
of the extract revealed an IC50 of ∼25 nM (Fig. 5C,D), com-
parable to values reported for inhibition of human splicing in
vitro (Effenberger et al. 2014). These data demonstrate that
exchange of HEAT repeats 5–16 is sufficient to render the
yeast spliceosome susceptible to small molecule inhibition
by a human SF3b1 inhibitor. This strongly suggests that the
binding site for PB resides in these HEAT repeats. Recent
work suggests that PB binds close to the BP-A pocket, at a
site formed by SF3b1 HEAT repeats 15 and 16 as well as
the SF3b protein PHF5A (yeast Rds3) (Cretu et al. 2016;
Teng et al. 2017). Since we did not modify Rds3 in these as-
says, it is likely that it can compensate for PHF5A interactions
with PB. Consistent with this hypothesis, the only known res-
idue in PHF5A/Rds3 that can confer resistance to PB upon
mutation, Y36, is conserved in yeast. The failure of PB to in-
hibit yeast splicing likely then arises from differences in the
Hsh155 portion of the composite binding site.

DISCUSSION

We have used recently determined cryo-EM structures of
SF3b1 and Hsh155 to analyze how the observed protein/
RNA contacts promote splicing in yeast. Site-directed muta-
genesis of the RNA binding site and the BP-A pocket in
particular link SF3b1/RNA interactions with use of noncon-
sensus BS. The high sequence conservation of SF3b1 among
eukaryotes allowed us to replace yeast Hsh155 HEAT repeats
with their human counterparts. Yeast containing humanized
Hsh155 showed increased usage of nonconsensus BS, in

agreement with the notion that SF3b1/RNA interactions are
an important determinant in BS selection. Furthermore,
splicing in extracts prepared fromyeast expressing humanized
Hsh155 was strongly inhibited by addition of PB. Together,
these data reveal new insights into SF3b1 function in splicing.

The essential domains and BS duplex interactions
of SF3b1/Hsh155

SF3b1/Hsh155 has now been resolved in a number of struc-
tures of the human and yeast spliceosome at varying resolu-
tions (Rauhut et al. 2016; Yan et al. 2016; Bertram et al. 2017;
Plaschka et al. 2017). While specific amino acid/RNA con-
tacts are not well-defined in every structure, they all identify
the N- and C-terminal HEAT repeats of SF3b1 as the key in-
teraction sites for the U2/BS duplex. Both RNA strands of the
U2/BS duplex are similarly engaged by Hsh155 via interac-
tions between conserved, positively charged lysine and argi-
nine sidechains found in the N- and C-terminal HEAT
repeats and the RNA phosphodiester backbone (Fig. 1).
However, only contacts made with the intronic RNA of the
U2/BS duplex are essential. Thus, despite structural similar-
ities in how both strands of the U2/BS duplex are recognized
by SF3b1/Hsh155, recognition of the BS strand is more crit-
ical for function. BP-A pocket mutations can also alter the
usage of nonconsensus BS. Substitution with bulkier amino
acids decreases nonconsensus BS usage, while substitution
with smaller amino acids increases usage (Fig. 3).We hypoth-
esize that for SF3b1/Hsh155 to bind U2/BS duplexes contain-
ing mismatches additional space or flexibility within the
BP-A pocket may be required to properly accommodate
the bulged nucleotide. In other words, deformation of the
U2/BS duplex due to mismatches from weak BS may place
additional constraints or requirements on SF3b1 for duplex
interaction. While the BP-A pocket is highly conserved be-
tween yeast and humans (Supplemental Figs. 1, 6), humans
contain a smaller, hydrophobic valine amino acid in place
of N747 in yeast (Fig. 1C). It would be interesting to deter-
mine the contribution of this particular amino acid to usage
of weak BS by the human splicing machinery.
In agreement with the above mutational data, we also

found that large portions of the Hsh155 N terminus, but
not the C terminus, are dispensable for growth (Fig. 2).
The N-terminal ULM region as well as HEAT repeats 1–3
(which are responsible for contacts to the snRNA strand of
the U2/BS duplex) are nonessential in S. cerevisiae, consistent
with earlier work on the S. pombe homolog, Prp10 (Habara
et al. 1998). Further truncation of the protein beyond
HEAT repeat 3 was lethal. Interestingly, biochemical data
from our laboratory and others previously indicated that
this region is important for Prp5 ATPase binding in addition
to binding of the intronic RNA downstream from the BS
(Tang et al. 2016; Carrocci et al. 2017). It is possible that ad-
ditional N-terminal truncations beyond HEAT repeat 3 can-
not be tolerated due to disruption of necessary interactions

BA
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FIGURE 5. PB inhibits yeast splicing with humanized Hsh155. (A) In
vitro splicing assay with WT Hsh155 or the indicated humanized
Hsh155 variants in the presence or absence of PB (500 nM).
(B) Quantification of in vitro splicing data represented by panel A.
Each bar represents the average of three independent experiments,
and error bars represent the standard deviation. Data were normalized
to the extent of splicing observed for each individual strain in the ab-
sence of PB. (C) Titration of PB inhibition of in vitro splicing of extracts
containing Hs5-16. (D) Quantification of the data shown in panel C.
Approximately 50% inhibition (∼IC50) is observed at 25 nM PB.
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with Prp5, that intronic RNA binding to this region is essen-
tial, or both. In contrast, very little of the C-terminal region of
SF3b1 could be removed without impacting yeast growth.
Each of the C-terminal HEAT repeats interacts extensively
with multiple other proteins (Supplemental Fig. 3), and we
speculate that their removal is too destabilizing to SF3b struc-
ture for yeast to tolerate.

While many of the HEAT repeats of Hsh155 can be re-
placed or deleted, it does not mean that these same regions
do not influence the splicing reaction. Recently, a number
of Hsh155 mutations have been isolated in HEAT repeat 3
that improve splicing of pre-mRNAs with nonconsensus BS
(Tang et al. 2016). We have also shown that simultaneous
alanine substitution of several amino acids within HEAT re-
peats 1 and 2 improves yeast growth when tested in combina-
tion with the nonconsensus A258U ACT1-CUP1 reporter
(N4A, Fig. 3B). Whether or not these changes are the direct
result of altered interactions between the N-terminal HEAT
repeats and the snRNA strand of the U2/BS duplex is unclear.
It is possible that perturbation of interactions between the N-
terminal HEAT repeats and the snRNA strand also change in-
teractions between the C-terminal HEAT repeats and the
intronic strand of the duplex. Additional structural data of
SF3b1 or Hsh155 bound to U2/BS duplexes containing mis-
matches could help clarify how the protein accommodates
these structures.

Multiple features of SF3b1 impact BS usage

Cryo-EM structures of precatalytic spliceosomes have shown
that binding of the U2/BS duplex is carried out predominant-
ly by Hsh155 with a few additional interactions made be-
tween the duplex and Rds3 and Prp11 (PHF5A and SF3a2
in humans, respectively) (Rauhut et al. 2016; Yan et al.
2016; Plaschka et al. 2017). SF3b1/Hsh155 contacts to the
U2/BS duplex do not appear to involve specific recognition
of the RNA sequence. Instead, its interaction mode is pre-
dominated by contacts to the phosphodiester backbone and
ribose groups of the duplex (Fig. 1B). This suggests that
SF3b1/Hsh155 may be functioning to recognize duplex for-
mation or features of the U2/BS duplex itself. This observa-
tion is consistent with utilization of nonconsensus BS in
yeast and humans, as sequence-specific contacts at this step
would constrain the versatility of the spliceosome to utilize
different BS. One exception is binding of the BP-A, which
is not paired in the U2/BS duplex but instead sequestered
within a pocket (Supplemental Fig. 6) situated at the interface
of HEAT 15 and 16. The lack of nucleotide-specific interac-
tions within the pocket likely explains in part why other nu-
cleotides can also be used in place of BP-A (Smith et al. 2009).

The data presented here suggest a pathway for BS recogni-
tion during splicing (Fig. 6). For both chemical steps in splic-
ing to occur efficiently, it is critical for the U2/BS duplex to
contain a bulged nucleotide and for the bulge to be appropri-
ately positioned within the duplex (Query et al. 1994; Smith

et al. 2009). One function of SF3b1/Hsh155 might be to en-
sure that both of these requirements are met upon pairing of
the U2 GUAGUA sequence with a cognate RNA. Accommo-
dation of the bulged nucleotide aligns the U2/BS duplex with
a set of positively charged amino acids within SF3b1/Hsh155.
It is possible that proper accommodation and alignment of
the duplex promotes usage of a particular BS (Fig. 6), or
that misalignment is not tolerated by Hsh155 and blocks as-
sembly. This agrees well with previous studies of BS recogni-
tion using an orthogonal splicing system in yeast that revealed
the importance of bulge position within the U2/BS duplex
(Smith et al. 2009). In that work, Prp5 mutations could
also suppress defects related to mutations in the U2/BS du-
plex but not those due to changes in bulge position. This sug-
gests that SF3b1/Hsh155 and Prp5 may collaborate to ensure
proper structure of the U2/BS duplex, with SF3b1/Hsh155
playing a more significant role in identifying the position of
the bulged nucleotide.
While the data presented here implicate the RNA duplex

binding region as an important determinant of BS usage,
other regions of SF3b1/Hsh155 can have similar effects.
We and others have observed that mutation of HEAT re-
peats in Hsh155 far from the U2/BS duplex binding site in-
fluences BS selection (Supplemental Fig. 7; Tang et al. 2016;
Carrocci et al. 2017). Indeed, many cancer-associated muta-
tions in SF3b1 alter BS usage in both yeast and human cells
despite being located far from the duplex binding site
(Darman et al. 2015; Alsafadi et al. 2016). We previously
proposed a mechanism for SF3b1/Hsh155 in BS selection
in which different mutations could alter the equilibrium be-
tween open and closed conformations of the protein in a
step distinct from the Prp5-dependent proofreading (Xu
and Query 2007; Liang and Cheng 2015; Carrocci et al.
2017). Our work here expands on this by noting that proper
recognition of the U2/BS duplex and accommodation of the

FIGURE 6. U2/BS duplex recognition by SF3b1 and PHF5A during
splicing. A properly closed conformation of SF3b1/Hsh155 is associated
with accommodation of the bulged, BP-A of the U2/BS duplex within
the hydrophobic pocket of SF3b1/Hsh155 (dark gray) and alignment
of the phosphodiester backbone of the intron strand of the U2/BS du-
plex with a set of positively charged amino acids within the C-terminal
HEAT domain. N-terminal HEAT repeats and PHF5A/Rds3 contact the
U2/BS duplex. Formation of this complex promotes selection of a par-
ticular BS and splicing (pbd: 5GM6) (Yan et al. 2016). Note that Rds3
was omitted from the inset for clarity.
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BP-A may be necessary for formation of a stable structure.
This stable structure may not require full closure of Hsh155
and contacts to both RNA strands of the U2/BS duplex
since the snRNA contacts and N-terminal domains are non-
essential in yeast (Figs. 1, 2). Additional stability may arise
from interactions with Rds3, which also contacts the U2/BS
duplex and interacts extensively with Hsh155 (Supplemen-
tal Fig. 6). Conformational dynamics of SF3b1/Hsh155 may
be influenced by the structure of the U2/BS duplex and the
contacts it can or cannot make with the protein.
Finally, we note that the Hsh155 mutations studied here

may alter other steps in splicing in addition to spliceosome as-
sembly. We have previously shown that MDS-linked Hsh155
mutations interact genetically with mutations in the Prp2
ATPase, which is responsible for release of the SF3 proteins
from the U2/BS duplex during spliceosome activation
(Lardelli et al. 2010; Liu and Cheng 2012; Bao et al. 2017a;
Carrocci et al. 2017). We proposed that mutations that stabi-
lize the closed complex of Hsh155may favor assembly but in-
hibit activation, while mutations that stabilize the open
complex may do the opposite. Perturbation of the Hsh155
U2/BS duplex binding site can also result in genetic interac-
tions with the cold-sensitive Prp2 Q548N mutant (Supple-
mental Fig. 5). Molecular interpretations of these data are
difficult at this stage since little is known about how ATP hy-
drolysis by Prp2 correlates with specific structural transitions.
It is possible that how theU2/BS is accommodated byHsh155
also correlates with demand of the machinery for Prp2
ATPase activity during activation. The particular impact of
Hsh155 mutation on splicing of a given transcript may there-
fore depend on whether assembly or activation is limiting for
the overall process.

Inhibition of yeast splicing by pladienolide B

Given the high conservation of SF3b1, including the inhibitor
binding site, it is surprising that PB fails to inhibit yeast splic-
ing in vitro even at µM concentrations—several hundred-fold
higher than required to inhibit splicing in human nuclear ex-
tract (Effenberger et al. 2014; Finci et al. 2018). It is unlikely
that failure of PB to inhibit yeast splicing stems from differ-
ences in yeast and humans spliceosome assembly pathways
since humanized Hsh155 alone confers PB sensitivity to the
yeast splicingmachinery. One possibility is that while the pro-
posed PB binding site (and BP-A pocket) is highly similar be-
tween yeast and humans (Supplemental Fig. 6), differences in
inhibition stem from subtle alterations to amino acids at these
locations. Indeed, mutation of V1078 to alanine or isoleucine
in human cells confers resistance to inhibition and this posi-
tion corresponds to N747 in yeast (Teng et al. 2017). Intri-
guingly, N747A strongly alters the splicing of pre-mRNAs
with nonconsensus BS (Fig. 3D). Amino acid variation of
Hsh155/SF3b1 may therefore contribute to differences in
both BS usage and sensitivity to inhibitors. In the future, sys-
tematic mutation of the BP-A pocket and surrounding region

may prove useful for deducing theminimal structural require-
ments for PB binding and inhibition.
The mechanisms by which PB and other SF3b1 ligands in-

hibit splicing in vivo are not yet well-understood since the
splicing of different introns is inhibited to different degrees
by the same drug and related drugs perturb the splicing of
different sets of introns (Corrionero et al. 2011; Effenberger
et al. 2017; Teng et al. 2017; Vigevani et al. 2017; Finci et al.
2018; Seiler et al. 2018). One possibility is that SF3b1 inhib-
itors can bind to SF3b1 whenever the binding site is not oc-
cupied by the U2/BS duplex. In this case, drug inhibition
results in competition between introns for a limited pool of
U2 snRNPs not bound by these compounds (Effenberger
et al. 2017). The introns most sensitive to inhibition would
consequently be those that are the least competitive for func-
tional U2 recruitment. Such competition among introns for
the splicing machinery has been documented in yeast and
more recently in human cells (Munding et al. 2013; Paolella
et al. 2017). Alternatively, the inhibitor binding site in SF3b1
may only become available for drug binding transiently dur-
ing BS recognition, as it has previously been proposed that
U2 undergoes multiple conformational changes at this stage
of spliceosome assembly (Wiest et al. 1996; Perriman and
Ares 2010; Folco et al. 2011; Effenberger et al. 2016). In
this scenario, sensitivity of particular introns to drug inhibi-
tion may stem from how well the transcription and splicing
machinery promotes these rearrangements and the lifetime
of the inhibitor-sensitive complex on a particular transcript.
Chemical inhibition of splicing in yeast containing human-
ized Hsh155 may be able to distinguish between these possi-
bilities as well as prove generally useful for many other studies
of gene expression.

MATERIALS AND METHODS

Parental yeast strains used were described previously (Carrocci et al.
2017). Supplemental Tables 1 and 2 contain detailed lists of plas-
mids and strains used in this study. Yeast transformation and growth
was carried out using standard techniques and media.

Western blotting

Total protein was isolated by trichloroacetic acid precipitation and
western blots were performed as previously described (Carrocci
et al. 2017). α-FLAG-HRP, α-actin, and α-mouse-HRP antibodies
were purchased from Sigma Aldrich, AMB Millipore, and Bio-rad
AbD Serotech, respectively. Blots were developed using Clarity
Western ECL substrate (Bio-rad) and imaged using an LAS4000
Imager (GE Healthcare Life Sciences).

Site-directed mutagenesis

Point mutants were generated using inverse polymerase chain reac-
tion (PCR) with Phusion DNA polymerase (New England Biolabs).
Chimeric Hsh155 plasmids were made by restriction enzyme clon-
ing using a yeast codon optimized sequence for SF3b1 purchased
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from IDT, and all plasmids were confirmed by sequencing. The se-
quence exchanged is shown in Supplemental Table 3.

In vitro splicing assays

Splicing extracts were prepared from yeast strains derived from
BJ2168 and prepared as previously described (Ansari and Schwer
1995; Hoskins et al. 2011). Extract was flash frozen in liquid nitro-
gen and stored at−80°C until use. Capped, [32P]-labeled RP51a pre-
mRNA substrate was transcribed using T7 RNA polymerase and was
gel purified prior to use (Crawford et al. 2008). Splicing reactions
consisted of 100 mM KPi pH 7.3, 3% (w/v) PEG 8000, 2.5 mM
MgCl2, 1 mM DTT, 2 mM ATP, 40 U Murine RNase Inhibitor
(New England Biolabs), 300 pM [32P]-labeled pre-mRNA, and
40% (v/v) whole cell extract. Splicing reactions were performed at
room temperature and stopped after 45 min by addition of 2 mg/
mL Proteinase K, 2.5% (w/v) SDS, and 1 mM EDTA. The samples
were heated to 60°C for 10 min followed by addition of deionized
formamide loading buffer. Samples were resolved on a 12% poly-
acrylamide (19:1 acrylamide:bisacrylamide), 8 M urea gel with 1×
tris/borate/EDTA (TBE) buffer. Gels were dried and imaged using
a storage phosphorscreen and Typhoon FLA 9500 phosphorimager
(GE Healthcare Life Sciences). Gels were quantified using ImageJ
software (Schneider et al. 2012).

Splicing inhibition assays

PB was purchased from Santa Cruz Biotechnology. PB was dissolved
in DMSO and used at concentrations ranging from 0.1–20 μM.
Extract was incubated with PB for 10 min at room temperature
prior to the addition of pre-mRNA to initiate splicing. DMSO alone
was added to samples not containing PB. Relative fraction spliced
was calculated as [(MPB + LPB)/(MPB + LPB + PPB)]/[(MUntreated +
LUntreated)/(MUntreated + LUntreated + PUntreated)] for individual strains
to account for differences in extract activity. Relative 1st step activity
was calculated as: [(LPB)/(LPB + PPB)]/[(LUntreated)/(LUntreated +
PUntreated)]. M is mature, L is lariat intermediate, and P is pre-
mRNA and the subscripts “PB” and “Untreated” indicate results
obtained in the presence or absence of PB, respectively.

Temperature sensitivity and growth assays

Yeast were grown to mid-log phase, adjusted to OD600 = 0.5 and
plated on YPDmedia in 10-fold serial dilutions. Plates were incubat-
ed for 2 d at 30°C, and 37°C, 3 d at 23°C, and 10 d at 16°C prior to
imaging. Assays examining the functionality of Hsh155mutants and
truncations compared growth to WT Hsh155.

ACT1-CUP1 copper assays

ACT1-CUP1 reporters and growth assays have been described pre-
viously (Lesser and Guthrie 1993; Carrocci et al. 2017). Briefly, yeast
strains expressing WT or mutant proteins and ACT1-CUP1 report-
ers were grown to mid-log phase in the appropriate media to main-
tain selection for the plasmids, adjusted to OD600 = 0.5 and equal
volumes were spotted onto plates containing 0, 0.025, 0.05, 0.075,
0.1, 0.15, 0.2, 0.25, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.1, 1.2, 1.3,

1.4, 1.5, 1.6, 1.7, 1.8, 1.9, 2.0, 2.25, or 2.5 mM CuSO4. Plates were
scored after 3 d growth at 30°C.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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