1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Cell Chem Biol. Author manuscript; available in PMC 2020 March 21.

Published in final edited form as:
Cell Chem Biol. 2019 March 21; 26(3): 443-448.e3. d0i:10.1016/j.chembiol.2018.11.008.

-, HHS Public Access
«

Chemical Inhibition of pre-mRNA Splicing in Living
Saccharomyces cerevisiae

Sarah R. Hansen2, Brandon J. Nikolail, Peyton J. Spreackerl-2, Tucker J. Carroccid, and
Aaron A. Hoskins1:2"

1Department of Biochemistry, University of Wisconsin-Madison, Madison, Wisconsin 53706, USA

2Integrated Program in Biochemistry, University of Wisconsin-Madison, Madison, Wisconsin
53706 USA

3Department of Molecular Biophysics and Biochemistry, Yale University, New Haven, Connecticut
06520 USA

SUMMARY

The spliceosome mediates precursor mMRNA (pre-mRNA) splicing in eukaryotes, including the
model organism Saccharomyces cerevisiae (yeast). Despite decades of study, no chemical
inhibitors of yeast splicing in vivo are available. We have developed a system to efficiently inhibit
splicing and block proliferation in living yeast cells using compounds that target the human
spliceosome protein SF3B1. Potent inhibition is observed in yeast expressing a chimeric protein
containing portions of human SF3B1. However, only a single point mutation in the yeast homolog
of SF3BL1 is needed for selective inhibition of splicing by pladienolide B (PB), herboxidiene (HB),
or meayamycin (MAM) in liquid culture. Mutations which enable inhibition also improve splicing
of branch sites containing mismatches between the intron and snRNA—suggesting a link between
inhibitor sensitivity and usage of weak branch sites in humans. This approach provides powerful
new tools for manipulating splicing in live yeast and studies of spliceosome inhibitors.
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No chemical approaches exist for inhibiting pre-mRNA splicing in budding yeast despite its
widespread use in gene expression studies. Hansen et al. have discovered that mutation of the
protein Hsh155 enables potent inhibition of yeast splicing in vivo by several drugs.
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INTRODUCTION

In eukaryotic cells, pre-mRNA introns are removed and exons ligated together by the
spliceosome to produce mature mRNA products (Figure 1A) (Hoskins and Moore, 2012;
Wahl et al., 2009). Introns are recognized by conserved cis regulatory elements: the 5 splice
site (5’ SS), the branch site (BS), and the 3’ splice site (3’ SS). During spliceosome
assembly, the BS forms a duplex with the U2 small nuclear RNA (snRNA) that is bound by
the protein SF3B1 (Hsh155 in yeast) (Query et al., 1994; Wahl et al., 2009). The U2/BS
duplex contains a bulged adenosine which serves as the nucleophile during 5” SS cleavage
and the branch point nucleotide (BP-A) for the intron lariat. The BP-A is accommodated
within a binding pocket formed by HEAT repeats 15-16 (HR 15-16) of the HR domain of
SF3B1/Hsh155 (Figure 1B) (Yan et al., 2016). Formation of the U2/BS duplex is likely
coupled with other steps in expression of the nascent RNA (Alexander et al., 2010).
However, research in this area has been hampered by the inability to chemically inhibit
splicing in yeast despite its well-characterized gene expression machinery.

In addition to playing an essential role in splicing, SF3B1 is a hotspot for mutations found in
myelodysplastic syndrome, chronic lymphocytic leukemia, uveal melanoma, and breast
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cancer (Anczukdw and Krainer, 2016; Lee and Abdel-Wahab, 2016). These mutations can
alter BS usage and result in aberrant mMRNA formation by activation of cryptic 3’ SS located
near the new BS (Carrocci et al., 2017; Darman et al., 2015; Tang et al., 2016). Recently,
several classes of natural products [e.g., pladienolide B (PB, Figure 1C), meayamycin
(MAM), and herboxidiene (HB)] have been shown to modulate or inhibit splicing by
targeting SF3B1 (Albert et al., 2007; Effenberger et al., 2017; Webb et al., 2013). Structures
of PB and derivatives bound to SF3B1 show that these compounds occupy the BP-A binding
pocket and suggest a mode of action where they can occlude binding of the U2/BS duplex
(Figure 1B and 1D) (Cretu et al., 2018; Finci et al., 2018; Yan et al., 2016). Competition
between these drugs and the U2/BS duplex for SF3B1 is supported by recent data in which
purified spliceosomes containing SF3B1-bound RNA duplexes are insensitive to PB (Cretu
et al., 2018). In addition, biochemical data indicates that these inhibitors also prevent stable
formation of the U2/BS duplex itself (Folco et al., 2011). A derivative of PB (H3B-8800) is
in clinical trials and has been shown to be effective at killing cancer cells expressing mutant
alleles of SF3BL1 or other splicing factors (Seiler et al., 2018). However, there is still a strong
need for the discovery of new and selective SF3B1 ligands as well as for mechanistic
elucidation of their mechanism of action (Webb et al., 2013).

We recently demonstrated that replacement of Hsh155 HR 5-16 with their counterparts from
human SF3B1 could support yeast viability and splicing (Carrocci et al., 2018). Yeast were
viable with the human/yeast chimeric protein (Hsh155°-16) as the only copy of HSH155 for
the cell (Carrocci et al., 2018). When whole cell extracts were prepared from Hsh155°-16-
containing strains, the /n vitro splicing activity could be blocked by addition of PB.
However, PB had little effect in extracts prepared from strains expressing the wild-type
(WT) Hsh155 protein. The potency of PB as an /n vitro inhibitor was similar in both human
and yeast Hsh155°716 extracts (ICsqg ~25nM) (Effenberger et al., 2014). Herein, we report
the chemical inhibition of yeast growth and splicing in cells using PB and other SF3B1-
targeting compounds. A single point mutation in Hsh155 is sufficient to sensitize yeast to
chemical inhibitors. These methods represent an innovative approach for blocking splicing
in vivo in yeast and provide a new tool for identifying next-generation human splicing
inhibitors.

RESULTS AND DISCUSSION

Our previous data showed that /n vitro inhibition of pre-mRNA splicing was conserved
between humans and yeast containing chimeric Hsh155; however, PB failed to significantly
affect growth of those yeast strains (Figure S1) (Carrocci et al., 2018). Since yeast express
several multidrug transporters, we reasoned that the loss of inhibitor potency between /n
vitroand in vivo assays was due to drug efflux (Jungwirth and Kuchler, 2006; Labunskyy et
al., 2014; McMurray and Thorner, 2008). We deleted the genomic copy of HSH155in a
previously described transporter-deficient strain of yeast (pdr5A yorlA sng2A) while
introducing a WT allele of HSH155 (Hsh155WT) on a URA3marked plasmid (Key
Resources Table, Table S1) (McMurray and Thorner, 2008). These yeast were then
transformed with WT or humanized hsh1550n a TRPI-marked plasmid and loss of the
URAS3 plasmid selected for by growth on 5-fluoroorotic acid (5-FOA).
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The resulting yeast strains were grown in liquid culture in rich media (YPD) in a 48-well
microplate with varying concentrations of PB (Figure 2A). As expected from our /n vitro
analysis, growth of yeast containing either Hsh155WT or a chimeric protein containing
human HR 1-12 (which contains humanized HR but not those involved in drug binding,
Hsh1551-12) was not inhibited by addition of PB up to concentrations of 20 pM (Figure 2B,
Figures S2A and S2B). However, growth of Hsh155°-16 yeast (which contains human HR
involved in drug binding) was inhibited by PB in a concentration-dependent manner (Figures
2B and 2C; Table S2). To test if PB was causing cell death or stopping proliferation, we
plated yeast containing Hsh155°-16 after exposure. Viable yeast were still present after PB
treatment, and we conclude that PB causes an arrest of yeast growth but is not completely
fungicidal even after 30 h of exposure at 10 uM PB (Figure S2D).

A single point mutation in SF3B1 (R1074H) confers resistance to PB and other drugs both
in human cells and /n vitro (Teng et al., 2017; Yokoi et al., 2011). Mutation of the
corresponding amino acid in the Hsh155°-16 chimera (Hsh155°-16:R1074H: note that the
residue number refers to human SF3B1) also confers resistance to PB in yeast splicing
assays (Carrocci et al., 2018). We next tested whether or not this mutation would confer
resistance /17 vivo. Yeast containing Hsh155°-16.R1074H were not affected by PB and grew
similarly to the Hsh155WT strain even at the highest drug concentrations (Figure 2B, Figure
S2C). Thus, a PB resistance mutation found in human cell lines also confers resistance when
introduced into the humanized, PB-sensitive yeast strain.

We also assayed sensitivity of Hsh155°-16 yeast towards other known splicing inhibitors.
Both HB and MAM strongly inhibited growth of yeast containing the chimeric protein but
not Hsh155WT (Figure S3, Table S2). Structurally diverse splicing inhibitors are therefore
able to block yeast growth, presumably by binding to humanized Hsh155 and inhibiting
splicing.

To gain insight into why human SF3B1 is sensitive to these inhibitors while Hsh155WT is
not, we analyzed structures of human SF3B1 and yeast Hsh155 (Figure 3A) (Cretu et al.,
2016; Yan et al., 2016). This analysis revealed two residues in the BP-A/drug binding pocket
of HR 15 and 16 which are non-identical or non-similar between the two proteins (Figure
3A): yeast asparagine 747 is a valine in humans while leucine 777 is an asparagine. We
tested whether or not mutation of just these amino acids in Hsh155 to their human
counterparts would convey similar levels of sensitivity to inhibitors. We created yeast strains
in the transporter-deficient background where one or both amino acids were mutated
(Hsh155N747V Hsh155L 777N and Hsh155NL/VNY, Yeast containing Hsh155-777N were
insensitive to PB or HB and grew similarly to Hsh155WT yeast (Figure 3B and 3C; Table
S2). On the other hand, the Hsh155N747V mutation was sufficient to confer drug sensitivity
to both PB and HB /n vivo, albeit to a lesser extent than that observed when using the
humanized Hsh155°-16 chimera (Figure 3B and 3C: Table S2). Although L777N alone does
not impart drug sensitivity, this mutation significantly enhances growth inhibition when
combined with N747V in the double mutant Hsh155NLYN strain. In fact, the 50% growth-
inhibitory concentration (G150) values observed with Hsh155NYVN approached those
observed with chimeric Hsh155°-16 for all inhibitors tested (Table S2). These results
highlight that only a limited number of amino acid substitutions in Hsh155 are needed for
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potent growth inhibition in the presence of human splicing inhibitors and that these
mutations can be epistatic with one another.

Our growth assays strongly suggest that PB, HB, and MAM can target mutant versions of
Hsh155 in yeast cells and that growth stasis is caused by splicing inhibition. To test this
hypothesis, we quantified the amount of spliced product mRNA generated in Hsh155WT and
Hsh155NL/VN strains after inhibitor exposure. These strains also contained a plasmid
encoding an ACTI-CUP1 splicing reporter gene, which is easily quantified by primer
extension (Figure 4A) (Lesser and Guthrie, 1993). To maintain this plasmid, yeast were
grown in liquid drop-out media lacking leucine and tryptophan, conditions under which HB
is a more potent growth inhibitor than in YPD (Figure S4A, Table S2). After 1 h of treatment
with either DMSO or 0.1 pM HB, total cellular RNA was isolated from each strain and
primer extension reactions were performed to quantify intron retention and splicing
inhibition (Figure S4B). We observed an almost complete loss of spliced mRNA product and
build-up of pre-mRNA in yeast containing Hsh155NL/YN treated with HB whereas
Hsh155WT was not significantly affected (Figure 4B). These results are consistent with
SF3B1 inhibitors stopping cell proliferation by blocking pre-mRNA splicing.

While both yeast Hsh155 and human SF3B1 bind the U2/BS duplex, the BS consensus
sequence is quite different between species. Yeast almost exclusively use a strong
UACUAAC (BP-A underlined) BS, which has perfect complementarity to the U2 snRNA
pairing region with the exception of the bulged BP-A. In contrast, human introns are defined
by highly divergent BS sequences with limited predicted pairing to U2 (/.e, weak BS)
(Gould et al., 2016; Harris and Senapathy, 1990; Mercer et al., 2015; Qin et al., 2016). We
previously reported that the Hsh155°-16 chimera permitted both /77 vitro inhibition of
splicing by PB and increased usage of BS containing mismatches to U2 snRNA in yeast
(Carrocci et al., 2018). Furthermore, mutation of the N747 position was sufficient to alter BS
usage. We therefore tested the Hsh155NLVYN mutant for changes in BS usage 77 vivo. We
again used the ACTI-CUPI reporter gene, which allows for changes in splicing in cells to
be correlated with a Cu2*-resistant growth phenotype (Lesser and Guthrie, 1993). We
detected changes in growth on plates containing varying [Cu?*] for yeast strains harboring
ACTI1-CUPI reporters with consensus or weak BS.

Hsh155NL/YN does not alter Cu2*-resistance with an ACT-CUPI reporter containing a
consensus BS, consistent with past studies of other mutations within this region (Figure 4C)
(Carrocci et al., 2018; Carrocci et al., 2017). However, we observed increased Cu2*
tolerance of Hsh155NL/VN yeast expressing reporters with mismatches at -1 and -2 relative
to the BP-A (Figure 4C). Together our data suggest that some features of SF3B1 which
enhance usage of weak BS also confer sensitivity to small molecule inhibitors that target the
BP-A binding pocket.

The exact mechanisms by which Hsh155NL/YN causes drug sensitivity or alters BS usage are
not yet clear. We note that the N747V mutation introduces a less bulky amino acid at this
position, while L777N introduces a similarly sized but more hydrophilic amino acid. It is
tempting to speculate that together these amino acid substitutions allow for better steric
accommodation of either small molecule inhibitors or U2/BS duplexes containing

Cell Chem Biol. Author manuscript; available in PMC 2020 March 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hansen et al.

Page 6

mismatches. However, the human SF3B1 mutation V1078A (equivalent to N747A in yeast
Hsh155) also incorporates a smaller amino acid at this position but instead results in
resistance to a PB derivative (E7107) and HB (Teng et al., 2017). A recent crystal structure
of human SF3B1 bound to PB noted that V1078 is located in a binding pocket with shape
complementarity to the PB macrolide moiety and that SF3B1 undergoes significant
conformational changes within this same region (Cretu et al., 2018). It is possible that
sensitivity to inhibitors depends on both complementarity of the binding pocket to the drug
as well as SF3B1 being in a conformation susceptible to drug binding. Amino acids N747
and L777 in Hsh155 likely are influencing these attributes in yeast.

Small molecule inhibition is a powerful tool for exploring conserved mechanisms of gene
expression including DNA replication (hydroxyurea), RNA transcription (a.-amanitin), and
translation initiation (hippuristanol) and elongation (cycloheximide) in yeast. Yet, chemical
approaches for inhibiting yeast pre-mRNA splicing have been lacking. We have developed a
novel and practical method for inhibiting splicing in live yeast. We believe that this will be
an attractive tool for molecular biologists studying splicing as well as those interested in
decoupling splicing from other steps in gene expression including transcription, chromatin
modification, 3’ end formation, and nuclear export (Alexander and Beggs, 2010; Herzel et
al., 2017; Kim and Dreyfuss, 2001; Reed and Hurt, 2002). Additionally, the ability to easily
screen human splicing inhibitors in yeast has potential in drug discovery, both for rapidly
testing derivatives of current lead candidates and screening libraries of novel compounds.
Yeast containing humanized spicing factors such as the Hsh155°16 chimera could even be
used as a basis for screening inhibitors targeting specific SF3B1 disease alleles or resistance
mutations.

SIGNIFICANCE

Budding yeast is an important model organism for studying eukaryotic gene expression.
While methods have long existed for chemically inhibiting replication, transcription, and
translation in yeast cells, there has been no complementary approach for inhibition of pre-
mMRNA splicing by the spliceosome. Here, we report that mutation of the Hsh155 protein
(the yeast homolog of human SF3B1) enables selective inhibition of yeast proliferation and
pre-mRNA splicing /in vivo by multiple different human splicing modulators. These
inhibitors are potent in liquid culture with 50% growth inhibition values ranging from
1078-1075 M. Only a single amino acid substitution is needed to confer drug sensitivity to
yeast; however, inhibition is enhanced by also including a secondary mutation that does not
change sensitivity on its own. These same mutations increase usage of weak branch sites by
the splicing machinery. This suggests that features of the human spliceosome which
facilitate the use of weak branch sites also confer susceptibility to SF3B1 inhibitors.
Chemical inhibition of splicing in yeast will likely prove useful for elucidating connections
between splicing and other steps in gene expression, understanding mechanisms of SF3B1
inhibition, and screening novel compounds for splicing inhibitory activity.
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STAR METHODS TEXT
KEY RESOURCES TABLE

Submitted as a separate Word document.

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Aaron Hoskins (ahoskins@wisc.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Plasmid and Yeast Strain Construction—Descriptions and sources for recombinant
DNA and Saccharomyeces cerevisiae strains can be found in the KEY RESOURCES TABLE
and Table S1. Plasmids encoding WT or humanized Hsh155 have been previously described
(Carrocci et al., 2018). Point mutations in HSH155 were introduced by inverse polymerase
chain reaction (PCR) and confirmed by DNA sequencing. Standard yeast growth media and
conditions were used unless otherwise specified. The transporter deficient yeast strain
(BYA4AT41 pdr5A0::kanMX snq2A0:kanMX yorlA0::kanMX) was a gift from Jeremey
Thorner (UC-Berkeley) (McMurray and Thorner, 2008). This haploid strain was transformed
with a URA3/CEN plasmid encoding HSH155 and then the chromosomal copy of HSH155
was deleted using a hygromycin B resistance cassette (Goldstein and McCusker, 1999). To
facilitate shuffling of plasmids containing HSH155, the TRPI gene from this strain was also
deleted using a nourseothricin resistance cassette to create strain yAAH1912, the parental
strain used for growth assays unless otherwise noted (Goldstein and McCusker, 1999).
Plasmids containing mutant Ash155 were shuffled into yYAAH1912 and loss of the
URAJ3/CEN plasmid selected for by plating onto 5-FOA (1 g/L) (Amberg and Burke, 2016).

Plasmids containing ACT1-CUP1 splicing reporter genes were obtained from the
laboratories of Dr. Charles Query (Albert Einstein College of Medicine) and David Brow (U.
Wisconsin-Madison) and have been previously described (Lesser and Guthrie, 1993). These
reporter plasmids were introduced either into the transporter deficient strains described
above or a Cu?*-sensitive HSH155 shuffle strain that has been previously described
(Carrocci et al., 2017).

METHOD DETAILS

Splicing Inhibitors—The sources of the splicing inhibitors are listed in the KEY
RESOURCES TABLE. MAM was a gift from Kazunori Koide (University of Pittsburgh).
The inhibitors were dissolved at a high concentration in DMSO, aliquoted, and stored at
-80°C.

Microplate Assay of Yeast Growth Inhibition—Yeast strains were first grown in yeast
synthetic drop-out media lacking tryptophan overnight in a shaking incubator at 30°C (220
rpm). Immediately prior to the assay, cultures were diluted to ODggp=0.06 in YPD. A
portion of the resulting culture (100 pL) was then combined in a Corning Costar 48-well Flat
Bottom Cell Culture plate with 100 pL 2xYPD, 92.5 uL sterile MilliQ H»0O, and 7.5 pL
DMSO (zinhibitor) to yield a final ODggg=0.02 and 2.5% v/v DMSO in 300 L rich media
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(1xYPD). Once filled, the plate was then covered with a Breathe-Easy plate sealing
membrane to limit evaporation.

Cultures contained in the microplate were then incubated in a Tecan Infinite 200Pro plate
reader at 30°C with orbital shaking an d ODggg measurements were taken every 15 min for
30 h. Absorbance values were corrected using blank measurements from wells where YPD
was added instead of yeast culture.

Primer Extension Assays—Yeast transformed with ACT1-CUPI reporters were grown
in yeast synthetic drop-out media lacking tryptophan and leucine in a shaking incubator at
30°C at 220 rpm. Once the cultures reached an ODgpp=0.9-1.0, they were split into two 4.9
mL cultures. DMSO (125 pL) or herboxidiene (4 uM in DMSO, 125 pL) were then added to
the culture and yeast incubated at 30°C for 60 min with shaking at 220 rpm. Cells were
collected by centrifugation, resuspended with MilliQ H,O, and transferred to a 1.5 mL
microfuge tube. Cells were then pelleted again by centrifugation. RNA was isolated from the
yeast using a MasterPure RNA isolation kit according to the manufacturer’s protocol. Primer
extension was carried out using superscript reverse transcriptase 111 according to
manufacturer directions. The reactions simultaneously contained primers complementary to
the ACT1-CUPIRNA and the U6 snRNA, which was used as a loading control. Primers
were purchased from Integrated DNA Technologies with a near-infrared fluorophore at the
5’ end (see KEY RESOURCES TABLE). Reactions were quenched with deionized
formamide RNA gel loading buffer (lacking loading dye) and the products were separated
on a 20cm by 32cm 7% w/v 19:1 acrylamide:bisacrylamide/8M urea/1x TBE gel at 35 W for
80 min at room temperature. Fluorescent primer extension products were visualized using an
Amersham Typhoon NIR imager and quantified using ImageQuant.

ACT1-CUP1 Assays of Cu?* Tolerance—Strains expressing Hsh155WT or mutants and
ACTI1-CUPI reporters were grown to mid-log phase in drop-out media, adjusted to ODgpg =
0.5 and equal volumes were spotted onto drop-out/agar plates containing 0, 0.025, 0.05,
0.075,0.1,0.15,0.2,0.25,0.3,0.4,05,0.6,0.7,0.8,0.9,1.0,1.1,1.2,1.3,14,15,1.6, 1.7,
1.8,1.9, 2.0, 2.25, or 2.5 mM CuSOQy. Plates were scored after 3 days growth at 30°C fo r the
presence of yeast growth.

QUANTIFICATION AND STATISTICAL ANALYSIS

All growth and 7n vitro experiments (Figures 2, 3, and 4; Figures S1, S2, S3, and S4) were
performed in triplicate. For the growth inhibition assays the growth (blank-adjusted ODggg)
relative to the DMSO control was measured at the 20 hour time point. The mean + SD was
plotted for each concentration of PB, HB, or MAM tested. These results were fit and the
50% growth-inhibitory concentrations (GI50) were determined using a four parameters
logistic regression in MATLAB (R2018a) (Cardillo, 2012). Errors in the fit used to obtain
G150 values represent the 95% confidence interval and are reported in Table S2 directly
from the MATLAB output.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. Mutation of Hsh155 enables chemical inhibition of pre-mRNA splicing in
living yeast

. Only a single point mutation in Hsh155 is required for inhibition in cells

. Mutations in Hsh155 can synergize with one another to enhance inhibitor
sensitivity

. Mutations that enable inhibition increase splicing of introns with weak branch
sites
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Figure 1. Small molecule inhibition of pre-mRNA splicing.
(A) Schematic of eukaryotic pre-mRNA splicing. (B) Splicing inhibitors that target SF3B1

are proposed to occupy the same site as the BP-A of the U2 snRNA/BS duplex. Inhibitor
binding likely disrupts formation of a closed complex between SF3B1 and the RNA duplex.
(C) Chemical structure of the splicing inhibitor PB. (D) Crystal structure of PB (ball and
stick) bound to human SF3B1 (left, PDB ID: 6EN4) in comparison with the structure of
Hsh155 bound to the U2/BS duplex including the bulged BP-A (right, PDB ID: 5GM6)
(Cretu et al., 2018; Yan et al., 2016).
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Figure 2. Microplate assay for yeast splicing inhibition.
(A) Chimeric Hsh155 proteins were created by incorporating domains from human SF3B1

(purple). The BP-A and inhibitor binding pocket is circled (pink). The chimeric proteins
were introduced into a transporter deletion strain of yeast by plasmid shuffle. Yeast growth
was monitored in microplate wells containing varying concentrations of splicing inhibitors.
(B) Impact of PB on yeast growth for strains expressing Hsh155WT (black) or humanized
chimeras. Relative growth in the presence of the drug was determined after 20 h in
comparison to DMSO alone. Each point represents the average from three replicates +
standard deviation (SD). (C) Microplate assay data showing growth inhibition of yeast
expressing Hsh155°-16 at increasing concentrations of PB. See also Figures S1-S3 and

Table S2.
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Figure 3. A single point mutation in Hsh155 is sufficient for inhibition.
(A) Structure of the PB binding site of human SF3 (PDB ID: 6EN4) (Cretu et al., 2018).

Shown are HR15 and 16 of SF3B1 (teal) and a fragment of PHF5A (purple). The PB
binding site is composed, in part, of a narrow cleft between V1078 (yeast N747) and a loop
from PHF5A (purple spheres). The non-conserved amino acids mutated in yeast Hsh155 are
shown as orange spheres and highlighted in the sequence alignment below (residue numbers
are for SF3B1). Amino acids lining the BP-A pocket of Hsh155 are noted in bold in the
sequence alignment. (B and C) Impact of PB (B) and HB (C) on yeast growth for strains
expressing Hsh155WT, the Hsh1555-16 (human-yeast chimera), or Hsh155 point mutants.
Relative growth was determined after 20 h in comparison to a DMSO alone. Each point
represents the average from three replicates + SD. Hsh155WT and Hsh155°-16 data shown in
(B) are reproduced from Figure 2B and included for comparison. See also Table S2.
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Figure 4. In vivo assays of splicing inhibition and branch site usage.
(A) Schematic of the ACTI-CUPI reporter assay. (B) Primer extension analysis of splicing

inhibition by HB in yeast expressing Hsh155WT or Hsh155NYVYN, U6 snRNA was used as a
loading control. Quantified below the gel is the fraction mRNA (fraction spliced) plotted as
the mean + SD from three replicates. (C) Results of the ACTZ-CUPI Cu?* tolerance assay.
The maximum Cu2* concentration on which a yeast strain survived is plotted below as the
mean + SD from three replicates. Representative images of yeast grown on CuZ*-containing
plates are included above the bar plot. See also Figure S4.
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