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ABSTRACT

Pre-mRNA splicing is an essential step in eukaryotic gene expression, wherein
interrupting sequences (“introns”) are excised from newly transcribed precursor
messenger RNA (pre-mRNA). At the same time, expressed sequences (“exons”) are
ligated together to form mature mRNA that codes for a given polypeptide product. As
errors in splicing may lead to insertion of aberrant intronic sequence or deletion of exonic
sequence, fidelity in splicing is necessary to ensure proper gene expression. This fidelity
is maintained by a set of ATPases belonging to the SF2 family of nucleic acid helicases.
Here, I focus on two of these helicases: the DEAH-box ATPases Prp16 and Prp43. Through
characterization of disease-correlated mutations in DHX38, the gene encoding human
Prp16, I present evidence for a conserved motif that mediates an autoinhibitory
interaction between the N-terminal and helicase domains of Prp16. I also present
evidence for a novel role for Prp43 in discarding splicing intermediates that are deficient
in transition between the first and second catalytic steps of pre-mRNA splicing. These

data deepen our knowledge of how DEAH-box ATPases ensure faithful gene expression.



CHAPTER 1

INTRODUCTION TO PRE-mRNA SPLICING AND

SPLICING REGULATION BY DEAH-BOX ATPases



The central dogma: how RNA plays an essential role in gene expression

Gene expression is the process of generating biologically active molecules from
instructions encoded in the DNA. The “central dogma” of gene expression posits
information flows from genes in DNA to proteins, with RNA being an intermediary
molecule (Crick 1970). DNA carries heritable genetic information, which is used to code
for proteins that carry out cellular function. In the classical view of the central dogma of
gene expression, RNA is an intermediary molecule, copied (“transcribed”) from DNA by
RNA polymerases to be used as a template (“messenger RNA” or “mRNA”) by ribosomes
to create polypeptide chains (“translation”) of the correct sequence to generate active

protein.

However, advancements in the field of molecular biology since the inception of the
central dogma have illuminated myriad roles for RNA molecules in catalyzing and
regulating each step of gene expression beyond just acting as a messenger. Ribosomal
RNAs catalyze the phosphodiester bond linkage necessary for polypeptide chain
synthesis, and transfer RNAs carry amino acids to the ribosome to extend growing
polypeptide chains (reviewed in Ramakrishnan 2002; Schmeing and Ramakrishnan
2009). RNAs that remain bound to RNA polymerase II can regulate the transcription of
nearby genes (Werner et al. 2017), and small nuclear RNAs (“snRNA”) act in processing
the transcription products from RNA polymerase II to create mature mRNA from
precursor mRNA (“pre-mRNA”) in a process known as pre-mRNA splicing (reviewed in
Staley and Guthrie 1998; Wahl, Will, and Liihrmann 2009; Wilkinson, Charenton, and

Nagai 2020).



Pre-mRNA splicing is an essential step in eukaryotic gene expression

Gene expression in eukaryotic cells is complicated by several factors. One factor is
the presence of a nuclear membrane surrounding DNA, which resides in the nucleus, and
the ribosomes, which reside in the cytoplasm, uncoupling the physical locations of
transcription and translation. Because of this, mRNA generated in the nucleus must be
exported through the nuclear membrane to the cytoplasm for translation (Fig. 1.1).
Facilitating mRNA export are several factors that bind to the mRNA molecule that target
it to the nuclear pore complex (reviewed in Nifio et al. 2013). These export factors bind to
adaptor proteins, which in turn bind to key features of an mRNA molecule that play a role
in efficient and faithful translation once the mRNA is exported to the cytoplasm. These
include adaptors that bind to the 5’ 7-methylguanosine cap, which functions in translation
initiation (Merrick and Pavitt 2018); the poly-A tail, which confers mRNA stability and
promotes translation efficiency (Jackson, Hellen, and Pestova 2010); and, in higher
eukaryotes, the THO/TREX and exon-junction complexes, which are deposited during

pre-mRNA splicing (Moore and Proudfoot 2009).

Pre-mRNA splicing is the process in which interrupting sequences (“introns”) are
excised and flanking expressed sequences (“exons”) are ligated together to produce a
mature mRNA that then goes on to code for the required polypeptide sequence (Staley
and Guthrie 1998; Wahl, Will, and Liihrmann 2009; Wilkinson, Charenton, and Nagai
2020). The number of introns within a eukaryotic genome can range from a relatively
small number in lower eukaryotes such as budding yeast (Spingola et al. 1999) to
hundreds of thousands in higher eukaryotes such as humans (Hong, Scofield, and Lynch

2006). These introns may contain sequences of completely different genes, or may
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2012; Rose 2019), but since they do not function in the downstream steps of translation

or mRNA decay their excision is necessary for faithful gene expression to proceed.

During splicing, exons can also be selectively included or excluded from the
resultant mRNA. This process, called alternative splicing, occurs in 95% of the genes in

the human genome (Pan et al. 2008). Alternative splicing can be regulated on a tissue-



specific level to generate multiple isoforms from a single gene (E. T. Wang et al. 2008),
affording higher eukaryotes an increase in proteome diversity that can be regulated at a
granular level. The importance of pre-mRNA splicing, and of the regulation of pre-mRNA
splicing, is underscored by the fact that 35% of disease-causing mutations within genes
affect splicing (Manning and Cooper 2017), and mutations that affect components of the
splicing machinery are also causal for disease (G.-S. Wang and Cooper 2007). In this
thesis, I will detail how mutations within a splicing factor (Chapter 2), as well as a

substitution within an intron (Chapter 3) dysregulates splicing alter gene expression.

A. 5 exon Intron 3’ Exon
Yeast[  |GUAUGU UACURAAC YAGHEH
Human[__]GU YNYURAY—YYYn—YAGHH
5'SS BP PPT 3'SS
B

:lP—""_%*_P- — [_]3-OH CA_p- — [N C\A—
UOH branching ~__ Iiggtci)gn

Figure 1.2. Pre-mRNA splicing is catalyzed between three reactive intronic elements
defined by short nucleotide consensus sequences.

A. The 5’ splice site, branch point, and 3’ splice site are defined by the 5’ splice site consensus
sequence, branch site consensus sequence, and 3’ splice site consensus sequence. While rigidly
defined in budding yeast introns, these splice sites can deviate across introns in human genes.

B. Pre-mRNA splicing involves two transesterification reactions. During branching, a 2’ hydroxyl
group on the branch point adenosine attacks the 5’ splice site phosphate. During exon ligation,
the 3’ hydroxyl on the free 5’exon attacks the 3’ splice site phosphate, fully excising the intron
while at the same time ligating the flanking exons. (Figure courtesy of Yi Zeng.)

Intron structure across evolutionary taxa

Introns contain three reactive elements that are used to catalyze the pre-mRNA

splicing reaction: the 5’ splice site phosphate, the 3’ splice site phosphate, and the branch



site adenosine (“brA”). These reactive regions lie in close proximity to short nucleotide
sequences known as the 5’ splice site consensus sequence (“5°SS”), 3’ splice site consensus
sequence (“3’SS”), and the branch site (“BS”). While in budding yeast, these consensus
sequences are rigidly defined, in higher eukaryotes such as human these sequences are
more degenerate (Fig 1.2A) (Wahl, Will, and Liithrmann 2009). Nevertheless, common
intronic features within these consensus sequences are found across evolutionary taxa.
The first two residues of the intron, which makes up part of the 5SS, are GT (encoding
“GU?” after being transcribed to RNA), while the ultimate and penultimate residues of the
intron that make up the 3’SS are AG. The brA of the BS is invariant, and the residue that
lies two nucleotides upstream is a T (encoding “U”). These nucleotides not only define
intronic reactive elements, but they also play a role in forming a catalytic core to properly

position these reactive elements for pre-mRNA splicing catalysis.

Pre-mRNA splicing chemistry and spliceosome assembly

Pre-mRNA splicing (herein referred to as “splicing”) occurs through two
transesterification reactions (Fig. 1.2B): branching, in which the 2’ hydroxyl group on
the backbone of the brA attacks the 5° phosphate at the 5’ splice site to form a branched
lariat intermediate and free 5’ exon; and exon ligation, in which the 3’ hydroxyl group of
the free 5’ exon attacks the 5’ phosphate of the 3’ splice site to fully excise the intron and,

concomitantly, ligate the flanking 5’ and 3’ exons together.

Despite the simple two-step chemistry of splicing, this process is catalyzed by a
massive molecular machine known as the spliceosome. The spliceosome is a
ribonucleoprotein machine, consisting of five SnRNA components and over 80 protein

6
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Figure 1.3. Overview of spliceosome assembly & dynamics during pre-mRNA splicing.

The spliceosome consists of several small nuclear ribonucleoprotein subunits (snRNPs), in addition
to a large protein complex (NTC) and several accessory factors belonging to the DEAH-box ATPase
family of RNA helicases. These components assemble stepwise de novo onto each introns that is to
be excised, with several wholescale rearrangements of these components occurring at each step of
assembly and catalysis. (Figure adapted from Wilkinson et al., 2019)

components that are conserved from yeast to humans. These snRNAs and protein
components form several modular small nuclear ribonucleoprotein complexes
(“snRNPs”), where one of the five snRNAs (U1, U2, Ug, Us, and U6) are associated with
several protein factors (Staley and Guthrie 1998). Additionally, a protein-protein complex
associated with the protein factor Prpigp (“NineTeen Complex”, or “NTC”) is also

necessary at the catalytic stages of splicing (Wahl, Will, and Liihrmann 2009).



These snRNPs, the NTC, and several additional soluble factors assemble stepwise
de novo onto each intron that is to be excised (Fig. 1.3) (Staley and Guthrie 1998; Wahl,
Will, and Liihrmann 2009; Wilkinson, Charenton, and Nagai 2020). Intron recognition
and splicing catalysis rely largely on RNA-RNA interactions between splice site consensus
sequences within the intron and the snRNA components of the spliceosome. Initial
recognition of an intron occurs through binding of the U1 snRNP to the 5SS (“E
complex”), followed by binding of the U2 snRNP to the BS (“A complex”). A pre-formed
complex known as the U4/U6eUs triple-snRNP (“tri-snRNP”) then adds to the intron
(“pre-B complex”). Within the tri-snRNP are U6 snRNA, which catalyzes both
transesterification reactions (Fica, Tuttle et al. 2013), base-paired to U4 snRNA which
prevents U6 snRNA from adopting a catalytic conformation. The 5SS is then handed off
to U6 snRNA (Staley and Guthrie 1999) to form the “B complex”), and U4 snRNA is
subsequently released by the tri-snRNP helicase Brr2p (Raghunathan and Guthrie 1998)

to allow for splicing catalysis to begin (“B-activated” or “Bact complex”).
Splicing progression relies on the activity of RNA helicases

The spliceosome is an exquisitely dynamic ribonucleoprotein machine, with
wholescale rearrangements and binding or shedding of several snRNP and protein factors
during the assembly, activation, catalysis, and disassembly steps required for each
splicing event (Fig 1.3) (reviewed in Staley and Guthrie 1998; Wahl, Will, and Liihrmann
2009; Wilkinson, Charenton, and Nagai 2020). This dynamicity of the spliceosome is
attributed to conserved DExH/D-box helicases that act on it (Staley and Guthrie 1998).
During initial spliceosome assembly, the ATPase activities of the DEAD-box helicases

Prpsp and Prp28p are required for U2 snRNP binding to the BS and U6 snRNP binding



to the 5’SS, respectively (Ruby, Chang, and Abelson 1993; Staley and Guthrie 1999; Xu et
al. 2004). Brr2p, mentioned above, is a DEIH-box ATPase required to release the U4
snRNP (Raghunathan and Guthrie 1998) which allows U6 snRNA to adopt a catalytically
active conformation and also allows recruitment of the NTC to complete formation of the
catalytically active spliceosome (Wahl, Will, and Liihrmann 2009; Wilkinson, Charenton,

and Nagai 2020)

Downstream of Brr2-mediated spliceosome activation, four DEAH-box ATPases
(Prp2p, Prpi6p, Prp22p, Prp43p) act to rearrange the spliceosome for catalysis of
branching and exon ligation. Prp2p and Prp16p largely act to reposition a helix formed
between the BS and U2 snRNA (“BS:U2 duplex”) to either juxtapose the brA next to the
5’ splice site phosphate in the catalytic core of the spliceosome (Haselbach et al. 2018) or
shift the brA to allow for juxtaposition of the 3’ splice site phosphate with 3" hydroxyl of
the free 5° phosphate (Fica et al. 2017; S. Liu et al. 2017a; Wilkinson et al. 2017). Thus,
Prp2p ATPase activity is required for the spliceosome to rearrange from the Bact
conformation to one competent for catalysis of branching (“B* complex” or “branching
conformation”), while Prp16p ATPase activity is required to rearrange the spliceosome
from a post-branching conformation (“C complex”) to one competent for catalysis of exon
ligation (“C* complex” or “exon ligation conformation”) (B. Schwer and Guthrie 1992).
After exon ligation has been catalyzed, Prp22p acts on the post-catalytic spliceosome (“P
complex”) to release the exon-exon junction from the spliceosome (Company, Arenas,
and Abelson 1991). Prp43p acts to disassemble the resultant intron-lariat spliceosome
(“ILS complex”) (Arenas and Abelson 1997; Martin, Schneider, and Schwer 2002),

releasing the excised lariat intron for degradation and allowing for recycling of the snRNP



and NTC components of the spliceosome (Wahl, Will, and Liihrmann 2009; Wilkinson,

Charenton, and Nagai 2020).

In the context of acting on RNA-RNA duplexes in free solution, these DEAH-box
ATPases bind to 3’ ends of RNA, and translocate along RNA in a 3’ to 5 direction to
disrupt RNA-RNA structure (He, Andersen, and Nielsen 2010; He et al. 2017). However,
in the context of the spliceosome, many of the RNA-RNA interactions these helicases are
thought to disrupt are embedded deep in the spliceosome’s center. Cryo-EM structures of
the spliceosome also show density corresponding to Prp16p and Prp22p are located at the
periphery of the spliceosome (S. Liu et al. 2017a; Zhan et al. 2018). DNA blocks, which
prevent DEAH-box binding and translocation, placed just downstream of the RNA-RNA
interactions disrupted by Prp16p, Prp22p, or Prp43p fail to block the rearrangements
catalyzed by these helicases (Semlow et al. 2016; Toroney, Nielsen, and Staley 2019).
Taken together, these data support a model in which DEAH-box ATPases act as

“pullases,” applying force to the interactions they remodel from a distance.

In addition to their ATP-dependent roles in initiating spliceosome rearrangements
between catalytic steps, DEAH-box ATPases also have ATP-independent roles in
promoting catalysis. Disabling the ATPase activity of Prp16p allows branching of an A-to-
C mutation at brA (“brC”) that would normally impair branching catalysis (Tseng, Liu,
and Cheng 2011). Binding of Prp22p to the spliceosome both protects the 3’SS and allows
exon ligation of 3’SS that are distal to the BS (Beate Schwer and Gross 1998). These data
suggest Prp16p and Prp22p act to stabilize the branching and exon ligation catalytic
conformations, respectively. Thus, these DEAH-box helicases do not only promote

spliceosome rearrangement after catalysis of the forward reaction, but recruitment of

10



these factors promote the rate of the forward reaction as well. The requirement for these
DEAH-box ATPases to bind prior to the catalysis of branching or exon ligation also

positions these factors to enforce splicing fidelity by through kinetic proofreading.

RNA helicases ensure splicing fidelity through kinetic competition

In addition to their roles in splicing progression, DEAD- and DEAH-box ATPases
also mediate splicing fidelity (reviewed in Semlow and Staley 2012). Splicing fidelity is
postulated to occur through kinetic competition between the forward rate of the splicing
reaction and the rate of the ATPase activity of the helicase. Two non-mutually exclusive
mechanisms of kinetic proofreading may act to ensure splicing fidelity: the “sensor” and
“timer” models (Fig. 1.4). In the sensor model, a suboptimal splice site triggers faster
ATPase activity, leading to rejection of the suboptimal site prior to forward reaction. In
the timer model, a suboptimal substrate slows the forward reaction rate, allowing time
for the ATPase to reject the suboptimal substrate prior to catalysis or completion of the

forward reaction.

In support of a kinetic proofreading model for splicing fidelity, reduced splicing of
several consensus splice site mutations can be alleviated (“suppressed”) by mutations that
affect the RNA binding, helicase activity, or ATPase rate of DexD/H-box ATPases. The
first of these “fidelity mutants” to be identified was prp16-1, which suppresses a branching
defect conferred by brC (Couto et al. 1987). The prpi16-1 allele contains a mutation in the
“A site” of Prp16p (S. Burgess, Couto, and Guthrie 1990), which lies in a conserved motif
responsible for ATP binding (Fairman-Williams, Guenther, and Jankowsky 2010).
Subsequent analysis of this and other alleles that suppress BS mutations found the
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ATPase activity of Prp16p fidelity mutants is strongly reduced (S. M. Burgess and Guthrie
1993). Notably, these BS mutations specifically antagonize the branching step of splicing,
and Prp16p activity is required after branching to remodel the spliceosome from the C
complex to the exon ligation competent C* complex. Given the observation that Prp16p
generally acts to move the U2:BS duplex out of the catalytic core both after successful
branching (Fica et al. 2017; C. Yan et al. 2017) and when branching catalysis is inhibited
by chemical modification of U6 snRNA or removing the reactive hydroxyl group from brA
(Koodathingal and Staley 2013; Semlow et al. 2016), these results suggest branching is
“proofread” through kinetic competition between branching catalysis and Prp16p ATPase

activity.

In addition to Prp16p mediating branching fidelity, other DEAD- and DEAH-box
ATPases act at other steps, likely through kinetic competition as well. Mutations in the
helicase domain of Prpsp suppress the splicing defect of a mutation of the invariant U

within the BS (Xu and Query 2007). Prp28p helicase mutations suppress the splicing

Suboptimal substrate Suboptimal substrate

Optimal substrate proofreading at conversion proofreading at rejection

Ke Ke
S —>P s = p S —>P
o | ik” o | lkp ‘ lkp
SR P SR P SR P

Figure 1.4. Comparison of kinetic proofreading schemes proposed to act in the
spliceosome.

Kinetic proofreading consists of a competition between the rates of a forward reaction and a
branched rejection pathway. Two non-mutually exclusive models can exist to ensure proofreading
of a suboptimal substrate. In the “timer” model (center), the rate of the forward reaction is
decreased relative to a fixed rejection rate. In the “sensor” model (right), a suboptimal substrate
increases the rate of rejection relative to the forward reaction rate. (Figure adapted from Semlow
and Staley, 2012).
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defect of mutations in the 5’SS that weaken RNA-RNA interactions between the 5’SS and
U6 snRNA (Yang et al. 2013). Cold-sensitive mutations of Prp2p, which indicate a
deficiency in helicase activity, can suppress mutations that interfere with formation of the
catalytic core (Wlodaver and Staley 2014). Prp22p helicase mutations suppress exon
ligation defects conferred by point mutations within the 3’SS (Rabiah M Mayas, Maita,

and Staley 2006).

The disassembly factor Prp43p acts after Prp16p-mediated (Koodathingal et al.
2010), Prp22p-mediated (Rabiah M Mayas, Maita, and Staley 2006), and likely after
Prp2p-mediated proofreading (Jennifer Moore and Rebecca Toroney, unpublished data)
to disassemble spliceosomes (Toroney, Nielsen, and Staley 2019). This disassembly is
likely necessary to prevent re-sampling of the intron after proofreading activity (Semlow
et al. 2016). However, recent studies suggest Prp43p ATPase activity can disassemble
spliceosomes stalled at the step of U2 snRNP addition (Maul-Newby et al. 2021), can
antagonize exon ligation and trigger splicing intermediate release in select budding and
fission yeast transcripts (R. Kannan et al. 2013; Ram Kannan et al. 2015; Burke et al.
2018). These data, as well as the data I will detail in Chapter 3 of this thesis, suggest that
Prp43p is, too, a bona fide fidelity factor that also proofreads spliceosomes deficient in

splicing progression.

Mechanisms of DEAH-box ATPase activity and regulation

DEAH-box ATPases are members of the SF2 family of nucleic acid helicases
(Fairman-Williams, Guenther, and Jankowsky 2010). These helicases are defined by the
Aspartate-Glutamate-Alanine-Histidine residues in motif II of the helicase core, which
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are responsible for ATP binding and hydrolysis (Jankowsky 2011). DEAH-box helicases
can unwind RNA-RNA and RNA-DNA duplexes with 3’ to 5’ polarity in vitro in an ATP-
dependent manner through an “inchworming” of the RecA2 and RecA1 RNA-binding
domains to translocate along RNA (He et al. 2017). Although DEAH-box ATPases can
translocate along RNA to disrupt RNA-RNA and RNA-DNA helices, these helicases acts
as “molecular winches” to initiate spliceosomal rearrangements by pulling on the 3’ end
of their substrates while being anchored to the periphery of the spliceosome (Semlow et

al. 2016; Toroney, Nielsen, and Staley 2019).

How the activities of DEAH-box ATPases are restricted to the spliceosome
spatiotemporally remains an open question. Some DEAH-box ATPases, such as Prp2 and
Prp43, require association with G-patch proteins to stimulate activity (Rong-Tzong Tsai
et al. 2005) . These G-patch proteins stimulate DEAH-box ATPase activity by constricting
movement of the RecA2 domain relative to RecA1, ensuring the helicase remains bound
to and moves RNA processively (Bai et al. 2021). Fusing Prp43 with the G-patch of its
cofactor Ntr1 leads to mistargeting of Prp43 activity (Fourmann et al. 2016) from its
cognate substrate (Toroney, Nielsen, and Staley 2019). Notably, Ntr1 recruitment to the
spliceosome is co-incident with Ntr2, and Ntr2 binding is incompatible with binding of
factors associated with the catalytic stages of the spliceosome (Chen et al. 2013). Thus, for
these spliceosomal DEAH-box ATPases, activity can be limited spatiotemporally by

recruitment of G-patch co-factors.

Similarly, cryo-EM structures have shown recruitment of Prp16 and Prp22 can be
promoted by the presence of “first step factors” such as Cwc2s and Yju2 for Prp16 or

“second step factors” such as Slu7 and Prp18 for Prp22 (Galej et al. 2016; Wilkinson et al.
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2017; S. Liu et al. 2017a). However, Prp16 and Prp22 do not require co-factors for
stimulation of helicase activity in vitro (Y. Wang, Wagner, and Guthrie 1998; Tanaka and
Schwer 2005), leading to the question of how these helicases are regulated. Notably, in
contrast to Prp2 and Prp43, Prp16 and Prp22 have large N-terminal domains. Emerging
evidence suggests that the N-terminal domains of SF2 family helicases can act to inhibit
RNA binding, ATPase, and helicase activity (Absmeier et al. 2015; Absmeier, Santos, and
Wahl 2019; Singh et al. 2021). In this thesis, I provide evidence for a role of the N-terminal
domain of Prp16 in inhibiting spliceosomal activity (see Chapter 3), providing strong

evidence that a subset of DEAH-box ATPases are regulated by autoinhibition.
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CHAPTER 2

CHARACTERIZATION OF DISEASE-CORRELATED BIALLELIC

MUTATIONS IN DHX38 REVEAL A cis- INTERACTION BETWEEN

THE N-TERMINAL AND HELICASE DOMAINS OF PRP16

This chapter is part of a collaborative project with Rafal Ploski of The Medical University of
Warsaw. All experiments herein were designed and performed by Christopher A. J. Craddock
except for Figure 2.1, which was performed by the Ploski lab.



Abstract

Errors in pre-mRNA splicing underlie a number of diseases, with many diseases
stemming from dysregulation in branch site or 3’ splice site choice. An increasing number
of causal mutations are being found in factors associated with the spliceosome, a
macromolecular machine that catalyzes pre-mRNA splicing. Here, we characterize
biallelic mutations in DHX38 that are correlated with a broad set of clinical phenotypes
in a single patient. DHX38 encodes Prp16, a DEAH-box ATPase implicated in both
proofreading the branch site to maintain fidelity for the first catalytic step of pre-mRNA
splicing as well as promoting rearrangements in the spliceosome that are necessary for
the second catalytic step. Through characterizing these mutations, we found a previously
undescribed N-terminal motif where the majority of disease-correlated mutations in
Prp16 lie. We also find this motif, as well as the conserved motif VI in the helicase region
of Prp16, mediate a cis- interaction between the N-terminal and helicase domains of
Prp16. The residues of the N-terminal motif are predicted to bind to the RecA2 domain of
the helicase core, suggesting this interaction is important for inhibiting the RNA binding
activity of Prp16. We also present evidence that the N-terminal domain interacts with the
N-terminal ratchet helix Brr2, and that a Brr2 mutation that weakens branch site fidelity
abrogates this interaction. These data indicate the N-terminal domain autoinhibits Prp16
activity until it is recruited to the spliceosome and suggests that mutations either in the
N-terminal motif or motif VI that disrupt the interaction between the N-terminal and

helicase domains of Prp16 may be causal for disease by dysregulating Prp16 activity.
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Introduction

Pre-mRNA splicing is an important step in eukaryotic gene expression wherein
interrupting sequences (“introns”) are excised and expressed regions (“exons”) are ligated
together to generate a mature mRNA molecule that can code for a specific polypeptide
product. Regulation of pre-mRNA splicing through alternative inclusion or exclusion of
exons through a process known as alternative splicing (“AS”) allows for diversification of
metazoan proteomes (Blencowe 2006). Upwards of 95% of pre-mRNA generated from
human genes undergoes AS (Pan et al. 2008), and AS occurs on a tissue-specific level to
mediate the production of alternative mRNA isoforms (E. T. Wang et al. 2008). In
addition to inclusion or exclusion of sequences that code for a given polypeptide sequence,
AS isoforms can also differ in the inclusion or exclusion of nucleotide sequence in
regulatory untranslated regions (“UTRs”) that lie upstream (“5’”) or downstream (“3’”) of

the coding sequence (“CDS”) (Pan et al. 2008).

In human neuronal tissue, AS patterns change with age, with upwards of 70% of
this variation occurring during the first 14 years of development (Mazin et al. 2013). AS
in developing neuronal progenitor cells (“NPCs”) can impact cell physiology outcomes in
brain development by altering subcellular protein localization through the inclusion or
exclusion of exons to disrupt membrane targeting domains or protein localization signals
(Xiaochang Zhang et al. 2016). AS of neuronal transcripts can also alter protein
production at the molecular level through inclusion of poison exons that encode
premature stop codons or altering mRNA lifetime through differential 3° UTR inclusion

(Dillman et al. 2013; Xiaochang Zhang et al. 2016). AS is also necessary for neuronal
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migration during brain development, as well as synapse formation and maintenance after

neuronal maturation (Xiaochang Zhang et al. 2016; Vuong, Black, and Zheng 2016).

Dysregulation of AS, and splicing in general, underlies many diseases. Disruption
of canonical AS patterns through loss of trans-acting splicing factors that modulate AS,
such as NOVA2 and SRRM4, are observed in paraneoplastic opsoclonus-myoclonus
ataxia and autism spectrum disorders, respectively. (Vuong, Black, and Zheng 2016;
Irimia et al. 2014). Deletion mutants of the core spliceosome factor PRPF31 disrupts AS
patterns in retinal organoids derived from patients with retinitis pigmentosa (“RP”)
(Buskin et al. 2018). Mutations in other core spliceosome factors are causal for disease,
such as Brr2 also being attributed to RP (Zhao et al. 2009), or SF3b1 being linked to

myleoplastic disorders (Tang et al. 2016; Carrocci et al. 2017).

The spliceosome is ribonucleic protein machine that catalyzes pre-mRNA splicing.
Splicing catalysis is initiated through the stepwise assembly of the spliceosome onto the
intron that is intended to be spliced out (Wahl, Will, and Liihrmann 2009; Wilkinson,
Charenton, and Nagai 2020). Assembly consists of the addition of ribonucleoprotein
modules called snRNPs, each consisting of a small nuclear RNA (“snRNA”) in complex
with several conserved proteins. After initial assembly, the spliceosome undergoes several
rearrangements of RNA-RNA and RNA-protein interactions to allow for catalysis of the
branching and exon ligation transesterification steps that are necessary for full intron
excision. These rearrangements are initiated by a set of eight RNA helicases, conserved
from yeast to humans, belonging to the DExD/H-box family of ATPases (Staley and

Guthrie 1998). In addition to their roles in promoting splicing progression, these RNA
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helicases also act to maintain splicing fidelity by antagonizing splicing at incorrect

nucleotide sequences (Semlow and Staley 2012).

Dysregulation of DExD/H-box ATPases is increasingly implicated in disease.
Mutations in SF3b1 alter the allowable nucleotide sequences at the branch site, an
intronic region that defines a reactant in the branching reaction, through altering binding
of the DEAD-box ATPase Prp5 (Tang et al. 2016; Carrocci et al. 2017). Several mutations
in the DETH-box ATPase Brr2 that are causal for autosomal recessive RP lie in the ratchet
helix of Brr2 and alter the ability for Brr2 to unwind RNA-RNA helices in vitro (Zhao et
al. 2009; Ledoux and Guthrie 2016). Mutations associated with RP in the C-terminal
fragment of Prp8, which binds to and modulates the activity of Brr2, also inhibit the
unwindase activity of Brr2 (Maeder, Kutach, and Guthrie 2009). Notably, part of this C-
terminal fragment forms a tail that binds into Brr2’s helicase domain (Mozaffari-Jovin et
al. 2013). Mutations that lie in DHX38, the gene encoding the DEAH-box ATPase Prp16
humans, have also recently been shown to be causal for autosomal recessive RP (Ajmal et

al. 2014, 38; Latif et al. 2018).

Prp16 is a factor that binds transiently to the spliceosome and initiates spliceosome
rearrangements necessary for the transition between the branching and exon ligation
conformations (Beate Schwer and Guthrie 1991; B. Schwer and Guthrie 1992). Prp16
initiates these rearrangements by binding to the periphery of the spliceosome and pulling
on the 3’ end of the splicing substrate (Semlow et al. 2016; Galej et al. 2016; Zhan et al.
2018). Prp16 also acts to proofread the branch site of the pre-mRNA substrate to
antagonize suboptimal nucleotide sequences in an ATPase-dependent manner (Couto et

al. 1987; S. Burgess, Couto, and Guthrie 1990; S. M. Burgess and Guthrie 1993). Mutations
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that reduce the ATPase activity of Prp16 allow usage of suboptimal sites (S. M. Burgess
and Guthrie 1993), while perturbations in spliceosomal U6 snRNA that disallow
branching chemistry are rendered susceptible to Prp16-dependent discard (Koodathingal
et al. 2010), suggesting Prp16 enforces branch site fidelity through a kinetic proofreading
model where the rate of ATPase activity competes with the rate of branching catalysis.
Prp16 ATPase activity has also been shown to influence branch site usage to undock
suboptimal substrates and allow for selection of alternative branch sites (Semlow et al.
2016). These data suggest the timing of Prp16 ATPase must be regulated to allow for
splicing at the correct branch site sequence. As branch site selection influences 3’ splice
site (“3’SS”) usage (see Chapter 3), and alternative 3’SS selection is a large driver of AS
isoforms (E. T. Wang et al. 2008), mutations that disrupt regulation of Prp16 ATPase
activity can have adverse effects on AS, which in turn can dysregulate neuronal

development.

The N-terminal domain of Prp16 is necessary for regulating its function in the
splicing pathway. This regulation is thought to be mediated spatiotemporally through the
N-terminal domain mediating the recruitment of Prpi6 to the spliceosome at the
appropriate step in the splicing cycle (Y. Wang and Guthrie 1998). The N-terminal
domain of Prp16 has also been shown to interact with the C-terminal helicase cassette of
Brr2 via yeast-2-hybrid (“Y2H”) assays, with this interaction leading to a decrease in
Prp16 ATPase rate in vitro (Cordin et al. 2014), suggesting a regulatory function for the
N-terminal domain. Despite these insights into the functional importance of the N-
terminal domain in Prpi16, this domain is thought to be poorly conserved across

eukaryotic species (Y. Wang and Guthrie 1998).
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Here, we characterize biallelic mutations in DHX38 that are correlated with a
clinical developmental phenotype. These mutations lie in separate alleles of DHX38 and
would cause missense mutations in separate regions of the Prp16 protein. We show
through characterization of orthologous mutations in budding yeast PRP16 that the
maternal allele, which causes a G->R mutation in motif VI of Prp16, confers a cold-
sensitive growth defect, consistent with a defect in unwindase activity. We also show the
paternal allele, which causes an E->K mutation in the N-terminal domain, lies in close
proximity to N-terminal mutations that are causal for RP. We discovered through
sequence analysis that all disease-correlated mutations in the N-terminal domain
(“NTD?”) lie in a highly conserved acidic motif (“N-terminal motif,” or “NTM”). We further
show through yeast-2-hybrid assays that the NTD interacts with the helicase-C-terminal-
tail domain (“HCT”) of Prp16, and mutations in motif VI and a charge-switch mutation of
the NTM both disfavor this interaction. Finally, we show interaction between NTD
fragments of Prp16 and Brr2 is abrogated by a mutation in the N-terminal ratchet helix
of Brr2 associated with decreased branch site fidelity, suggesting Brr2 may sequester the
NTD to activate Prp16 helicase function in the spliceosome. These data suggest a role for
the NTM in mediating an autoinhibitory interaction between the NTD and HCT of Prp16,
and further suggest the molecular phenotype underlying DHX38-associated disease is

dysregulation of Prp16 autoinhibition.

Materials and Methods
Table 2.1: Yeast strains for DHX38/Prp16 study
MATa ade2-101 his3A trp1 ura3-52 lys2-8o1 leuz
YS107 cupi1A::ura3-52 prp16A::LYS2, pSB2 (PRP16 URA3 CEN4 (S‘GM‘}]? Ursess and
ARS1) uthrie 1993)
PJ69-4A MATa his3-200 leu2-3,112 trp1-901 ura3-52 galqA (P. James, Halladay,
LYS2::GAL1-HIS3 GAL2-ADE2 met2::GAL7-lacZ and Craig 1996)
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Table 2.2: Plasmids for DHX38/Prp16 study

pSB58 PRP16 TRP1 CEN4 ARSI (S. M. Burgess and Guthrie 1993)

pPR130 BRR2 HIS3 CEN4 (Raghunathan and Guthrie 1998)
pJPS2383 pPR130 brr2-N1104A (Zhao et al. 2009)
pJPS2433 pPR130 brr2-Ri1107L (Zhao et al. 2009)
pNRB271 2u LEU2 Papy-GAL4-AD::DMCi1-AD (Reitz, Grubb, and Bishop 2019)
pNRB272 2u TRP1 Papu-GAL4-BD::DMC1-DBD (Gift from D. Bishop)
pJPS1971 GPD-ACTi-CUP1 LEU2 CEN (Hilliker, Mggg‘;} and Staley
pIPSIO16 | GPD-actt-cupt-A259C [brC] LEU CEN | (HHiliker, Mefiod, and Staley

JPS1022 GPD-act1-cup1-U301G-A304G [gAG] (Hilliker, Mefford, and Staley
p o LEU2 CEN 2007)

Table 2.3: Oligonucleotides for DHX38/Prp16 study

CUAA;STIP;ES 5-ATTCGCTGAACCCGGTACC-3’
oCAJC-C28 5-GCGGGAAGAACTGCGCCAAGAACTGCATATCGATTATAC-3’
oCAJC-C29 5-GTATAATCGATATGCAGTTCTTGGCGCAGTTCTTCCCGC-3’
oCAJC-C30 5-GAGAATGGTATGATAATGATAAGGATTATGGAAATTTGGTGCC-3’
0CAJC-C31 5-GGCACCAAATTTCCATAATCCTTATCATTATCATACCATTCTC-3’
0CAJC-C71 5-CGTCCAGCCAAGTATCCGCTTTATC-3’
oCAJC-C72 5-CTAGCTCATCTTCATTATCGTCAAGGTCTAACTG-3’
oCAJC-D30 5-ATCCATCGATGTCGACAAATAAAGAACTAACGCCTGGGTT-3’
0oCAJC-D31 5-AAAAAAGTATACAAAAACTAGTCTCGAGATTGTTGAATATGTTCCA-3’
0oCAJC-D32 5-ATCCATCGATGTCGACAAATCTTCTGGAGCTCCTCAAGAATAAATC-3’
o0CAJC-D33 5- AAAAAAGTATACAAAAACTAATGACCATTCTGTGTTTGCTGT-3’
5 ’_
0CAJC-D34 | ATCCATCGATGTCGACAAATATAAATAAGAGAAAGAAATTTAAGATCCAGTTAGA
CC-3’
0oCAJC-D35 5- AAAAAAGTATACAAAAACTAAAACTTTGATAAAAAAGGAGGGATCCAT-3’
oCAJC-D38 5-TAGTTTTTGTATACTTTTTTAATGAAGATGACATTG-3’
0oCAJC-D39 5-ATTTGTCGACATCGATGGATC-3’
0oCAJC-D40 5-ATCCATCGATGTCGACAAATATGACTGAGCATGAAACGAAGG-3’
0CAJC-D41 5-AAAAAAGTATACAAAAACTATTATTTCACATTTATTTCAAAGGACAACT-3’
0CAJC-E8 5’- ATCCATCGATGTCGACAAATTCAACATCAGAGCTTGGCAATG-3’
0CAJC-E10 5-ATCCATCGATGTCGACAAATATGGGTCATTCGGGGCG-3’
0oCAJC-E11 5- AAAAAAGTATACAAAAACTATTTATTGTTATTCTCCAAGCCTAGTACTTC-3’
oCAJC-E13 5- AAAAAAGTATACAAAAACTACTAAAAAAAAGGCTTCCTTCTTTTGAAAG-3’
0CAJC-E15 5 —ATCCATCGATGTCGACAAATAAAGCA,AAAGATAAGAGCAAC CAAAAGATTTG-
3
oCAJC-E16 5- AAAAAAGTATACAAAAACTAACTAAAAAAAAGGCTTCCTTCTTTTGAAAG-3’
0oCAJC-E38 5-GATTTAAAAGACATTCCAGAAAAGGTTGTTCC-3’
0CAJC-E39 5-GGAACAACCTTTTCTGGAATGTCTTTTAAATC-3’
0CAJC-E40 5-CTAACGCCGACCAACAATCCGGAAGAGCGG-3’
0CAJC-E41 5-CCGCTCTTCCGGATTGTTGGTCGGCGTTAG-3’
0CAJC-E42 5-CTAACGCCGACCAAATTTCCGGAAGAGCGGG-3’
0CAJC-E43 5-CCCGCTCTTCCGGAAATTTGGTCGGCGTTAG-3’
0CAJC-E44 5-CTAACGCCGACCATAGATCCGGAAGAG-3’
0CAJC-E45 5-CTCTTCCGGATCTATGGTCGGCGTTAG-3’
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Prpi16 allele generation: Plasmid pSB58 subjected to site-directed mutagenesis using
oligo pairs 0CAJC-C28/29 or oCAJC-C30/31 to generate prp16-G696R and prpi16-
D179K, respectively. To generate charge switch and alanine shave mutations of the NTM,
pSB58 was amplified with oligo pair oCAJC-C71/72 to exclude the NTM region of Prp16.
Gibson assembly was used to insert gBlocks containing codon-optimized sequence

corresponding to the NTM with either the charge switch or alanine shave mutations.

Y2H plasmid generation: To generate bait plasmids for Y2H, plasmid pNRB272 was
linearized with oligo pair oCAJC-D38/39. Fragments corresponding to Brr2 or Brr2-CC
were generated by amplifying plasmid pPR130 with oligo pairs 0CAJC-D40/41 or oCAJC-
E8/D41, respectively, and inserted into linearized pNRB272 via Gibson assembly.
Fragments corresponding to brr2-N1104A or brr2-R1107L were generated by amplifying
plasmids pJPS2383 and pJPS2433, respectively, with oligo pair oCAJC-D40/41 and
inserted into linearized pNRB272. A fragment corresponding to Prp16-HCT was
generated with oligo pair oCAJC-E15/16 and inserted into linearized pNRB272.
Mutations corresponding to prp16-R686Q, prp16-R6861, prp16-Q685H, or brr2-L1951P
were generated via site-directed mutagenesis of bait plasmids using primer pairs oCAJC-

E40/41, 0CAJC-E42/43, 0CAJC-E44/45, or oCAJC-E38/59, respectively.

To generate prey plasmids for Y2H, plasmid pNRB271 was linearized with oligo
pair oCAJC-D38/39. Plasmid pS58 was amplified with oligo pairs oCAJC-D30/31,
0CAJC-D32/33, oCAJC-D34/35, oCAJC-E10/11 or oCAJC-E10/13 to generate St1, St2,

St3, NTD, or full-length PRP16 sequence, respectively. PRP16 fragments were inserted
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into linearized pNRB271 via Gibson assembly. Mutations corresponding to prp16-R6860Q,
prp16-R6861, prp16-Q685H were generated via site-directed mutagenesis using primer

pairs oCAJC-E40/41, oCAJC-E42/43, or oCAJC-E44/45, respectively.

Yeast transformation: Yeast transformations were performed using the rapid lithium
acetate method (Gietz and Woods 2002) using 33 ul of yeast cell culture, 3.3 ul of 10
mg/mL salmon sperm DNA as a carrier, and 198 pul of 50% w/v PEG 3350, with a 30
minute incubation at 30 °C prior to a 15 minute heat shock at 42 °C. Transformed cells
were plated on selective media, grown for 2 days at 30 °C, re-streaked onto fresh selective
media, and grown for 3-5 days at 30 °C prior to subsequent analysis. For PRP16 alleles,
variants of pSB58 were transformed into yeast strain YS107. Transformants were plated
onto 5-FOA media to select against retention of the wildtype pSB2 plasmid. For primer
extension experiments, four independent strains from each PRP16 allele transformation
generated were re-streaked onto YPDA and transformed with ACT1-CUP1 plasmids. For
Y2H experiments, pNRB271 and pNRB272 variants were co-transformed into yeast strain

PJ69-4A and plated on media to select for uptake of both plasmids.

Total RNA extraction: Yeast colonies were inoculated into 3 mL of complete synthetic
media lacking uracil and grown overnight until saturation. Saturated cultures were
backdiluted to an ODsoo of 0.1-0.15 and grown at 30 °C for 2-3 doublings. Cultures were
shifted to 16 °C for an additional 2 hours where indicated. A volume of 1.7 to 2 mL of these
cultures was spun down, aspirated of supernatant, snap frozen in liquid nitrogen, and

stored at -80 °C until ready for RNA extraction.
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Yeast pellets were resuspended in 500 pl TRIzol, transferred to a 2 mL screw-cap
tube containing 0.5 mm acid-washed glass beads, and lysed in a FastPrep-24
homogenizer for five one-minute cycles. An additional 500 pl TRIzol was added before
proceeding with the manufacturer’s instructions for RNA extraction. An additional
chloroform extraction was performed with 400 ul choloroform prior to isopropanol
precipitation. RNA pellets were resuspended in TE buffer pre-heated to 65 °C for at least

ten minutes and adjusted to the same concentration prior to downstream experiments.

Primer Extension: Primer extension was performed with 4 to 12 ug of yeast total RNA
using AMV reverse transcriptase. All experiments used used Quasar570 fluorophore-
labeled ACT1-CUP1_PE3 primers (Biosearch, LLC). Total yeast RNA was added to an
annealing buffer and primers were added to total yeast RNA to yield a final concentration
of 1 uM each in 8 pL total volume (50 mM Tris-HCI pH 8.3, 60 mM NaCl, 10 mM DTT).
The primer and total RNA solution was heated to 65 °C for 10 minutes and snap cooled
on ice for at least 5 minutes. AMV RT and a dANTP mixture was added with 12 L of a
supplementary RT buffer containing spermidine and Mg(OAc). for a final primer
extension reaction mixture of 6U AMV RT, 1 uM each dNTP, 50 uM Tris-HCI (pH 8.3 at
42 °C), 60 uM NaCl, 30 uM MgCl», 10 uM DTT, and 1 uM spermidine. Primer extension
was carried out for 60 minutes at 42 °C. Primer extension products were ethanol
precipitates and resuspended in 5 puL of RNA loading buffer (95% formamide, 2x TBE, 0.5
uM EDTA). Extension products were visualized by running on a 12% denaturing
polyacrylamide gel and visualized on a Typhoon scanner (Cytiva). Quantitation was

performed using ImageQuant TL (Cytiva).
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Results

DNA sequencing reveals biallelic DHX38 mutations in a patient with a clinical
developmental phenotype

A four-year-old patient residing in Poland presented with several clinical
phenotypes, to include blindness, retinal scarring, hypomyelination, epilepsy, stunted
growth, and developmental retardation. Upon whole exome sequencing, biallelic
mutations were found in DHX38, predicted to confer missense mutations in the resultant
Prp16 protein (Fig 2.1). Notably, these mutations were inherited from both parents, who
are heterozygous wildtype and present no clinical phenotype. Given the presence of
retinal scarring, and previous identification of DHX38 alleles that are causal for RP, we
hypothesized the clinical phenotypes exhibited in our patient are caused by these biallelic
mutations altering the function of Prp16p in our patient.

The maternal and paternal alleles affect different regions in the CDS of DHX38.
The maternal cDNA sequence (Fig. 2.1, “matka”) shows a G>C change at residue 2587,
predicted to introduce a glycine to arginine mutation at position 863 in the Prpi6
polypeptide sequence (herein referred to as “dhx38-G683R”). The paternal cDNA
sequence (Fig. 2.1, “oiciec”) shows a G>A change at residue 991, predicted to change a
glutamine to a lysine at position 331 in the Prp16 protein (herein referred to as “dhx38-
E331K”). The glycine residue at position 863 is conserved from Saccharomyces cerevisiae
to humans, and lies in a motif that is strictly conserved across eukaryotic DEAH-box
ATPases (Zhou and Reed 1998; Fairman-Williams, Guenther, and Jankowsky 2010).

Although not strictly conserved, the charge of position E331 is conserved from S.
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cerevisiae to humans; this residue is an aspartate in budding yeast (Zhou and Reed 1998).
Given the possible conservation of these positions, we decided to characterize the
functional impacts of these mutations using the well-characterized and genetically

tractable model organism S. cerevisiae (herein referred to as “budding yeast”).
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Figure 2.1. Genetic sequencing of the patient, mother, and father reveal
inheritance of mutations in separate alleles of DHX38

Sequencing reveals missense mutations in either copy of DHX38, with a ¢.991G>A mutation in
the paternal allele (oiciec) and a ¢.2587G>C mutation in the maternal allele (matka). These
mutations are predicted to confer E331K and G863R mutations, respectively. Figure courtesy of
Rafal Ploski.
The motif VI mutation in the maternal allele confers a cold-sensitive growth phenotype
when introduced into yeast PRP16

The majority of spliceosome factors in budding yeast are conserved in humans

(Wahl, Will, and Liihrmann 2009; Wilkinson, Charenton, and Nagai 2020), and

mutations causal for human disease have been successfully characterized using budding
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yeast. In particular, mutations that causal for autosomal dominant RP in the SNRNP200
gene in humans, which encodes human Brr2, have been shown to confer cold-sensitive
growth defects when these mutations are introduced into budding yeast (Zhao et al. 2009;
Ledoux and Guthrie 2016). As both the paternal allele in our patient and autosomal
dominant RP mutations lie in the highly conserved helicase domain in Prp16 or Brr2,
respectively, we expected to see similar effect when introducing our patient mutations in
budding yeast.

The paternal allele harbors a mutation motif VI of the helicase domain (Fig. 2.2A),
which is a motif conserved across DEAH-box ATPases and is responsible for regulating
ATP binding and hydrolysis (Fairman-Williams, Guenther, and Jankowsky 2010). This
mutation would change an uncharged glycine residue (“G”) to a comparatively larger,
polar arginine residue (“R”) that restricts the allowable conformation that can be adopted
by the polypeptide backbone. An orthologous residue in the structure of the model DEAH-
box helicase Prp43 (He et al. 2017) shows this residue lies at the interface of a beta-sheet
and a turn that connects to an alpha-helix that lies adjacent to the ATP binding site. When
we mapped a G-to-R mutation at this position, all backbone-allowable rotamers caused
steric hindrance with the structures around it, suggesting this mutation destabilizes this
region in Prp16 (Fig 2.2B). Unfortunately, because the NTD of Prp16 is not conserved in
Prp43, we could not perform this same analysis on the paternal dhx38-E331K mutation.

To determine whether these mutations impacted Prp16 function, we introduced
mutations either orthologous to the maternal (prp16-G696R) or paternal alleles (prp16-
D179K) into plasmid-borne copies of PRP16 via site-directed mutagenesis. We then
transformed these plasmids into yeast strains with the chromosomal copy of PRP16

knocked out that contained a wildtype copy of PRP16 on a plasmid that contained the
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PRP16

prp16-D179K

prp16-G696R

16°C, 6 days

View 3

Prp43
G434R

(Rotamer 1)

Prp43
G434R

(Rotamer 2)

Figure 2.2. The maternal dhx38-G863R mutation lies in motif VI and confers a cold
sensitive growth defect.

A. The dhx38-G863R mutation changes the last residue in the highly conserved motif VI.

B. Modeling in a G>R mutation in the crystal structure of the closely related DEAH-box ATPase
Prp43 from S. cerevisiae (PDB accession number 5I18Q) suggests this mutation causes various
steric clashes that would disrupt structural elements in Prp16.

C. A mutation orthologous to the maternal dhx38-G863R in S. cerevisiae (prp16-G696R) confers
a cold-sensitive growth defect as a single copy, whereas a mutation orthologous to the paternal
dhx38-E331K mutation (prp16-D179K), does not confer a growth defect at any temperature.

URA3 auxotrophic marker. We plated these transformants on 5-FOA-containing media
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to select against retention of the wildtype PRP16 plasmid, re-streaked colonies onto fresh
YPDA media, grew colonies to saturation, spotted 1/10 serial dilutions of saturated
culture onto YPDA plates, and incubated these strains at 16, 20, 25, 30, and 37 °C.

When comparing growth at several temperatures we found that prp16-G696R, but
not prp16-D179K, conferred a noticeable cold-sensitive growth defect at 16 °C (Fig 2.2C).
This result is consistent with mutations that affect helicase domains in spliceosomal
helicases, and suggest a defect in ATP hydrolysis and/or helicase activity (Schneider,
Hotz, and Schwer 2002; S. M. Burgess and Guthrie 1993). These data suggest that the

paternal allele confers a defect in Prp16 helicase activity in vivo.

Disease-correlated mutations in DHX38 that affect the N-terminus of Prp16 cluster in a
conserved acidic motif

To determine the whether the prp16-D179K mutation is truly orthologous to the
dhx38-E331K mutation in the maternal allele of our patient, and whether this charge-
switch mutation at this position had a consequence on function, we decided to look at the
conservation of this residue across eukaryotic species. As a first step, we fetched protein
sequences for Prp16 from fungal species in the Broad Institute’s Fungal Orthogroups

database (https://www.broadinstitute.org/fungal-genome-initiative), compared the

aligned sequences, and found a 13-residue sequence that consisted largely of acidic amino
acid residues (Fig 2.3). We did the same analysis using animal protein sequences fetched
from the TreeFam database (Li et al. 2006), limiting our analysis to mammalian species
due to poor sequence coverage of DHX38 protein sequences in other clades, and again

found a highly similar motif (Fig 2.4). We then generated mammalian and fungal
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consensus sequences using EMBOSS Cons and verified conservation by aligning the

resultant consensus sequences using EMBOSS Stretcher (Fig 2.5).
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Figure 2.3. Alignment of mammalian DHX38 protein sequences reveal a strongly
conserved acidic patch in the N-terminal domain.

A highly conserved stretch of residues is present in the N-terminus of DHX38. The putative 13-
residue N-terminal motif is highlighted. DHX38 protein sequences pulled from the TreeFam
database (http://www.treefam.org)

To further verify the presence of this conserved motif, we used MEME motif
discovery (Bailey et al. 2015) using either Prpi16 protein sequences from Fungal
Orthogroups or DHX38 protein sequences from TreeFam. This analysis produced a
conserved, 15-residue motif for fungal Prp16 (Fig 2.6A), of which 13 residues overlapped
with the motif we discovered through sequence gazing and alignment. The TreeFam

alignment pulled out a 12-residue motif that again overlapped with the 13-residue motif
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Figure 2.4. Alignment of fungal Prp16 protein sequences reveal a strongly conserved
acidic patch in the N-terminal domain.

A highly conserved stretch of residues is present in the N-terminus of Prp16. The putative 13-
residue N-terminal motif is highlighted. Prp16 protein sequences pulled from the Fungal
Orthogroups database (https://www.broadinstitute.org/fungal-genome-initiative).

we discovered previously (Fig 2.6B). Given 12 of these residues are conserved between
yeast and human (Zhou and Reed 1998), with the one residue downstream also being a
charged residue (glutamate, or “E” in humans; asparagine, or “N” in yeast), we decided to
define this N-terminal motif (“NTM”) as 13 residues with the sequence
DRDWYMMDEGYDE or DREWYDNDDYGN in humans and budding yeast, respectively.

Notably, two other mutations in DHX38 that are causal for autosomal recessive RP
also lie within this motif. These mutations either convert a polar, positively charged
arginine residue to a polar uncharged glutamine residue (R324Q) or convert a glycine to
a negatively charged aspartate residue (G332D, Fig. 2.7A). Aside from changing the
charge identities of these residues in the NTM, the R324Q mutation removes a
guanidinium group that can stabilize protein-protein contacts via m-m stacking
interactions (Ferrari et al. 2020) and the G332D mutation would add a bulky sidechain

which may prevent possible -7t interactions with its peptide backbone (Vernon et al.
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DHX38_Mammal_cons 701 XXXGXXXXXXXEEXXXXGISFDTEEXXXXXERQQWXXXEDDQRQADRDNYMMDEGXYXXXDEFHNPLAYSSEDYVRRREQHLHKXQ 785

Prpl6_Fungal_cons 284 XXXXXXXXXXXXXXXXXXXXXEXXXXXXXXXXXEXXXXXXEXXXXDRENYXNDDXXX =DYXXXXXXXXXXXXNXXXEDXXXXXX 365

Figure 2.5. Alignment of consensus sequences generated from mammalian DHX38
and fungal Prp16 protein sequences reveal the N-terminal motif is conserved from

fungi to mammals.

Consensus sequences generated from mammalian DHX38 protein sequences (top) and fungal
Prp16 sequences (bottom) show conservation of an acidic patch of residues in the N-terminal

domain across these two clades.

|
UL

Figure 2.6. MEME motif discovery confirms the presence of the highly-conserved,
acidic N-terminal motif in both animals and fungi.

=+

A. Meme motif analysis performed on all DHX38 protein sequences from TreeFam pulls out an
acidic motif which contains the 13-residue motif we identified through manual alignments.

B. Meme motif analysis of Prp16 protein sequences from the Funal Orthogroups database also
pulls out a 13-residue motif containing the same residues we identified through alignments.

2018). As glycine residues lack a side chain, they can adopt a greater range of backbone
conformations and thus are often found in regions of proteins where tight turns of the
polypeptide backbone are necessary for proper structural conformation (see Fig 2.2B).
Taken together, these observations suggest mutations in the NTM may confer disease

phenotypes by disrupting Prp16 protein structure.

Mutations in the NTM do not confer growth defects in budding yeast
Given the conservation of the residues NTM, we hypothesized that more drastic
mutations of the NTM could disrupt the function of Prp16 enough to confer a growth

defect in yeast. Since prp16-D179K is a charge switch mutation, and that the NTM is
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Figure 2.7. The N-terminal motif is a hot-spot for disease-correlated mutations in
humans, but mutations in the NTM do not confer a growth defect in S. cerevisiae.

A. Domain map showing the location of mutations disease-correlated mutations. Three of four
mutations lie in the conserved N-terminal motif.

B. Neither a charge-switch mutation nor an alanine shave of the N-terminal motif confer a growth
defect in yeast.

highly negatively charged, we made a charge switch mutation in which all negatively
charged residues in the NTM were changed to lysines (“Switch”). Given the identities of
the residues would also play a role in side-chain-specific structural stabilization (see
above), we also decided to make an “alanine shave” mutation in which all 13 residues were
changed to alanine residues (“Shave”). We introduced these NTM mutations in a plasmid-
borne copy of PRP16, shuffled these plasmids into yeast strains as described above, and
again grew these strains at several different temperatures. Surprisingly, none of these

drastic NTM mutations conferred a growth defect in yeast (Fig. 2.7B), suggesting these
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mutations disrupt Prp16 function in a manner has a negligible effect in budding yeast as

compared to humans (see Discussion).

The NTM may bind to the HCT domain of Prp16 to inhibit RNA binding or translocation

The NTD of Prp16 has been shown to interact with the HCT domain in vitro
through immunoprecipitation assays (Y. Wang and Guthrie 1998). In addition, the
sequence of the NTM is highly negatively charged, and bears a strong similarity to the
sequence of the C-terminal tail of human Prp8 that has been shown to bind to the ratchet
helix of Brr2 which binds RNA prior to spliceosome activation (Mozaffari-Jovin et al.
2013). Given these observations, we hypothesized the NTD of Prp16 can bind to the HCT,
and that the NTM plays an important role in mediating this interaction.

To examine this, we downloaded the predicted yeast Prpi6 structure from
AlphaFold (Jumper et al. 2021), and superposed it with the structure of the model DEAH-
box ATPase Prp43 bound to RNA (He et al. 2017). When we overlaid the NTM of Prp16
(Fig. 2.8A, yellow sticks) with Prp43 (teal), we saw that the positioning of the NTM
would be sterically incompatible with where RNA (white) is bound to Prp43. Further,
when we overlaid the helicase domains of the predicted Prp16 structure with the crystal
structure of Prp43, we found the D179K mutation (red) is positioned near the 5’ hairpin
of the RecA2 domain (Fig. 2.8B, as denoted by residue E313 in Prp43 and residue E574
in Prp16, shown in sticks), which is important for Prp43 translocation along RNA (He et
al. 2017). We also noticed the NTM does not traverse the entire channel in the way single-
stranded RNA is positioned in the Prp43p crystal structure. Instead, AlphaFold predicts
the NTM forms a loop to obscure only part of the helicase domain, akin to the way the tail

of Prp8 binds to the RecA2 domain of the N-terminal Brr2 cassette to inhibit Brr2 helicase
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A. B. Prp43 + RNA (He et al., 2017)

D179K
(Prp16)

RNA
(Prp43)
Helicase Domain
(Prp43)

Figure 2.8. Comparison of the predicted Prp16 structure from AlphaFold with the
crystal structure of Prp43 bound to RNA suggest the NTM may bind to the RecA2
domain of Prp16

A. Overlay of the N-terminal motif (gold) of Prp16 from AlphaFold (accession number P15938)
overlaid onto the crystal structure of Prp43 (teal) bound to RNA (white) (PDB accession number
5I8Q) suggests the N-terminal motif would be sterically incompatible with RNA binding to the
RecA2 domain of Prp16.

B. Alternate view of Prp43 bound to RNA (teal, white) and Prp16 (blue, gold). RecA2 is denoted
by glutamate residues shown in sticks, bottom left.

activity (Mozaffari-Jovin et al. 2013). These observations suggest that the NTM mediates

an interaction between the NTD and HCT domains of Prp16, possibly to autoinhibit Prp16

37



helicase activity.

Mutations in the NTM impede an interaction between the NTD and HCT domains of
Prpi6

To directly test whether the NTM can mediate an interaction between the NTD and
HCT domains of Prp16, we tested for interaction between these domains using yeast-2-
hybrid. We placed the HCT domain of Prp16 (defined as residues 321-1082) onto a bait
vector containing a TRP1 auxotrophic marker and placed the NTD of Prp16 (defined as
residues 1-320) onto a prey vector containing the LEU2 auxotrophic marker. We
introduced NTM mutations into the NTD fragments as well as the prp16-G696R into the
HCT domain. As a controls, we made a bait vector using Brr2 that is known to interact
with N-terminal fragments of Prp16 via yeast-2-hybrid (van Nues and Beggs 2001) and
included prey vectors that had either full-length PRP16 or full-length prp16-G696R
alleles. We co-transformed bait and prey plasmids into the PJ69-4A yeast strain that lacks
TRP1 and LEU2 and contains a promoter that drives HIS3 transcription only when an
interaction between the bait and prey vectors occurs (Fromont-Racine, Rain, and Legrain
1997). We then spotted saturated liquid cultures of the resultant strains onto media
lacking tryptophan, leucine, and histidine and incubated at a range of temperatures.

All four NTD prey vectors displayed a strong interaction with the HCT domain of
Prp16, as determined by a strong growth phenotype on media lacking histidine when
incubated at 30 °C (Fig 2.9). Growth of the strains containing NTD prey vectors in
combination with HCT bait vectors displayed stronger growth when compared to strains
containing NTD prey vectors with a Brr2 bait vector control, suggesting the NTD binds

and preferentially to the HCT. Interestingly, this strong growth phenotype was reduced
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when NTD prey vectors were combined with HCT bait vectors containing the prpi6-
G696R mutation, indicating this mutation in motif VI inhibits the interaction between

the NTD and HCT domains in trans via our Y2H assay.

vector @ |
HeT . . O ’ W 30°C
_ i) i ¢ 44 " -y 5 days
HCT-G696R | (B | €0 | & | & | & T H
Brr © O S e & o
vector
HCT CAC K ) 16°C
= & T& M5 10 days
HCT-GB96R | ¢+ &% |& | & | © T/-L/-H
Brr2
vector
HCT & & & 37°C
> 8 days
HCT-G696R : -T/-L/-H
Brr2

Figure 2.9. Both a charge switch mutation in the NTM and prp16-G696R mutation
impairs an interaction between the N-terminal and helicase domains of Prp16.

Y2H shows the N-terminal domain (NTD) can interact with the helicase domain (HCT) of Prp16
in trans. The charge switch mutation in the NTD impairs this interaction at 37 °C, and a prp16-
G696R mutation reduces this interaction at all temperatures. In the contest of full-length Prp16,
the prp16-G696R mutation promotes interaction with the HCT domain in trans at 30 °C, but
antagonizes interactions with the HCT of Prp16 and Brr2 at 16 and 37 °C.

Growth of strains containing NTD prey vectors and wildtype HCT bait vector was
robust at 16 °C, with levels of growth above that seen with our Brr2 control. For both

wildtype and prp16-D179K NTD prey vectors, growth was also robust at 37 °C while most

other combinations failed to grow over a course of 8 days. However, the prey vectors
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containing drastic alanine shave and charge displayed a reduction in interaction with the
HCT bait vector, with the alanine shave mutation exhibiting a modest decrease in growth
and the charge switch mutation failing to grow at all. These data are consistent with our
hypothesis that the NTM mediates an interaction between the NTD and HCT.

We also found that a full-length PRP16 prey vector failed to interact with a wildtype
HCT bait vector at all temperatures, but a full-length prp16-G696R prey vector could form
a weak interaction with a wildtype HCT bait vector. These data indicate the HCT domain
can interact with the NTD of Prp16 in cis, and that the prp16-G696R motif VI mutation
can inhibit interactions between the NTD and HCT in both trans and cis. These data also
suggest that mutations in motif VI that interfere with the NTD and HCT interaction in cis
can free up the NTD to promote interactions of the NTD in trans. Curiously, the weak
interaction between full-length prp16-G696R and the HCT were lost at 37 °C and 16 °C,
as was the relatively strong interaction between this prey construct and the Brr2 bait
vector, suggesting that this motif VI mutation may impart cold sensitivity due to

sequestration of the NTD at low temperatures.

Motif VI mutations reduce the interaction between the NTD and HCT domains of Prp16

Our results showing the prp16-G696R mutation also reduces the interaction
between the NTD and HCT of Prp16 led us to the hypothesis that motif VI mutations in
general may act in the same way. Notably, mutations in motif VI of Prp16 can suppress
an L1951P mutation in the H2-Sec63-2 domain of Brr2 that impedes a Y2H interaction
with full-length Prp16 (Cordin et al. 2014). Given our data above, we hypothesized that
motif VI mutations generally inhibit interaction between the NTD and HCT of Prp16,

allowing for increased Brr2 interaction. To test this, we performed a Y2H assay with either
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prey vectors containing the Prp16-NTD or full-length PRP16 with and without these motif
VI mutations (R686I and R686Q). As a control, we also created a full-length prpi6-
Q685H prey vector, which contains a mutation that failed to increase interaction with
Brr2 via Y2H (Cordin et al. 2014). We also created bait vectors containing these same
mutations in the context of only the HCT of Prp16. We also generated bait vectors
corresponding to the Brr2 C-terminal cassette (Brr2-CC), which contains the H2-Sec63-
2 domain, either with or without the L1951P mutation. We co-transformed the bait and
prey vectors and assayed for whether motif VI mutations interfered with the interaction
between the NTD and HCT by looking for changes in growth at 30 °C.

We found that the NTD of Prp16 could interact with both wildtype and Q685H
HCT domains via Y2H (Fig 2.10A). Likewise, we found that full-length wildtype and
prp16-Q685H failed to interact with wildtype or Q685H HCT domains in trans,
suggesting these HCT alleles maintain strong intramolecular interaction with the NTD in
cis. Conversely, both R6861 and R686Q mutations. in the context of the HCT domain
only, strongly abrogated the interaction with the NTD in trans. The full-length constructs
prp16-R686I and prp16-R686Q both allowed weak but noticeable Y2H interaction with
the HCT domain in trans when compared to wildtype full-length PRP16, suggesting these
mutations also disrupt a cis intramolecular interaction between the HCT and the NTD.
Notably, in our Y2H assay the R686Q mutation in the HCT bait construct led to the
strongest loss of Y2H efficiency with the NTD prey construct, whereas the prp16-R686Q
full-length prey construct conferred the strongest growth phenotype when paired with the
Q685H HCT and brr2-CC-L1951P bait constructs. The R6861 mutation, on the other
hand, led to an intermediate phenotype, suggesting an R-to-I mutation has less of an

impact on disrupting the HCT and NTD interaction. These data indicate that motif VI
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Figure 2.10. Mutations in motif VI destabilize an interaction between the NTD and
HCT, allowing the NTD to more readily interact with other factors in trans

A. Y2H shows motif VI mutations R686I and R686Q decrease the interaction between the NTD
and HCT in trans. These mutations were previously seen to increase interaction of full-length
Prp16 with the C-terminal H2-Sec63-2 domain in Brr2. Q685H, which does not increase an
interaction between Prp16 and Brr2, maintains an interaction with the NTD when placed in the
HCT. When placed in full-length Prp16, R6861 and R686Q also allow for an interaction with
Prp16-HCT and Brr2-CC containing an L1951P mutation, suggesting these mutations at position
R686 in full-length Prp16 interfere with antagonize an interaction between the HCT and the
NTD in cis.

B. Model for how mutations in the C-terminal cassette of Brr2 and mutations in motif VI of
Prp16 modulate interactions by interfering with interactions with the NTD of Prp16.

mutations inhibit an interaction between the NTD and HCT domains in both trans and
cis, and that inhibiting this interaction frees the NTD to allow for greater interactions

between Prp16 and other factors in trans (Fig 2.10B).

A mutation in the ratchet helix of Brr2 abolishes interaction with N-terminal fragments
of Prp16

Our data suggest that the NTD plays an autoinhibitory function to repress the RNA
binding activity of Prp16 prior to recruitment to the spliceosome. This led us to
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hypothesize that Prp16 binding to the spliceosome relieves this autoinhibition by
dislodging the NTD from the HCT domain of Prp16. Given prior Y2H data showing
polypeptide sequence corresponding to fragments of the Prp16 NTD can bind to Brr2 (van
Nues and Beggs 2001), we hypothesized that Brr2 relieves Prp16 autoinhibition after
Prp16 is recruited to the spliceosome.

Cryo-EM structures of the spliceosome immediately after branching catalysis
suggest Prp16 binds in close proximity to the N-terminal cassette of Brr2 (Fig. 2.11A)
(Galej et al. 2016; Zhan et al. 2018). While the NTD of Prp16 is not present in these
structures, the orientation of Prp16 shows its N-terminal region is positioned close to the
ratchet helix of the N-terminal Brr2 cassette (Fig. 2.11B). Interestingly, the ratchet helix
of the N-terminal cassette of Brr2 has been shown to bind the tail region of Prp8 which
bears striking similarity to the identity of the first five residues of the NTM (DREDLY and
DRDWYD, respectively) (Mozaffari-Jovin et al. 2013). Additionally, an N1104A mutation
in the ratchet helix of the N-terminal cassette, which corresponds to the S1087A RP
mutation in human Brr2, also leads to relaxation of BS fidelity in yeast (Mayerle and
Guthrie 2018). Because the BS is proofread by Pp16, this observation suggests brrz-
N1104A confers a dysregulation in Prpi16 helicase activity. Given these data, we
hypothesized the N1104A mutation in Brr2 led to relaxed BS fidelity by impeding an
interaction between Brr2 and the NTD of Prp16.

To test this hypothesis, we made bait plasmids containing either wildtype, or brrz2-
N1104A alleles. As an additional control, we included the brr2-Ri107L mutation, which
confers decreased growth of yeast strains containing reporters constructs with aberrant
BS sequences, suggesting this allele imparts a defect in splicing unrelated to inhibition of

Prp16 activity. We co-transformed these bait plasmids with prey plasmids containing
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Figure 2.11. A mutation in the N-terminal ratchet helix of Brr2 abolishes an
interaction between Brr2 and the NTD of Prp16.

A. A cryo-EM structure of Prp16 bound to the spliceosome (PDB accession number 51J5) shows
Prp16 in close proximity to the N-terminal cassette of Brr2.

B. Close-up of the Brr2 N-terminal ratchet helix, with RP alleles highlighted and residues just
downstream of the NTD of Prp16 highlighted. The brr2-N1104A mutation, which leads to
decreased branch site fidelity in budding yeast, ablates interaction between Brr2 and the NTD

of Prp16.
polypeptide sequences corresponding to NTD fragments shown to interact with full-
length Brr2 previously (St1, St2, St3) (van Nues and Beggs 2001), and included a charge

switch mutation in the St3 fragment. We then spotted saturated liquid cultures in 1/10
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serial dilutions onto media lacking histidine and assayed for interaction by observing
growth over four days at 30 °C. For a positive control, we used bait and prey plasmids
corresponding to the DMC1 binding and activation domains. We found that the brra-
N1104A, which conferred relaxed BS fidelity in budding yeast (Mayerle and Guthrie
2018), abrogated the Y2H interaction with all Prp16 NTD fragments tested (Fig. 2.11C).
This is consistent with our hypothesis that brr2-N1104A interferes with binding of the
NTD of Prp16 and suggests the fidelity defect of brr2-N1104A is due to an inability of Brr2
to derepress Prp16. Curiously, the brr2-R1107L mutation also abrogated the interaction
of Brr2 with the St3 fragments of Prp16. Importantly, the St2 fragment of Prp16 does not
include the NTM and instead includes 22 residues upstream of the St3 fragment (residues
65-154 for St2 vs 87-236 for St3), and the charge switch mutation of the NTM in St3
confers only a mild growth phenotype with a wildtype BRR2 bait plasmid. These data
suggest that derepression of Prp16 may rely on Brr2 binding the more N-terminal
residues the Prp16 NTD, and that the NTM may instead be more important for the Prp16
autoinhibitory interaction. In this sense, Brr2 binding to more N-terminal regions of the
NTD would pull the NTM out of proximity of the Prp16 RecA2 domain to derepress RNA

binding activity.

Discussion
Disease-correlated DHX38 alleles affect regions that mediate a cis-interaction between
the NTD and HCT domains of Prp16

In this study, we examined the impact of biallelic mutations in DHX38 that are
correlated with a clinical developmental phenotype. These mutations occur in separate

alleles, with the paternal allele coding for a missense G->R mutation in motif VI of the
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HCT domain and the maternal allele coding for a missense E->K mutation in the NTD
domain of Prp16. Using Y2H, we determined both motif VI and a conserved NTM are both
important for mediating an interaction between the NTD and HCT domains of Prp16.
These data suggest that the mechanism underlying the developmental disorder in our
patient may be destabilizing this interaction.

Numerous lines of evidence are emerging showing that RNA binding proteins and
helicases involved in RNA metabolism employ an autoinhibition mechanism, wherein a
cis interaction of a distal protein domain sterically blocks the RNA binding domain of a
given protein. This has recently been shown in the crystal structure of the human
processosome factor DHX37. Much like the spliceosome, the processosome is another
macromolecular ribonucleoprotein machine that is involved in ribosomal RNA
processing and relies on the activity of DHX37 for progression through these processing
steps. In the crystal structure of DHX37, the NTD of this helicase forms a loop that
obscures the RecA2 domain (Singh et al. 2021), similar to the predicted structure of Prp16
generated by Alphafold (Fig. 2.8) and akin to an N-terminal “plug” domain binding to
RecA2 in Brr2 (Absmeier et al. 2015). Importantly, all the above helicases are proposed
to translocate RNA in a 3’ to 5° manner, and RecA2 binds the 5’ end of RNA transcripts
during translocation (He et al. 2017). Thus, NTD binding to the RecA2 domain could
interfere with initial RNA binding to autoinhibit helicase activity.

Notably, motif VI lies within the RecA2 domain of DEAH-box ATPases (Fairman-
Williams, Guenther, and Jankowsky 2010). Binding of RNA alters the conformation of
the RecA2 domain in the model DEAH-box ATPase Prp43, leading to repositioning of
several residues in motif VI (He et al. 2017). Part of this movement involves shifting of an

alpha-helix within motif VI by 4 A to allow for tighter interaction with ATP. The motif VI
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mutation in our patient, dhx38-G863R, may introduce steric hindrance (Fig. 2.2B) to
prevent the RecA2 domain from adopting a conformation that is competent for binding
to the NTD of Prp16. Similarly, the mutations we tested at position R686 change this
residue from a large, flexible arginine residue to shorter, more rigid isoleucine or
glutamine residues, which may also interfere with a conformational change that allows
for proper binding of RecA2 to the NTD. In this sense, both mutations in motif VI and the

NTM would phenocopy each other in conferring an inability for RecA2 to bind the NTD.

Implications of Prp16 dysregulation for the human intronome

In comparison to the limited intronome of budding yeast, the vast majority of the
human genome encodes intronic sequence. While only several hundred genes in budding
yeast contain an intron (Spingola et al. 1999), every human gene contains an average of
seven introns, each spanning several kilobases long (Hong, Scofield, and Lynch 2006). In
addition to an increased number of introns, the splice site consensus sequences within
each human intron are more degenerate than the strictly-conserved sequences in budding
yeast (Wahl, Will, and Liihrmann 2009). Notably, the BS sequences in humans can
deviate markedly from the yeast consensus sequence of UACUAAC (Mercer et al. 2015;
Zeng et al. 2021). The increased splicing load in addition to the higher number of potential
splice sites present a challenge in maintaining quick and accurate splicing in human cells.

Prp16 is one of several factors that ensure BS fidelity through a Kkinetic
proofreading mechanism. Prp16 activity is temporally limited to the branching catalytic
step, where it disengages the BS from the catalytic core during proofreading (Semlow et
al. 2016). Upstream of the catalytic stages of splicing, the DEAD-box ATPase Prp5 acts to

proofread U2 snRNA binding to the BS of the intron (Xu and Query 2007). Recently,
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mutations in the factor SF3b1 have been shown to modulate the recruitment of Prps,
which has the downstream affect of decreasing or increasing the likelihood of rejection of
BS sequences that deviate from the consensus sequence in budding yeast (Carrocci et al.
2017; Tang et al. 2016). These SF3b1 mutations are causal for myelodysplastic syndromes,
and lead to altered usage of BS sequences in humans.

As noted earlier, alternative BS selection impacts 3’SS selection (Carrocci et al.
2017; Tang et al. 2016; Zeng et al. 2021). A switch in alternative 3’SS selection has been
shown to occur during development in C. elegans (Ragle et al. 2015), dysregulation of BS
selection has a downstream impact on 3’SS selection in myelodysplastic disorders
associated with SF3b1 (Darman et al. 2015), and optimal exon ligation decreases with
increasing distance between the BS and 3’SS (Beate Schwer and Gross 1998 and see
Chapter 3). Therefore, altered usage of BS genome-wide through Prp16 dysregulation can
also lead to defects in downstream splicing events, altering a number of developmental

and neuronal pathways, leading to the broadened phenotype we see in our patient.

A model for autoinhibition of Prp16 by the NTD

These data suggest that Prp16 activity is regulated spatiotemporally via its NTD,
consistent with a previous study showing the NTD is important for Prp16 recruitment and
activity (Y. Wang and Guthrie 1998). Our study shows that the NTD binds to the HCT
domain of Prp16 (Fig. 2.8, 2.9) through a conserved NTM, which is predicted to bind
to the RecA2 domain to sterically occlude RNA binding. We propose a model in which
Prp16 not bound to the spliceosome is autoinhibited by its NTD (Fig. 2.12), and upon
binding to the spliceosome the NTD is disengaged from the HCT to allow for RNA binding

and ATPase activity. Our data showing a mutation in the ratchet helix of the N-terminal
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cassette of Brr2 can abrogate the interaction with fragments of the NTD of Prp16 (Fig.
2.11) strongly suggest that Brr2 relieves the autoinhibition of Prpi16, allowing for
spatiotemporal regulation of Prp16 activity through recruitment to the spliceosome.

Auto-Inhibition Disinhibition

NTM mutants,
motif VI mutants

\ 4

A

*

Figure 2.12. A model of Prp16 autoinhibition by a cis interaction between the NTD
and HCT domains.

Prp16 autoinhibition would be mediated by the N-terminal motif binding to the RecA2 domain,
preventing RNA binding and helicase activity. Mutations in the NTM and motif VI interfere
with this autoinhibitory interaction, leading to a loss in spatiotemporal regulation of Prp16
activity to dysregulate branch site usage during pre-mRNA splicing.
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CHAPTER 3

PRP43 DISCARDS SPLICING INTERMEDIATES DEFICIENT

IN 3’ SPLICE SITE BINDING

This chapter is in preparation for publication and adapted from the unpublished manuscript
“Prp43p discards splicing intermediates deficient in 3’ splice site binding.” All experiments
described herein were designed and performed by Christopher A. J. Craddock.



Abstract

Pre-mRNA splicing, an essential step in eukaryotic gene expression catalyzed by
the spliceosome, must proceed with high fidelity to ensure faithful gene expression.
Splicing fidelity is maintained by accessory factors belonging to the DEAH-box family of
RNA helicases that transiently bind to and act on the spliceosome. Here, we instead
reveal a novel role for the DEAH-box helicase Prp43p in proofreading 3’ splice site
binding in Saccharomyces cerevisiae. We found evidence that a mutation in the 5’ splice
site consensus sequence impairs entry into the exon ligation conformation, narrowing
the optimal branch site to 3’ splice site distance and deforms the 3’ splice site binding
pocket, all of which imply a defect for the 5’ splice site mutation in 3’ splice site docking.
Further, we found that the exon ligation defect of this 5’ splice site mutation is alleviated
by a mutation in the ATPase center of Prp43p; similarly, in the context of a wildtype 5’
splice site sequence, this Prp43p mutation allows increased exon ligation of substrates
with longer branch site to 3’ splice site distances. These data uncover a novel role for

Prp43p in discarding splicing intermediates that inefficiently bind the 3’ splice site.

Introduction

Pre-mRNA splicing is an essential step in eukaryotic gene expression. Splicing
involves the excision of interrupting sequences (introns) out of precursor messenger RNA
(pre-mRNA) and ligation of flanking expressed sequences (exons) to form mature mRNA
that can be translated by the ribosome to a functional polypeptide product. Splicing is
catalyzed in two successive transesterification steps, known as branching and exon
ligation, by a multicomponent ribonucleoprotein machine, known as the spliceosome

(Staley and Guthrie 1998). The spliceosome consists of five small nuclear

51



ribonucleoprotein complexes (snRNPs), each consisting of several protein factors in
complex with a small nuclear RNA (snRNA) component. These snRNPs are added in a
stepwise manner during spliceosome assembly, which occurs de novo on each intron that
needs to be excised (Wahl, Will, and Lihrmann 2009). After spliceosome assembly,
several remodeling events significantly alter the conformation and composition of the
protein and RNA components of the spliceosome to allow for catalysis of each
transesterification reaction. Further rearrangements allow for release of the mRNA
product and disassembly of the spliceosome to allow for recycling of snRNPs for
subsequent splicing events (Hoskins and Moore 2012; Wan, Bai, and Shi 2019; Wilkinson,
Charenton, and Nagai 2020). While rearrangements drive optimal substrates along the
canonical splicing pathway, the same rearrangements also discriminate against
suboptimal substrates to augment substrate specificity. Specificity in splicing in
important to ensure the correct intronic sequence is excised from pre-mRNA in order to
minimize deleterious effects in downstream steps of gene expression. Although
dysregulation of gene expression through errors in splicing has been noted to underlie
many diseases (Manning and Cooper 2017), how these errors are minimized through
spliceosomal rearrangements remains to be fully investigated.

Spliceosomal rearrangements are initiated by accessory factors belonging to the
SF2 superfamily of helicases (Fairman-Williams, Guenther, and Jankowsky 2010). Three
DEAH-box RNA helicases act before and after catalysis of each transesterification
reaction: Prp16p, Prp22p, and Prp43p. Prp16p initiates rearrangements after branching
that allow for exon ligation (B. Schwer and Guthrie 1992; Semlow et al. 2016), and Prp22p
releases mRNA after exon ligation (Company, Arenas, and Abelson 1991). After a

successful round of splicing, Prp43p disassembles the spliceosome, releasing the excised

52



intron for degradation and freeing snRNP components for another round of splicing
(Arenas and Abelson 1997; Martin, Schneider, and Schwer 2002).

In addition to their roles in splicing progression, the ATPase activities of Prp16p,
Prp22p, and Prp43p play roles in maintaining splicing fidelity (Semlow and Staley 2012).
Both Prp16p and Prp22p play a general role in disengaging splicing reactants from the
catalytic core during splicing progression as well as during proofreading of suboptimal
substrates (Semlow et al. 2016). These helicases likely proofread by acting either as
“sensors” to disengage suboptimal substrates at a rate faster than optimal substrates
(Semlow and Staley 2012) or as “molecular clocks” (Koodathingal and Staley 2013) with set
rates that antagonize suboptimal reactants with relatively slow rates of branching (S. M.
Burgess and Guthrie 1993) or exon ligation (Mayas, Maita, and Staley 2006). After
rejection by Prp16p or Prp22p, suboptimal substrates are released from the spliceosome
by Prp43p (Koodathingal et al. 2010; Mayas et al. 2010), likely to prevent potential usage
of these suboptimal sites through re-sampling (Semlow et al. 2016; Toroney, Nielsen, and
Staley 2019). Interestingly, in some cases discard of suboptimal 3’SS by Prp43p has been
shown to act independently of Prp22p activity (Rabiah M Mayas, Maita, and Staley 2006;
R. M. Mayas et al. 2010). Prp43p in humans has also been implicated in preventing
accumulation of spliceosomes that are slowed in U2 snRNP addition (Maul-Newby et al.
2021). These observations suggest Prp43p not only disassembles spliceosomes bound to
suboptimal substrates but also acts to ensure on-pathway spliceosomes progress through
the splicing cycle at an optimal rate.

Prp22p strongly discriminates against point mutations within the 3’ splice site
consensus sequence (3’SS), comprised of the final three residues of the intron (Mayas et

al. 2006). The 3’SS binds to the spliceosome through a network of several RNA-RNA
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interactions (Fig. 3.1D). The ultimate guanosine residue of the intron (G-1) forms a non-
Watson-Crick hydrogen bonding interaction with the first guanosine residue of the intron
in the 5’ splice site consensus sequence (G+1) (Liu et al. 2017). The G-1 residue also stacks
onto residue A51 of U6 snRNA (U6-A51) to properly position the 2’ hydroxyl of G-1 for
efficient catalysis of exon ligation (Wilkinson et al. 2017). Binding of the 3’SS is further
stabilized by hydrogen bonding between the Hoogsteen faces of the penultimate residue
of the 3’SS (A-2) and the branch site adenosine (brA) (Liu et al. 2017; Wilkinson et al.
2017). Importantly, brA is covalently linked to G+1 after the branching reaction, creating
the binding site for the 3’SS, making successful branching a prerequisite for efficient exon
ligation. Single point mutations within the 3’SS at G-1 and A-2, as well as mutations at the
G+1 and the brA residues that constitute the 3’SS binding site, are strongly antagonized
in vitro by Prp22p ATPase activity (Mayas et al. 2006). Prp22p also proofreads a U-to-G
transversion mutation at the antepenultimate position of the 3’SS (gAG), which weakens
3’SS binding through a steric clash with a conserved glutamine residue in the
spliceosomal scaffolding protein Prp8 (Wilkinson et al. 2017). However, double
mutations that change the identity at both G-1 and A-2 of the 3’SS not only block exon
ligation but also are insensitive to Prp22p-mediated proofreading (Mayas et al. 2006),
suggesting that substrates that are severely impaired in 3’ splice site binding are proofread
independent of Prp22p, perhaps by discard mediated by Prp43p.

Increasing evidence also indicates 5’ splice site consensus sequence (5’SS) identity
can mediate 3’SS choice (B. Schwer and Guthrie 1992; Hilliker, Mefford, and Staley 2007;
Semlow et al. 2016), possibly by negatively impacting the efficiency of exon ligation.

Previous characterization of an A-to-C substitution at position +3 of the 5’SS (A3c) in
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Figure 3.1. A3c blocks exon ligation at one of several steps along the splicing
pathway.
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Figure 3.1: A3c blocks exon ligation at one of several steps along the splicing
pathway (continued).

A. The A3c substitution introduces an additional base pair between the 5°SS and U6
snRNA, leading to inefficient exon ligation and triggering discard of splicing
intermediates.

B. Overview of the proofreading and progression steps at the catalytic stages of pre-
mRNA splicing.

C. Cryo-EM structure of the catalytic core immediately after branching and before Prp16p
ATPase activity (C* complex, PDB accession number 51.J3) showing juxtaposition of brA
(blue) and insertion of the reactive 2’ hydroxyl (red) with the catalytic triplex (mesh).

D. Cryo-EM structure of the catalytic core immediately after exon ligation (P complex,
PDB 6BK8) showing juxtaposition of 3°'SS-G3 (yellow) and insertion of the reactive 2’
hydroxyl (red) into the catalytic triplex. Stabilization of 3’SS-G3 binding is achieved by
several interactions between the 3’SS and brA, U6-A51, and 5’SS residues.

budding yeast indicates A3c antagonizes exon ligation through the introduction a
Watson-Crick base pair between the 5 splice site consensus sequence (Fig. 3.1A)
(Konarska, Vilardell, and Query 2006). This A3c substitution is also found in the TER1
intron in some fission yeasts introns, which use the spliceosome as 3’ end processing
machinery to generate telomerase RNA (Ram Kannan et al. 2015). As telomerase RNA is
only encoded by the 5’ exon of TER1, the free 5’ exon intermediate must be released from
the spliceosome prior to the exon ligation step of splicing to allow for incorporation into
the telomere reverse transcriptase (TERT) complex (R. Kannan et al. 2013). These
observations suggest A3c both blocks exon ligation and triggers spliceosome disassembly
to free intermediates generated by the branching step of splicing. As Prp43p catalyzes
spliceosome disassembly to release splicing intermediates, we hypothesized that Prp43p
may also discard A3c intermediates that block splicing after branching catalysis.

After branching catalysis, the spliceosome undergoes at least two rearrangements

to allow for exon ligation. Prp16p catalyzes rearrangement out of the branching
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conformation in an ATP-dependent manner, removing the brA from the catalytic core and
driving the spliceosome into a biochemically distinct, catalytically inert intermediate
state. (B. Schwer and Guthrie 1992; Hilliker, Mefford, and Staley 2007; Ohrt et al. 2013;
Semlow et al. 2016; Chung et al. 2019) The spliceosome then undergoes a separate, Prp16-
independent arrangement that is accompanied by docking of the 3’SS and two “second-
step factors” known at Sluyp and Prp18p, which in turn recruit Prp22p to stabilize the
exon ligation conformation (Frank and Guthrie 1992; Beate Schwer and Gross 1998; S.-
A. James, Turner, and Schwer 2002; Hilliker, Mefford, and Staley 2007; Ohrt et al. 2013;
Chung et al. 2019). Given two rearrangements are necessary to allow for exon ligation, the
step along the splicing pathway where A3c blocks exon ligation and triggers discard
remains unknown.

Here, we present evidence that the A3c substitution antagonizes exon ligation by
inhibiting 3’SS binding, and that Prp43p acts to discard intermediates that are generally
deficient in 3’SS binding. Our data show A3c does not affect the Prp16p-dependent
rearrangement in budding yeast, as we had anticipated, but instead affects a downstream
rearrangement in U2 snRNA. Structural analyses in silico suggests A3c antagonizes 3’SS
docking, as the implicated Watson-Crick base pair between A3c and U6 snRNA would
displace key residues required for stable 3’SS binding. A3c narrows the range of BS to 3’SS
distances that allow for efficient exon ligation when compared to introns with a wildtype
5°SS consensus sequence, indicative of a 3’SS binding defect. Mutations in both Prp22p
and Prpq3p alleviate the exon ligation defect of A3c, further implying 3’SS binding
stability is compromised. Finally, we show Prp43p antagonizes exon ligation of introns
containing a consensus 5’SS but long BS to 3’SS distances that compromise juxtaposition

of the 3’SS with the catalytic core. These data establish evidence for a novel role for
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Prp43p in discarding spliceosomes that inefficiently bind the 3’SS and further suggest

Prp43p enforces an upper limit on BS to 3’SS distance.

Materials and Methods

Table 3.1: Yeast strains for Prp43p study

MATa ade2 his3 leuz lys2 trp1 snr6::LEU2 . .
YHM118 snr20::LYS2 urag pU2U6U (SNR6 SNR20 URA3 (Madha?l ang)G“th“e
CEN) 994
MATa ade2 his3 leuz lys2 trp1 prp16-302 . .
YHM187 snr6::LEU2 snr20::LYS2 urag pU2U6U (SNR6 (Madhai“ anS)Guth“e
SNR20 URA3 CEN)) 994
MATa his3 leuz lys2 meti5 prp43 ::KanMX4 ura3
yJPS568 pJPS298 (pRS315 LEU2 PRP43) (Leeds et al. 2006)
MATa his3 leuz lys2 meti5 prp43 ::KanMX4 ura3
yJPS575 pJPS643 (pRS315 LEU2 prp43-0423N) (Leeds et al. 2006)
MATa ade2-101 his3A200 leu2A1 lys2-801
yJPS969 prp22 ::LEU2 trp1-63 ura3-52 pJPS1493 (p358- (Mayas et al. 2006)
PRP22 TRP1 PRP22 CEN AMP)
MATa ade2-101 his3A200 leu2A1 lys2-801
yJPS972 prp22 ::LEU2 trp1-63 ura3-52 pJPS1502 (p358- (Mayas et al. 2006)
prp22-R805A TRP1 prp22-R805A CEN AMP)

Table 3.2: Plasmids for Prp43p study

pCG92 GPD-ACT1-CUP1 URA3 CEN (Lesser and Guthrie 1993)
pJPS1453 pCG92 ACT1-CUP1-gAG (Mayas et al. 2006)
pJPS1462 pCG92 ACT1-CUP1-A3c This study

pSX6 pSE358 SNR6 TRP1 CEN (Madhani and Guthrie 1992)
pJPS796 SNR20 LEU2 CEN (Hilliker et al. 2007)
pJPS870 pJPS796 snr20-C59g (Hilliker et al. 2007)
pJPS871 pJPS796 snr20-Giooc (Hilliker et al. 2007)
pJPS895 pJPS796 snr20-C59g-G1o0c (Hilliker et al. 2007)
pJPS216 pSE362 SNR20 HIS3 CEN (Hilliker et al. 2007)
pJPS1695 pJPS216 snr20-U98a (Hilliker et al. 2007)
pJPS1295 pJPS216 snr20-Ug9ga (Hilliker et al. 2007)
pJPS1546 pJPS216 snr20-G1ooa (Hilliker et al. 2007)
pJPS1299 pJPS216 snr20-U1io1a (Hilliker et al. 2007)
pJPS1702 pJPS216 snr20-U1i02a (Hilliker et al. 2007)

pJPS1300 pJPS216 snr20-A103u (Hilliker et al. 2007)
pJPS1542 pJPS216 snr20-A103g (Hilliker et al. 2007)
pJPS1706 pJPS216 snr20-Ci1o4a (Hilliker et al. 2007)
pJPS1374 pJPS216 snr20-Cio4u (Hilliker et al. 2007)
pJPS1709 pJPS216 snr20-A105u (Hilliker et al. 2007)
pJPS1708 pJPS216 snr20-A105g (Hilliker et al. 2007)
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Table 3.3: Oligonucleotides for Prp43p study

ACT1-CUP1_PE3 5-ATTCGCTGAACCCGGTACC-3’
0CAJC-D64 5-CTGTGTCTCATGTACTAACTGCTTCATTCTTTTTGTTGC-3’
0CAJC-D65 5- GCAACAAAAAGAATGAAGCAGTTAGTACATGAGACACAG-3°
0CAJC-D70 5- GTGTCTCATGTACTAACATATTATATGTTTAGAGGTTGG-3’
0CAJC-D71 5-CCAACCTCTAAACATATAATATGTTAGTACATGAGACAC-3
0CAJC-E74 5-GTTAGTACATGAGACACAGTAGCAAATAAAAG-3’
0oCAJC-F7 5- TAGAGGTTGGTACCGGGTTCA-3’

Branch site to 3’ splice site ACT1-CUP1 reporter constructs: pCG2 and pJPS1462 were
subjected to two-stage site directed mutagenesis (W. Wang and Malcolm 1999) with
oligonucleotide pairs 0CAJC-D64/0CAJC-D65 and 0oCAJC-D70/0CAJC-D71 to generate
A7 and A28 reporter variants, respectively. To replace the branch site to 3’ splice site
sequence with polyadenosine tracts, the ACT1-CUP1 reporter plasmids were linearized
with 0CAJC-E74 and oCAJC-F7 and re-circularized using NEB HiFi assembly with a
single-stranded DNA oligo containing 20 to 24 nucleotide homology on either end and
the appropriate number of adenosine residues in between.

Yeast transformation: Yeast transformations were performed using the rapid lithium
acetate method (Gietz and Woods 2002) using 33 ul of yeast cell culture, 3.3 ul of 10
mg/mL salmon sperm DNA as a carrier, and 198 pul of 50% w/v PEG 3350, with a 30
minute incubation at 30 °C prior to a 15 minute heat shock at 42 °C. Transformed cells
were plated on selective media, grown for 2 days at 30 °C, re-streaked onto fresh selective
media, and grown for 3-5 days at 30 °C prior to subsequent analysis.

For experiments involving U2 snRNA alleles, plasmids containing wildtype U6
snRNA and U2 snRNA derivatives were co-transformed as described above. pU2U6-URA
containing cells were selected against by re-streaking on 5-FOA media and grown for 2
days at 30 °C. Colonies were then re-streaked onto YPDA media and then transformed

with appropriate ACT1-CUP1 constructs as described above.
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Copper growth experiments: Media containing varying concentrations of copper sulfate
were made using complete synthetic media lacking uracil. Bacto-agar was replaced with
PHYTAGAR (Alfa Aesar) as the gelling agent to ensure no contaminating divalent metals
were present. Yeast strains were transformed with ACT1-CUP1 reporters, grown
overnight to saturation, spotted onto plates with varying concentrations of copper sulfate
in 1/1, 1/10, and 1/100 serial dilutions, and incubated at 30 °C for two to seven days.

Images were captured using a Canon compact digital camera.

Total RNA extraction: Yeast colonies were inoculated into 3 mL of complete synthetic
media lacking uracil and grown overnight until saturation. Saturated cultures were
backdiluted to an ODeoo of 0.1-0.15 and grown at 30 °C for 2-3 doublings. Cultures were
shifted to 16 °C for an additional 2 hours where indicated. A volume of 1.7 to 2 mL of these
cultures was spun down, aspirated of supernatant, snap frozen in liquid nitrogen, and
stored at -80 °C until ready for RNA extraction.

Yeast pellets were resuspended in 500 pl TRIzol, transferred to a 2 mL screw-cap
tube containing 0.5 mm acid-washed glass beads, and lysed in a FastPrep-24
homogenizer for five one-minute cycles. An additional 500 pl TRIzol was added before
proceeding with the manufacturer’s instructions for RNA extraction. An additional
extraction was performed with 400 pl chloroform prior to isopropanol precipitation. RNA
pellets were resuspended in 1.25x annealing buffer (62.5 uM Tris-HCI, pH 8.3 at 42 °C;
62.5 uM KCl, 12.5 uM DTT, 1.25 uM EDTA) pre-heated to 65 °C for at least ten minutes

and adjusted to the same concentration prior to downstream experiments.
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Primer Extension: Primer extension was performed with 4.4 to 12 ug of yeast total RNA
using AMV reverse transcriptase. All experiments used radiolabeled primers, except for
the screen involving U2 stem IIc mutations (Fig. 3.3), which used Quasar570
fluorophore-labeled ACT1-CUP1_PE3 primers (Biosearch, LLC). Primers were added to
4.8 uL of total yeast RNA to yield a final concentration of 1 uM each. The primer and total
RNA solution was heated to 9o °C for 3 minutes and cooled to 48 °C for at least 5 minutes.
AMV RT and a dANTP mixture was added to annealed RNA with a supplementary RT
buffer containing spermidine and MgCl. yielding a final primer extension reaction
mixture of 6U AMV RT, 1 uM each dNTP, 50 uM Tris-HCI (pH 8.3 at 42 °C), 50 uM KCl,
10 uM MgCls, 10 uM DTT, and 1 uM spermidine. RT reactions were supplemented with 4
mM NaPPi to inhibit RNase H activity to formation of aberrant products to reduce
background and allow for better visualization of lariat intermediate (Figs. 2, 4, 5, 6). 50
ng of actinomycin D and additional KCl to a final concentration of 135 uM were added to
reactions using poly-adenosine tracts (Figs. 5, 6) to further minimize RT slippage. Primer
extension was carried out for 5 minutes at 37 °C, followed by 45 minutes at 42 °C. An
equal volume of RNA loading buffer (95% formamide, 2x TBE, 0.5 uM EDTA,
bromophenol blue) was added to the reaction mixture. Extension products were
visualized by running on a 15% denaturing polyacrylamide gel and imaging with a
phosphorimager. Quantitation was performed using FIJI version 1.53. In most cases,
exon ligation efficiency was calculated by taking the ratio of mRNA/lariat intermediate.
For reactions using fluorophore-labeled primers, exon ligation efficiency was calculated
using a ratio of mRNA/(lariat intermediate + mRNA), due to low detection of lariat

intermediate in wildtype samples.
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In silico Structural Comparison: An in silico structure of a five nucleotide model RNA-
RNA helix of the 5°SS:U6 interaction was generated in UCSF Chimera that includes
additional base pairs between position +3 of the 5’SS and position +50 of U6 snRNA as
well as and position +2 of the 5’SS and position +51 of U6 snRNA. This structure was
superimposed onto cryo-EM structures of the C complex and P complex structures (PDB
accession number 5L.J3 and 6BKS8, respectively) (Galej et al. 2016; S. Liu et al. 2017a)

using PyMol version 2.3.3 (Schrodinger, LLC).

Intramolecular RNA structure analysis: The predicted intramolecular RNA-RNA
structure of the region between the BS and 3’SS of the ACT1-CUP1 intron, as well as the
consequences of mutations within this region, were determined using the online RNAfold
server (Lorenz et al. 2011). The first eight nucleotides downstream of the BS all sequence
downstream of the 3’SS were omitted from the analysis, as done in previous assessments

of structures between the BS and 3’SS of yeast introns (Meyer et al. 2011).

Mathematical Modeling: Formulas for levels of RNA species at steady state were derived
by hand, and data points were generated using MATLAB R2020a (The Mathworks, Inc.).

Plots were generated using Microsoft Excel.

Results

A3c inhibits exon ligation downstream of the Prpi16p-mediated rearrangement
Because A3c impairs exon ligation, perturbations that interfere with the transition

between branching and exon ligation should exacerbate this phenotype. A3c

hyperstabilizes the 5SS and U6 snRNA interaction (5°SS:U6) in the branching
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conformation (Fig. 3.1A) (Konarska et al. 2006), the G+1 of the 5’SS is covalently linked
to the brA residue of the BS after branching catalysis, and Prp16p can detach the branch
site consensus sequence (BS) from U2 snRNA to allow for alternative BS selection by
pulling on the substrate (Semlow et al. 2016). Given these observations, we initially
hypothesized Prp16p remodels the 5°SS:U6 interaction, and thus A3c would impair the
Prp16p-dependent rearrangement step. To determine whether A3c blocks exon ligation
at Prp16p-dependent rearrangement step, we first tested whether prpi16-302, a PRP16
mutant deficient in transitioning out of the branching conformation, would exacerbate a
growth defect conferred by the exon ligation defect of A3c. As a control, we also tested
whether the exon ligation defect of A3c would be affected by a prp16-101 mutation, which
does not exacerbate growth defects of 3°SS mutants (Query and Konarska 2004) but
instead has a phenotype at the branching step of splicing by relaxing proofreading of
branch site mutations (S. M. Burgess and Guthrie 1993). To test the affects of prp16 alleles
on the splicing of A3c, we used an ACT1-CUP1 reporter gene, which consists of essentially
the ACT1 5 exon and intron fused to a copy of the CUP1 gene. Increased efficiency of
ACT1-CUP1 splicing leads to increased levels of Cup1p protein, allowing growth of cup1A
strains on media containing increased levels of toxic copper ions. Changes in splicing
efficiency due to perturbations in the ACT1-CUP1 intron or mutations in spliceosome
factors can therefore be indirectly determined through changes in the ability for yeast to
grow on media with increased levels of copper sulfate. (Lesser and Guthrie 1993).

We transformed wild-type and mutated ACT1-CUP1 reporters into wildtype or
prp16 mutant strains and assayed for growth at 30 °C on solid media containing varying
concentrations of copper sulfate (Fig. 3.2). Wildtype PRP16, prp16-101, and prp16-302

strains all exhibited strong growth with wildtype ACT1-CUP1 reporters, with slight growth
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Figure 3.2 A Prp16p ATPase mutant exacerbates the growth defect of A3c.

Copper growth assay of yeast containing the branching fidelity mutation prp16-101 or the
exon ligation mutation prp16-302 in combination with wildtype or A3c ACT1-CUP1
reporters. The growth defect of A3c at higher copper concentrations is exacerbated by
prp16-302 but not prp16-101.

deficiencies beginning to show at 435 uM cgpper sulfate. This growth defect was slightly
4



exacerbated with prp16-302 in the context of a wildtype ACT1-CUP1 reporter, as reported
previously (Query and Konarska 2004). In combination with an A3c ACT1-CUP1
substrate, all yeast strains exhibited an increased sensitivity to copper. Wildtype PRP16
began to show decreased growth when copper concentrations reached 100 uM. This
growth phenotype was exacerbated when the A3c ACT1-CUP1 substrate was combined
with prp16-302, with growth defects beginning to show at 50 uM copper sulfate. By
contrast, the growth defect of A3c was not affected when combined with prp16-101. These
data indicate A3c is sensitized to mutations in PRP16 that specifically impair transition
out of the branching conformation.

However, given there are two rearrangements required to enter the exon ligaiton
conformation, and mutations that impair the Prpi6p-dependent transition can also
exacerbate exon ligation defects of perturbations that act downstream of Prp16p activity
(Query and Konarska 2004; L. Liu, Query, and Konarska 2007), we could not be sure A3c
specifically antagonizes the Prpi6p-dependent step. To this end, we leveraged a
previously-described RNA-RNA remodeling event in U2 snRNA to determine where
exactly A3c antagonizes exon ligation. Genetic evidence suggests U2 stem Ilc, an
intramolecular helix in U2 snRNA, is disrupted during the Prp16p-dependent transition
out of the branching conformation (C complex) (Fig. 3.4B) (Hilliker, Mefford, and Staley
2007; Perriman and Ares 2007). U2 stem Ilc disruption leads to formation of a mutually
exclusive intramolecular structure, known as U2 stem-loop IIa, that stabilizes an
intermediate conformation between the branching and exon ligation states. U2 stem-loop
ITa is then disrupted in a Prp16p-independent manner during transition into the exon
ligation conformation (C* complex), allowing re-formation of U2 stem IIc (Hilliker et al.

2007; Perriman and Ares 2007).
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Figure 3.3: Destabilizing U2 stem Ilc exacerbates the exon ligation defect of

A3c.
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Figure 3.3: Destabilizing U2 stem Ilc exacerbates the exon ligation defect of
A3c (continued).

A. Structure of the U2 stem Ilc intramolecular RNA-RNA helix.

B. Point mutations along the 3’ strand of U2 stem Ilc were co-transformed with A3c ACT1-
CUP1 substrates and exon ligation efficiency was probed using primer extension. The exon
ligation defect of A3c is exacerbated by mutations that abolish Watson-Crick base pairing
in stem Ilc. Exacerbation of the A3c exon ligation defect was more modest when changing
a Watson-Crick base pair to a GeU wobble and was minimal when changing an A-U
Watson-Crick base pair to a GeU wobble. Exacerbation was also minimal at the ends of
the U2 stem Ilc helix.

To determine whether A3c blocks exon ligation at or downstream of the Prp16p-
dependent rearrangement, we destabilized U2 stem Ilc and assayed for alleviation of the
A3c exon ligation defect via primer extension. If A3c antagonizes exon ligation at the
Prp16p-dependent rearrangement step, destabilization of U2 stem IIc would alleviate the
exon ligation defect of A3c. Conversely, if A3c antagonizes rearrangements downstream
of Prp16p activity, destabilization of U2 stem Ilc would fail to alleviate and, instead,
exacerbate the exon ligation defect of A3c. To destabilize U2 stem Ilc, we first made
mutations to the 3’ strand of stem Ilc (Fig. 3.3A) to prevent inadvertently destabilizing
the intermediate state, because the 5’ strand of stem IIc forms the loop of stem-loop Ila,
and mutations within this loop promote transition into the exon ligation formation
(Hilliker et al. 2007). Combining point mutations in the 3’ strand of U2 stem Ilc with A3c
mutations did not alleviate the exon ligation defect of A3c. Instead, we found mutations
that destabilized U2 stem Ilc reduced the exon ligation efficiency of A3c by as much as
two-fold, as determined by primer extension analysis (Fig. 3.3B). Mutations that
abolished base-pairing between the 5’ and 3’ strands of U2 stem Ilc exacerbated the exon
ligation defect of A3c to a greater extent than those that changed the identity of the base-

pair from a G-C Watson-Crick base pair to a GeU wobble. Additionally, abolishing more
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strictly-conserved base pairs within the interior of U2 stem Ilc exacerbated the exon
ligation defect of A3c more than less conserved residues at the ends of the U2 stem Ilc
helix. These data strongly suggest that mutations in the 3’ strand of U2 stem Ilc
exacerbate the exon ligation defect of A3c due to weakening U2 snRNA intramolecular
structure.

To exclude the possibility that exacerbation of A3c could be due to these mutations
having an effect outside of destabilizing U2 stem Ilc, we chose the base pair that conferred
the strongest exacerbation when abolished (U2-G100:U2-C59) and performed
compensatory mutational analysis to determine whether restoring Watson-Crick pairing
could rescue this exacerbation. We tested U2 stem IIc mutations at this base pair position
against several perturbations that confer an exon ligation defect: A3c, which has an exon
ligation defect that is exacerbated by a U2-G1ooa mutation (Fig. 3.3B) ; prp16-302,
which has a cold sensitive growth defect that is suppressed or exacerbated by mutations
that destabilize or hyperstabilize U2 stem Ilc, respectively (Hilliker, Mefford, and Staley
2007; Perriman and Ares 2007); and gAG, which has a growth defect at 30 °C that is
exacerbated by mutations that destabilize U2 stem Ilc and suppressed by mutations that
stabilize U2 stem Ilc relative U2 stem Ila (Hilliker, Mefford, and Staley 2007). To test the
effect of modulating the Waston-Crick base-pairing at U2-G100:U2-C59 on these exon
ligation deficient alleles, we again used primer extension and determined differences in
exon ligation by taking the ratio of the mRNA exon ligation product over the LI exon
ligation reactant.

Mutations that destabilize the U2-G100:U2-C59 base pair had minimal effect on
exon ligation of a wildtype ACT1-CUP1 substrate (Fig. 3.4A). A C59g mutation had an

insignificant decrease in mRNA-to-LI ratio, whereas a G1ooc mutation had a modest but
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significant decrease in mRNA-to-LI ratio. These data likely reflect the effect these
mutations have on the U2 stem Ilc to U2 stem Ila transitions, as C59g would destabilize
both U2 stem IIc and U2 stem IIa, whereas G1ooc would destabilize U2 stem Ilc relative
to U2 stem Ila to potentially disrupt structural toggling between these two intramolecular
structures along the splicing pathway. Restoring Watson-Crick base pairing by combining
U2-C59g with U2-G100c restored exon ligation to a level seen with wildtype U2 snRNA.
These data suggest these mutations in U2 snRNA impart defects in exon ligation. The
modest effects seen with wildtype ACT1-CUP1 suggest exon ligation of this transcript is
not limited by this structural toggling between U2 stem IIc and U2 stem Ila.

Curiously, modulation of Watson-Crick base pairing at this position had an even
subtler effect on exon ligation of a wildtype ACT1-CUP1 reporter combined with a prp16-
302 mutant. Although exon ligation of ACT1-CUP1 decreased by 12-fold in prpi16-302
strains shifted to 16 °C for 2 hours, neither U2-C59g nor U2-G100c suppressed this exon
ligation defect (Fig. 3.4A). We initially expected mutations that destabilize U2 stem Ilc
would suppress the exon ligation defect of prp16-302, as similar mutations suppress the
cold sensitive growth defect of prp16-302 strains (Hilliker, Mefford, and Staley 2007;
Perriman and Ares 2007). In the context of our results, prp16-302 likely confers a growth
defect by antagonizing splicing of an endogenous transcript that is sensitive to Prp16p
driving the spliceosome out of the U2 stem Ilc state. Conversely, our data suggest wildtype
ACT1-CUP1 is not significantly limited by U2 snRNA toggling. In comparison, ACT1-CUP1
reporters containing gAG exhibited much stronger exon ligation defects at 30 °C with
wildtype U2 snRNA, and these defects were modestly but significantly worsened in the
context of U2-C59g or U2-G1ooc (Fig. 3.4A). These data are consistent with previous

data showing disruption of U2 stem Ilc exacerbates copper growth defects of strains with
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Figure 3.4: A3c antagonizes the step of U2 stem Ilc re-formation upon entry
into the exon ligation conformation (continued)

A. Primer extension analysis of in vivo splicing in the context of mutations that modulate
stability of U2 stem IIc. Destabilizing U2 stem IIc through introduction of either C59g or
G10o0c leads to a reduction of exon ligation efficiency of wildtype, gAG, and A3c substrates
in the context of wildtype PRP16, but does not affect splicing of a wildtype substrate in a
prp16-302 mutant. Exacerbation is greater for A3c substrates. Restoring Watson-Crick
base pairing by combining C59g and G100c restores exon ligation efficiency. Significance
was calculated by two-tailed student’s t-test. * P < 0.05, ** P < 0.01, **** P < 0.0001, n.s.
P > 0.05.

B. Overview of U2 snRNA rearrangement between the branching and exon ligation
conformation during the Prp16p-dependent and Prp16p-independent rearrangement.

gAG ACTi1-CUP1 reporters (Hilliker, Mefford, and Staley 2007). Combining U2-G100c¢
and U2-C59g restored exon ligation to levels seen with wildtype U2 snRNA, consistent
with our observations with wildtype ACT1-CUP1. Taken together, these data indicate U2
stem Ilc re-formation is limiting for gAG transcripts.

In the context of wildtype U2 snRNA, exon ligation of ACT1-CUP1 transcripts
containing A3c at 30 °C exhibited a decrease similar to prp16-302 after a 16 °C shift (Fig.
3.4A). Strikingly, this exon ligation defect was exacerbated to a great extent with either
U2-C59¢g or U2-G100c, with a two-fold decrease in mRNA-to-LI ratio when compared to
wildtype U2 snRNA. Similar to both wildtype and gAG ACT1-CUP:1 transcripts, this
decrease was moderately worse with the U2-G100c mutation when compared to U2-C59g,
and exon ligation levels were restored to levels seen with wildtype U2 snRNA when both
point mutations were combined. In comparison to prp16-302, the exacerbation of the
exon ligation defect of A3c by U2-C59g or U2-G100c point mutations were significant,
suggesting that A3c does not affect the Prp16p-dependent rearrangement. Instead, the
A3c parallels the phenotypes of gAG, suggesting U2 stem Ilc re-formation is also limiting

for A3c. However, the magnitude of exacerbation by U2-C59g or U2-G100c also suggests
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U2 stem Ilc destabilization has a synergistic effect on A3c, indicating U2 stem Ilc

reformation and A3c may affect the same step of the splicing pathway (Fig. 3.4B).

Extended pairing between the 5’ splice site and U6 snRNA would reposition key residues
in the catalytic core to antagonize 3’SS binding

Previous characterization shows A3c introduces an additional base pair to the
5’SS:U6 helix (Konarska et al. 2006), which led to a model where A3c antagonizes exon
ligation by preventing transition out of the branching conformation. However, recent
cryo-EM structures of the spliceosome immediately after exon ligation (P complex) have
illuminated the importance of residues of the 5’SS and U6 snRNA for stable 3’SS binding
and proper positioning of the 3’SS reactant (Fig 1C) (Bai et al. 2017; Wilkinson et al. 2017;
Liu et al. 2017). Thus, introducing a Watson-Crick base pair between position +3 of the
5'SS and U6-G50 may instead antagonize exon ligation by impairing proper 3’SS binding.

Modelling of the consequences of the A3c mutation support this view of
compromised 3’ splice site binding. In the P complex, the base of G-1 of the 3’SS stacks
onto residue U6-A51, which in turn is stabilized by hydrogen bonding to U+2 of the 5’SS
(Fig. 3.5A). G-1 of the 3’SS is further stabilized through hydrogen bonding of its
Hoogsteen face to the Watson-Crick face of G+1 of the 5’SS. Cryo-EM structures suggest
these interactions are facilitated by the breaking of a non-Watson-Crick base pair between
A+3 and U6-G50 which is present in the branching conformation, but absent from exon
ligation conformation (Fica et al. 2017). Given these observations, we reasoned that the
introduction of a Watson-Crick base-pair between 5’SS-A3c and U6-G50 may interfere
with proper coordination of these key 3’ splice site-orienting residues, antagonizing stable

3’SS binding. To examine this possibility, we extended the 5'SS:U6 duplex by an
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additional Watson-Crick base pair between U6-G50 and a C residue at position +3 of the
5°SS in silico in a model RNA-RNA helix. We then overlaid this helix onto the 5’SS:U6
interaction in a cryo-EM structure of the P complex (Liu et al. 2017) (Fig. 3.5A) to
examine how the backbones of the 5°SS and U6 snRNA deviated and what impact such
deviation may have on the residues that interact with the 3’SS.

Extension of the 5°SS:U6 duplex perturbs the backbone of U6 modestly, although
the base of U6-G50 is rotated significantly to allow base pairing at its Watson-Crick face
(Fig. 3.5A). This movement is accompanied by a shift in the backbone of the 5’SS at
position +3 by 5.2 A to align the Watson-Crick faces of A3c and U6-G50, which would
reposition U+2 and, consequently, G+1. As the backbone of U6 appears to remain in place,
we don’t expect as drastic of a movement of U6-A51 or G-1 of the 3’SS. Instead, 3’SS
stabilization would be compromised by shifting G+1 of the 5’SS out of position so it cannot
stably hydrogen bond to G-1 of the 3’SS, and U+2 of the 5’SS may also be shifted out of
position to prevent proper orientation of U6-A51. The shift of the backbone of 5’SS could
further extend the 5°SS:U6 duplex, promoting formation of a Watson-Crick base pair
between U+2 of the 5'SS and U6-A51, which would further shift the nitrogenous base of
U6-A51 by 10 A to disfavor stacking onto G-1 altogether (Fig. 3.5B). If increased
extension of the 5’SS:U6 helix due to introduction of A3c does move these residues out of
position to inhibit or prohibit stable binding of the 3’SS, then A3c would confer an exon

ligation defect by reducing the population of spliceosomes that can catalyze exon ligation.

The A3c 5°SS mutation is sensitive to the distance separating the 3’SS from the BS
Binding of the 3’SS to the catalytic core requires the region of the RNA substrate

downstream of the BS to loop out of and back into the spliceosome, allowing the 3’SS to
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bind to the 2’-5" phosphodiester bond linkage between 5'SS-G+1 and brA (Fig. 3.1D)
(Meyer et al. 2011; Pérez-Valle and Vilardell 2012; S. Liu et al. 2017b; Wilkinson et al.
2017; Bai et al. 2017). This looping requirement suggests the distance between the BS and
3’SS impacts the time it takes for the spliceosome to initially bind the 3’SS, given the mean
first passage time (MFLT) for the 3’ end of an RNA polymer to loop back onto its 5’ end is
proportional to its persistence length (Toan et al. 2006). Notably, the number of single-
stranded nucleotides between the BS and 3’SS across all introns in budding yeast is
clustered around a relatively short effective length of 25 nucleotides (Meyer et al. 2011),
implying that pre-mRNA splicing favors relatively short BS to 3’SS distances. This
relatively short BS to 3’SS distance is also seen in human introns (Zeng et al. 2021), and
a long BS to 3’SS distance also contributes to antagonizing exon ligation of TER1 pre-
mRNA in the fission yeast S. pombe (Kannan et al. 2013). Conservation of short BS to
3’SS distances imply a long BS to 3’SS is detrimental to pre-mRNA splicing and, together
with structural and genetic data, imply this detriment is due to delaying 3’SS docking.
Our structural analysis above also suggests A3c may also delay 3’SS docking by
altering the 3’SS binding site, which can have several non-mutually exclusive effects:
First, the spliceosome may sample a conformation that allows for 3’SS binding at a lower
frequency than spliceosomes with a wildtype 5’SS. Second, in spliceosomes that can bind
the 3’SS, initial binding of the 3’SS may be compromised, leading to a slower on-rate of
docking. Third, after docking, the 3’SS may be more likely to dissociate, leading to a faster
off-rate. Additionally, although the spliceosome can re-sample the 3’SS after it is
undocked (Semlow et al. 2016), destabilizing 3’SS binding could also impair the efficiency
of this re-sampling. Lastly, after binding, the 3’SS may not be properly orientated to allow

for efficient catalysis (see below) (Wilkinson et al. 2017). Any of these effects can
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antagonize exon ligation by limiting the length of time the 3’SS is bound in the proper
orientation to below that necessary for successful exon ligation catalysis. Since long BS to
3’SS distances appear to delay 3’SS docking, we hypothesized shortening the BS to 3’SS
distance would reduce the time it takes for initial binding of, or re-sampling after
dissociation of, the 3’SS which would, in turn, alleviate the exon ligation defect of A3c.
As a first test of this hypothesis, we deleted several nucleotides of the intron just
downstream of the BS in our ACT1-CUP1 construct (Fig. 3.5C). These deletions disrupt
the intramolecular RNA-RNA structure between the BS and 3’SS within ACT1 intron in
our ACT1-CUP1 construct (Meyer et al. 2011). Deletion of the first 7 nucleotides after the
BS (A7), predicted to completely disrupt intramolecular structure and increase the
effective BS to 3’SS distance from 26 to 36 nucleotides, exacerbated the exon ligation
defect of A3c, reducing the mRNA-to-LI ratio by 70%. Conversely, deleting the first 28
nucleotides past the BS (A28), shortens the effective BS to 3’SS distance from 26 to 16
nucleotides, led to a slight alleviation of the exon ligation defect of A3c, increasing the
mRNA-to-LI ratio by 25% (Fig. 3.5C). Interestingly, a similar effect is seen with substrate
bearing a wildtype 5’SS, where exon ligation efficiency worsened with the A7 substrate
but improved to near-wildtype levels with the A28 substrate. These data suggest
intramolecular structure is necessary to shorten the effective BS to 3’SS distance to allow
for efficient exon ligation, as implicated in many yeast introns (Meyer et al. 2011; Pérez-
Valle and Vilardell 2012; S. Liu et al. 2017a). The observation that exon ligation is
improved even further in A3c by shortening the effective BS to 3’SS from 26 to 16
nucleotides supports our hypotheses that A3c confers a defect in 3’SS binding, and that

shortening the BS to 3’SS distance alleviates this defect.
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Figure 3.5: Introduction of a Watson-Crick base pair between A3c and U6-
G50 distorts the 3’SS binding pocket.
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Figure 3.5: Introduction of a Watson-Crick base pair between A3c and U6-
G50 distorts the 3’SS binding pocket (continued)

A. The backbone of the 5'SS would need to shift 5.2 A to accommodate hydrogen bonding
between the Watson-Crick faces of A3c and U6-G50, which would move 5°SS-G1 and 5’SS-
U2 out of position to stabilize 3’SS-G3 through hydrogen bonding with 5’SS-G1 and base
stacking onto U6-A51.

B. A3c could promote base pairing between 5°SS-U2 and U6-A51, which would move the
base of U6-A51 by 10 A to disfavor stacking onto 3°SS-G3.

C. Removing seven nucleotides between the BS and 3’SS disrupts intramolecular
structure within the intron, increasing the effective BS to 3’SS distance and antagonizing
exon ligation. Deleting 28 nucleotides shortens the effective distance and restores exon
ligation efficiency.

In a more systematic test of whether the exon ligation defect of A3c can be
alleviated by shortening the BS to 3’SS distance, we replaced the intronic sequence
between the BS and 3’SS with stretches of adenine residues, varying from 6 to 30
adenosine nucleotides long in 3 nucleotide (nt) increments, to create BS to 3’SS distances
from 9 to 33 nt (Fig. 3.6). Exon ligation of both wildtype and A3c 5°SS sequences were
modulated with changing BS to 3’SS distances. Qualitatively, both wildtype and A3c
exhibited optimal exon ligation around 15 to 18 nt, as evidenced by strong mRNA
accumulation accompanied by weak LI bands. Exon ligation decreased with increasing
BS to 3’SS distance, with decreases in mRNA accumulation and concomitant increases in
LI band intensity, consistent with previous studies showing exon ligation is decreased
with distal 3’SS (Beate Schwer and Gross 1998; Meyer et al. 2011; R. Kannan et al. 2013;
Ohrt et al. 2013). Unexpectedly, exon ligation also decreased with BS to 3’SS distances
shorter than 15 nt, implying 3’SS sampling also becomes increasingly difficult below a

certain threshold in vivo. A plot of exon ligation for A3c substrates relative to BS to 3’SS
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Figure 3.6: BS to 3’SS distance modulates exon ligation efficiency

A. Exon ligation efficiency is antagonized at both very short and long distances for substrates
containing a wildtype or A3c 5’SS.
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Figure 3.6: BS to 3’SS distance modulates exon ligation efficiency (continued)

B. A3cis highly sensitized to the BS to 3’SS distance, with a narrow window of high exon ligation
efficiency at 18 nt.

C. Comparison of exon ligation efficiencies between substrates with wildtype 5’SS or A3c. Exon
ligation efficiencies were normalized to the exon ligation efficiency at 21 nt for each series of
substrates. A3c substrates exhibit a markedly sharper decline in exon ligation efficiency at 9 nt
and over distances longer than 21 nt when compared to substrates bearing a wildtype 5’SS.

distance revealed a steep drop-off with BS to 3’SS distances shorter or longer than 18 nt,
indicating deviations in BS to 3’SS distance modulate exon ligation efficiency.

Due to greater exon ligation efficiency, we could not reliably quantitate all
substrates containing a wildtype 5’SS because LI levels either fell below a quantifiable
level or because the LI band overlapped with another band corresponding to a premature
stop associated with mRNA levels. Consequently, to ensure reliable quantitation, we
limited our analysis of wildtype 5’SS substrates to BS to 3’SS distances of 9, 21, 24, 27,
and 33 nt and compared exon ligation levels to A3c substrates at these same distances.
While qualitatively it appears exon ligation efficiency decreased at 9 nt and 33 nt for both
wildtype and A3c substrates (Fig. 3.6A), quantitation of exon ligation for A3c relative to
21 nt showed a markedly stronger decrease at 9 nt and 33 nt, (10-fold and 50-fold
decrease, respectively), as compared to wildtype (1.3-fold and 3-fold decrease,
respectively, Fig. 4B). Additionally, while exon ligation efficiency of substrates with a
wildtype 5’SS decreased with increasing distance from 21 to 33 nt, the exon ligation
efficiency of A3c substrates showed a markedly steeper fall-off across these same

distances. These data indicate that A3c narrows the window for the

The exon ligation defect of the A3c 5’ splice site mutation is alleviated by ATPase

mutations in PRP22 and PRP43
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Prp22p proofreads aberrant 3’SS sequences in an ATP-dependent manner. Prp22
acts as a “pullase,” binding to the periphery of the spliceosome and applying force from a
distance to move the 3’SS out of the catalytic core (Semlow et al. 2016). After Prp22p-
mediated proofreading, Prp43p acts to disassemble the spliceosome to allow for discard
of the and 5’ exon and LI (Mayas et al. 2010), which is debranched by Dbr1 and degraded
(Liu et al. 2007). Becuase A3c appears to destabilize 3’SS docking, Prp22p acts at the
stage of exon ligation by pulling on the substrate (Ohrt et al. 2013; Schwer and Gross
1998; Frank and Guthrie 1992), and Prp43p acts to disassemble spliceosomes after
Prp22p proofreading activity, we hypothesized the exon ligation defect could be
suppressed by ATPase mutants of Prp22p and Prp43p.

To test this hypothesis, we transformed ACT1-CUP1 reporters bearing A3c or, as a
positive control for proofreading, the gAG 3’SS mutation into yeast containing wildtype
PRP22 or ATPase mutant prp22-R805A and separately wild-type PRP43 or ATPase
mutant prp43-Q423N and assayed for exon ligation efficiency using primer extension. As
shown previously, prp22-R805A strongly alleviated the exon ligation defect of gAG (Fig.
3.7) (Rabiah M Mayas, Maita, and Staley 2006). The prp22-R805A mutant also alleviated
the exon ligation defect of A3c, although to a lesser extent. In both instances, the increase
in calculated exon ligation efficiency is due to an increase in mRNA band intensity with a
concomitant decrease in LI band intensity. The exon ligation defects of both gAG and A3c
were alleviated by prp43-Q423N, though unlike with prp22-R805A the magnitude of
alleviation was similar between the two substrates. In contrast to prp22-R805A, this
increase in calculated exon ligation efficiency is driven mainly by a decrease in LI band
intensity, suggesting decreased discard of LI occurs in the context of a prp43-Q423N

mutation. These data, along with our structural analyses above showing deformation of
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Figure 3.7: ATPase mutants of Prp22p and Prp43p alleviate the exon ligation defect
of A3c.

Exon ligation efficiency of mutant helicases were normalized to the exon ligation efficiency of the
wildtype helicase for each ACT1-CUP1 substrate. Prp22p and Prp43p ATPase mutants alleviate
the exon ligation defect of both gAG and A3c. Prp22p alleviates the exon ligation defect of A3c to
a lesser extent than gAG, and a Prp43p mutant alleviates the exon ligation defects of both A3c
and gAG to a similar extent.

the 3’SS binding site (Figs. 3A, B), suggest Prp22p and Prp43p cooperate to reject and

discard A3c substrates that reach the exon ligation state.

However, our structural analyses also suggest A3c alters the positioning of multiple
residues necessary for stabilizing 3’SS binding in the catalytic core (Fig. 3.5A) and could
nucleate an interaction involving U+2 that would further disallow productive 3’SS
binding (Fig 3B). The interaction between A3c and U6-G50 would occur at the end of the
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5’SS:U6 helix, making this base pair susceptible to breathing and allowing sampling of a
conformation competent for 3'SS binding. This is consistent with A3c having a
temperature dependence effect on exon ligation efficiency, with lower temperatures that
would stabilize hydrogen bonding correlating with worse exon ligation efficiency
(Konarska, Vilardell, and Query 2006). These observations, as well as our data showing
Ag3c affects the U2 stem Ilc re-formation step upstream of 3’SS binding (Fig. 3.4) and
narrows the allowable BS to 3SS distance for exon ligation (Fig. 3.6B, C), implies a
subpopulation of A3c substrates do not proceed to the 3’SS binding step and, therefore,
is not susceptible to Prp22p-mediated proofreading. Since A3c triggers discard of
intermediates prior to exon ligation in some fission yeasts (Ram Kannan et al. 2015), we
reasoned that Prp43p may directly proofread the subset of A3c substrates that fail to

proceed to the 3’SS docking step.

Mathematical modeling suggests a discard step between branching and exon ligation
imposes an upper limit on BS to 3'SS distance

To test whether a splicing intermediate discard step just upstream of 3’SS binding
would disfavor mRNA formation and decrease exon ligation efficiency, we created a
mathematical model of the catalytic stages of the splicing pathway (Fig. 3.8A) With this
model we focused on indicators of exon ligation efficiency, total LI and total mRNA levels
at steady state, as well as on steps along the splicing pathway that would modulate these
levels. The model includes the rate of branching catalysis (k»r), which would generate LI
from pre-mRNA, the rate of branching catalysis (ksr), which would generate LI from pre-
mRNA, as well as the rate of Prp16p-dependent remodeling (k:s), which would initiate

rearrangement out of the branching conformation and undock the LI from the catalytic
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core. As the binding of the 3’SS is coincident with binding of protein factors required for
exon ligation, these factors bind after Prp16p ATPase activity (Ohrt et al. 2013), and our
data above suggests 3’SS docking is coincident with the Prp16p-independent step of stem
IIc re-formation, we collapsed this value into a single rate (kdock). We also modeled in the
rate of exon ligation (ke), which generates mRNA, and collapsed the rate of Prp22p-
dependent mRNA release and mRNA decay into one rate (kdecay). We then placed a LI
discard step (kdiscard), which that acts on the population of undocked LI, in between the
Prp16p-dependent remodeling step and the 3’SS docking step. We then adjusted the
discard rate to determine its effect on total mRNA and LI levels.

Assuming all steps are at equilibrium, we derived equations for the concentrations
of LI bound to the spliceosome in the branching (LIb), undocked (LI.), and docked states

(LIa), to allow for calculation of total LI concentration at steady state:

_ Ky [pre]
[Lly] = =7
g = — FaslLh)]

kdock + kdiscard

kdock [Llu]

Ll =
(L) = =25

1 1 kaock
[LI ] =k [ re] —+ (1 + )
total brlP k16 kdock + kdiscard kel

We also determined the concentration of mRNA and took the ratio of mRNA-to-
total LI to determine levels of exon ligation. Interestingly, pre-mRNA concentration and
branching rate cancel out in this scheme, making the level of exon ligation dependent only

on the rates of Prp16p activity, discard, docking, and exon ligation:
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kbr [pre]
kdecay (1 + kdiscard)

[mRNA] = kel[LId] =

kdock
m
[mRNA] 1
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Since most of these rates have not been directly measured in the spliceosome, we
assigned the rates in these equations to values that would best correspond to actual rates.
For time to branching, we used the median number of nt past the 3’SS in which co-
transcriptional lariat intermediates to arise in introns of median length in HEK293 cells
(107 nt) divided by the average rate of RNA polymerase II (1.7 kb/min) (Zeng et al. 2021;
Fong et al. 2014). For time to exon ligation, we took the median number of nt past the
3’SS where exon-exon junctions appear in HEK293 cells (154 nt) (Reimer et al. 2020)
divided by 1.7 kb/min and subtracted the time to branching calculated above. We
converted both time to branching and time to exon ligation to ks and kerby converting to
milliseconds and taking the inverse of each value. We also assumed the rates of Prp16p
and Prp22p ATPase activity are slower than of k»r and kel, as these helicases antagonize
splicing of substrates with chemical modifications that are understood to slow the rates
of branching and exon ligation, respectively(Koodathingal et al. 2010; Semlow et al.
2016). Specifically, we assigned the rates of ks and k2- to 10% slower than the rates of kb
and k... We then assigned values of kdock equal to the inverse of the mean first looping time
(MFLT) of a single-stranded RNA with a distance of n nucleotides(Toan et al. 2006),
assuming the persistence length is equal to the length of a single ribonucleotide:

— =22
kdock =n
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We also assigned the rate of discard to be equal to a rate where kdock at a given

nucleotide position n would yield 90% total mRNA at steady state:

kpr[pre]
[MRNA]pax = k:l—
ecay
0.9 ( kbr[prf?]) B kpr[pre]
' k N ki
09 = 1
T kdiscard
(1 + kdOCk @ n nt)
kdock @nnt
kaiscara = T

When plotting [total mRNA] vs. number of nucleotides, we find that [total mRNA]
is held at a constant value across the range of nucleotide distances we tested (Fig. 3.8B).
This result is unsurprising, given mRNA yield relies on the amount of LI that progress
through exon ligation. Lack of a LI discard step would ensure all LI generated by
branching would eventually be converted to mRNA. Consistent with this logic, when
setting kdiscard to a non-zero value, we saw a negative correlation between [total mRNA]
and increasing BS to 3’SS distances. We first set kdiscard to coincide with 90% [total RNA]
at 25 nt, which is where the effective BS to 3’SS distances are clustered in budding yeast
and one nucleotide downstream of where we begin to see a divergence between relative
exon ligation of substrates with wildtype or A3c 5’SS (Fig. 3.6C). At a kdiscard of 25 nt, we
see a decrease in [total mRNA] with increasing BS to 3’SS distances (Fig. 3.8B). This
result is consistent with our data above, showing a decrease in exon ligation efficiency for
both wildtype and A3c 5°SS substrates, and may explain why longer effective BS to 3’SS

distances are underrepresented across the intronome in several yeast species (Meyer et
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al. 2011; Pérez-Valle and Vilardell 2012). When we slow the rate of discard to allow for
half-maximal mRNA formation at 45 nt, we see a broadening of the distribution of [total
mRNA] relative to longer nucleotide distances when compared to a kdiscard of 25 nt.
When we calculate exon ligation by taking the mRNA-to-LI ratio, we see a drop-off
in exon ligation with increasing distance with all discard rates (Fig. 3.8C). However, we
see a slight decrease in the mRNA-to-LI ratio with a fast discard rate relative to no discard.
When the discard rate is slowed to allow efficient exon ligation at 45 nt, exon ligation
increases at increased distances. These changes are largely driven by accumulation of LI
at longer distances (Fig 3.8D, E). With all three discard parameters, we see a constant
increase in LI levels with increasing nucleotide distance. However, in the absence of
discard, LI accumulates exponentially, whereas LI accumulation levels begin to level off
at 250 nt and 300 nt for fast and slow discard rates, respectively. When the discard rate
is slowed to allow for optimal mRNA formation at 45 nt, LI accumulated to levels three-
fold higher than when the discard rate is set to allow optimal formation of mRNA at 25
nt. This variability in LI accumulation was driven entirely by undocked LI, as levels of
docked LI were the same for all discard parameters tested (Fig. 3.8F). These data suggest
a LI discard step is necessary to prevent LI accumulation, and that preventing LI
accumulation has a trade-off of forming lower levels of mRNA at increasing BS to 3’SS

distances.

Prp43p antagonizes splicing of substrates with longer BS to 3’SS distances
Given the possibility that Prp43p could play a role in proofreading substrates that
poorly engage the 3’SS, such as A3c, we decided to test this model directly. We

transformed ACT1-CUP1 reporters containing BS to 3’SS distances of 21 and 27 nt into
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strains containing either wildtype PRP43 or prp43-Q423N and compared exon ligation
efficiency using primer extension. The PRP43 strain, as expected, exhibits a drop-off in
exon ligation efficiency when the BS to 3’SS distance is extended from 21 to 27 nt (Fig.
3.9A). In the prp43-Q423N strain, exon ligation efficiency of both 21 and 27 nt are
increased, relative to same distances in wt strain. Specifically, exon ligation increases 1.8-
fold +0.1 and 2.8-fold + 0.7 with prp43-Q423N at BS to 3’SS distances of 21 and 27 nt,
respectively. Both the increase in overall exon ligation efficiency, as well as the increase
in fold exon ligation at extended distances, implies Prp43p ATPase activity increasingly
antagonizes exon ligation of LIs as BS to 3’SS distance increases, as suggested by our
mathematical modeling. These data are consistent with a role of Prp43p in disassembling

spliceosomes stalled at the step of 3’SS docking.

Discussion

In this study, we sought to determine how an A3c mutation in the 5’SS antagonizes
the exon ligation step of pre-mRNA splicing. In doing so, we uncovered a novel role for
the DEAH-box ATPase Prp43p in disassembling spliceosomes that are deficient in 3’SS
binding. We found that mutations that destabilize the intramolecular U2 stem Ilc
structure exacerbate the exon ligation defect of A3c (Figs. 3.3, 3.4), suggesting A3c
impacts the Prp16-independent step of spliceosome rearrangement. Through in silico
modeling of A3c into the 5'SS:U6 snRNA duplex (Fig. 3.5), we hypothesized A3c would
impair 3’SS binding to the spliceosome. Consistent with this hypothesis, we found A3c
narrowed the allowable BS to 3’SS distance (Figs. 3.5, 3.6), suggesting A3c does indeed
negatively impact 3’SS binding. We also found that ATPase mutations of Prp22p and

Prp43p can suppress the exon ligation defect of A3c (Fig. 3.7). Using mathematical
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modeling of the catalytic stages of splicing, we hypothesized that a discard step between
the Prp16p-dependent remodeling step and 3’SS binding could limit the allowable BS to
3’SS distance within an intron (Fig 3.8). Finally, we show that a Prp43p ATPase mutant
also increases the allowable BS to 3’SS distance for exon ligation in vivo (Fig. 3.9). These
data suggest that Prp43p is proofreading factor that discriminates against substrates with

mutations that impart inefficiencies in 3’SS docking.

The 5°SS: U6 interaction has implications for 3’SS binding and usage

Our in silico structural analyses in combination with yeast genetics suggest that
the interaction between the 5’SS and U6 snRNA has implications for 3’SS binding.
Introduction of a Watson-Crick base pair between position +3 of the 5’SS residue G50 of
U6 snRNA likely causes several shifts in residues responsible for 3’SS stabilization (Fig.
3.5A, B). This suggests A3c either destabilizes 3’SS binding (Fig. 3.5A, B), rendering
the 3’SS susceptible to increased undocking by Prp22p (Fig. 3.7), and/or prevents
binding of the 3’SS altogether and renders the spliceosome susceptible to Prp43p
mediated discard (Fig. 3.9). Notably, exon ligation efficiency decreases at lower
temperatures with A3c substrates (Konarska, Vilardell, and Query 2006). If A3c only
conferred weakened 3’SS binding, lower temperatures should stabilize 3’SS binding and
increase exon ligation efficiency. However, the converse is seen, suggesting lower
temperatures may instead increase the stability of the A3c base-pairing interaction with

U6 snRNA which would, in turn, inhibit binding of the 3’SS altogether.
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Figure 3.9: Prp43p antagonizes exon ligation of distal BS.

A. Primer extension of substrates bearing a wildtype 5’SS and BS to 3’SS distances of 21 and 27
nt. Exon ligation efficiencies were normalized to the exon ligation efficiency at 21 nt with wildtype
Prp43p. A Prp43p ATPase mutant increases exon ligation efficiency at both 21 and 27 nt when
compared to wildtype Prp43p.

B. Fold increase of exon ligation efficiency with a Prp43p ATPase mutant over wildtype Prp43p
increases with increasing BS to 3’SS distance.

A3c introduces a Watson-Crick base pair at the end of the 5°SS:U6 helix.
Importantly, base pairs at the end of RNA-RNA helices are susceptible to breathing. A3c
substrates may therefore still be able to sample conformations that allow for 3’SS binding.
In the budding yeast gene RPL30, which also contains an A3c substitution, a second
substitution at position +4 (U4a) disrupts a canonical base-pairing interaction between
the 5’SS and U6 snRNA (Eng and Warner 1991). This secondary substitution alleviates
the exon ligation defect of A3c (Konarska, Vilardell, and Query 2006). Introduction of
Uga likely prevents the nucleation and/or stability of Watson-Crick base pairing between
5°SS-A3c and U6-G50, thereby allowing the 5°SS and U6 snRNA to adopt conformations
that more readily dock the 3’SS. Interestingly, co-variation between A3c and substitutions
at position +4 that would disrupt 5’SS:U6 base-pairing is also seen across several 5'SS

sequences in higher eukaryotes (Roca et al. 2008).
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In a recent analysis of donor (5’SS) and acceptor (3’SS) splice site sequences,
deviations at the 5SS alter th e probability of selecting either a proximal or distal 3’SS in
“NAGNAG” introns that contain tandem 3’SS sequences (Hujova et al. 2021). Deviations
at position +3 that introduced a C or a U (A3c or A3u), which both have the potential to
base pair with U6-G50 (Konarska, Vilardell, and Query 2006), antagonized the selection
of an upstream suboptimal AAG 3’SS sequence in favor of a downstream optimal CAG
3’SS splice site (Hujova et al. 2021). The reduced usage of suboptimal 3’SS in the context
of A3c and A3u likely reflects a deficiency in 3’SS binding, which would impose a greater
requirement for selecting an optimal 3’SS sequence (e.g., CAG over AAG). Taken together,
these analyses suggest substitutions in the 5°SS that alter its interaction with U6 snRNA
antagonize exon ligation by disrupting the ability for the 3’SS to stably bind in the catalytic

core.

Altering the identity of the 5’SS or the BS antagonizes exon ligation of distal 3°'SSs

Our data show A3c narrows the usable window of BS to 3’SS distances (Fig. 3.6).
Narrowing of this window likely reflects a 3’SS binding defect, in which the spliceosome
spends decreased time in a conformation that allows stable 3’SS docking. We propose
above that this is due to A3c driving the spliceosome into a conformation where key
residues responsible for stable 3’SS binding are shifted out of position. These data
rationalize why an A3c mutation in the ACT1-CUP1 reporter and A3c substitutions in the
TER1 introns of S. cryophilus and S. octosporus block exon ligation (Ram Kannan et al.
2015). However, in S. pombe, the TER1 intron is also suboptimal for exon ligation but
does not include the A3c substitution at the 5’SS (R. Kannan et al. 2013). Instead, features

such as an uncharacteristically strong BS sequence and a moderately long BS to 3’SS
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distance confer a block to exon ligation during TER1 splicing in S. pombe. Additionally,
as seen with the A3c ACT1-CUP1 substrate in our study, TER1 in S. pombe also had a
particularly narrow window of optimal BS to 3’SS distances for efficient exon ligation,
suggesting this substrate may also have an underlying 3’SS binding defect.

The BS of TER1 may impart this underlying 3’SS binding defect. The BS of TER1 is
unusual in that it carries a “strong” UACUAAC sequence compared to the more
degenerate BS sequences in the S. pombe intronome. This sequence is more
complementary to the GUAGUA box in U2 snRNA where the BS binds before branching.
This increased complementarity was initially thought to impede the Prp16p-dependent
transition out of the branching conformation, since Prp16p can separate the U2:BS duplex
in vitro to allow for re-binding of the U2 snRNA to an alternative BS prior to branching
catalysis (Semlow et al. 2016). However, cryo-EM structures of the spliceosome captured
after Prp16p activity (C. Yan et al. 2017; Fica et al. 2017) and immediately after exon
ligation (S. Liu et al. 2017a; Wilkinson et al. 2017) suggest the U2:BS duplex persists
throughout the splicing cycle. Instead, Prp16p may catalyze a more subtle remodeling of
the BS to allow for stable 3’SS binding. The third residue of the BS consensus sequence,
which is a C in S. cerevisiae, forms a triplet interaction with residue U+2 of the 5’SS in
the branching conformation (Galej et al. 2016). This triplet interaction is broken to allow
U+2 to form an interaction with the Hoogsteen face of U6-A51 in the post-Prp16p complex
(Fica et al. 2017), which appears to be important for proper positioning of U6-A51 (S. Liu
et al. 2017a). Biochemical data show mutations at U6-A51 confer a strong block to exon
ligation in vitro (Fabrizio and Abelson 1990), and structural data show U6-A51 stacks
onto G-1 of the 3’SS to properly position the phosphate reactant for efficient exon ligation

(Wilkinson et al. 2017). Thus, stabilizing the triplet interaction between U+2 and the
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upstream C of the BS would antagonize a rearrangement necessary for proper 3’SS
positioning within the catalytic core. Consistent with this, introduction of a U-to-C
mutation at the third position of the BS of FCP1, which has a “weak” sequence of
AAUUAAC that is more characteristic of S. pombe introns, confers a strong exon ligation
defect similar to that seen with the UACUAAC BS of TER1 (Kannan et al. 2013).

We propose above that the U+2:U6-A51 interaction would also be disrupted
through the introduction of A3c, which would move the backbone of the 5°SS by 5.4 A and
move residue U+2 out of position to hydrogen bond to U6-A51 (Fig. 3.5A) and could
nucleate a Watson-Crick base pair between U+2 and U6-A51 to further shift the base of
U6-A51 by 10 A (Fig. 3.5B). In this sense A3c in ACT1-CUP1 in S. cerevisiae and the U-
to-C substitution in the BS of TER1 in S. pombe would both antagonize proper positioning
of U6-A51, which would disfavor a conformation that allows for proper 3’SS binding and
positioning. Thus, our data showing A3c narrows the allowable BS to 3’SS distance for
optimal exon ligation mirrors the data from TER1 in S. pombe because both substrates
contain substitutions that antagonize 3’SS binding. Importantly, an ATPase mutation in
S. pombe Prp43p also allows increased exon ligation of TER1 (R. Kannan et al. 2013),

indicating a general role for Prp43p ATPase activity in proofreading 3’ splice site docking.

Prp22p binding commits the spliceosome to exon ligation by antagonizing recruitment
of Prp43p

Prp22p has been shown to proofread both the 3’SS as well as mutations at G+1 and
brA that alter residues required for 3’SS docking (Rabiah M Mayas, Maita, and Staley
2006). Mutations of these residues that reduced exon ligation can be suppressed by

mutations in Prp22p that abrogate ATPase or helicase activity. We show the ATPase
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mutant prp22-R805A also suppresses A3c, suggesting that increase exon ligation of A3c
substrates may be due to disabling Prp22p proofreading activity. However, our discovery
that Prp43p also proofreads A3c, as well as antagonizes distal 3’SS, suggests an
orthogonal mechanism for prp22-R805A in alleviating the exon ligation defect of A3c.

Increased residence time of Prp22p on the spliceosome may also alleviate the exon
ligation defect of A3c by inhibiting the binding of Prp43p. Recruitment of Prp43p requires
binding of the dimeric Ntrip-Ntr2p complex to the spliceosome (R.-T. Tsai et al. 2007).
Cryo-EM structures of the post-exon ligation spliceosome indicate Ntr2p binding is
sterically Slu7 (S. Liu et al. 2017a; Xiaofeng Zhang et al. 2019), an exon ligation factor that
recruits Prp22p to the spliceosome (S.-A. James, Turner, and Schwer 2002). These data
are consistent with previous biochemical studies showing that the presence of Sluyp
antagonizes Ntr2p association with the spliceosome (Chen et al. 2013). Importantly,
Slu7p remains bound to the spliceosome after exon ligation in the absence of Prp22p
ATPase activity, and a dominant-negative prp22-Q804A mutation also antagonizes
association of Prp43p (S.-A. James, Turner, and Schwer 2002). Release of excised lariat
introns, a process dependent on Prpgq3p-mediated spliceosome disassembly, is also
blocked by an ATPase mutant of Prp22p (Toroney et al. 2019), further suggesting that
increased residence time of Prp22p blocks Prp43p activity.

Prp22p has also been shown to have an ATP-independent role in promoting exon
ligation, with Prp22p being necessary for exon ligation of substrates that have long BS to
3’SS distances in vitro (Beate Schwer and Gross 1998). This ATP-independent role of
Prp22p is likely due to stabilizing binding of Prp18p and Slu7p to the spliceosome, both
of which also promote exon ligation of substrates with distal 3’SS (Frank and Guthrie

1992; Ohrt et al. 2013) that may be susceptible to Prp43p-mediated disassembly (Fig.
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3.8). These observations support a model in which Prp22p binding commits the
spliceosome to exon ligation by stabilizing Slu7p and Prpi8p association to the
spliceosome, preventing Prp43p-mediated disassembly by antagonizing Ntr2p binding.
In the case of Prp22p-mediated proofreading, the ATPase activity of Prp22p would
displace both itself (Beate Schwer and Gross 1998) and Slu7yp (S.-A. James, Turner, and
Schwer 2002), allowing for Ntrip-Ntr2p binding for Prp43p recruitment to disassemble

spliceosomes bound to a suboptimal substrate.

Prp43p as a timer for spliceosomal rearrangements

Our data showing prp43-Q423N allows higher exon ligation efficiencies at longer
BS to 3’SS distances (Fig. 3.9) suggests Prp43p competes with the rate of 3°SS docking.
Notably, 3’SS docking can only occur after branching is catalyzed, which creates a 2’-5’
phosphodiester bond between the G+1 and brA that creates a platform to stabilize 3’SS
binding (S. Liu et al. 2017a; Wilkinson et al. 2017). Prp16p ATPase activity is also
necessary to reposition the G+1 and braA to allow for the juxtaposition of the 3’SS reactant
with the catalytic core (Fig. 3.5D) (B. Schwer and Guthrie 1992; Semlow et al. 2016).
Like Prp22p, Prp16p binds to the spliceosome prior to branching and can play an ATPase-
independent role in promoting branching catalysis at suboptimal BS sequences (Tseng,
Liu, and Cheng 2011). Prp16p residence on the spliceosome also inhibits binding of Ntr2
to prevent Prp43p recruitment (Chen et al. 2013), and Prp16p ATPase activity leads to
Prp16p dissociation from the spliceosome (Chung et al. 2019). Thus, much like Prp22p
ATPase activity during 3’SS proofreading, Prp16p ATPase activity after branching
initiates rearrangements necessary for 3’SS binding while at the same time rendering the

spliceosome susceptible to Ntr2 binding and Prp43p-mediated disassembly.
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These observations suggest a model in which Prp43p generally acts on
spliceosomes that are deficient in adopting a catalytic conformation after a helicase-
mediated rearrangement. This model is consistent with a recent study showing that
human Prp43p (DHX15) acts during spliceosome assembly to disassemble spliceosomes
that are deficient in BS binding by U2 snRNA (Maul-Newby et al. 2021). In this case,
DHXi15 acts after an unspecified DEAH-box ATPase which removes SF3B to allow for BS
sampling. This activity is similar to the way Prp16p and Prp22p ATPase activity allow re-
sampling of the intron for BS and 3’SS, respectively (Semlow et al. 2016). Notably, re-
sampling is limited to a short distance from the splice sites chosen before Prp16p or
Prp22p. As Prp43p can act after Prp16p and Prp22p ATPase activity during proofreading
(R. M. Mayas et al. 2010; Koodathingal et al. 2010; Toroney, Nielsen, and Staley 2019),
Prp43p may impose a limit on the amount of time spent re-sampling the substrate. While
re-sampling the intron can allow for productive splicing in instances where the
spliceosome errantly binds a site near the correct splice site, increased sampling of the
intron could lead to greater errors in splicing. Here, Prp43p would limit this re-sampling
time to prevent erroneous splicing.

In the case of 3’SS binding, our data show Prp43p also limits the time available for
3’SS sampling after Prp16p activity (Fig. 3.9), much like DHX15 limits the time available
for BS sampling during spliceosome assembly (Maul-Newby et al. 2021). In both
instances, the spliceosome is placed in a state that is devoid of factors that would prevent
Ntrip-Ntr2p binding and Prp43p-mediated disassembly. Increased residence time in
these Prp43p-sensitive states would increase the chance that the spliceosome would be
disassembled prior to binding of the 3’SS or BS. In this sense, proofreading of the

spliceosome may be akin to the initial kinetic proofreading scheme proposed by J.J.
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Hopfield for translation fidelity (Hopfield 1974), where DEAH-box ATPases drive the
spliceosome into a state where incorporation of a given splice site into the catalytic core

is in direct competition with timing of spliceosome disassembly by Prp43p.

Prp43p may have exerted evolutionary pressure on intron structure and spliceosome
composition

In our study, we find Prp43p imposes a limit on BS to 3’SS distances in the budding
yeast S. cerevisiae. While BS to 3’SS distances in S. cerevisiae can be as long as 165 nt,
the majority of introns form intramolecular structure in this region to shorten the
“effective distance” between the BS and 3’SS to 25 nt (Meyer et al. 2011). Interestingly,
our assays show an optimal distance of 18 nt when replacing the BS to 3’SS region with
poly-A stretches (Fig. 3.6). However, given stretches of poly-A residues may form
intramolecular base-base stacking interactions that would alter the persistence length of
this ssRNA region (Seol et al. 2007), clustering of BS to 3’SS distances in the budding
yeast genome around 25 nt may reflect the actual optimal distance for exon ligation. As
detailed above, Prp43p imposes an upper limit on BS to 3’SS, suggesting budding yeast
have evolved intramolecular RNA-RNA structure in introns with long BS to 3’SS distances
to ensure efficient splicing of these substrates. Notably, intramolecular structure in the
BS to 3’SS region of introns is also evolutionarily conserved across several yeast species
(Meyer et al. 2011).

While yeast introns are relatively short, introns in higher eukayotes such as
humans span several kilobases long, creating an even greater pressure to evolve a
mechanism to ensure BS to 3’SS distances are short enough to allow for exon ligation.

Although human introns are orders of magnitude longer than yeast introns, their BS to
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3’SS distances also cluster around a 25 nt (Zeng et al. 2021). In humans, 3’SS recognition
is concurrent with initial BS recognition during spliceosome assembly through the factor
U2AF1 (Wu et al. 1999; Wahl, Will, and Lihrmann 2009). Interestingly, U2AF1 lacks an
ortholog in yeast, suggesting that humans and yeasts independently evolved mechanisms
to ensure a short BS to 3’SS distance is present to ensure efficient 3’SS binding prior to

Prp43p activity.

Prp43p disassembly of spliceosomes stalled in 3’SS binding would ensure an active

pool of snRNPs for splicing of optimal substrates

Prp43p was first identified as a disassembly factor for the spliceosome that acts
after exon ligation to promote additional rounds of pre-mRNA splicing (Arenas and
Abelson 1997). Prp43p ATPase mutations not only prevent degradation of the excised
lariat intermediate (Martin, Schneider, and Schwer 2002), but also lead to accumulation
of pre-mRNA through preventing recycling of snRNP components (Arenas and Abelson
1997). Thus, Prp43p activity is necessary to allow for efficient splicing across the
intronome. In the case of spliceosomes stalled along the splicing pathway, such as those
stalled in 3’SS binding, Prp43p would act to disassemble unproductive spliceosomes to
allow for reassembly of the snRNP components onto newly-transcribed introns that can

be efficiently spliced (Fig. 3.9). In this sense, Prp43p acts as a surveillance factor,
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ensuring snRNP components aren’t sequestered on aberrant introns but instead are

readily available to ensure quick and accurate genome-wide pre-mRNA splicing.

Prp16 3'SS Docking

Competition

Prp43

snRNP
Recycling

O
OO

Figure 3.10: A model for Prpg3p-mediated disassembly of spliceosomes stalled at
the 3’SS docking step.

Kinetic competition between Prp43p ATPase activity and the rate of stable 3’SS docking
antagonizes spliceosomes deficient in 3°’SS docking. Disassembly of stalled spliceosomes allows
recycling of snRNPs, allowing for reassembly onto newly transcribed introns to maintain efficient
genome-wide splicing.
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CHAPTER 4

CONCLUSIONS AND BROAD PERSPECTIVES



In this work, we examined the mechanisms by which DEAH-box ATPases ensure
splicing fidelity and promote progression along the pre-mRNA splicing pathway. In
characterizing disease-correlated mutations in the DEAH-box ATPase Prpi6, we
uncovered a conserved N-terminal motif that mediates an autoinhibitory interaction that
regulates the spliceosomal activity of Prp16. Mutations in the N-terminal motif that
interfere with this interaction lead to increased discard of BS mutations prior to the first
catalytic step of splicing. In characterizing a mutation in the 5'SS of the intron, we
uncovered a novel role for the spliceosomal DEAH-box ATPase Prp43 in discarding
splicing intermediates that are deficient in 3’SS binding. These findings uncover novel
mechanisms of regulating pre-mRNA splicing and increase our knowledge of how the

activity of DEAH-box ATPases are leveraged to maintain faithful gene expression.

Rethinking the mechanisms of DEAH-box ATPase-mediated splicing fidelity

The DEAH-box ATPases Prp16 and Prp22 have long been known to play dual roles
in splicing progression and fidelity (Semlow and Staley 2012). Genetic and biochemical
data suggest Prp16 and Prp22 proofread through a kinetic proofreading model to discard
suboptimal substrates prior to catalysis of branching or exon ligation, respectively (S. M.
Burgess and Guthrie 1993; Rabiah M Mayas, Maita, and Staley 2006; Koodathingal et al.
2010). The suboptimal substrates that are discarded contain mutations in splice site
sequences that would destabilize RNA-RNA interactions between the intron and the
snRNA components they bind to, particularly with regards to branch site binding to the
U2 snRNA component of the spliceosome (S. M. Burgess and Guthrie 1993). This

observation, in addition the observation that Prp16 has the capacity to disengage the
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branch site from U2 snRNA to activate alternative branch site usage (Semlow et al. 2016),
led to a model in which Prp16 and Prp22 proofread by disengaging the intron from their
snRNA binding sites. Given this model, mutations that weaken interactions between the

intron and snRNA would be more likely to be disengaged by Prp16 or Prp22.

However, cryo-EM structures have illuminated functions for these branch site and
3’SS residues in coordinating reactants during both the branching and exon ligation
catalytic steps. Importantly, the branch site residues found to be most sensitive to Prp16-
mediated proofreading are found to participate in tertiary interactions important for
stabilizing the branch point reactant in the catalytic core (S. M. Burgess and Guthrie 1993;
Galej et al. 2016). Additionally, Prp22 not only discards 3’SS with suboptimal sequences,
but also discards mutations in the 5’SS and the BS that play important roles in 3’SS
binding (Rabiah M Mayas, Maita, and Staley 2006; Wilkinson et al. 2017; S. Liu et al.
2017a). Additionally, while the residues most sensitive to Prp16- and Prp22- dependent
proofreading are more conserved between budding yeast and the degenerate splice site
sequences found in metazoans. These observations lead to a subtle distinction in the
kinetic proofreading model, where Prp16 and Prp22 do not proofread weakened binding

of the intron to the spliceosome but instead proofread defects in the catalytic core.

Importantly, these DEAH-box ATPases bind to the periphery of the spliceosome
and initiate rearrangements though pulling on the 3’ end of the substrate (Semlow et al.
2016; Galej et al. 2016; Zhan et al. 2018; S. Liu et al. 2017a; Wilkinson et al. 2017). Prp16
and Prp22 also have a general role in removing reactants from the catalytic core both
during proofreading and when promoting splicing progression (Semlow et al. 2016).

These data suggest Prp16 and Prp22 may act as timers, with set rates of activity that
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disengage reactants from the catalytic core (Semlow and Staley 2012). Mutations that
slow or block transesterification chemistry are therefore more susceptible to discard,
since chemistry cannot proceed prior to Prp16 or Prp22 activity (Koodathingal and Staley
2013). However, a separate but not mutually exclusive model for proofreading would be
the “sensor” model, where a suboptimal substrate promotes a faster rate of Prp16 or
Prp22 activity. How Prp16 or Prp22 could “sense” defects in formation of the catalytic
core remains an open question. While these helicases bind to the periphery of the
spliceosome, far away from the catalytic core of the spliceosome, their recruitment relies
on recruitment factors such as Cwc2s and Yju2 for Prp16 or Slu7 and Prp18 for Prp22.
Notably, these recruitment factors have domains that reach deep into the catalytic core
(Galej et al. 2016; Fica et al. 2017; C. Yan et al. 2017; S. Liu et al. 2017a; Wilkinson et al.
2017; Zhan et al. 2018), which may sense changes or malformations within the catalytic

core and, in turn, promote Prp16 or Prp22 ATPase activity.

Prp16 and Prp22 cooperate with the disassembly factor Prp43 to fully discard
rejected substrates through spliceosome disassembly (R. M. Mayas et al. 2010;
Koodathingal et al. 2010; Toroney, Nielsen, and Staley 2019). Although Prp43 is
canonically a disassembly factor (Arenas and Abelson 1997), a previous study found that
grossly mutated 3’SS sequences may be rejected by Prp43 in a Prp22-independent
manner (R. M. Mayas et al. 2010). Here, we show that Prp43 also possesses a
proofreading function, antagonizing exon ligation of intermediates that are deficient in
binding of the 3’SS (Chapter 3). Our data parallels the observations seen previously, as
grossly mutated 3’SS are likely deficient in initial 3’SS binding (R. M. Mayas et al. 2010).

Notably, the 3’SS binding site is generated by the branching reaction (Fica et al. 2017),
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which properly positions the G+1 and brA residues to interact with the G-1 and A-2
residues of the 3’SS (S. Liu et al. 2017a; Wilkinson et al. 2017). In this sense, pre-mRNA
substrates that are rejected by Prp16-mediated proofreading are also deficient in 3’SS

docking and are thus rendered susceptible to Prp43-mediated proofreading.

Prp43 has also been found to proofread U2 snRNP addition during spliceosome
assembly (Maul-Newby et al. 2021), likely acting after an upstream DEAH-box ATPase-
mediated rearrangement but before the ATPase DDX46. Similarly, the Staley Lab has
preliminary evidence that Prp43 also acts to discard spliceosomes rejected by Prp2
(Jennifer Moore and Rebecca Toroney, unpublished data). Here, I find Prp43 acts
between the ATPase activities of Prp16 and Prp22 to antagonize spliceosomes delayed in
entry to the exon ligation conformation. In this sense, Prp43 may act as a timer of
spliceosomal rearrangements, acting on spliceosomes that are stalled in forward
progression. This mechanism of proofreading is akin to the kinetic proofreading scheme
proposed by JJ Hopfield in translation fidelity. In the spliceosome, DEAH-box ATPases
such as Prp2 and Prpi6 initiate a spliceosomal rearrangement, displacing factors that
prevent Ntr2 binding and placing the spliceosome in a state that is susceptible to Prp43-
mediated discard (see Chapter 3). Progression into the next step of splicing recruits
factors that disallow Prp43 recruitment, such as Prp16 or Sluy (Chen et al. 2013). In this
sense, irreversible discard of the spliceosome by Prp43 is in kinetic competition with the
spliceosome adopting a catalytic conformation, much like tRNA disassociation is in

competition with tRNA incorporation in the ribosome (Hopfield 1974).
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Implications of helicase dysregulation on splice site choice

In addition to proofreading and initiating rearrangements in the spliceosome,
Prp16 and Prp22 have ATP-independent roles in promoting splicing catalysis. An ATPase-
dead mutant of Prp16 has been shown to promote branching of a suboptimal brC
mutation (Tseng, Liu, and Cheng 2011), and Prp22 has been shown to promote splicing
of substrates with distal 3’SS (Beate Schwer and Gross 1998). While these ATP-
independent roles have been attributed to stabilizing the catalytic core, Prp16 and Prp22
residence time may instead prevent Prp43-dependent spliceosome disassembly (see
above). These data suggest recruitment of DEAH-box ATPases is important for mediating

splice site usage.

Prp16 and Prp22 have also been shown to mediate splice site choice. Prp16
activates alternative splice site choice in vitro (Semlow et al. 2016), and Prp22 allows for
usage of downstream 3’SS both in vitro (Semlow et al. 2016) and in vivo (Ragle et al. 2015;
Cody Hernandez, in prep). As alternative 3’SS choice is prevalent in AS events, efficient
recruitment of Prp22 can alter AS through altering 3’SS usage. Alternative BS usage can
also alter AS, and in diseases such as myelodysplastic disorders alternative 3’SS usage is
activated through alternative BS selection (Alsafadi et al. 2016; Tang et al. 2016; Carrocci
et al. 2017). In these diseases, alternative BS selection occurs as a result of altered

recruitment of the helicase Prps, which proofreads the BS early in the splicing cycle.

Prp16 is implicated in proofreading of the BS at the catalytic stage of splicing in an
ATPase-dependent manner. Dysregulation of Prp16 ATPase activity has been shown to
relax BS fidelity in budding yeast, which may also alter BS usage patterns in higher

eukaryotes with more degenerate BS sequences. As mentioned above, I have found
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evidence for an autoinhibitory interaction in Prp16, and disruption of this interaction
leads to a “hyperfidelity” phenotype similar to that seen with some SF3b1 mutations that

are orthologous to those alter BS usage in humans (Carrocci et al. 2017).

Importantly, BS selection can impact 3’SS usage, as I demonstrate in Chapter 3 of
this thesis. Increased distance between the BS and 3’SS leads to decreased efficiency of
exon ligation (see Chapter 3) because introns are delayed in 3’SS binding. Recently,
sequencing of co-transcriptional LI in the Staley Lab have revealed 3’SS selection is
coupled to BS selection in HEK293 cells (Zeng et al. 2021). While this coupling likely
occurs upstream of branching by a protein complex consisting of the branch point binding
factor SF3b1 and the 3’SS binding factor U2AF1 (also known as U2AF35) (Wahl, Will, and
Lithrmann 2009), co-transcriptional LI sequencing also revealed a subset of introns that
do not require U2AF1 for branching (Zeng et al. 2021). This would uncouple 3’SS selection
from BS selection, rendering these introns more susceptible to aberrant 3’SS usage as a
consequence of altered BS selection. While this hypothesis is compelling, more
examination is required to determine whether dysregulation of Prp16 autoinhibition does

indeed lead to altered 3’SS usage through aberrant BS selection in humans.

Consequences of LI discard prior to exon ligation

In this work, I show that Prp43 disassembles spliceosomes that are bound to
introns that are deficient in 3’SS binding. A notable example of this is the TER1 intron in
fission yeasts (R. Kannan et al. 2013; Ram Kannan et al. 2015), which leverages this
premature spliceosome disassembly to generate telomerase RNA. More endogenous
introns in different yeast species were found to be discarded after branching catalysis
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through the use of spliceosome footprinting (Burke et al. 2018). One of these
“incompletely spliced” transcripts is the BDF2 transcript in S. cerevisiae.
Characterization of BDF2 splicing shows that lariat intermediates become extended upon
deletion of the debranchase Dbr1 and the 5’ to 3’ exonuclease Rat1. Dbri is necessary for
debranching of excised lariat introns (Chapman and Boeke 1991), which cleaves the 2’-5’
phosphodiester bond between brA and the 5’ splice site. Notably, Rat1 is also involved in
transcription termination by acting on 5 ends of nascent RNA generated by poly-A site
cleavage (Kim et al. 2004). These data suggest that LI discarded through Prp43-mediated
spliceosome assembly are degraded co-transcriptionally, and this degradation leads to
transcription termination of incompletely spliced transcripts. Indeed, spliceosome
profiling also shows increased 3’ tail lengths of RNAs when ATPase activity of Prp43 is
disabled (Burke et al. 2018). I also have preliminary evidence that Dbri-mediated co-
transcriptional degradation is necessary to allow for expression of the gene downstream
of TER1 in the fission yeast S. pombe (see Appendix A). In this sense, pre-mRNA splicing
feeds back onto RNA transcription, prompting termination and degradation of transcripts

that have failed to undergo exon ligation to prevent aberrant gene expression.
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APPENDIX A

EARLY EVIDENCE FOR A SPLICEOSOME-DEPENDENT

PATHWAY FOR TRANSCRIPTION TERMINATION



Introduction

Discard of splicing intermediates prior to exon ligation has been noted for certain
substrates in yeast species. Notably, the TER1 pre-mRNA in fission yeast species require
3’ end processing by the spliceosome to generate telomerase RNA (R. Kannan et al. 2013;
Ram Kannan et al. 2015). Intronic features within ensure early termination of pre-mRNA
splicing prior to exon ligation, triggering discard of mature telomerase RNA encoded by
the free 5’ exon. Both the free 5’ exon product, as well as a branched LI species, are
products of the branching catalytic step of splicing. As both branching and exon ligation
occur co-transcriptionally (Reimer et al. 2020; Zeng et al. 2021), and exon ligation is
required to fully excise the lariat intron from nascent RNA, disassembly of the
spliceosome prior to exon ligation would have the consequence of LI species remaining
tethered to RNA polymerase II. Consistent with this, blocking co-transcriptional
spliceosome disassembly using a catalytically dead mutant of Prp43p has been shown to

increase the tail length of RNA species (Burke et al. 2018).

Co-transcriptional disassembly of the spliceosome would render LI susceptible to
Dbrip, an enzyme that “debranches” lariat introns by cleaving the 2’-5’ linkage between
the 5 splice site and brA (Chapman and Boeke 1991). This activity is necessary for
turnover of lariat intermediates by exposing a free 5’ end that allows for exonuclease
degradation. Dbrip has also been shown to stabilize LI in budding yeast in vivo (Query
and Konarska 2004). The observations that Prp43p protects excised lariat introns from
degradation (Martin, Schneider, and Schwer 2002; Toroney, Nielsen, and Staley 2019),
that Dbrip is also necessary for LI degradation, and that blocking Prp43p-dependent co-

transcriptional spliceosome disassembly leads to elongated nascent RNA associated with
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the spliceosome (Burke et al. 2018) all suggest that co-transcriptional spliceosome

disassembly renders nascent LI renders susceptible to Dbrip-mediated degradation.

Notably, Dbrip would generate a free 5° RNA end that can be acted on by 5’-to-3’
exonucleases. The 5’-to-3” exonuclease Rat1p has been shown to act co-transcriptionally
on nascent RNA after cleavage at the poly-A site. Co-transcriptional degradation by Rat1p
leads to disruption of the interaction between DNA and RNA polymerase II, leading to
transcription termination in a mechanism termed “torpedo transcription termination.”
(Kim et al. 2004) . A similar mechanism of transcription termination has been observed
after co-transcriptional decapping of nascent RNA, which exposes the 5’ end of nascent
RNA to the 5’-t0-3” exonuclease Xrn2. Like Rat1p in yeast, Xrn2 activity on nascent RNA
leads to early transcription termination in HeLa and HEK293. Since co-transcriptional
Dbrip activity would also expose a free 5’ end, 5’-to-3’ degradation of nascent RNA can

also lead to transcription termination of LI discarded by Prp43p.

To determine what impact co-transcriptional debranching of LI would have on
transcription termination, we looked to the fission yeast S. pombe. The TER1 transcript
in S. pombe undergoes branching but not exon ligation (R. Kannan et al. 2013).
Additionally, NET-seq shows very low RNA Pol II occupancy past of the branch site of
TER1 (Fig A.1, SPNCRNA.214) (Wery et al. 2018), suggesting that RNA pol II stops
transcription just after the spliceosome catalyzes branching. Just downstream of TER1 is
SPAC16A10.03c, which is a paralog of the vacuole targeting factor Vps11p (Sajiki et al.
2009). Given the close proximity of these genes, we hypothesized that blocking Dbrip
activity would lead to readthrough of TER1 transcription, which would dysregulate

SPAC16A10.03c expression.
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Figure A.1. Native elongating transcript sequencing (NET-seq) data show low
occupancy on TER1 after its branch site consensus sequence.

TER1 is denoted as SPNCRNA.214. RNA polymerase II occupancy is inferred by the number of
reads on the minus strand (pink).

Materials and Methods

Vacuole targeting assay: Wildtype, dbriA, and spaci6a10.03cA were grown in 6 mL
YE5S media to log phase. Six uL of FM4-64FX dye was added, and cultures were
incubated for 30 minutes at 30 °C. Cells were spun down, washed with YE5S, and

incubated for another 30 minutes at 30 °C prior to imaging.

Results

In wildtype cells, normal vacuole targeting of the FM4-64FX was seen, as indicated by the
presence of a number small, circular structures (Fig. A.2). Wildtype cells also exhibited
normal morphology. In contrast, dbriA cells had a notable vacuole targeting defect, as
evidenced by high levels of FM4-64FX within the cytoplasm. dbriA cells also had
morphological defects such as elongated cell types and the presence of multiple nuclei
(Fig. A.2), indicative of a cell cycle defect. Of these phenotypes, the vacuole targeting
defect seen in dbriA is also present in spaci6a10.03cA, supporting our hypothesis that
disabling co-transcriptional Dbrip activity may downregulate proper expression of

SPAC16A10.03C. While these data are preliminary, they suggest Dbrip activity on TER1
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LI discarded by Prp43p may be necessary for proper transcription termination of the

TER1 gene to allow for proper expression of SPAC16A10.03C.

wildtype dbr1A spac16a.10.03c

Figure A.2. Discard of TER1 pre-mRNA in S. pombe after branching but before exon
ligation may be important for faithful expression of SPAC16A.10.3C.

FM4-64FX staining of S. pombe strains suggest a slight vacuole targeting defect in dbriA that is
phenocopied by SPAC16A10.03c.1 deletion.
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