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MECHANISM AND TARGETS OF SEN1 HELICASE IN TERMINATION OF NON-
CODING RNA SYNTHESIS IN YEAST
Xin Chen
Under the supervision of Professor David A. Brow
at the University of Wisconsin-Madison
ABSTRACT

In the yeast S. cerevisiae, the essential gene SEN1 encodes a superfamily I helicase that is
required for terminating transcription of many non-coding RNA genes by RNA polymerase I1.
Sen1 also regulates transcription of some protein-coding genes by mechanisms such as
attenuation and antisense transcription. Using a yeast genetic system, | showed that the helicase
domain plus a flanking nuclear localization sequence is the minimal essential region of Senl.
Guided by the Upf1 structure model, I found the termination defect caused by the sen1-E1597K
mutation is disruption of an intradomain salt bridge in the helicase domain. Mutations in the
human ortholog of Senl, Senataxin, co-segregate with the human disease Ataxia oculomotor
apraxia (AOA) 2. | characterized 13 AOA2 missense mutations that are located in the helicase
domain in the context of Senl, and identified termination defects as a common feature of those
disease mutations.

Using hypomorphic mutations, | investigated the influences of Senl, Nrd1, Nab3, Ssu72,
Rpb11 and Hrpl on Senl-dependent termination. Although these six proteins are all involved in
Senl-dependent termination, the genome-wide effects caused by their mutations are surprisingly
diverse. The substitution in Senl induces the broadest and strongest termination defects, while
the others only affect termination of variable subsets of Senl's targets. | confirmed that these

factors participate in transcription termination of sn/snoRNA genes, but to different degrees, and



further showed that the RNA-binding abilities of Nrd1 and Nab3 are dispensable for Sen1-
dependent termination of some snoRNA genes. | also found that Senl may have a regulatory role
in repressing meiotic genes in vegetative cells. The findings of my transcriptome analysis

suggest that Sen1-dependent termination is under complex, combinatorial control.



CHAPTER 1: INTRODUCTION



In eukaryotic cells, RNA polymerase 11 (Pol I1) transcribes genes to synthesize all the
MRNAs and many non-coding RNAs, including small nuclear (sn) and small nucleolar (sno)
RNAs, micro (mi) RNAs, and a number of unstable/uncharacterized RNAs. There are three
major essential stages in the transcription cycle, initiation, elongation and termination, and this
dissertation will be mostly focused on the termination stage.

Transcription termination has vital functions for gene expression. It determines the end of
transcription, therefore defines the boundaries of transcription units and the genetic messages
carried by the RNAs. Transcription termination factors can interact with RNA processing and
degradation enzymes, and the selectivity of their interacting partners determines the cellular fate
of the transcript (PORRUA and LiBRI 2015). In the yeast Saccharomyces cerevisiae, transcription
termination by Pol Il uses at least two pathways (Figure 1.1), one that is coupled to cleavage and
polyadenylation of the nascent transcript (the poly(A)-dependent pathway) and one that involves
the activity of the RNA/DNA helicase Senl (the Senl-dependent pathway) (Kim et al. 2006;
KUEHNER et al. 2011; PORRUA and LIBRI 2015).

1.1. Two major pathways that terminate Pol Il transcription
The poly(A)-dependent transcription termination pathway

The poly(A)-dependent pathway terminates transcription of Pol 1l downstream of most
protein-coding genes, featured by cleavage and polyadenylation of the nascent transcript. In
brief, after the poly(A) site is transcribed, the nascent transcript is cleaved by the
endoribonuclease Yshl. The 5' cleavage product is polyadenylated by poly(A) polymerase Papl
to form the mRNA poly(A) tail. The 3' cleavage product is degraded by the 5 to 3'
exoribonuclease Ratl (Xrn2 in human). How Pol Il is released after cleavage is unclear, and two

major models have been proposed for this process. In the "allosteric” model, the conformational



change of Pol Il by loss of the elongation factors and/or association of the
polyadenylation/termination factors occurs upon transcription of the poly(A) signal, and may
lead to dissociation of the elongation complex (LOGAN et al. 1987; Kim et al. 2004a). The other
one is the "torpedo™ model, where Rat1/Xrn2 is recruited to "chew" the transcript to catch up
with Pol 11 and promotes destabilization of the elongation complex (Kim et al. 2004b; WEST et
al. 2004). Both models are supported by experimental data, so a combination of mechanisms
may be utilized for poly(A)-dependent termination (RICHARD and MANLEY 2009).
The Senl-dependent transcription termination pathway

The Senl-dependent transcription termination pathway is much less studied compared to
the poly(A)-dependent pathway. This pathway was first identified in the yeast S. cerevisiae and
is responsible for transcription termination of many short, non-coding RNA genes, including
sn/snoRNAs, CUTs (Cryptic Unstable Transcripts), SUTs (Stable Uncharacterized Transcripts)
and NUTSs (Nrd1-Unterminated Transcripts) (WINEY and CULBERTSON 1988; STEINMETZ and
Brow 1996; RAsSMUSSEN and CULBERTSON 1998; STEINMETZ et al. 2001; MARQUARDT et al.
2011; ScHuLz et al. 2013). The Senl pathway also regulates gene expression by mechanisms
including attenuation, transcription interference and antisense transcription (ARIGO et al. 2006a;
STEINMETZ et al. 2006b; JENKS et al. 2008; KUEHNER and BRow 2008; CREAMER et al. 2011;
ScHuLz et al. 2013) (Figure 1.1). Moreover, some short mMRNA genes, such as CYC1, may have
hybrid terminators that require factors from not only the poly(A) pathway but also the Senl
pathway (STEINMETZ et al. 2006b).

The core termination complex of the Senl pathway is distinct from the poly(A) pathway,
including two RNA-binding proteins Nrd1 and Nab3, and the helicase Senl (Figure 1.2)

(STEINMETZ and BRow 1996; STEINMETZ and BRoOw 1998; CONRAD et al. 2000; STEINMETZ et



FIGURE 1.1 The two major Pol II-mediated transcription termination pathways and their
3' end formation in yeast. A) Most protein-coding genes utilize the poly(A)-dependent pathway.
After cleavage, the 5' cleavage product is polyadenylated for the mature mRNA, and the 3'
cleavage product is degraded by the exonuclease Ratl from 5'to 3'. B) and C) represent the
Senl-dependent pathway. B) For stable non-coding RNAs, including sn/snoRNAs and SUTSs, the
Senl-termination elements on the nascent transcript are recognized by Nrd1 and Nab3, which
recruit Senl to elicit transcription termination. The TRAMP complex and nuclear exosome trim
the 3' end of the nascent transcript until reaching a protective RNA element, which is a protein-
bound state and/or secondary structure that stops exosome degradation. C) Unstable non-coding
RNAs, such as CUTs, are terminated and processed similarly as stable ones, but without the
protective RNA element, the nascent transcript is completely degraded by the TRAMP complex

and nuclear exosome.
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al. 2001; CARROLL et al. 2007). The mechanism by which this complex terminates transcription
has not been fully understood. One prevailing model is that, upon transcription of the Senl
termination element, Nrd1 and Nab3 recognize their binding motifs in the nascent transcript
(Nab3: UCUUG, Nrd1: U/AGUAAA) and recruit Senl to terminate transcription (STEINMETZ
and BRow 1998; CARROLL et al. 2007; PORRUA et al. 2012). The helicase Senl may function
analogously to bacterial Rho helicase, translocating 5' to 3' along the nascent transcript until
colliding with paused Pol 11 and terminating its elongation (STEINMETZ and BRoOw 1996; PORRUA
and LiBRI 2013). Another model is that Senl terminates transcription by resolving RNA:DNA
hybrids, called R loops. Senl unwinds R loops formed between the nascent transcript and the
template strand, thereby allowing recognition of termination elements in the nascent transcript by
RNA-binding proteins (MiscHo et al. 2011). In fact, a unified model can be proposed where
Sen1 functions on both resolving R loops and promoting Pol Il release for termination.

Another distinctive feature of the Senl-terminated transcripts from the poly(A) pathway
is that the Senl-terminated transcripts are targeted by the nuclear exosome, which trims them for
the 3' ends of mature sn/snoRNAs or degrades the unstable ones such as CUTs completely
(ALLMANG et al. 1999; ARIGO et al. 2006b; Kim et al. 2006; THIEBAUT et al. 2006). The
TRAMP complex (Trf4-Air2-Mtr4) is required to catalyze polyadenylation of the transcript by
Trf4, and to stimulate the nuclear exosome for RNA processing and degradation (LACAVA et al.
2005; WYERS et al. 2005).

1.2. Key players in the Senl-dependent transcription termination pathway
The RNA/DNA helicase Senl
S. cerevisiae Senl is a 252 kDa superfamily 1 helicase encoded by the essential SEN1

gene. The helicase domain of Senl is located in the C-terminal half of the protein, and shares the



FIGURE 1.2 Model of the Senl termination complex adapted and modified from D. Brow
(Brow 2011). The helicase Senl and two RNA-binding proteins, Nrd1 and Nab3, form the core
complex, whereby Senl interacts with Nab3, and Nrd1 interacts with Nab3. Senl and Nrd1 both

interact with the C-terminal domain of Pol 1.
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highest similarity with another SF1 helicase Upf1, allowing the crystal structure of the Upfl
helicase domain to be used as a model for study of Senl helicase before the crystal structure of
Senl is solved (Figures 1.3A and B). Like other helicases, Senl has all the structurally and
functionally conserved helicase motifs in its two tandem RecA domains. Residues in Motif I, |1
and V1 are located on the cleft of the two RecA domains and responsible for ATP binding and
hydrolysis. Motif 0 (Motif Q) and Motif Illa are responsible for binding with the adenine base of
the ATP molecule. Motif 111 and V function in the coordination between NTP and nucleic acid
binding sites. The nucleic acid contacting surface is composed of Motif la-Ic, IV and V
(FAIRMAN-WILLIAMS et al. 2010). In addition, Upfl and Senl both have two large insertion
domains, 1B and 1C, in the first RecA domain. The insertion domains are involved in nucleic
acid binding in Upfl (CHAKRABARTI et al. 2011), but their sequences between Upfl and Senl
are not conserved, and the function of Senl's 1B and 1C domains is unknown. Another
difference between the two helicase domains is that Senl does not have a cysteine and histidine
enriched CH domain like Upfl. The CH domain is located right upstream of the core helicase
domain and involved in interaction between Upf1 and its co-factors (CHAKRABARTI et al. 2011).
Current evidences support the model that S. cerevisiae Senl utilizes its helicase activity to
terminate transcription. An ortholog of Senl in the fission yeast S. pombe was found earlier to
have ATP-dependent, 5' to 3' DNA and RNA unwinding activities in vitro (Kim et al. 1999).
Using a simplified transcription termination system reconstituted in vitro, Porrua and Libri
showed that native Senl purified from S. cerevisiae can elicit dissociation of paused Pol 11 from
DNA in vitro, and its RNA-dependent ATPase activity is important for this function (PORRUA
and LiBRri 2013). Recently, our lab proved that the recombinant S. cerevisiae Senl helicase

domain has 5' to 3' helicase activity, as it exhibited ATP-independent single-stranded (ss) DNA
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FIGURE 1.3 The helicase domains of Senl, Upfl and Senataxin are similar. A) Comparison
of S. cerevisiae Senl, S. cerevisiae Upfl and human Senataxin. The conserved helicase domains
and their subdomains are highlighted by colored boxes. Numbers indicate amino acid residues.
The location of missense disease mutations in Sentaxin are shown by colored dots. B) Crystal
structure of the S. cerevisiae Upfl helicase domain in a complex with the non-hydrolyzable ATP
analog, ADP:AIF,~, and RNA (PDB 2XZL, visualized by PyMOL, DeLano Scientific LLC)

(CHAKRABARTI et al. 2011). The subdomains, ATP analog and RNA are indicated.
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and RNA binding ability, and translocase activity on both in a 5' to 3' direction in the presence of
ATP (S. Martin-Tumasz and D. Brow, unpublished data).

The importance of the Senl helicase domain for transcription termination is also revealed
by the studies of helicase domain mutations in vivo. Before my study, there were only two
missense mutations reported in the helicase domain of S. cerevisiae Senl. The two hypomorphic
alleles, named senl-1 and nrd2-1, have G1747D and E1597K substitutions, respectively
(DEMARINI et al. 1992; STEINMETZ and BRow 1996). senl-1 was found from a genetic screen
for temperature-sensitive mutants that are deficient in tRNA-splicing endonuclease activity in
vitro, but later study suggests this defect could be caused by an indirect effect. nrd2-1 was
isolated from a genetic selection for read-through of a fortuitous Pol 11-dependent terminator in
the antisense strand of the U6 gene. Nevertheless, both mutations exhibit terminator read-through
of a subset of Pol Il-transcribed genes in vivo, indicating that the function of Senl helicase
domain is required for efficient transcription termination by Pol 1l (STEINMETZ et al. 2001;
STEINMETZ et al. 2006a; KUEHNER and BRow 2008; MiscHO et al. 2011; HAZELBAKER et al.
2013).

The N- and C-terminal regions outside the helicase domain of Sen1l are less conserved
but still important for the functions of Senl. The N-terminal 975 amino acids are dispensable for
viability, however, there are multiple protein-protein interaction domains within the N-terminal
region that are important for the functional specificity, including interactions with Rnt1 and
Rpbl (Ursic et al. 2004). The endoribonuclease Rntl functions in concert with Senl in 3'end
formation of some sn/snoRNAs, and it may also mediate a fail-safe process for termination
failure of some mMRNA genes (CHANFREAU et al. 1998; URsIC et al. 2004; GHAZAL et al. 2009;

RONDON et al. 2009). Sen1l interacts with the Pol 11 Rpb1 C-terminal domain (CTD), specifically
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with the Serine2-phosphorylated (Ser2-P) CTD. The mutation in SEN1 that disrupts this
interaction caused reduced occupancy of the mutant Senl across the entire length of sn/snoRNA
genes, as well as early and late in transcription of most mMRNA genes (CHINCHILLA et al. 2012).
Thus, this interaction could be important for Senl association with its target genes, but its exact
role is unclear. In the C-terminal end of Senl, there are a bipartite-like nuclear localization
sequence and the Nab3 binding region that are important for its function in transcription
termination (DEMARINI et al. 1992; URsIC et al. 1995; NEDEA et al. 2008). The yeast protein
phosphatase Glc7 also directly interacts with the C-terminal end of Senl and is involved in
snoRNA termination. The functional connection between Glc7 and snoRNA termination may
involve dephosphorylation of Senl by Glc7 as shown in vitro (NEDEA et al. 2008).

Senl also utilizes its helicase activity to resolve co-transcriptional R loops. During
transcription, R loops could arise when the newly-synthesized RNA strand threads back to the
template DNA strand and forms a stable RNA:DNA duplex, leaving the non-template DNA
single-stranded (RoY et al. 2010; SKOURTI-STATHAKI and PROUDFOOT 2014). The senl-1 mutant
causes accumulation of R loops in a transcription-dependent manner, which induces DNA
damage foci in cells and contributes to genome instability, indicating Senl functions to protect
the heavily transcribed genes from the DNA damage associated with R loops (MiScHO et al.
2011; STIRLING et al. 2012). As discussed in Section 1.1.2, the function of resolving R loops by
Sen1 also appears to be important for efficient transcription termination of some genes.

The RNA binding proteins Nrd1 and Nab3

The heterogeneous nuclear ribonucleoprotein (hnRNP)-like proteins Nrd1 and Nab3 are

both essential for yeast cell viability, and each contains a conserved RNA recognition motif

(RRM) (WILSON et al. 1994; STEINMETZ and BRow 1996; CARROLL et al. 2004). Terminator
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read-through mutations have been found in both Nrd1 and Nab3, and biochemical experiments
indicate they directly control transcription termination (STEINMETZ and BROW 1996; STEINMETZ
and BRow 1998; STEINMETZ et al. 2001; KUEHNER and BrRow 2008; LoyA et al. 2012). Nuclear
depletion of Nrd1 resulted in genome-wide accumulation of transcripts from defective
termination (ScHuLz et al. 2013; SCHAUGHENCY et al. 2014). In the prevailing model of the
Senl termination complex, Nrd1 and Nab3 directly interact with each other to form a
heterodimer, and further by the interaction between Senl and Nab3, the three components form a
complex in yeast cells (Figure 1.2) (CONRAD et al. 2000; VASILJEVA and BURATOWSKI 2006;
NEDEA et al. 2008; CHINCHILLA et al. 2012). The heterodimer formed by Nrd1 and Nab3 is
postulated to reach higher order oligomerization using the C-terminal low complexity, self-
assembly domain of Nab3, which is important for efficient termination at some Senl termination
sites, possibly by increasing RNA-binding affinity (LOYA et al. 2013a; LoYA et al. 2013b).

Nrd1 and Nab3 appear to coordinate functions of other components involved in Senl-
dependent termination. By the interaction between Nrd1 and the Ser5-P CTD, the heterodimer of
Nrd1 and Nab3 can bind to the elongation complex in early transcription, and recruit Senl by the
Senl and Nab3 interaction in the core termination complex to elicit termination (see Section
1.2.3) (STEINMETZ and BRow 1998; CONRAD et al. 2000; NEDEA et al. 2008; VASILJEVA et al.
2008). Tudek et al. found that, by interacting with Trf4 of the TRAMP complex, Nrd1 may have
a post-termination role of recruiting the TRAMP complex to execute 3' end processing (TUDEK
et al. 2014). They found that this interaction is in a mutually exclusive manner with the Nrd1 and
Pol Il CTD interaction, and proposed that the Nrd1 and Nab3 heterodimer coordinates
transcription termination and RNA degradation thereafter by switching between two alternative

partners, which are the Pol 11 CTD for termination and the TRAMP complex for degradation.
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The C-terminal domain of the Pol 11 Rpb1 subunit

The Pol I CTD can regulate Senl-dependent termination by its phosphorylation states.
The 26 (in yeast) or 52 (in human) heptad repeats with the consensus sequence Y1S;P3T4SsPsS7
of the CTD provide the binding scaffold for transcription factors, and the phosphorylation states
of the CTD during the transcription cycle determine its binding specificity with different factors
(CoRDEN 1990; WEST and CORDEN 1995). In the core Senl termination complex, Nrd1 has a
CTD interaction domain (CID) preferentially bound to the Ser5-P CTD, which is enriched in
promoter-proximal Pol 11, and this interaction has been shown to be important for Senl-
dependent termination (STEINMETZ and BRow 1998; CONRAD et al. 2000; GUDIPATI et al. 2008;
VASILIEVA et al. 2008). These evidences indicate that Nrd1 acts as a tether of the Senl
termination complex to Pol 11 during early elongation, which allows Sen1-dependent termination
to function on short non-coding RNA genes. The CTD phosphatases Ssu72 and Rtrl remove the
phosphate from the Ser5-P CTD in preparation for Ser2-P enrichment (KRISHNAMURTHY et al.
2004; MosLEY et al. 2009). Ser2-P antagonizes Senl-dependent termination and promotes
poly(A)-dependent termination (GUDIPATI et al. 2008). This transition from the Ser5-P enriched
CTD to the Ser2-P enrichment occurs when the nascent transcript is about ~450 nucleotides
long, which defines a distance from the transcription start site for Sen1-dependent termination
(ARNDT and REINES 2015).

Senl-dependent termination read-through mutations were found in Ssu72, indicating that,
not only the interaction between the Ser5-P CTD and Nrd1, but also the phosphorylation state
transition of the CTD is critical for Senl-dependent termination (STEINMETZ and BRow 2003).
Perhaps the Ser5-P enriched CTD recruits Senl to prepare for termination by its interaction with

the core termination complex. Then the transition in which Ser5-P de-phosphorylation and Ser2
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phosphorylation occur could change the relative rates between the elongating Pol Il and the Senl
helicase, therefore allowing Senl to catch up with Pol Il and elicit termination. In concert with
this hypothesis, mutations that change the elongating rate of Pol Il were shown to alter the
location of Senl termination site depending on the relationship between the Pol Il elongation rate
and Senl translocation rate (HAZELBAKER et al. 2013).

The CTD residues other than Ser2 and Ser5 could also be involved in Senl-dependent
termination. Phosphorylation of Tyrl impairs Nrd1 association with the CTD, therefore may
have a role of anti-termination (MAYER et al. 2012). The Ser7-P CTD colocalizes with Nrd1 on
transcription units that encode CUTs, SUTs and intronic snoRNAs, so this modification may
functionally overlap with Nrd1 (Kim et al. 2010). In addition, the peptide bond orientation
preceding the prolines in the CTD can be in either a cis or trans configuration. The
conformation of the CTD is important for its interaction with other factors, for example, the
interaction between Nrd1 and Ser5-P prefers the cis conformation of the Ser5-P-Pro6 peptidyl
prolyl bond (KuBICEK et al. 2012). Essl is a prolyl isomerase that catalyzes the cis/trans
conversion of Ser5-P/Pro6 and Ser2-P/Pro3 bonds of the CTD, and appears to participate in
Senl-dependent termination by coordinating the recruitment of Nrd1 and other termination
factors (SINGH et al. 2009). Collectively, the CTD has a complex control on Senl-dependent
termination.

1.3. The human ortholog of yeast Senl, Senataxin
Mutations in SETX co-segregate with neurodegenerative diseases

The human ortholog of yeast Senl, called Senataxin, is encoded by the gene SETX.

Mutations in SETX co-segregate with two rare familial, progressive neurodegenerative disorders

with juvenile onset: autosomal recessive ataxia oculomotor apraxia type 2 (AOA2) and
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autosomal dominant amyotrophic lateral sclerosis type 4 (ALS4) (Figure 1.3A) (CHEN et al.
2004; MOREIRA et al. 2004; LEMMENS et al. 2010). AOAZ2 is characterized by severe cerebellar
atrophy, gait ataxia, peripheral neuropathy, elevated serum alpha-fetoprotein level, and about
50% of cases show oculomotor apraxia (FOGEL et al. 2014). The mutations that give rise to
AOAZ2 are diverse, including missense, nonsense, insertion/deletion, splice site and frameshift
mutations. ALS4 is more rare than AOA2 and is associated with severe muscle weakness and
pyramidal signs, but unlike classical ALS, it does not affect respiratory muscles or lifespan of the
patients (ARNING et al. 2013). ALS4 mutations identified so far are exclusively missense (FOGEL
et al. 2014). The mechanisms by which the SETX mutations cause AOA2 and ALS4 have not
been understood. Although a model whereby loss-of-function results in the recessive AOA2 and
gain-of-function causes the dominant ALS4 can be proposed based on the natures of the disease-
causing mutations, our study of the AOA2 mutations showed dominant effects caused by some
of the mutations, suggesting a more complex situation at least for AOA2 (CHEN et al. 2014).
About half of the missense disease mutations are found to locate in the conserved helicase
domain (Figure 1.3A), suggesting the diseases are associated with dysfunction of the helicase
domain.

One possible cause of AOA2 and ALS4 is altered gene expression by the disease
mutations in Senataxin. Senataxin has been implicated in Pol Il transcription termination on
protein-coding genes (SKOURTI-STATHAKI et al. 2011). Gene expression profiling showed that
AOA2 mutations in SETX cause changes in gene expression in patient fibroblasts, including
genes involved in neurogenesis and neuronal functions (FOGEL et al. 2014). Thus, the two
neurodegenerative diseases could result from defects in expression of genes essential for long-

term neuron survival. DNA damage triggered by R loops may also contribute to the pathogenesis
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process of AOA2 and ALS4, as suggested by the observation that AOA2 cells showed increased
sensitivity to DNA damage reagents and defective double-strand break (DSB) repair, which can
be corrected by full-length SETX cDNA (SURAWEERA et al. 2007).
Implication of Senataxin in cancer

Recently, the role of Senataxin in resolving R loops has been implicated in cancer
development. Senataxin was identified as an interactor of the breast cancer susceptibility gene 1
(BRCA1) from two independent, systematic screens (HILL et al. 2014). Further experiments
showed that the complex of Senataxin-BRCAL is recruited to the transcription termination pause
sites of some highly transcribed genes and suppresses R-loop-associated DNA damage there.
Furthermore, insertion/deletion somatic mutations were found near some of these transcription
termination pause sites in breast tumor tissues carrying inherited BRCA1 mutations (HATCHI et
al. 2015). This discovery highlighted the potential role of the Senataxin-BRCA1 complex in
preventing cancer by resolving R loops and protecting the genome from instability, but current
evidence that ALS4/AOAZ2 patients are more susceptible to cancer is indefinite.
1.4. Dissertation organization

In this dissertation, | discuss my studies of the mechanism and targets of Senl helicase in
termination of non-coding RNA synthesis in S. cerevisiae. In Chapter 2, | describe the materials
and methods of the experiments conducted in this dissertation. In Chapter 3, I discuss my
investigation of identifying the minimal essential region of Senl and the effects caused by AOA2
disease mutations on Senl-dependent termination. Using a yeast genetic system, I identified the
helicase domain plus a flanking nuclear localization sequence as the minimal essential region of
Senl. Guided by the structure model of the yeast Upfl helicase domain, | found the molecular

defect underlying a termination read-through mutation sen1-E1597K is disruption of an
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intradomain ionic bond of the helicase domain. Since human Senataxin cannot replace Senl in S.
cerevisiae, | tested 13 AOA2-associated SETX mutations in the context of yeast SEN1, and
showed most of them cause growth and termination defects. In Chapter 4, | discuss my
investigation of the targets of the Senl-dependent transcription termination pathway.
Hypomorphic mutations in proteins involved in Senl-dependent termination, including Sen1l,
Nrd1, Nab3, Ssu72, Rpb11 and Hrpl, were used to characterize the influences of these six
proteins on Senl-dependent termination across the genome. | found the genome-wide effects
caused by the mutations are surprisingly diverse. The substitution in Senl induces the broadest
and strongest termination defects, while the other substitutions only affect efficient transcription
termination of different subsets of Senl's targets. | confirmed that the six proteins participate in
transcription termination of sn/snoRNA genes, but to different degrees, and showed that the
RNA-binding abilities of Nrd1 and Nab3 are dispensable for termination of some snoRNA genes,
such as SNR39B. | also revealed that Senl may regulate meiotic gene expression by repressing
their transcription in vegetative cells. In Chapter 5, I discuss the implications and future
directions based on the results presented in Chapters 3 and 4. In Appendix 1, | discuss my
genetic selections for Senl terminator read-through mutations in the helicase domain of Senl. In
Appendix 2, | describe my experiments of observing the GFP-labeled wild-type Senl in live
yeast cells using time-lapse fluorescence microscopy. In Appendix 3, | describe my experiments
of verifying a previously isolated terminator read-through mutant with a premature stop codon
mutation in NAB3, and creating a plasmid-based yeast system to characterize this mutant. The

work presented in Chapter 3 has been published in Chen et al. Genetics. 2014.
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2.1 Plasmid construction

The pRS425-SEN1(Pstl) plasmid was made by Tom Gisel and Dave Brow. The SEN1
gene, including 434 bp upstream of the start codon and 212 bp downstream of the stop codon,
was amplified from genomic DNA of the strain 46a in two halves joined at an internal Pstl site
created via a silent mutation in codons 964-966. The PCR products were inserted into Sall/Spel-
cut pRS425 vector to make the first SEN1 shuffle-plasmid construct (CHEN et al. 2014). With
help from Elaine Brow, Christine Treba and Ulrika MUler, | subcloned the 7,342 base pair SEN1
gene into pRS313, pRS315 and pRS316, and created point mutations in SEN1 in pRS313 by the
QuikChange procedure (Stratagene).

Deletions of SEN1 were created using pRS313-SEN1(Pstl). The C-terminal sequences
were deleted by the QuikChange procedure, leaving the stop codon intact. The initial N-terminal
deletion was made by deleting codons 4-964 of the SEN1 ORF and adding a silent mutation to
codon 3 to recreate the internal Pstl site. In this construct, codons 3, 965 and 966 have the
sequence TCT-GCA-GAA, with the Pstl site underlined. In subsequent deletions, codons 1-3
and 965 were retained, and codon 966 was replaced with the indicated codon (e.g., 1004, 1089,
etc.), which always begins with a G to retain the Pstl site. The presence of this Pstl site as well
as one in the pRS313 vector sequence allowed construction of each plasmid by ligation of two
PCR fragments. All deletion plasmids were sequenced across the deletion junction to confirm
their identity. C-terminal deletions were added to N-terminal deletion constructs using the Ncol
site at codons 1890-1892 and the downstream Spel site.

Senl-GFP fusion constructs were made from pRS315-SEN1(Pstl). Using the
QuikChange procedure, an internal Avrll site was created by silent mutation of codon 2230 to

generate pRS315-SEN1(Avrll). Codons 2 through 238 of the GFP(S65T) variant were amplified
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from genomic DNA of the yeast strain KES000 (made by Kaitlin Sundling) containing an IMD2-
GFP gene fusion (derived from Life Technologies #95700). Avrll sites were created at both ends
of the GFP(S65T) coding sequence to allow insertion into pRS315-SEN1(Avrll), generating
pRS315-SEN1-GFP. N-terminal deletions of SEN1 in pRS313 were subcloned into pRS315-
SEN1-GFP. To make GFP fusions of C-terminally deleted SEN1, sequences upstream of the
Avrll site were deleted from pRS315-SEN1(Avrll) by the QuikChange procedure and the
GFP(S65T) fragment was inserted into the Avrll site afterwards. The only exception is that the
C-terminal deletion after codon 1929 was made by inverse PCR from pRS315-SEN1-GFP and
blunt-end ligation, removing the upstream Avrll site in the process.

The Senataxin/Senl chimeric constructs were made from pRS313-SENZ1(Pstl). For the
entire SEN1-SETX ORF swap construct, SEN1 codons 4-2232(stop) were deleted and replaced
with a GGA (Gly) codon to create a BspEl site by inverse PCR, digestion, and self-ligation to
make the plasmid pRS313-SEN1ORFdel(BspEl). SETX codons 3-2678(stop) were PCR-
amplified from pSETX (SURAWEERA et al. 2007) with a BspEl site at both ends. The PCR
product was digested with BspEIl and ligated into the pRS313-SEN1ORFdel(BspEl) plasmid to
generate pRS313-SEN1/SETXORF. For the SEN1-SETX helicase domain swap construct, unique
Pmll and Ncol sites were used to excise SEN1 codons 1175-1890 and replace them with SETX
codons 1769-2484 to generate pRS313-SEN1/SETXhelicase. For the SEN1-SETX ReclA
domain swap construct, unique Pmll and BspEI sites were used to excise SEN1 codons 1175-
1474 and replace them with SETX codons 1769-2069. Two constructs were made for the SEN1-
SETX Rec2A domain swap, unique BspEl and Ncol sites, or Bsgl and Ncol sites were used to
excise SEN1 codons 1478-1889 or 1635-1889, and replaced them with SETX codons 2073-2483

or 2226-2483, respectively. For the SEN1-SETX 1B domain swap construct, SEN1 codons 1174-
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1285 were deleted and replaced with an Sphl digestion site. SETX codons 1770-1889 were PCR
amplified with an Sphl site at both ends. The PCR product was digested with Sphl and inserted
into the Sphi-digested SEN1 1B domain deletion construct. Other domain swap constructs were
created by the same strategy. For the SEN1-SETX 1C domain swap construct, SEN1 codons
1451-1565 were replaced with SETX codons 2057-2150 using an Sphl digestion site. For the
SEN1-SETX 1B-1C domain swap construct, SEN1 codons 1174-1285 and 1455-1562 were
replaced with SETX codons 1770-1889 and 2062-2145 using an Sphl and a BsrGI digestion site
respectively.

For the CUP1 termination efficiency reporters, pGAC24-CYC1 (STEINMETZ and BRow
2003) and pRS316-NRD1-CUP1 (KUenHNER and BrRow 2008) were made previously. The
pPGAC24-SNR47 reporter plasmid was generated by amplifying the SNR47 terminator (CARROLL
et al. 2004) (positions +100 to +215, relative to +1 transcription start site) from DAB206 (see
Section 2.2) genomic DNA with an Xhol site introduced at each end. The PCR product was
digested with Xhol and ligated to Xhol-cut pGAC24 (LESSER and GUTHRIE 1993).
2.2 Yeast Strains

Plasmids were transformed into S. cerevisiae by the lithium acetate procedure (SCHIESTL
and GIETZ 1989). The wild-type plasmid-shuffle yeast strain DAB206 (MATa. cupiA ura3 his3
trpl lys2 ade? leu2 senlA3::TRP1 [pRS316-SENL1]) is derived from 460 (MATa cuplA ura3
his3 trpl lys2 ade2 leu2) (LEsSSER and GUTHRIE 1993) and made by Ulrika MUler (CHEN et al.
2014). pRS316-SEN1 was replaced with pRS313-borne SENL1 alleles by standard plasmid shuffle
techniques (BOEKE et al. 1987). Loss of pRS316-SEN1 was selected for on synthetic complete
medium containing 0.75 mg/mL of 5-fluoroorotic acid (5-FOA).

XCY361 (MATa his3-41 leu2-40 lys2-A0 ura3-A0 NHP6A-TagRFP-T:nat) was derived
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from BY4742 (Research Genetics, Inc.) by integrating the NHP6A gene fused with TagRFP-T
followed by the nourseothricin resistance (nat) gene into the endogenous NHP6A locus. The
NHP6A-TagRFP-T/nat DNA fragment used for chromosomal integration was generated by
Kaitlin Sundling (CHEN et al. 2014). Integration at the NHP6A locus was confirmed by PCR of
genomic DNA with flanking oligos and sequencing.

For the microarray analysis, the sen1-E1597K (nrd2-1) (MATa cupiA ura3 his3 trpl lys2
ade2 leu2 senl1-E1597K), nrd1-V368G (nrd1-5) (MATa cupld ura3 his3 trpl lys2 ade2 leu?2
nrd1-V368G), nab3-F371L/P374T (nab3-11) (MATa cupliA wura3 his3 trpl lys2 ade2 leu2
nab3::KanMX [pRS313-nab3-11(F371L/P374T)]), ssu72-G33A (MATa cuplA ura3 his3 trpl
lys2 ade2 leu2 ssu72-G33A), rpb11-E108G (MATa cuplA ura3 his3 trpl lys2 ade2 leu2 rpbll-
E108G) and hrpl-L205S (hrpl-5) (MATa cupld ura3 his3 trpl lys2 ade2 leu2 hrpl::HIS3
[PRS315-hrp1-5(L205S)]) strains and their wild-type parent strains 46a and 460 were described
previously (STEINMETZ and BRow 1996; STEINMETZ and BRow 2003; STEINMETZ et al. 2006a;
KUEHNER and BrRow 2008). 46a is isogenic to 46a but has the opposite mating type.

The Nrd1/Nab3 double mutant (nrd1-5/nab3-11) (MATa cuplA ura3 his3 trpl lys2 ade2
leu2 nrd1-V368G nab3::KanMX [pRS313-nab3-11(F371L/P374T)]), named XCY377, was
created by homologous recombination integrating nab3::KanMX amplified from YSC1021-
669432 (Open Biosystems) into the nrd1-V368G (nrd1-5) genome transformed with pRS316-
NAB3 (named XCY373), and then standard plasmid shuffle techniques. Integration at the NAB3
locus was confirmed by PCR of genomic DNA with flanking oligos and sequencing.

2.3 Protein Analysis
Rabbit antiserum against amino acids 1095-1876 of Senl was prepared by Steve Martin-

Tumasz (Chen et al. 2014). 1gG was purified from antiserum using the Melon™ Gel 1gG Spin
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Purification Kit (Thermo Scientific). For immunoblots of Senl, 10 OD units of yeast cells
growing logarithmically (ODggo 0.5-1.0) at 30<€ in YEPD (1% yeast extract/2% peptone/2%
dextrose) were pelleted by centrifugation, lysed by vortexing with glass beads (425-600 pm
diameter; Sigma-Aldrich) in 100 d phosphate-buffered saline (PBS) (137 mM NaCl, 2.7 mM
KCI, 10 mM Na;HPQO,4, 1.8 mM KH,PO,4, pH 7.4) with Protease Inhibitor Cocktail P2714
(Sigma-Aldrich), 100 i of 2% SDS PAGE loading buffer (100 mM Tris-Cl pH 6.8, 4% (w/v)
SDS, 0.2% (w/v) bromophenol blue, 20% (v/v) glycerol, 200 mM B-mercaptoethanal) was added,
and the mixture was heated at 100<C for 5 min. Samples were electrophoresed using 4-15%
Mini-PROTEAN TGX Precast Gels (Bio-Rad) at 160 V for 50 min, and electroblotted onto
Hybond-C extra nitrocellulose membranes (Amersham Biosciences) at 6 VV/cm, 4<€ for 12 hours
in 20% (v/v) methanol in Towbin buffer (25 mM Tris base, 192 mM glycine, pH 8.3). Blots were
blocked with 5% dried milk in PBS buffer with 0.1% Tween-20 at 23<€ for 1 hour, incubated
with purified Senl 1gG (1:2,000 dilution) for 1 hour, and then Horse Radish Peroxidase-
conjugated Goat anti-Rabbit 1IgG (Thermo Scientific) (1:50,000 dilution) for 1 hour. Blots were
developed with Immobilon™ Western Chemiluminescent HRP Substrate (Millipore) and
exposed to HyBlot CL Autoradiography Film (Denville Scientific). Immunoblots of Nrd1 were
performed by the same protocol except the Nrd1 polyclonal antiserum (STEINMETZ and BRow
1998) was diluted 1:1,000.

2.4 Microscopy

Culture of yeast cells, microscopic imaging and image processing for the studies described in

Chapter 3

XCY361 cells transformed with GFP-tagged SEN1 constructs in pRS315 were grown in

synthetic complete (SC) medium lacking leucine at 30€ to ODgyo = 0.5, then diluted to ODgg =
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0.2. Two hundred microliters of culture was placed on the center of a glass coverslip pre-coated
with 1 mg/mL Concanavalin A, Type IV (Sigma-Aldrich) solution and viewed with a Nikon
Eclipse Ti fluorescent microscope with a Nikon DS-Qi1Mc digital camera and NIS-elements AR
4.12.01 software. Filter sets with excitation/emission wavelengths of 465-495 nm/515-555 nm
and 530-560 nm/573-648 nm were used for the GFP images and RFP images, respectively.
Image files were processed and analyzed by ImageJ (NIH) following the ImageJ User Guide
(http://rsbweb.nih.gov/ij/docs/quide/146.html). For background subtraction, the command
"Process>Subtract background>Create Background" was used to create the background, and the
command "Process>Image Calculator" was used to subtract background from the original image.
For contrast enhancement, the command "Image>Adjust>Brightness/Contrast™ was used. In most
cases, appropriate contrast was achieved by a single click on "Auto".

Culture of yeast cells, ONIX microfluidic system, microscopic imaging and image processing for

the studies described in Appendix 2

XCY361 cells transformed with GFP-tagged SEN1 constructs in pRS315 were grown in
SC medium lacking leucine at 30<€ to saturation. A portion of the culture was diluted to ODggo =
0.2 in SC medium lacking leucine and grown at 30 to OD of 0.35-0.6 before loading into the
ONIX system.

The ONIX-262 microfluidic system with Y04C microfluidic plates for haploid yeast cells
(CellAsic) was used to trap cells for the time-lapse imaging experiment. This system consists of
a computer-operated control system, a manifold that connects a vacuum pump and seals to the
top of the plate, and a disposable microfluidic plate (see the product instruction online:
http://www.emdmillipore.com/US/en/product/Cell ASIC-ONIX-Complete-Perfusion-

System,MM_NF-EV262?bd=1#overview). The manifold can adjust the pressure in designated
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wells of the microfluidic plate, so that cells in the wells can be loaded into the culture chambers
in the center of the plate for imaging, and continuous flow of media is maintained over the entire
experiment. Inside the culture chamber, yeast cells are trapped by an elastic ceiling, which
immobilizes the cells and maintains them in a uniform focal plane for imaging throughout the
experiment. Cells were loaded until there were enough cells in the imaging field, and washed
with 5 psi SC medium lacking leucine for 5 minutes to remove the untrapped cells. A flow
pressure of 1 psi was applied for the experiment after washing. The microfluidic experiment was
conducted at room temperature.

A Zeiss Axiovert 200M inverted microscope with AxioCam HR CCD camera from
David Wassarman's lab, University of Wisconsin-Madison, was using for imaging cells. 1 used a
40X oil immersion Plan Neofluar objective with a numerical apterture of 1.3. A halogen light
source and phase 2 illumination setting were used for the phase contrast images. An HBO
fluorescence light source was used for fluorescence imaging. Filterset 38 (eGFP) from Zeiss with
excitation/emission wavelengths of 450-490 nm/500-550 nm was used for the GFP channel. For
each time course experiment, all the images were taken in the same imaging field. A phase
contrast image and a GFP image were taken every time point. The exposure time for GFP
imaging is 1.5 seconds. Phase contrast images were used to generate the cell outline, and GFP
images were taken for Sen1-GFP.

Image files were processed and analyzed by ImageJ (NIH) following the ImageJ User
Guide (http://rsbweb.nih.gov/ij/docs/guide/146.html). For GFP image background subtraction,
the command "Process>Subtract background>Create Background” was used to create the
background, and the command "Process>Image Calculator” was used to subtract background

from the original image. For phase contrast image processing, the command
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"Image>Adjust>Brightness/Contrast>Set" was used, and the display value was set to the range of
-600 to 1200. The processed GFP and phase contrast images of the same time point were then
merged using the command “Image>Color>Merge channels”. The resulting merged image was
stacked by “Stack to RGB”, and a satisfying contrast could be reached by setting the display
value to the range of 50 to 200. The images of time series can be imported by ImageJ using
“Image Sequence” and saved as a movie file.

2.5 Total RNA preparation

These RNA samples were used for the studies described in Chapter 3 and Appendix 1.

Yeast cells were grown in YEPD at 30€ to ODgy = 0.8-1.0, quickly shifted to 37<€ by
mixing with the same volume of 44<€ YEPD, continued growing for 1 hour and pelleted by
centrifugation. Total cellular RNA was prepared by the glass bead-guanidinium isothiocyanate-
hot phenol extraction method (Wise 1991).

These RNA samples were used for the studies described in Chapter 4 except Figure 4.7.

RNA was prepared by the Auble lab, University of Virginia Health System,
Charlottesville (UVA). Strains were grown in YEPD at 30<€, then shifted to 35<€ for 45 minutes
and pelleted by centrifugation, except the Rpb11 mutant, which was grown continuously at 30€.
Total cellular RNA was prepared by the method of Schmitt et al. (SCHMITT et al. 1990).

These RNA samples were used for the studies described in Figure 4.7.

Yeast cells were grown in YEPD at 23<€ to ODgoo = 0.8-1.0, quickly shifted to 37<€ by
mixing with the same volume of 51€ YEPD, continued growing for 1 hour and pelleted by
centrifugation. Total cellular RNA was prepared by a method adapted from Schmitt et al.

(ScHmITT et al. 1990) with the following modifications: Saturated phenol (pH 4.3 10.2) (Fisher)

was used for the hot phenol extraction step. The extraction reaction was heated to 65 in water
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bath for 6 minutes, and vortexed every 2 minute for 30 seconds.
2.6 Northern blot

Random-primed radioactive probe preparation for the studies described in Chapter 3 and

Appendix 1

The random-primed radioactive probes for NRD1 and SNR47 were generated using gel-
purified PCR products as templates. The probe labeling protocol was adapted from the Prime-a-
Gene® Labeling System (Promega) using [o->’P]dTTP (PerkinElmer). After labeling,
unincorporated nucleotides were removed by a G-50 Sephadex spin column (GE Healthcare).

Radioactive oligonucleotide probe preparation for the studies described in Chapter 4

The oligonucleotide probes for SNR39B, SNR47, FLO1, CWP1, CWP2 and NDJ1 were made
by Integrated DNA Technologies and are described in Table 2.1. USB OptiKinase™
(Affymetrix) was used to label the oligonucleotides with [y-**P]JATP (PerkinElmer) at 37 for 1
hour. After labeling, unincorporated nucleotides were removed by a G-50 Sephadex spin column
(GE Healthcare).

For Northern blots, 15-20 pg RNA was loaded in each lane, run on a 0.8% or 1%
agarose/0.8 M formaldehyde gel and blotted onto Zeta-probe membrane (Bio-Rad) by capillary
transfer.

For hybridization using random-primed probes, the blot was first pre-hybridized in Ultrahyb
solution (Ambion) at 42<€ for 1 hour, then hybridized in Ultrahyb solution with probe
concentration about 10° cpm/mL at 42<€ for over 12 hours.

For hybridization using oligonucleotide probes, the blot was first pre-hybridized in Church
buffer (0.2 MM Na;HPQO,4, 0.1 mM NaH,PO,4, 1 mM EDTA, 7% SDS, 10 mg/mL BSA) at 60€

for 1 hour, then hybridized in Church buffer with probe concentration about 10° cpm/mL at 60€
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for over 12 hours.

After hybridization, the blot was washed in saline-sodium citrate (SSC) wash buffers (2x
SSC, 0.1% SDS, 5 min per wash, twice, at 23€; 0.1xSSC, 0.1% SDS, 15 min per wash, twice,
at 42<€), and visualized with a Phosphorimager (Molecular Dynamics).

2.7 Random mutagenesis selection for read-through mutations in the Senl helicase domain

Random mutagenesis using error-prone PCR by Taq DNA polymerase (NEB) was
performed to introduce mutations into the regions of interest in Senl. For each selection, the
gapped pRS313-SEN1 plasmid indicated below, the mutagenic PCR product of SEN1, and the
CUP1 reporter construct were co-transformed into DAB206. His'Leu® transformants were
replica plated to medium containing 5-FOA to select for cells that had lost the URA3-marked
wild-type SENL allele, and surviving colonies were replica plated to medium containing copper
to select for cells with substitutions that promote terminator read-through in the CUP1 reporter
constructs (0.2 mM copper sulfate for the first selection using pGAC24-CYC1, and 0.1 mM
copper sulfate for the last two selections using pPGAC24-SNR47). Cells were always incubated
at 30 during the selections. Genomic DNA of the surviving colonies was extracted. | PCR-
amplified the mutagenized region from the genomic DNA using PfuTurbo DNA polymerase
(Strategene), and sequenced the PCR products to identify the potential read-through mutations.

For the random mutagenesis selection of the C-terminal half of the helicase domain, SEN1
codons 1477 to 1890 were subjected to mutagenesis. A gapped plasmid was generated by
digesting pRS313-SEN1(Pstl) with BspEI/Ncol. Randomly-mutagenized SEN1 fragments were
generated using the oligo pairs SEN1-4406F/SEN1-5R and SEN1-3F/SEN1-5R (See Table 2.1)
with wild-type SEN1 as template. The CUP1 reporter construct for this selection was pGAC24-

CYCL
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For the random mutagenesis selection of the 1B domain, SEN1 codons 1174-1285 were
subjected to mutagenesis. The gapped plasmid was the Sphl-digested SEN1 1B domain deletion
construct that was used for making the SEN1-SETX 1B domain swap. The randomly-
mutagenized SEN1 fragments were generated using the oligo pair SEN1-1B-upstream and
SEN1-1B-downstream (See Table 2.1) with wild-type SEN1 as template. The CUP1 reporter
construct for this selection was pGAC24-SNR47.

The random mutagenesis selection of the 1C domain was performed by the same method as
the 1B domain. SEN1 codons 1451-1565 were subjected to mutagenesis. The gapped plasmid
was the Sphl-digested SEN1 1C domain deletion construct, and the oligo pair SEN1-1C-
upstream and SEN1-1C-downstream (See Table 2.1) was used for error-prone PCR.

2.8 Total RNA genomic tiling array and data analysis

For the microarray experiment, total RNA extraction, cDNA synthesis, fragmentation,
labeling and hybridization to GeneChip® S. cerevisiae Tiling 1.0R Arrays (Affymetrix, Inc.,
purchased by the Brow lab) were conducted by the Auble lab at UVA using the protocol reported
previously (POOREY et al. 2010). Raw data were generated by the Microarray Core Facility at
UVA. The RNA analyses of both 46a and 46 wild-type strains, and the sen1-E1597K, nrdl-
V368G, nab3-F371L/P374T, ssu72-G33A, hrpl-L205S and rpb11-E108G mutants were
performed using two independent biological replicates for each strain.

| used the genomic map (BPMAP) file in Affymetrix® Tiling Analysis Software (TAS)
version 1.1 to analyze intensity data stored in the raw microarray CEL files and evaluate the
signal for each interrogated genomic position. The BPMARP file contains information about every
probe's X,y location on the chip and its location on a chromosome. Because the S. cerevisiae

Tiling 1.0R Array is drawn from the reference genome sequence UCSC sacCerl (released Oct.
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2003), and there have been changes in the later versions, | used the UCSC sacCer3 sequence
(released Apr. 2011) to update the BPMAP file so that every probe on the chip that has a unique
perfect match in the yeast genome released most recently can be assigned to its correct
chromosomal location. The BPMAP file was updated by the function “remap” of the
Bioconductor software package “Starr”.

The “absolute” RNA level of each sample was calculated following the TAS user guide
available on the Affymetrix website. The intensities on the arrays of the two biological replicates
were quantile normalized, and then the data were linearly scaled to a target median intensity of
100. The S. cerevisiae Tiling 1.0R Arrays has paired perfect match (PM) and mismatch (MM)
probes, and MM probes serve as background. TAS applied the Wilcoxon Signed-Rank test to the
normalized log2(max(PMi-MMi,1)) value whose genomic coordinate i fell within a designated
101-bp smoothing window to calculate the log transformed probability (-10log10(p-value)) that
the RNA was detected above the noise level. The associated Hodges-Lehmann estimator was
used to compute the signal intensity. If the estimate s of signal location is over 1, it was
transformed to log,(s) for the RNA level, otherwise, 0 was assigned for the RNA level.

Similarly, the differential RNA level was estimated by quantile normalizing replicate arrays
of each strain and scaling the data to a target median intensity of 100 with mutant RNA samples
as treatment and the wild-type RNA samples as control. TAS generated estimates of fold change
by performing the Wilcoxon Rank-Sum test and calculating the associated Hodges-Lehmann
estimator within a designated smoothing window. The difference between the treatment estimate
s (s)A and the control estimate s (Sc), St- Sc, of signal location is interpreted as the log2 fold
change between the treatment and control group signals. A 101-bp smoothing window was used

for all the differential RNA level analyses, except that the discrete loop identification used a 500-
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bp smoothing window.

The output "absolute” and differential RNA level data are in the readable format with
intensity value for each interrogated genomic position. All the genome features used for later
data visualization and computation in this study are downloaded from the Saccharomyces
Genome Database (SGD). Because the HIS3 gene in the nab3-F371L/P374T mutant and the
LEU2 gene in the hrp1-L205S mutant are carried in the plasmids, to avoid the interference from
plasmid amplification, | removed the data points that fall into the HIS3 and LEUZ regions (Chrl5:
771,766-722,818 and Chr3: 91,185-92,702) from later analyses. This process generated RNA
level values of 2,585,209 genomic locations across the whole genome for every experimental
group. For data visualization, | used Integrated Genome Browser (IGB) (NicoL et al. 2009). |
used MATLAB (MathWorks, Inc.) for large-scale data computation. Data points with values
equal to zero suggest their PM signals are not above the noise, and therefore were precluded

during calculation.
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Primer Name

Primer Sequence (5" - 3")

Mutagenesis

SEN1 E1597K F

GAAGCATGTCAATGTACCAAACTTTCTTCAATTATTCCTCTC

SEN1 E1597K R

GAGAGGAATAATTGAAGAAAGTTTGGTACATTGACATGCTTC

SEN1 G1747D F

GATTTCACGGGAAAAATCGATATAATTTCACCTTATAGAGAG

SEN1 G1747D R

CTCTCTATAAGGTGAAATTATATCGATTTTTCCCGTGAAATC

W1166S-up

ACGCTTTACTACTTCTAGAATCTTCGCAAGGTCTATGTTCTTCAC

W1166S-down

GTGAAGAACATAGACCTTGCGAAGATTCTAGAAGTAGTAAAGGCT

Senl 11370R fwd

AGGATTGGTTACTTTTTGTCTACAAAGAATGC

Senl 11370R rev

ACCCAGTATAGTCTTTGTTTTACCCGTAC

11371F-up

AACAAAGACTATACTGGGTATTTTTGGTTACTTTTTGTCTACAAAG

11371F-down

CTTTGTAGACAAAAAGTAACCAAAAATACCCAGTATAGTCTTTGTT

SEN1-C1409Y-F

CTGTTAAAAAAGCAAAAAATTCTAATCTATGCCCCCAGTAATGCC

SEN1-C1409Y-R

GGCATTACTGGGGGCATAGATTAGAATTTTTTGCTTTTTTAACAG

SEN1-N1413S-F

CTAATCTGTGCCCCCAGTAGTGCCGCTGTGGACGAAATC

SEN1-N1413S-R

GATTTCGTCCACAGCGGCACTACTGGGGGCACAGATTAG

SEN1-L1569W-F

GTGACATCATATGTTCGACTTGGTCTGGTTCAGCCCATG

SEN1-L1569W-R

CATGGGCTGAACCAGACCAAGTCGAACATATGATGTCAC

SEN1-D1616V-F

CGTTGTATTATGGTTGGTGTTCCTAACCAACTACCAC

SEN1-D1616V-R

GTGGTAGTTGGTTAGGAACACCAACCATAATACAACG

SEN1 P1622L F

CCTAACCAACTACCACTAACTGTTCTTTCAGGTGCA

SEN1P1622L R

TGCACCTGAAAGAACAGTTAGTGGTAGTTGGTTAGG

F1767L-up

GAGTTTGCCCGCTATTTAGGAGGCATGATCAACAA

F1767L-down

TTGTTGATCATGCCTCCTAAATAGCGGGCAAACTC

SEN1-T1779P-F

ATCAACAAATCAATCGATTTCAATCCAATCGACGGTTTCCAAG

SEN1-T1779P-R

CTTGGAAACCGTCGATTGGATTGAAATCGATTGATTTGTTGAT
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K1788E forward

CGGTTTCCAAGGTCAAGAAGAAGAAATCATCTTGATATCGTGTG

K1788E reverse

CACACGATATCAAGATGATTTCTTCTTCTTGACCTTGGAAACCG

R18200Q forward

GTATGAATGTGGCTCTGACTCAAGCCAAGACAAGTATTTGG

R1820Q reverse

CCAAATACTTGTCTTGGCTTGAGTCAGAGCCACATTCATAC

SEN1 R1850H F

GATTTGATTGAAGATGCAAAAGATCATAGTTGTCTTGCATATGCTTGC

SEN1 R1850H R

GCAAGCATATGCAAGACAACTATGATCTTTTGCATCTTCAATCAAATC

Del1908-2231 up

GAGGTAAAATCCAATAAGGACACATGATCTTGAAGTAAAAGTGTTAGG

Del1908-2231 down

CCTAACACTTTTACTTCAAGATCATGTGTCCTTATTGGATTTTACCTC

Del1952-2231 up

GAATAACAAGAAGGCAGAATCGTGATCTTGAAGTAAAATTGTTAGG

Del1952-2231 down

CCTAACACTTTTACTTCAAGATCACGATTCTGCCTTCTTGTTAATC

Del1984-2231 up

CTTTTCCTGATGTGGACAGCTGATCTTGAAGTAAAAGTGTTAGG

Del1984-2231 down

CCTAACACTTTTACTTCAAGATCAGCTGTCCACATCAGGAAAAG

Del2097-2231 up

CGACGATCCACAAGTTTCGTGATCTTGAAGTAAAAGTGTTAGG

Del2097-2231 down

CCTAACACTTTTACTTCAAGATCACGAAACTTGTGGATCGTCG

Del 1859-2231 up

CTTGCATATGCTTGCTCGTGATCTTGAAGTAAAAGTGTTACC

Del 1859-2231 down

CCTAACACTTTTACTTCAAGATCACGAGCAAGCATATGCAAG

Sen1-1907-GFP-fwd

GAGGTAAAATCCAATAAGGACACACCTAGGAGTAAAGGAGAAGAAC

Sen1-1907-GFP-rev

GTTCTTCTCCTTTACTCCTAGGTGTGTCCTTATTGGATTTTACCTC

Sen1-1984-GFP-fwd

CTTTTCCTGATGTGGACAGCCCTAGGAGTAAAGGAGAAGAAC

Sen1-1984-GFP-rev

GTTCTTCTCCTTTACTCCTAGGGCTGTCCACATCAGGAAAAG

Sen1-1907-GFP-f-Avrll

GAGGTAAAATCCAATAAGGACACACCTAGGAGTAAAGGAGAAGAAC

Sen1-1907-GFP-r-Avrll

GTTCTTCTCCTTTACTCCTAGGTGTGTCCTTATTGGATTTTACCTC

Cloning

SEN1 upstream Sall

TTTTTGTCGACTTTAGTTAAAACGCGTTACATAG

SEN1 mid-down Pstl

TGCTAGTTCTTCTGCAGAATCCAGGGCAG

SEN1 mid-up Pstl

CTGCCCTGGATTCTGCAGAAGAACTAGCA

SEN1 downstream

TTTTTACTAGTAATGCAAATAGCTAGAGTAGCC
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Spel

Senl 5'-Pstl(start)

CAACTGCAGAATTCATTTATAATAAACAGATGCGCTTT

SEN1-1B-upstream

CATGAAGCCTTTACTACTTCTAGAATCTTGG

SEN1-1B-downstream

CAGCCCTTCCAGTGTTGAATACTC

SEN1-1C-upstream

TTAAACCTCAATTGGTCCGTGTAGG

SEN1-1C-downstream

ATACCCATTGTTGCGAGTACATCATG

Senl 1089-Pstl fwd

CTTCTGCAGTCAAGAGACAAACTGCGGCT

Senl 1103-Pstl fwd

CTTCTGCAGAACATATGAGAAAGAGATTAAATGTTGAT

Senl 1135-Pstl fwd

CTTCTGCAGAGCCTATTGGTAATTATTCTGACG

Senl 1151-Pstl fwd

CTTCTGCAGACTACCAAAAAGTCATGAAGC

Avrll-GFP-S65T-fwd

TTTCCTAGGAGTAAAGGAGAAGAACTTTTCACTGGAG

Avrll-GFP-S65T-rev

TTTCCTAGGTTTGTATAGTTCATCCATGCCATGTG

PRS313-UP-BSPEI

AAAAATCCGGAATTCATTTATAATAAACAGATGCGCTTTTTTATATATAT

AG

PRS313-DOWN-

AAAAATCCGGATCTTGAAGTAAAAGTGTTAGGAATTATACCTG

BSPEI
SETX 5'-BspEl AAAAATCCGGAACATGTTGTTGGTGTACGCCAG
SETX 3'-BspEl AAAAATCCGGACTATAAAAGCTTTCTTTTCTTGGAACTGCTGTC

SETX Ncol down

TTTTTCCATGGACCCCTCTGGGGCTATGGTAGG

SETX BspEl up

TTTTTTCCGGAGTTACCTTCTCATGTTCAGGCG

SETX BspE1 down

TTTTTTCCGGATCCATTCTGTGGTTTACTTGGCTG

SETX Pml1 up

TTTTTCACGTGATAGAGAGAATTTCTATCAGGTGC

SETX Bsgl up

TTTTTGTGCAGCACAGGAGTATGGCTACGACCA

YeHu 1B up(Sphl)

CTTGCATGCGAGAGAATTTCTATCAGTTGCAAGTACG

YeHu 1B down(Shpl)

CTTGCATGCTCTTCCTTTGTGTAGTTACCAGAGAAC

YeHu 1C up(Sphl)

CTTGCATGCCTAAAGTTCAGTTTGGACAGCCAAG

YeHu 1C down(Sphl)

ATTGCATGCGATATGGGACTCTAAGATGATGATACTCTG
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SETX 1C BsrGl 5'-end

AAAATGTACAGGACAGCCAAGTAAACCACAG

SETX 1C BsrGl 3'-end

AAAATGTACAAGGATGATGATACTCTGTGTTTTCTGTGG

PRS313 1B 5-Sphl

CAAGCATGCGTGAAGAACATAGACCTTGCCA

PRS313 1B 3-Sphl

CAAGCATGCAAATGACGACTATTGAAAGAGAGT

pRS313 1C 5'-Sphl

CAAGCATGCAACGTTTACAACGTCTGACC

pRS313 1C 3'-Sphl

CAAGCATGCTCGACTTTATCTGGTTCAGCCCA

Del sen1-1C BsrG1 fwd

GTAAACGTTGCAATTAAGGACCTTGTACAAGACATCATATGTTCGACTTT

ATCTG

Del sen1-1C BsrG1 rev

CAGATAAAGTCGAACAATTGATGTCTTGTACAAGGTCCTTAATTGCAAC

GTTTAC

GFP(S65T)-15-fwd

AGTAAAGGAGAAGAACTTTTCACTGGAG

SEN1-1905K-FWD

AAGGACACAAAGAAGAGAAGAGTTGTC

SEN1-1073K-FWD

AAGGCAAAAGGCAAAGGAATACA

SEN1-1929E-REV

CTCTTTCTTCTTTTTCTTTACAGCTTTATCTGC

SEN1-N2-REV

ATTCATTTATAATAAACAGATGCGCTTTTTTATA

SEN1-1072A-REV

AGCAATAGCAAAAAGCTCCCGAG

SEN1-1930K-FWD

AAGAAGAAGGAAAAGAAAAAGTCCAAGG

SEN1-1091R-REV

TCTCTTGACAACCTTACCATTAATATCGAC

Nab3_Q777_R CTGTTGTTGTTGTTGTTGTTGTTG
Nab3_stop_F TAGACTCCCTTTTTTCAATCTTTTCC
YDRO042C up GCCTTAAAATTTCTACCCTTTCTACTTTTCAAGG
YDRO042C down GAGTATTGCTCTTGCCATAAAAGTGTGTTC

SNR47(100-215) fwd

GGTCTCGAGATATATTTTCGCGTCATTCTTG

SNR47(100-215) rev

GGTCTCGAGCAGAAATAAAGAAAATGAAAGC

SNRA47 upstream

ATGATGAATTCCTATAACAACAACAACATG

SNR47 downstream

TATCAGTGTTAAAAAGCTATTGTCAAAGT

NRD1 fwd

CGAGTTACAGGAAAGGAACC




NRD1 rev TCTATTCCTTCTTGAGTTATATC
NAB3(-571)F GCTATCTGGAACTTTTGATAAGTTGTATTC
NAB3(+2659)R AAATAGCATTTGATAAGGAAGAAATAAAAG
NAB3(-500)F_BamHI | TATGGATCCTAATCTTCGCTACTTCAAGTTTC
NAB3(+2609)R_Sall | TATGTCGACAGTTTTTCGTTCTGAAAGAGATG
Sequencing
SEN1-8-F CCAACAATCCTGATAATAATAATAGCAACAAC
SEN1-174-R CTCTTGAATATTTGGATTTGTGCCTTG
SEN1-547-F GAAACTGCAATGTACGAGTGTCTC
SEN1-991-F ACATTCAAATTTCCGTTAGAGCCA
SEN1-1451-F CTATTAAGGAAAATGAAAGGGCAATGC
SEN1-1914-F GCTGCTATCAACGAGATTAATGGA
SEN1-2383-F GACTATTCTGAACTGGAAAATTTCACC
SEN1-5634-F CGTACCATCAGAGCAAGAAGATGA
SEN1-6100-F GGTTTGAAGGAGACGAGAACAATTTC
SEN1 seqlF TTCTGTGCCGGCGTCACCATCCCT
SEN1 seqlR ACTCTTGGTCTCCCAGTTATTGAAG
SENL1 seq2F GTTGATATGAACCCTCTATATGAAA
SEN1 seq2R GGTAGTCAGCAGGAGAGTTGAAGAA
SENL1 seq3F ATCAGAGATATATTGTGTGAAGGTT
SEN1 seq3R ATTTACGGGAGGCGATGGTTTAGCC
SENL1 seqdF AAAATAGCTCCCCATACTTGCTGGA
SEN1 seg4R GGTCTTTTGTTCAAGATATCCATAC
SEN1 seq 5R ATCTGCCTCTTCACCTTCATCGACA
SEN1 4406 F GTGGATAAAAGGATAGGTGAAAGGAA
SEN 4436 R GTCACAGCATTATTAAATTTACGTT
Nab3(-120) F TCTTGAGCATCTTTATTAGATTCTGCAC
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Nab3(+505) F

GAACTTCGCCGTGAAACATTGG

Nab3(+2484) R

TGCAAACCATATCAATCTACTTTCC

Northern blot probe

SNR39B-1R CAGCCCCGAAAGATGGTGTAATTTAAGTTGACAAC
CWP2-1R AGCACCATTTTCAGTTTGTTGAGAGATAGTTTCGGTG
CWP1-1R TTACAACAAGTAAGCAGCTGCGACCGCTAGAGCA
FLO1-1R GTCTCAGCAGCTACAGTATTGGTAGTCGTTTCAGCAG
ARG3-1R CAAATGTCGCACCGTTTCTCTCAGCAACTTTCTTTG

CWP1up-1F GCAGATACCCCTCTTGACGGCAAACATTGTGTG

CWP1up-1R CACACAATGTTTGCCGTCAAGAGGGGTATCTGC

CWP2up-1F GGCTTCTTGTTCATCATTTTCAATTCTCTTCTTGCCATC

CWP2up-1R GATGGCAAGAAGAGAATTGAAAATGATGAACAAGAAGCC

NDJ1-rev

GGATACTCCAGAATTGACGACATTAACCAAGGTG
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Plasmid Description Source
PRS313-SEN1(Pstl) SEN1 ORF cloned into pRS313, dam’ CH';'SS al.
DGEM-SETX SETX ORF cloned into pGEM SUF;AIV‘;EOEOF;A .
pRS315- An internal Avrll site created by silent mutation of codon 2230 in CHEN et al.
SEN1(Avrll) pRS315-SEN1(Pstl) 2014
pRS313- SENL1 codons 1175-1890 replaced with SETX codons 1769-2484 by CHEN et al.
SEN1/SET Xhelicase Pmll and Ncol 2014
pRS313- SEN1 codons 1175-1474 replaced with SETX codons 1769-2069 by CHEN et al.
SEN1/SETXReclA Pmll and BspEl 2014
pRS313- SEN1 codons 1478-1889 replaced with SETX codons 2073-2483 by CHEN et al.
SEN1/SETXRec2Al BspEIl and Ncol 2014
pRS313- SEN1 codons 1635-1889 replaced with SETX codons 2226-2483 by CHEN et al.
SEN1/SETXRec2A2 Bsgl and Ncol 2014
pRS313-nab3-1-777 NAB3 codons 1-777 cloned into pRS313 by BamHI and Sall This study
pRSS%:?Bér;?bs- nah3-Q778X cloned into pRS313 by BamHI and Sall This study
610 bp of sequence upstream of the HRP1 start site fused with the
PRS316-HRPL- | ~)p1 ORF and 3’-UTR, and cloned into pRS316 using BamHI/Xhol | KYEHNER and
CUP1 Brow 2008

sites

pRS316-NRD1-

532 bp of sequence upstream of the NRD1 start site fused with the
CUP1 ORF and 3’-UTR, and cloned into pRS316 using BamHI/Xhol

KUEHNER and

CUP1 sites Brow 2008
377 bp of sequence upstream of the IMD2 start site fused with the
PRS316-IMD2- | 5)p1 ORF and 3°-UTR, and cloned into pRS316 using BamH1/xhol | KUEHNER and
CUP1 . . ; Brow 2008
sites with T-71A mutation
PRS316-SEN1- 434 bp of sequence upstream of the_SENl start site_fused with the _
CuP1 CUP1 ORF and 3’-UTR, and clor_lted into pRS316 using BamHI/Xhol This study
sites
pGAC24- SNR47 terminator (positions +100 to +215 relative to SNR47 start site) CHEN et al.
SNR47(fwd) cloned into pGAC24 using Xhol sites 2014
pGAC24- Reversed sequence of SNR47 terminator (positions +100 to +215 This study
SNR47(rev) relative to SNR47 start site) cloned into pGAC24 using Xhol sites

PGAC24-CYC1

The minimal 83-bp CYCL1 3’-processing element cloned into pGAC24

STEINMETZ and

using _Xhol sites _ _ Brow 2003

s | D s e | o
pngliéii!\)'l'GFp PRS315-SEN1-GFP construct, dam’ CH%S al.
pRSS;g-lsgwéI;%S- Derived from pRS315-SEN1-GFP with codons 4-964 deleted This study
pRS?’lefgi?g}:-Plosg_ Derived from pRS315-SEN1-GFP with codons 4-1088 deleted This study
pR?Sé?:Zalr:wé-l- Derived from pRS315-SEN1-GFP with codons 1908-2229 deleted This study
pR?g%g:é&Eé-l_ Derived from pRS315-SEN1-GFP with codons 1073-2229 deleted This study
pRSil)g-?s_(gééQGS- Derived from pRS315-SEN1-GFP with codons 965-1907 retained This study
pRSil)gieGnéé%S- Derived from pRS315-SEN1-GFP with codons 965-1984 retained This study
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pRS315-sen1-1004-

1072-GEP Derived from pRS315-SEN1-GFP with codons 1004-1072 retained This study
pRSi%%fgngoo“' Derived from pRS315-SEN1-GFP with codons 1004-1091 retained This study
pRS315-sen1-1004- . i i . i . CHEN et al.
1907-GEP Derived from pRS315-SEN1-GFP with codons 1004-1907 retained 2014
pRS%%;?g};;OM' Derived from pRS315-SEN1-GFP with codons 1051-1907 retained This study
pRS311956§‘fg}:'§°89' Derived from pRS315-SEN1-GFP with codons 1089-1907 retained This study
pRS315-sen1-1089- - i i . i . CHEN et al.
1929-GEP Derived from pRS315-SEN1-GFP with codons 1089-1929 retained 2014
pRS31195é Z?g}:-gosg- Derived from pRS315-SEN1-GFP with codons 1089-1984 retained This study
pRS315-sen1-1905- . i i . i . CHEN et al.
1929-GFP Derived from pRS315-SEN1-GFP with codons 1905-1929 retained 2014
pRS321253-i4_ag}:-; 905- Derived from pRS315-SEN1-GFP with codons 4-1904 deleted This study
PROSISSENEI0" | Derived from pRS315-SEN1-GFP with codons 4-1929 deleted This study
pRS315-sen1-NLS- | Derived from pRS315-SEN1-GFP with codons 1089-1907 retained and CHEN et al.
1089-1907-GFP SV40 NLS added before codon 1089 2014
pRS315-senl- . ) ) . . .
W1166S-GEP Derived from pRS315-SEN1-GFP with the W1166X mutation This study
pRS315-senl- . ) i . . .
T1819A-GEP Derived from pRS315-SEN1-GFP with the T1819A mutation This study
pRS315-senl- . ) i . . .
R1820Q-GFP Derived from pRS315-SEN1-GFP with the R1820Q mutation This study
pRS313-senl- . i . . CHEN et al.
W1166S Derived from pRS313-SEN1(Pstl) with the W1166S mutation 2014
pR\f’\fllfégi(”l' Derived from pRS313-SEN1(Pstl) with the W1166X mutation This study
pRS313-senl- . i . . CHEN et al.
11370R Derived from pRS313-SEN1(Pstl) with the 11370R mutation 2014
pRS313-senl- . i . . CHEN et al.
11371F Derived from pRS313-SEN1(Pstl) with the 11371F mutation 2014
pRS313-senl- . i . . CHEN et al.
C1409Y Derived from pRS313-SEN1(Pstl) with the C1409Y mutation 2014
pRS313-senl- . i . . CHEN et al.
N1413S Derived from pRS313-SEN1(Pstl) with the N1413S mutation 2014
pRS313-senl- . ) . . CHEN et al.
R1641E Derived from pRS313-SEN1(Pstl) with the R1641E mutation 2014
pRS313-senl- . i . . CHEN et al.
E1579K/R1641E Derived from pRS313-SEN1(Pstl) with the E1579K/R1641E mutations 2014
pRS313-senl- . i . . CHEN et al.
F1767L Derived from pRS313-SEN1(Pstl) with the F1767L mutation 2014
pRS313-senl- . i . . CHEN et al.
K1788E Derived from pRS313-SEN1(Pstl) with the K1788E mutation 2014
pR?SiflgBi;:nl- Derived from pRS313-SEN1(Pstl) with the T1819A mutation This study
pRS313-senl- . i - . .
L1517E/F1742L Derived from pRS313-SEN1(Pstl) with the L1517F/F1742L mutation This study
PRS313-senl | perived from pRS313-SEN1(Pstl) with the K1761R/T1819A mutation |  This study

K1761R/T1819A
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pRS425-SEN1(Pstl) i . CHEN et al.
(dam) pRS425-SEN1(Pstl), dam 2014
pRS425-senl- ived f ith th . hi q
W1166X Derived from pRS425-SEN1(Pstl) with the W1166X mutation This study
CHEN et al.
pRS423-SEN1(Pstl) 2014
DRS313-sen1-A1B Derived from pRS313-SEN1(Pstl), co_dons 1174-1285 replaced with an CHEN et al.
Sphl site 2014
PRS313-sen1-A1C Derived from pRS313-SEN1(Pstl), chons 1451-1565 replaced with an CHEN et al.
Sphl site 2014
DRS313-YeHu-1B SETX codons 1770-1889 cIonedSiltr;tSo pRS313-sen1-A1B using Sphl CH;gleAE al.
DRS313-YeHu-1C SETX codons 2057-2150 cIonedSiltr;tSo pRS313-sen1-A1C using Sphl CH;gleAE al.
SEN1 codons 1174-1285 and 1455-1562 replaced with SETX codons
pRSSls—l\éeHu—lB- 1770-1889 and 2062-2145 using an Sphl and a BsrGI digestion site CHEES al.
respectively
pRS313-YeHu- SETX codons 3-2678(stop) cloned into pRS313-SEN1ORFdel(BspEl) CHEN et al.
SETX using BspEl sites 2014
pRS423-YeHu- The SEN1-SETX chimeric region of pRS313-YeHu-SETX cloned into This stud
SETX PRS423 y
pRS425-YeHu- The SEN1-SETX chimeric region of pRS313-YeHu-SETX cloned into This stud
SETX PRS425 y
pRSBlg—zsg? 1-965- Derived from pRS313-SEN1(Pstl) with codons 4-964 deleted CH;B‘S al.
pRS313-sen1-965- . i . i . CHEN et al.
2231 (dam) Derived from pRS313-SEN1(Pstl) with codons 4-964 deleted, dam 2014
pRS3132'§§”11'1OO4' Derived from pRS313-SEN1(Pstl) with codons 4-1003 deleted CHE’;S al.
pRS3132—;anl—1051- Derived from pRS313-SEN1(Pstl) with codons 4-1050 deleted CHEES al.
pRS3132—;anl—1089- Derived from pRS313-SEN1(Pstl) with codons 4-1088 deleted CHEES al.
pRS313-sen1-1089- . i . i . CHEN et al.
2231 (dam) Derived from pRS313-SEN1(Pstl) with codons 4-1089 deleted, dam 2014
pRS3132—;anl—1104- Derived from pRS313-SEN1(Pstl) with codons 4-1103 deleted CHEES al.
pRS3132';g”11'“35' Derived from pRS313-SEN1(Pstl) with codons 4-1134 deleted CH%S al.
pRS3132';e3”11'“52' Derived from pRS313-SEN1(Pstl) with codons 4-1151 deleted CH%S al.
pRS313-senl-1- . i . i . CHEN et al.
1858 Derived from pRS313-SEN1(Pstl) with codons 1-1858 retained 2014
pRS313-senl-1- . i . i . CHEN et al.
1907 Derived from pRS313-SEN1(Pstl) with codons 1-1907 retained 2014
pRS313-senl-1- . i . i . CHEN et al.
1984 Derived from pRS313-SEN1(Pstl) with codons 1-1984 retained 2014
pRSSé%—gs;anl-l- Derived from pRS313-SEN1(Pstl) with codons 1-2097 retained CH;B‘S al.
pRS315-NLS-1089- Derived from pRS315-sen1-NLS-1089-1907-GFP, self-ligated after CHEN et al.
1907 excising the GFP sequence by Avrll digestion 2014
pR83131’—gsg;11—965— Derived from pRS313-SEN1(Pstl) with codons 965-1907 retained CHESS al.
pRSSlsi—gsgzl—%S— Derived from pRS313-SEN1(Pstl) with codons 965-1984 retained CHESS al.
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pRS3131';%@1'1004' Derived from pRS313-SEN1(Pstl) with codons 1004-1907 retained CH;’SS al.
pRS3131';%@1'1050' Derived from pRS313-SEN1(Pstl) with codons 1050-1907 retained CH;’SS al.
pRS3131';%@1'1089' Derived from pRS313-SEN1(Pstl) with codons 1089-1907 retained CH;’SS al.
pRS3131'3231'1089' Derived from pRS313-SEN1(Pstl) with codons 1089-1929 retained CH';'Slej al.
pRS3131';%T'1089' Derived from pRS313-SENL(Pstl) with codons 1089-1984 retained CH';glei al.
pRS3132';g”71'1089' Derived from pRS313-SEN1(Pstl) with codons 1089-2097 retained CH';glei al.
pRS3131-;%n71-1104- Derived from pRS313-SEN1(Pstl) with codons 1104-1907 retained CHEgleAE al.

pRS313*- The Pstl site in the backbone of pRS313-SEN1(Pstl) mutated by This study

SEN1(Pstl)

Quikchange




TABLE 2.3 Strains used in this dissertation

Strain Genotype Source
LESSER and
460 MATa cupiA ura3 his3 trpl lys2 ade2 leu2 GUTHRIE
1993
LESSER and
46a MATa cuplA ura3 his3 trpl lys2 ade2 leu?2 GUTHRIE
1993
DAB206 MATa cupi4 ura3 his3 trpl lys2 ade2 leu2 senlA3::TRP1 CHEN et al.
[pPRS316-SEN1] 2014
BY4742 MATo his3A1 leu2A0 ys240 ura3A0 Research
Genetics
MATa his3-41 leu2-40 lys2-40 ura3-40 NHP6A-TagRFP- CHEN et al.
XCY361 .
T:nat 2014
STEINMETZ
nrd2-1 MATa cup 4 ura3 his3 trpl lys2 ade2 leu2 senl-E1597K and BRow
1996
STEINMETZ
nrd1-5 MATa cupiA ura3 his3 trpl lys2 ade?2 leu2 nrd1-V368G and BRow
1996
nab3-11 MATa cup A ura3 his3 trpl lys2 ade?2 leu2 nab3::KanMX | KUEHNER and
[PRS313-nab3-11(F371L/P374T)] Brow 2008
STEINMETZ
ssu72-G33A MATa cupiA ura3 his3 trpl lys2 ade2 leu?2 ssu72-G33A and BROwW
2003
(PbLL-E108G | MATacupld ura3 his3 irpl Iys2 ade2 leu? rpb11-E108G | ST NI=Z €t
hrol-5 MATa cupiA ura3 his3 trpl lys2 ade?2 leu2 hrpl::HIS3 KUEHNER and
P [pPRS315-hrp1-5(L205S)] Brow 2008
MATa cupiA ura3 his3 trpl lys2 ade2 leu2 nrd1-V368G .
XCY3r7 nab3::KanMX [pRS313-nab3-11(F371L/P374T)] This study
) MATa/MATa his3/his3 leu2/leu2 lys2/LYS2 MET15/met15 Open
YSC1021-669432 ura3/ura3 NAB3/nab3::KANMX Biosystems
MATa cupiA ura3 his3 trpl lys2 ade2 leu2 nrd1-V368G .
XCY373 nab3::KanMX [pRS316-NAB3] This study
INKOO4 MATa cup 1A ura3 his3 trpl lys2 ade?2 leu2 nab3::KanMX | KUEHNER and
[pPRS316-NAB3] Brow 2008
MATa cup 1A ura3 his3 trpl lys2 ade2 leu2 nab3::KanMX .
XCY389 [DRS313-nah3-Q778X] This study
MATa cup 1A ura3 his3 trpl lys2 ade2 leu2 nab3::KanMX .
XCY387 [DRS313-nab3-1-777] This study
XCY029 MATa cupi4 ura3 his3 trpl lys2 ade2 leu2 senlA3::TRPI CHEN et al.
[pPRS313-SEN1] 2014
MATa cupiA ura3 his3 trpl lys2 ade2 leu2 senlA3::TRP1 .
XCY298 [DRS425-SEN1] This study
XCY250 MATa cupi4 ura3 his3 trpl lys2 ade2 leu2 senlA3::TRP1 CHEN et al.
[PRS313-sen1-965-2231] 2014
XCY258 MATa cupi4 ura3 his3 trpl lys2 ade2 leu2 senlA3::TRP1 CHEN et al.
[pRS313-sen1-1004-2231] 2014
XCY262 MATa cup 14 ura3 his3 trpl lys2 ade2 leu2 senlA3::TRP1 CHEN et al.
[pPRS313-sen1-1089-2231] 2014
XCY294 MATa cupiA ura3 his3 trpl lys2 ade?2 leu2 senlA3::TRP1 CHEN et al.
[PRS313-sen1-1-1907] 2014
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XCY311 MATa cupid ura3 his3 trpl lys2 ade2 leu2 senlA3::TRP1 CHEN et al.
[pPRS313-sen1-1-1858] 2014

XCY363 MATa cupid ura3 his3 trpl lys2 ade2 leu2 senlA3::TRP1 CHEN et al.
[pRS313-sen1-1004-1907] 2014

XCY365 MATa cupid ura3 his3 trpl lys2 ade2 leu2 senlA3::TRP1 CHEN et al.
[pRS313-sen1-1089-1929] 2014

XCY037 MATa cupi4 ura3 his3 trpl lys2 ade2 leu2 senlA3::TRP1 CHEN et al.
[pPRS313-sen1-E1597K] 2014

XCY033 MATa cupi4 ura3 his3 trpl lys2 ade2 leu2 senlA3::TRPI CHEN et al.
[PRS313-sen1-R1641E] 2014

XCY035 MATa cupi4 ura3 his3 trpl lys2 ade2 leu2 senlA3::TRP1 CHEN et al.
[PRS313-sen1-E1597K/R1641E] 2014

UMY024 MATa cupi4 ura3 his3 trpl lys2 ade2 leu2 senlA3::TRP1 CHEN et al.
[pPRS313-5en1-G1747D] 2014

XCY141 MATa cupi4 ura3 his3 trpl lys2 ade2 leu2 senlA3::TRP1 CHEN et al.
[PRS313-sen1-T1819A] 2014

XCY383 MATa cupi4 ura3 his3 trpl lys2 ade2 leu2 senlA3::TRP1 CHEN et al.
[pPRS313-5en1-11370R] 2014

XCY278 MATa cupiA ura3 his3 trpl lys2 ade2 leu2 senlA3::TRPI CHEN et al.
[PRS313-sen1-W1166S] 2014

XCY279 MATa cupid ura3 his3 trpl lys2 ade2 leu2 senlA3::TRP1 CHEN et al.
[PRS313-senl-11371F] 2014

XCY167 MATa cupid ura3 his3 trpl lys2 ade2 leu2 senlA3::TRP1 CHEN et al.
[PRS313-sen1-N1413S] 2014

UMYO070 MATa cupid ura3 his3 trpl lys2 ade2 leu2 senlA3::TRP1 CHEN et al.
[PRS313-sen1-T1779P] 2014

XCY031 MATa cupid ura3 his3 trpl lys2 ade2 leu2 senlA3::TRP1 CHEN et al.
[PRS313-sen1-K1788E] 2014

XCY280 MATa cupid ura3 his3 trpl lys2 ade2 leu2 senlA3::TRPI CHEN et al.
[PRS313-sen1-F1767L] 2014

UMY021 MATa cupi4 ura3 his3 trpl lys2 ade2 leu2 senlA3::TRP1 CHEN et al.
[pPRS313-sen1-R1850H] 2014

XCY296 MATa cupi4 ura3 his3 trpl lys2 ade2 leu2 senlA3::TRP1 CHEN et al.
[PRS313-sen1-W1166X] 2014
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CHAPTER 3: IDENTIFYING THE MINIMAL ESSENTIAL REGION OF SEN1 AND
THE EFFECTS CAUSED BY AOA2 DISEASE MUTATIONS ON SEN1-DEPENDENT

TERMINATION

This chapter is adapted from a research article published in Genetics (Chen et al., 2014). Ulrika
Mler created the DAB206 strain and helped make point mutations in SEN1, Kaitling Sundling

created the NHP6A-TagRFP-T/nat construct and | performed all the other studies.
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3.1 Introduction

To allow facile analysis of SEN1 and its mutant alleles in vivo, our lab created the
plasmid-shuffle yeast strain DAB206 (see Section 2.2). In this chapter, | describe using the
DAB206 strain to determine that the minimum essential region of Senl is the helicase domain
plus a flanking nuclear localization signal. Guided by the Upfl structure model, | showed that
the molecular defect underlying the nrd2-1 mutation (E1597K) of Senl is disruption of an
intradomain ionic bond with R1641. My studies strongly support the importance of the helicase
domain in Senl-dependent termination of Pol Il transcription.

The tractable genome, short generation time and facile genetic engineering tools available
make yeast ideal for modeling human diseases. In addition to the molecular mechanisms of
Senl-dependent termination, the yeast genetic system can also provide insights into the
pathogenesis of the neurodegenerative diseases co-segregating with mutations in SETX, the
human ortholog of yeast SEN1. As Senataxin has been implicated in Pol Il transcription
termination, one possible cause of the diseases is transcription termination defects due to
dysfunction of Senataxin and consequent changes in gene expression (SKOURTI-STATHAKI et al.
2011). In an attempt to assess effects of the neurodegenerative disease mutations in yeast, |
created the ones from the Senataxin helicase domain in Senlwith help from Ulrika MUler,
analyzed their effects in yeast, and found they cause a broad range of effects, including
termination defects.

3.2 The essential region of Senl corresponds closely to the helicase domain

Previous genetic studies of S. cerevisiae SEN1 used primarily chromosomal mutations

and tested a small number of alleles (WINEY and CULBERTSON 1988; STEINMETZ and BROw

1996; FINKEL et al. 2010). The essential chromosomal SEN1 gene was deleted previously
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(DEMARINI et al. 1992), but the complementing plasmid used, although functional, was
subsequently found to lack the SEN1 promoter, 5-UTR, and part of the protein-coding region.
To overcome the previous limitations and allow more facile analysis of mutant SEN1 alleles, our
lab created a yeast strain DAB206 bearing the wild-type SEN1 allele on a URA3-marked low-
copy plasmid, pRS316, that allows plasmid shuffle with a mutant allele (Figure 3.1A). |
confirmed that the expression level of plasmid-borne SENL1 in strain, DAB206, appears similar to
the level of expression of chromosomal SEN1 in its parental strain, 46a (Figure 3.1B). We chose
460, as the parent of DAB206 because its chromosomal CUP1 genes are deleted (Lesser and
Guthrie 1993), which allows the use of CUP1 reporter constructs to measure the extent of Senl-
dependent terminator read-through (Figures 3.1A, C and D). Although the CUP1 reporter assay
itself cannot distinguish increased terminator read-through from stabilization of a constitutive
read-through transcript, we previously used nuclear run-on and/or Pol Il chromatin
immunoprecipitation to show that Sen1-E1597K induces read-through of all three terminators
(CYC1, SNR47 and NRD1) used in the CUPL1 reporter assay (STEINMETZ et al. 2006b).

Since SENL1 is essential in yeast, the first question | wanted to address is what part of
Senl confers the required function. | used DAB206 to determine the minimal essential region of
the Senl protein. Previously, a plasmid lacking the promoter, 5-UTR, and first 975 codons of the
SEN1 gene was found to complement a heat-sensitive mutation in SEN1 (DEMARINI et al. 1992).
| further delineated the essential region of Senl by systematically deleting the N- and C-terminal
codons of the SEN1 ORF while leaving the first three codons and stop codon intact. For most
constructs, an additional alanine codon from the restriction digestion site is present between
codon 3 and the first downstream codon. Mutant SEN1 alleles were introduced into DAB206 in a

HIS3-marked, low copy-number pRS313 vector. Recessive viability of each mutant was
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FIGURE 3.1 A plasmid-based system for testing mutations in yeast SEN1. A) Schematic
work pipeline for the plasmid-shuffle yeast strain. The chromosomal SEN1 and CUP1 genes of
the strain DAB206 are disrupted, and the SEN1 deletion is complemented by pRS316-SEN1. A
plasmid-borne mutant SEN1 allele is transformed into DAB206, and the spontaneous loss of
pRS316-SENL1 is selected for by plating on medium containing 5-FOA. After transformation
with a terminator-reporter construct, terminator read-through can be assayed by plating on
medium containing copper sulfate, which is detoxified by the CUP1 gene product. B) Anti-Senl
helicase domain (HD) immunoblotting of cell extracts from strains with either chromosomal
(46alpha) or plasmid-borne (pRS313-SEN1) SEN1. Nrdl antiserum was used as a loading
control (bottom). C) Schematic of the ACT1-CUP1 construct for measuring terminator activity.
The wild-type and a read-through mutant sen1-E1597K bearing the SNR47 terminator-CUP1
reporter construct were assayed on medium containing 0.1 mM copper. D) Schematic of the
CUPL1 reporter for measuring attenuator activity. The wild-type and a read-through mutant sen1-
E1597K bearing the NRD1 attenuator-CUP1 reporter construct were assayed on medium

containing 0.2 mM copper.
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determined by plating transformants onto medium containing 5-FOA (Figure 3.2A). For viable
SEN1 mutants, their recessive growth phenotypes were scored at four temperatures: 16 <C, 23T,
30C and 37<C (Figure 3.2B).

Deletions of codons 4-964 and 4-1003 resulted in strong heat-sensitivity and mild cold-
sensitivity. N-terminal deletion through codon 1088 strongly increased the cold-sensitivity,
whereas deletion through codon 1134 is recessive lethal at 30<C. Senl 1089-2231 appeard to be
over-expressed in vivo (Figure 3.2C), suggesting either that Senl levels are autoregulated or that
the compromised function of the truncated protein at 30<C selects for cells that have amplified
the plasmid containing this allele. Deletion of the C-terminal 324 residues (codons 1908-2231)
caused only weak heat-sensitivity at 37<C (Figure 3.2B) and no obvious change in expression
level (Figure 3.2C). However, deletion of an additional 49 C-terminal codons (to codon 1858),
including the extreme C-terminus of the helicase domain, resulted in severe growth defects at all
temperatures tested.

When N- and C-terminal codon deletions were combined, we identified the minimal
length of the SEN1 ORF for viability, which includes codons 1004-1907 or 1089-1929 (Figure
3.2A). Both of these alleles confer strong cold and heat sensitivity (Figure 3.2B). Thus, the
essential region of Senl is ~900 amino acids long and corresponds closely to the helicase domain.
However, a construct with only the 819 residues present in both viable constructs (codons 1089-
1907; hereafter called "Sen1(HD)") is not sufficient, so an essential function is supplied by the
either the N- or C-terminal residues immediately flanking the helicase domain.

| transformed the CUP1 reporter constructs of the CYC1, SNR47 and NRD1 terminators
into the viable deletion strains to measure the extent of terminator read-through. Analysis of

copper sensitivity showed that viable deletions of the N- and C-terminal regions of Senl both
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FIGURE 3.2 The essential region of SEN1 closely corresponds to the helicase domain. A)
Schematic of the SEN1 alleles tested in this study and viability of the indicated alleles in the
haploid strains. Numbers indicate the amino acid residues present. B) Recessive growth
phenotypes of the truncated Senl alleles in a haploid strain. Eight-fold serial dilutions of cultures
(starting from O.D. = 1.0) were spotted on YEPD plates and incubated at 16, 23, 30 and 37<C. C)
Anti-Sen1(HD) immunoblot of cell extracts from haploid strains containing the indicated SEN1
alleles. Bands with the expected apparent molecular mass are indicated with asterisks. D)

Copper resistance assay for function of different terminators. Eight-fold serial dilutions of
cultures (starting from O.D. = 1.0) of strains containing the indicated SEN1 alleles and reporter
genes were spotted on synthetic complete medium with copper sulfate at the indicated

concentration and incubated at 30 <C.
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resulted in increased copper resistance indicating terminator read-through. The N-terminal
deletion exhibited stronger read-through on all three terminators tested, consistent with its more
severe high- and low-temperature growth defects (Figure 3.2D).

3.3 Nuclear localization of Sen1(HD) is required for cell viability

| sought to elucidate the essential function that is supplied by the residues flanking the
helicase domain. Residues 1862-2093 of Senl were previously shown to contain a functional
nuclear localization sequence (NLS) (URsIcC et al. 1995), the N-terminal border of which was
subsequently localized to residues 1890-1967 (NEDEA et al. 2008). Moreover, a bipartite NLS-
like sequence spans Senl residues 1908-1929 (DEMARINI et al. 1992), which corresponds to the
C-terminal essential flanking region (Figure 3.2A). | speculated that the flanking regions
function redundantly in targeting the helicase domain to the nucleus. To test this hypothesis, |
investigated localization of Senl1-GFP fusion proteins by fluorescent microscopy in the strain
XCY361, which contains an intact chromosomal SEN1 gene and RFP-labeled non-histone
protein 6A (Nhp6A-RFP) as a nuclear marker (Figure 3.3).

Consistent with a previous study (Ursic et al. 1995), | found that wild-type Senl-GFP
predominantly localizes to the nucleus (Figure 3.3A). | further showed that the putative bipartite
NLS is sufficient to direct nuclear localization, since GFP fused to Senl 1907-1929 concentrated
in the nucleus (Figure 3.3B). The subcellular distribution of Sen1(1089-1929)-GFP, which
contains the bona fide NLS, resembles that of wild-type Senl (Figure 3.3C). Sen1(HD)-GFP,
which contains only the helicase domain with no flanking sequences, displayed uniform
distribution throughout the cell, with no nuclear enrichment (Figure 3.3D). However, Sen1(1004-
1907)-GFP, which contains the helicase domain with N-terminal flanking sequence, exhibited

weak nuclear localization (Figure 3.3E). This result indicates the N-terminal flanking sequence
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FIGURE 3.3 N- and C-terminal flanking sequences localize the Senl helicase domain to the
nucleus. A-F) Diagrams of the Senl constructs are shown at left. The micrographs show
fluorescence of Sen1-GFP constructs (green) or Nhp6A-RFP (nuclear marker; red); differential
interference contrast (DIC) images of the cells are shown at right. The scale bar for A-F is 10 pm.
G) The images of representative cells show sub-nuclear localization of Sen1(1004-1907)-GFP
(green) and Nhp6A-RFP (red). The incomplete co-localization of the two proteins is revealed in
the merged images. Cells containing Sen1(1-2231)-GFP or Sen1(1089-1929)-GFP are shown on

the left for comparison. The scale bar is 2 pm.
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has weaker NLS activity than the C-terminal NLS. Nevertheless, either the N- or C-terminal
flanking sequence is able to direct sufficient Senl helicase core to the nucleus to support cell
viability at 30<C.

To test if nuclear localization is the only essential function of the flanking sequences, |
fused the SV40 NLS (PKKKRKVGIPQ) to the N-terminal end of Sen1(HD)-GFP. This fusion
construct efficiently localized to the nucleus (Figure 3.3F). However, a strain containing the
SV40 NLS-Sen1(HD) grew extremely slowly even at 30<C (Figure 3.2B). Therefore, while the
SV40 NLS can rescue Senl(HD) function, it does so much less efficiently than either the N-
terminal or C-terminal flanking sequences.

| noticed that the Senl1(1004-1907)-GFP signal and the Nhp6A-RFP signal tend to
segregate from one another within the nucleus, with the former exhibiting predominantly a
crescent-shaped distribution (Figure 3.3G). Such a distribution pattern was not observed with any
of the other Sen1-GFP constructs, suggesting a subnuclear, perhaps nucleolar, localization signal
exists in the N-terminal flanking region (see Chapter 3.8).

3.4 The sen1-E1597K substitution disrupts an intradomain salt bridge

Using a positive selection for Senl-dependent terminator read-through, Steinmetz and
Brow previously isolated the nrd2-1 allele of SEN1, which harbors the missense mutation
Glul1597 to Lys in the helicase domain (STEINMETZ and BRow 1996). This residue is adjacent to
Motif Il (Figure 3.1), which makes up part of the ATP-binding site, but the molecular defect of
the E1597K mutation was unknown. Since no structural information is available for the Senl
helicase domain, we used the yeast Upfl helicase domain as a structure model (CHAKRABARTI et
al. 2011). Based on sequence alignment (Figure 3.4), E1597 in Senl is equivalent to Upfl E579,

which forms a salt bridge with R623 in Upfl that likely stabilizes the 1A domain (Figure 3.5A).
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FIGURE 3.4 Sequence alignment between the S. cerevisiae Senl and Upfl helicase
domains. The identical and similar residues are highlighted in yellow. Substitutions of Sen1:
L1517P, E1597K (nrd2-1), R1641E, F1742L, G1747D (senl-1), K1761R and T1819A, are
highlighted in red. E1597, R1641, G1747 and T1819 in Senl are equivalent to E579, R623,

G727 and T800 in Upfl.
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FIGURE 3.5 The sen1-E1597K mutation disrupts an intradomain salt bridge. A) Predicted
hydrogen bond between Upfl residues E579 and R623 in the helicase domain crystal structure
(PDB 2XZL, visualized by PyMOL, DeLano Scientific LLC). B) Growth phenotypes of strains
containing the indicated SEN1 alleles at permissive (30<C) and semi-permissive (33.5<C)
temperatures after eight-fold serial dilution and spotting on YEPD plates. C) Copper resistance
assay for terminator function. Strains containing the indicated SEN1 alleles and either the CYC1
or SNR47 reporter construct were serially diluted eight-fold, spotted on synthetic complete

medium with 0.1 mM copper sulfate and incubated at 30<C.
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Upfl R623 aligns with R1641 in Senl, so this salt bridge may be conserved in Senl.

To test whether the molecular defect of sen1-E1597K is disruption of the putative salt
bridge, we introduced a R1641E substitution. If the proposed salt bridge exists, sen1-R1641E and
-E1597K should exhibit the same defects by breaking this salt bridge, but in combination they
should suppress such defects by mutually restoring the salt bridge. As shown in Figures 3.5B and
3.5C, R1641E alone conferred heat-sensitivity and terminator read-through phenotypes similar to
those caused by E1597K. Moreover, the E1597K/R1641E double mutant was less heat-sensitive
than either single mutant and exhibited no terminator read-through. These results support our
hypothesis that the nrd2-1 mutation disrupts a glutamate-arginine salt bridge between residues
E1597 and R1641 that can be functionally replaced by a lysine-glutamate salt bridge. The
success of this structure-guided mutational analysis demonstrates the utility of the Upfl helicase
domain structure as a predictive model for the Senl helicase domain structure, at least in the 1A
and 2A domains, where the proteins are the most similar.

3.5 The human ortholog, SETX, cannot functionally replace yeast SEN1

Because mutations in SETX co-segregate with the neurodegenerative diseases AOA2 and
ALS4, | wondered if the DAB206 strain can be used to study SETX and its relationship with the
diseases. Initially, | attempted to replace yeast SEN1 with human SETX, so that effects of the
SETX disease mutations can be tested in yeast. | first tried to complement the SEN1-deletion in
DAB206 with pRS313-SEN1/SETXORF or pRS313-SEN1/SET Xhelicase, in which the entire
protein-coding region or just the helicase domain of SEN1, respectively, is replaced with the
corresponding regions of the SETX cDNA. However, the resulting strains did not grow on media
containing 5-FOA, indicating that neither the entire SETX ORF nor its helicase domain can

functionally replace their counterparts in SEN1, at least at the tested temperature of 30<€.
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| further tested more SEN1/SETX chimeric constructs with the Senl helicase domain
only partially replaced, since changing the entire helicase domain did not result in functional
protein. The chimeric constructs include replacing SEN1's Rec1A domain, Rec2A domain,
insertion domain 1B, insertion domain 1C, and both insertion domains with their counterparts in
SETX. However, none of these chimeric constructs render viability either. Therefore, even
though the helicase domains are highly conserved between Senl and Senataxin, they may carry
required sequences that have evolved differently between yeast and human.
3.6 AOAZ2 disease mutations in yeast SEN1 cause growth defects and terminator read-
through

Because replacing Senl with SETX or its chimeric constructs cannot render viability in
yeast, | sought to characterize the disease mutations in the context of Senl. This approach is
restricted to the helicase domain as it is the only region where the sequence similarity is high
enough to allow unambiguous identification of homologous residues. Among the 50 currently-
identified missense mutations that co-segregate with AOA2 or ALS4, 28 are located in the
Senataxin helicase domain (Table 3.1). Most AOA2 mutations in the helicase domain are in
residues conserved in Senl. In contrast, the two ALS4 mutations in the Senataxin helicase
domain (R2136C and R2136H) are in a conserved residue that is not conserved in Senl, so they
cannot be tested in Senl (Figure 3.6).

| introduced 13 AOA2 mutations at analogous residues in Senl and characterized their
effects in vivo (Figure 3.6, Table 3.2). Wild-type Senl and the two previously isolated mutations,
E1597K and G1747D, were included for comparison. Plasmid-borne mutant SEN1 alleles were
transformed into the haploid yeast strain DAB206 to make merodiploid strains and observe their

dominant effects. All 13 merodiploid strains were viable and grew normally at 30<C, indicating



TABLE 3.1 Previously reported missense mutations of ALS4 and AOA2
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Location Disease substitution Disease
T3l (CHEN et al. 2004) ALS4

E65K (DUQUETTE et al. 2005) AOA2

M274V (DATTA and HOHLER 2013) AOA2

M2741 (AsAKA et al. 2006) AOA2

W305C (MOREIRA et al. 2004; HAMMER et al. 2012) AOA2

P311L (BERNARD et al. 2008) AOA2

I1331K (NANETTI et al. 2013) AOA2

R332W (MOREIRA et al. 2004) AOA2

L389S (CHEN et al. 2004; RUDNIK-SCHONEBORN et al. 2012) ALS4

P413L (MOREIRA et al. 2004) AOA2

N-terminal H435R (FOGEL and PERLMAN 2006) AOA2
domain 1466M (DAviIS et al. 2013) AOA2
H469R (CRriscuoLo et al. 2006) AOA2

P496L (NANETTI et al. 2013) AOA2

N563S (PiLuso et al. 2011) AOA2

A569C (GHROODA et al. 2012) AOA2

N603D (BAssuK et al. 2007) AOA2

Q653K (BAssuUK et al. 2007) AOA2

V891A (RUDNIK-SCHONEBORN et al. 2012) AOA2

T918I (VANTAGGIATO et al. 2013) AOA2

R1294C (ASAKA et al. 2006) AOA2

P1503T (VANTAGGIATO et al. 2013) AOA2

F1756S (MOREIRA et al. 2004) AOA2

P1805S (ANHEIM et al. 2009) AOA2

A1945P (FOGEL and PERLMAN 2006) AOA2

L1976R (DUQUETTE et al. 2005; DATTA and HOHLER 2013) AOA2

Helicase L1977F (ASAKA et al. 2006) AOA2
domain C2006Y (ANHEIM et al. 2009) AOA2
N2010S (ANHEIM et al. 2009) AOA2

N2037D (FOGEL ET AL. 2014) AOA2

R2136H (CHEN et al. 2004) ALS4

R2136C (SAIGA et al. 2012) ALS4

L2155W (BERNARD et al. 2008) AOA2




12179S (FOGEL et al. 2014)
H2197R (FOGEL and PERLMAN 2006; ANHEIM et al. 2009)
D2207V (BERNARD et al. 2008)
P2213L (MOREIRA et al. 2004; NANETTI et al. 2013)
M2229T (NANETTI et al. 2013)
12264M (ANHEIM et al. 2009)
F2363L (ANHEIM et al. 2009)
P2368R (FOGEL and PERLMAN 2006)
T2373P (BERNARD et al. 2008)
R2380G (ANHEIM et al. 2009)
R2380W (HAMMER et al. 2012)
R2380Q (ANHEIM et al. 2009)
K2382E (BERNARD et al. 2008)
12386T (ANHEIM et al. 2009)
R2414Q (BERNARD et al. 2008)
R2444H (BERNARD et al. 2008; ANHEIM et al. 2009;

GAZzZULLA et al. 2010)
R2444C (BERNARD et al. 2008)

AOA2
AOA2
AOA2
AOA2
AOA2
AOA2
AOA2
AOA2
AOA2
AOA2
AOA2
AOA2
AOA2
AOA2
AOA2

AOA2

AOA2
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FIGURE 3.6 Sequence alignment between the Senl and Senataxin helicase domains. The
identical and similar residues are highlighted in yellow. Senataxin disease mutant residues are
indicated (AOAZ2: red, ALS4: green) with their disease substitutions below. The asterisks

indicate the mutations tested in this study.
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TABLE 3.2 Summary of the growth phenotype of the haploid AOA2 mutants and their

read-through level

Mutation Growth Mutation Max. viable Cu concentration (mM)®
(Senl) phenotype® | (Senataxin) NRD1 SNR47 CYC1
None Normal N/A 0.60 0.02 0.04
E1597K H.S. N/A 1.20 0.60 0.20
G1747D H.S. N/A 1.00 0.30 0.30
T1819A H.S./C.S. N/A 1.20 1.00 0.80
11370R Lethal © L1976R - - -
C1409Y Lethal C2006Y - - -
L1569W Lethal L2155W - - -
D1616V Lethal D2207V - - -
P1622L Lethal P2213L - - -
R1820Q Lethal R2414Q - - -
W1166S H.S. F1756S 1.00 0.02 0.04
11371F H.S. L1977F 0.50 0.02 0.02
N1413S H.S. N2010S 0.80 0.04 0.04
T1779P H.S. T2373P 1.00 0.20 0.04
K1788E H.S. K2382E 1.20 0.02 0.04
F1767L Normal F2363L 0.50 0.02 0.02
R1850H Normal R2444H 0.60 0.02 0.02

8 H.S. = heat sensitive; C.S. = cold sensitive; Lethal = recessive lethal.
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The read-through level of each mutant is represented by its maximum viable copper

concentration. Concentrations more than 0.1 mM higher than that of wild-type are considered as

read-through and highlighted in underlined bold font.

¢ Viable haploid strain was obtained on medium containing 5-FOA at 23<C but not 30<C.
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that none of the disease alleles exhibit a dominant growth defect at this temperature. The
merodiploid strains were then grown in medium containing uracil and plated on medium
containing 5-FOA to select for clones that had lost the URA3-marked plasmid harboring the
wild-type SEN1 allele. Six of 13 AOA2 mutants (Table 3.2, Figure 3.7A) did not grow on
medium containing 5-FOA at 30<C, indicating that these AOA2 mutations render Senl inactive
for an essential function at this temperature. When these six alleles were tested for a dominant
effect on read-through of the SNR47 terminator, five exhibited sSnoRNA terminator read-through,
with sen1-11370R being the only exception (Figure 3.7B). Thus, these five non-functional AOA2
mutant Senl proteins inhibit the function of the wild-type protein on the SNR47 terminator, and
therefore must accumulate to an appreciable level. In contrast, given that the 11370R substitution
replaces a buried hydrophobic residue with a charged residue, it could potentially result in
protein misfolding and decreased thermostability, which would preclude a dominant effect on
wild-type Senl. Indeed, | found that the merodiploid strain with the 11370R substitution, but not
the other recessively inviable ones, can grow on medium containing 5-FOA at 23<C, and the
11370R haploid mutant showed slow growth at 30<C compared to other viable strains (Figure
3.7C). The growth defect of 11370R at 30<C may be exacerbated on minimal medium containing
5-FOA, therefore prevented the haploid founder strain from growing under this condition.

All of the viable haploid mutants selected at 30<C grew similarly to the wild-type Senl
strain at 16<C, 23<C, and 30<C, but five of them displayed some degree of heat-sensitivity at
37 (Figures 3.8A and 3.8B). The W1166S substitution displays the strongest defect, followed
by T1779P, then 11371F, N1413S and K1788E with minor growth defects. F1767L and R1850H
exhibited no temperature sensitivity. In summary, the severity of the AOA2 mutations in Senl is

variable. Of the 13 mutants we tested, six of them are recessive lethal and another five cause
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FIGURE 3.7 A subset of AOA2-associated substitutions in Senl are recessive lethal and
cause dominant terminator read-through. A) Locations of the 30 <C recessive lethal mutations
modeled on the structure of the Upfl helicase domain. B) Copper resistance assay for SNR47
terminator function. Cultures of the merodiploid strains containing the chromosomal wild-type
SEN1 and the indicated plasmid-borne SEN1 alleles were serially diluted eight-fold, spotted on
synthetic complete medium with 0.3 mM copper sulfate, and incubated at 30<C. C) Growth
phenotypes at 16, 23, 30 and 37<C of the haploid wild-type and Senl mutants harboring the

indicated substitutions after eight-fold serial dilution on YEPD medium.



1in 1A domain 2A domain
1C domain
RNA ATP AOA2 mutations

C

haploid WT
haploid E1597L

haploid 11370R KK I U @ >

merodiploid WT

SNR47 terminator

haploid E1597K K

merodiploid E1597K
merodiploid C1409Y
merodiploid L1569W
merodiploid D1616V
merodiploid P1622L
merodiploid R1820Q

merodiploid WT

merodiploid 11370R
merodiploid C1409Y

71



72

FIGURE 3.8 Some viable AOA2-associated substitutions in Senl confer heat-sensitivity. A)
Locations of viable AOA2-associated substitutions modeled on the Upfl helicase domain. The
position of W1166 is not shown since a homologous residue could not be identified in Upfl. B)
Growth phenotypes at 16, 23, 30 and 37<C of the haploid Senl mutants harboring AOA2

substitutions after eight-fold serial dilution on YEPD medium.
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detectable heat-sensitivity.

We next tested if the viable AOA2 mutations cause defects in Senl-dependent
transcription termination. The haploid mutant strains were characterized in the copper resistance
assay using the SNR47, CYC1 and NRD1 terminators. The viable mutants exhibited different
levels of copper resistance (Table 3.2). Four out of five heat-sensitive AOA2 mutants, senl-
W1166S, N1413S, T1779P and K1788E, caused read-through of one or more terminators used in
our assay, and the rest of the mutants showed no read-through effects. The terminators responded
differently to the read-through mutants. The NRD1 attenuator was responsive to all four AOA2
read-through mutants, with sen1-N1413S showing less read-through than the other three. Only
senl-T1779P caused SNR47 terminator read-through, and no read-through of the CYC1
terminator was observed in any of the AOA2 mutants. None of the AOA2 mutants caused read-
through of SNR47 or CYC1 terminators to the levels of the previously isolated read-through
mutant sen1-E1597K. In contrast, the founder senl-1 mutation, G1747D, exhibits read-through
similar to the nrd2-1 mutant, consistent with its defect in pre-tRNA splicing being an indirect
effect of transcriptional read-through (WINEY and CULBERTSON 1988; STEINMETZ et al. 2001).
3.7 AOA2 mutations in Senl induce terminator read-through at the NRD1 and SNR47 loci

Since the SNR47 terminator and NRD1 attenuator are in an artificial context in their
respective CUP1 reporter genes, we sought to determine if termination defects also occur at the
corresponding genomic loci in the presence of the AOA2 mutations. The strains carrying
plasmid-borne wild-type SEN1, sen1-E1597K, -W1166S, -T1779P or -K1788E were chosen for
analysis by Northern blotting. All the cultures were shifted from 30<€ to 37<€ for one hour
before RNA extraction to enhance the defects from the mutants.

The Northern blot results are shown in Figure 3.9A and quantified in Figure 3.9B.
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Previously, the chromosomal nrd2-1 mutant (senl-E1597K) was found to accumulate excess
NRD1 mRNA (due to read-through of the attenuator) and extended SNR47 transcripts
(STEINMETZ et al. 2001). We observed similar results with the plasmid-borne sen1-E1597K allele.
Terminator read-through at these loci was also observed in some of the disease mutants. For the
NRD1 gene (Figures 3.9A and 3.9B, left panel), a small increase in transcripts in the senl-
W1166S and -T1779P strains implies decreased transcription attenuation. We did not observe
excess NRD1 mRNA in the senl1-K1788E strain despite its strong copper resistance in the
presence of the NRD1/CUP1 reporter gene (Table 3.2). This inconsistency could be explained by
the fact that the endogenous NRD1 attenuator extends well into the Nrd1 coding region (ARIGO
et al. 2006a), which is not included in the NRD1/CUP1 fusion construct. K1788E may promote
read-through of the truncated NRD1 attenuator present in the reporter construct, but not the
complete attenuator present at the endogenous NRD1 locus.

For the SNR47 locus (Figures 3.9A and 3.9B, right panel), accumulation of SNR47-
YDRO042C read-through transcripts were observed in the sen1-W1166S and T1779P mutants but
not in sen1-K1788E. T1779P caused strong read-through of SNR47 to a level similar to E1597K.
Modestly elevated read-through of SNR47 in the senl-W1166S strain was detected in the
Northern blot assay but not in the copper resistance assay, perhaps because this mutant protein is
sensitive to increased temperature and RNA was prepared after a shift to 37<€, while the copper
resistance assay was done at 30%€. In summary, our Northern blotting assays revealed
termination defects caused by the AOA2 mutants at the endogenous loci, which in general agree
with our CUP1 reporter results.

3.8 Discussion

Several different functions in DNA and RNA transactions have been attributed to the
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FIGURE 3.9 Terminator read-through of endogenous NRD1 and SNR47 transcripts in
AOAZ2 mutant strains. A) Total RNA from haploid strains harboring the indicated SEN1 alleles
was resolved on denaturing agarose gels. The amplicons used as probes are indicated by the bars
above the gene maps, and the arrows mark the transcription orientation. The numbers to the left
of the blots represent the length in nucleotides of the RNA marker bands. The positions of the
NRD1, SNR47, and SNR47-YDRO42C read-through transcript (SNR47-extend) bands are
indicated. Ethidium bromide stain of the portion of the filter containing the large and small
ribosomal RNAs is shown below the blots. B) Quantification of the NRD1 and SNR47-extended
transcripts. The RNA abundance in each sample relative to the wild-type (100%) was calculated
and averaged. Each experiment was performed twice with independent RNA extracts. The error

bars indicate the range.
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essential yeast Senl protein and its human homolog, Senataxin (BRow 2011). In this chapter, |
described in vivo studies of the structure-function relationships in Senl using our yeast genetic
system, and address several open questions regarding the essential helicase domain of Senl and
the effects caused by the human neurodegenerative disease mutations.

Multiple domains of Senl are involved in transcription termination

Only two conditional-lethal missense mutations (E1597K and G1747D) in conserved
residues of the Senl helicase domain have previously been identified (DEMARINI et al. 1992;
STEINMETZ and BRow 1996). My study has greatly expanded the pool of such missense
mutations for elucidating the function of Senl and its helicase domain. Most of the missense
mutations cause read-through of certain transcription terminators by Pol II, indicating the
important role of the helicase domain in transcription termination.

My deletion analysis showed that nuclear localization of the Senl helicase domain is
sufficient for viability, but that efficient transcription termination and normal growth at a range
of temperatures also requires the N- and C-terminal domains of Senl (Figure 3.3D). The strong
read-through effects of Senl 965-2231 agree with the previous observation that the N-terminal
part of Senl interacts with the Ser2-phosphorylated CTD, and impairment of this interaction by
the mutation R302W decreases Senl occupancy on non-coding RNA genes (CHINCHILLA et al.
2012). Therefore, deleting the N-terminal region could dissociate Senl from the Pol Il CTD,
rendering it unable to efficiently recognize terminators. The C-terminal deletion of Senl (Senl 1-
1907) resulted in read-through of the NRD1 attenuator. This could be caused by disrupting its
interaction with Nab3 or other termination factors, such as the phosphatase Glc7 (NEDEA et al.
2008). However, | only observed moderate read-through in this deletion mutant strain,

suggesting the interactions occurring in the C-terminal end are not critical for snoRNA
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termination or are functionally redundant.

By tracking Senl1-GFP fusion proteins in merodiploid strains (Figure 3.4), we showed
that either the N- or C-terminal flanking region can target the Senl helicase domain to the
nucleus. The C-terminal flanking region contains a classical bipartite NLS that directs efficient
import and is likely recognized by importin-alpha (Srpl) (MARFORI et al. 2011). The N-terminal
flanking region does not contain a classical NLS and provides weak yet site-specific subnuclear
localization activity. The resulting subnuclear distribution pattern resembles the shape of the
nucleolus, which is not observed in the full length protein, suggesting a different mechanism for
the localization activity of the N-terminal flanking region. The importance of this region in Senl
has been revealed by our deletion analysis, as removing it strongly increased cold sensitivity
(Figure 3.3B). We hypothesize that the N-terminal flanking region interacts with snoRNP
proteins, which serves to bring it into the nucleus and localize it to the nucleolus. Such an
interaction is presumably more transient in full-length Senl, where it may serve to recruit Senl
to co-transcriptionally assembling snoRNPs, increasing the efficiency of transcription
termination on SNnoRNA genes (BALLARINO et al. 2005; YANG et al. 2005).

The heterologous SVV40 monopartite NLS directs very efficient nuclear localization of the
Sen1(HD), but results in very low viability. It is possible that a strong NLS at the N-terminus of
the helicase domain interferes with helicase function in some way.

Terminator read-through is a common effect of the AOA2 mutations in Senl

| tested thirteen AOA2 mutations from the Senataxin helicase domain in Senl, and 77%
(10 of 13) caused dominant or recessive terminator read-through (Figure 3.7B and Table 3.2),
indicating that defects in transcription termination is a common feature of AOA2 mutations in

yeast. The Upfl helicase domain structure provides insights into the molecular processes
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disrupted by the AOA2 mutations (Figures 3.7A and 3.8A). Some of the mutations that cause
read-through localize to the catalytic core and are expected to disrupt binding of nucleic acid
(N1413S and T1779P) or ATP (D1616V and R1820Q), or the coupling of these binding events
(P1622L) (FAIRMAN-WILLIAMS et al. 2010). Other mutations are in the hydrophobic cores of the
RecA domains (11370R, 11371F, C1409Y, L1569W and K1788E), and may alter the overall fold
of the helicase domain. No growth or termination defects were observed with the F1767L and
R1850H AOA2 mutations. These residues are on the exterior surface of the helicase domain and
may be involved in Senataxin-specific interactions.

In this study | examined the effects of SEN1 mutations on Pol Il termination. Functions
of Senl in other nuclear processes have been proposed, including Pol | transcription termination,
DNA repair, RNA processing and maintenance of genome stability (URsiC et al. 2004;
KAwAUCHI et al. 2008; FINKEL et al. 2010; MiscHo et al. 2011; ALzu et al. 2012). Defects in
the other processes may contribute to the growth defects we observed in the presence of the
AOAZ2 substitutions, and our system can further be adapted to study Senl in those processes.
Potential of yeast for identifying Senataxin disease variants

| tried to develop the yeast system for studying human diseases. Given that 2 of the 13
AOA2 mutations that we tested in Senl cause no growth or termination defect, our yeast genetic
system has a significant false negative rate in detecting disease-causing mutations in Senataxin.
To determine the false positive rate, | would need to test single nucleotide polymorphisms (SNPs)
in Senataxin that are known not to cause disease in humans and can be aligned accurately with
the Senl sequence. However, no such SNPs have been identified.

| further wondered if there is a correlation between the yeast growth phenotypes and the

severity of AOA2 mutations in human. As shown in Table 3.2, the tested AOA2 mutations were
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categorized into "lethal”, "heat sensitive™ and "normal™ groups based on their growth phenotypes
in yeast. Using published data, | determined the average age of onset and the average serum
alpha-fetoprotein (AFP) level for patients with the three observed combinations of alleles from
these three phenotypic groups, namely two normal alleles, two lethal alleles, and one each of the
heat-sensitive and lethal alleles (Table 3.3). For comparison, | also calculated average values for
patients who have two presumptive null alleles (nonsense mutation, frameshift mutation, or a
large deletion in the helicase domain). If the yeast phenotype were predictive of the human
disease severity, | would expect the individuals with two "normal” alleles to have a significantly
later age of onset and/or a lower serum AFP level. However, this analysis yielded no significant
difference (using a t-test with p < 0.05) in either the age of onset or AFP level between any two
of the yeast phenotype groupings. Therefore, although our yeast genetic system provides a
means for identifying potential disease-causing sequence variants in Senataxin, the severity of
AOA2 mutations in yeast shows no apparent correlation with severity in the AOA2 population
for which we could access clinical data.

Notably, | found that five recessive lethal AOA2 mutations exhibit dominant read-
through of the SNR47 terminator (Figure 3.7B). Whether the corresponding SETX alleles cause
any dominant effects in AOA2 carriers is not known. Although AOA2 is classified as a recessive
disorder, our results in yeast suggest that a carrier trait may be detectable at the molecular level.

While the utility of our yeast genetic system for the characterization of the phenotypic
consequences of human genetic variants is as yet uncertain, we have clearly established its utility
for investigating structure-function relationships in yeast Senl. More detailed analysis of the
effects of the AOA2 mutations in Senl, for example, by transcriptome studies, may yield insight

into the nature of the molecular defects that lead to the symptoms of AOA2.
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TABLE 3.3 Summary of the quantitative variables of the AOA2 patients

Patient group?

Average onset age +S.D.°

Average AFP +S.D.° (ng/mL)

Normal/Normal
H.S./Lethal
Lethal/Lethal
Null/Null

17.7 058 (3)
13.7 £4.94 (3)
14.3 +3.87 (17)
16.6 +4.63 (53)

67.7 £83.40 (3)
78.2 £58.85 (3)
19.3 +6.35 (3)

41.3 +28.46 (37)

% Patients were grouped based on the yeast growth phenotype of each of their two SETX

mutations; H.S. = heat sensitive; Lethal = recessive lethal.

®S.D. = Standard deviation; AFP = serum alpha-fetoprotein level.
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CHAPTER 4: TRANSCRIPTOME-WIDE ANALYSIS OF THE TARGETS AND
FUNCTIONAL RELATIONSHIPS OF SIX PROTEINS INVOLVED IN SEN1-

DEPENDENT TERMINATION

Contribution:
The total RNA preparations from the mutant strains above and their parental wild-type strains, as
well as the microarray hybridization and intial data analysis were performed by Kunal Poorey,
Melissa Wells, Stefan Bekiranov and David Auble, University of Virginia Health System,
Charlottesville (UVA). Raw microarray data were generated by the Microarray Core Facility at
UVA. The same RNA preparations were used for the Northern blot analyses except Section 4.7. |
performed all other analysis herein, with assistance from Ulrika MUler on some of the Northern

blots.
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4.1 Introduction

Efficient transcription termination by the Sen1 pathway relies on proper function of its
termination factors. Thus, to understand how the Senl machinery terminates transcription, it is
critical to identify the role of every component involved in this termination pathway and their
functional relationships. Senl-dependent termination factors have been shown to be
differentially required for termination of different genes. In a small scale test of HRP1, NRD1
and IMD2 attenuators using a reporter assay, our lab found that variable subsets of Senl-
dependent termination factors are required for efficient termination of these attenuators
(KUEHNER and BRow 2008). However, current studies of Senl-dependent termination tend to
ignore the differences between the termination factors. Without identifying the difference, the
analyses of only one or two factors can hardly reach a reliable, comprehensive understanding of
this pathway. To systematically understand the differential requirements for the Senl termination
machinery on different genes, we expanded the study to the genome scale. By utilizing
hypomorphic substitutions in the components of the Senl termination machinery, we sought to
identify the effects of each component on the yeast transcriptome and their relationships.

As introduced in Chapter 1, substitutions in Senl, Nrd1 and Nab3, which form the core
Senl termination complex, and the Pol Il C-terminal domain (CTD) Ser5 phosphatase Ssu72,
were shown to cause Senl-dependent termination read-through. Read-through mutations were
also identified in three other proteins- Rpb3, Rpb11 and Hrpl. Two of them, Rpb3 and Rpb11,
are the subunits of Pol Il, and form a heterodimer located opposite the site of Pol II's DNA entry
channel. The identified read-through substitutions in Rpb3 and Rpb11 cluster on a tiny portion
on the surface of Pol Il facing the nascent transcript (STEINMETZ et al. 2006a), suggesting the

Rpb3-Rpb11 heterodimer may interact with Senl termination factors on the nascent transcript.
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The nuclear RNA-binding protein Hrpl is a subunit of cleavage factor | and thought to function
primarily in cleavage and polyadenylation of the pre-mRNA 3’ end, and mRNA export (KESSLER
et al. 1997). A substitution in one of the two tandem RNA-recognition motifs (RRMs) of Hrpl
affects Senl-dependent attenuation of the HRP1 and NRD1 genes, implicating Hrpl as a Sen1-
dependent termination factor, at least on HRP1 and NRD1 (KUEHNER and BRow 2008).

The six haploid mutant strains used in this chapter are sen1-E1597K (originally called
nrd2-1), nrd1-V368G (nrd1-5), nab3-F371L/P374T (nab3-11), ssu72-G33A, rpb11-E108G and
hrp1-L205S (hrp1-5). The Nrd1, Nab3, Ssu72 and Hrpl mutants are derived from the wild-type
parental strain 460, while the Senl and Rpb11 mutants are from 46a. The genotypes of the
strains are listed in Section 2.2.

senl-E1597K, nrd1-V368G, ssu72-G33A and rpb11-E108G were obtained from previous
genetic selections by our lab, and they all exhibited defects in Senl-dependent termination
(STEINMETZ and BRow 1996; STEINMETZ and BRow 2003; STEINMETZ et al. 2006a). nab3-
F371L/P374T (nab3-11) and hrp1-L205S (hrpl-5) were identified by Conrad et al. and Kessler
et al., respectively (KESSLER et al. 1997; CONRAD et al. 2000). Plasmids carrying the NAB3 and
HRP1 mutant alleles were transformed into yeast, and both mutations were shown to cause read-
through of certain Senl-dependent terminators in vivo (KUEHNER and BRow 2008).

The E1597K substitution in Senl is located in its conserved helicase domain. It disrupts
an intradomain ionic bond between E1597 and R1641 (see Section 3.4), and therefore the
helicase-related activities. The RNA-binding proteins, Nrd1, Nab3 and Hrp1l, are all essential for
yeast cell viability, and substitutions in them are expected to interfere with their RNA-binding
abilities. Nrd1 and Nab3 each has an RRM, and the read-through substitutions V368G and

F371L/P374T are located in the RRMs of Nrd1 and Nab3 (Figures 4.1A and B), respectively.
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Although Nrd1 and Nab3 may bind to RNA via ways other than the canonical RRM-RNA
interaction, no RRM-independent RNA binding mechanism has been found in Nrd1 and Nab3
yet. In Nrd1, Bacikova et al. showed a helix-loop bundle domain of it and its RRM together can
sandwich the RNA, which may provide an alternative way for Nrd1 and its RNA substrate to
interact, but all the substitutions in the RRM they tested decreased the RNA binding affinity of
the alternative binding mode (BACIKOVA et al. 2014). Hrpl has two tandem RRMs, and the
substitution L205S is located in one of them (Figure 4.1 C).

All the six mutant strains exhibit a heat-sensitive growth phenotype, and rpb11-E108G
also shows cold-sensitivity at 16<€. In order to enhance the defects caused by these hypomorphic
mutations for later RNA analyses, the Auble lab conducted a temperature shift on the 30€
cultures of these mutants and their parent strains to 35<€ for 45 min before RNA extraction,
except for the rpb11-E108G strain. This strain exhibits mild growth defects at 30<€, and its
culture was not subjected to a temperature shift. A control culture of wild-type 46a strain was
prepared in the same conditions as rpb11-E108G. The RNA extraction procedure is described in
Section 2.5.

The raw microarray data were generated by the Microarray Core Facility at UVA. |
processed the raw data to acquire the "absolute™ and differential transcript level values of every
sample. The details of data acquisition are described in Section 2.8. Since the microarray data are
not strand-specific, | cannot discriminate transcripts and their changes of one strand from the
other, which is a major limitation of this study.

By investigating the functional transcriptome data, | identified surprisingly diverse
effects of the six components involved in Senl-dependent termination. The sen1-E1597K

substitution induces the strongest and broadest termination defects among the six proteins.
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FIGURE 4.1 Location of terminator read-through substitutions in the structures of the
RNA binding domains in S. cerevisiae Nrd1, Nab3 and Hrpl. The proteins are in green. The
residues where the substitutions reside are highlighted in red. RNA is in purple. A) Structure of
the Nrd1 helix-loop bundle and its RRM (BAcCIKOVA et al. 2014). B) Structure of the Nab3 RRM
with RNA (HoBoR et al. 2011). C) Structure of the two tandem RRMs in Hrpl with RNA

(PEREZ-CANADILLAS 2006).
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Pairwise correlation analyses show that transcriptome changes caused by substitutions in Senl,
Nrd1, Nab3 and Ssu72 are most highly correlated, consistent with the model that Sen1, Nrd1 and
Nab3 form the core termination complex, and the recruitment of the complex is mediated by the
phosphoralyted Pol II CTD. Senl appears to have a separate function that is different from Nrd1
and Nab3 but is affected by the substitution in Rpb11. Hrpl exhibits a moderate degree of
functional overlap with the Senl termination complex, but appears to be important for
transcription processivity on protein-coding genes. | confirmed that termination of small nuclear
(sn) and small nucleolar (sno) RNA genes are widely Sen1-dependent, but only a subset of these
genes is affected by substitutions in Nrd1 and Nab3. I also showed the Senl substitution
derepresses meiotic genes in vegetative cells, suggesting that Senl has an important role in
regulating the meiotic transcriptome. Taken together, the results suggest that Sen1-dependent
transcription termination is under complex, combinatorial control.
4.2 A substitution in the Senl helicase domain shows the highest magnitude read-through
effects over the transcriptome

By visually inspecting the transcriptome profiles, I noticed that different mutants
exhibited distinct changes in transcript level across the genome. As an example of transcript
changes across the genome in different mutants, the overview of Chromosome I is shown in
Figure 4.2. In brief, the Sen1 mutation induces transcript accumulation along major parts of this
chromosome. The Nrd1, Nab3 and Ssu72 mutants exhibit almost equal amounts of transcript
level increase and decrease. In contrast, the Rpb11 and Hrpl mutations predominantly increase
and decrease transcript levels of the entire chromosome, respectively.

In order to quantitatively evaluate the overall effects of each mutation on the

transcriptome, | calculated the average differential transcript level across the genome of each
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FIGURE 4.2 Overview of the transcript level of Chromosome | in wild-type and the
differential transcript levels in the six mutants. The black trace shows the absolute transcript
level in wild-type. The blue traces show the differential transcript levels in the indicated mutants.
The y-axes represent the transcript levels in the log2 scale. The genome coordinate is indicated
by the horizontal line at the bottom. The position of a transposable element is highlighted by a

red bar.
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mutant in relative to the matched wild-type strain (Table 4.1). If a protein normally serves to
restrict transcript accumulation (for example, by terminating transcription), 1 would expect to see
an overall increase in transcript accumulation in a decreased function mutant. The magnitude of
the change would reflect the importance of the protein in this process, the degree of the
functional decrease due to the mutation, and the number of targets of the pathway across the
genome.

The six mutants cause distinct changes on gene expression across the genome. The senl-
E1597K mutation causes the largest net increase in transcript accumulation genome-wide
(23.4%), followed by rpb11-E108G (12.9%) and ssu72-G33A (5.4%). The nab3-F371L/P374T
and nrd1-V368G mutations both resulted in a decrease of 8.7% and 11.8% respectively. In
contrast, the hrp1-L205S mutation strongly decreased global transcript accumulation by 44.8%. |
note that the magnitude of these changes may be underestimates due to the array normalization
process. Nevertheless, according to the global analysis, Senl (or at least its function that is
diminished by the mutation) generally restricts transcript accumulation, while Hrpl1 functions to
promote transcript accumulation. The other 4 proteins have less pronounced, but significant,
effects on net transcript accumulation.

4.3 Substitutions in Senl, Ssu72 and Hrpl cause uneven changes of transcript level along
the length of protein-coding genes

A gradual decrease of RNA level along the length of several protein-coding genes was
observed in the Hrplmutant by visual inspection. To see how the mutations affect transcript level
of protein-coding genes in general, | performed metagene analysis to systematically characterize
the transcript level changes on all protein-coding genes in the mutants. The coding region of

every protein-coding gene was evenly divided into 10 segments, and | calculated the average
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TABLE 4.1 Summary of the average gene expression fold changes across the genome of the

mutants

Mutant Mean of change (%) 95% confidence (%)
senl 23.4 4.1

rpbll 12.9 0.1

ssu7?2 5.4 4.1

nab3 -8.7 4.1
nrdl -11.8 4.1
hrpl -44.8 0.1
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differential fold change value of each segment, which represents the transcript level of this
segment in the mutant relative to wild-type. By setting the value of the segment next to the 5'-
UTR to 100%, I normalized the values of the remaining nine segments for every protein-coding
gene, and then calculated the average values of each of the 10 segments.

As shown in Figure 4.3, the transcript level changes throughout protein-coding genes are
always less than 10% in the Nrd1, Nab3 and Rpb11 mutants, indicating they do not have a strong
graduated effect on the transcript level along mMRNA genes in general. In the Senl mutant, there
is a significant increase of transcript level at the 3' end, in concert with the previous cross-linking
result showing Senl-enrichment at the 3' end of pre-mRNA transcripts (CREAMER et al. 2011).
This finding supports the proposed function of Senl in transcription termination of some protein-
coding genes. Alternatively, this increase may represent antisense transcripts that arise upon
dysfunction of Senl and accumulate around the 3' ends of protein-coding genes.

| observed a gradual decrease of transcript level along the length of mMRNA genes in the
Hrpl mutant. This finding is consistent with the observation that Hrpl depletion decreases the
transcript level of some protein-coding genes in vivo, which Tuck and Tollervery attributed to an
essential role of Hrpl in mRNA synthesis (Tuck and TOLLERVEY 2013). However, the decrease
caused by the mutation is inconsistent with the function of Hrpl in mRNA attenuation
(KUEHNER and Brow 2008). Since Hrp1l associates with not only the 3'-end poly(A) signals but
also throughout the promoters and transcribed regions of mRNA genes (KOMARNITSKY et al.
2000), the effect of decreasing transcript level caused by the Hrpl substitution suggests a role of
Hrpl in maintaining the transcription processivity of Pol 1l on mRNA genes. Nevertheless, the
mechanism underlying the decreasing effect is to be identified.

In contrast, the transcript level is gradually increased along the full-length of mMRNA
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FIGURE 4.3 Metagene profile shows effects of the six mutants on expression levels across
the coding region of mMRNA genes. The coding region of every mRNA gene was divided into
10 segments evenly, and the average transcript level of each fragment across all mRNA genes
was calculated. The values of all fragments are normalized to that of the fragment next to the 5'-
UTR, which is set to 100%. The y-axis shows the average expression level (in percentage) of
each fragment. The x axis is aligned to the schematic diagram of an mRNA coding gene. The

expression profiles in the six mutants are shown in different colors.
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genes in the Ssu72 mutant. Previously, Zhang et al. observed Pol 11 occupancy is lower during
early elongation of protein-coding genes in another phosphatase-defective Ssu72 mutant (ZHANG
et al. 2012). The gradually increasing distribution of Pol Il along the length of protein-coding
genes they observed resembles the pattern of transcript level change identified in our Ssu72
mutant. They proposed that inactivation of Ssu72 prevents the dephosphorylation of the CTD,
which impedes Pol 1l re-assembly into the promoter-bound preinitiation complex and thereby
decreases the reinitiation of the next round of transcription. However, what causes the uneven
increase of transcript level across the mRNA coding regions in the Ssu72 mutant is unclear. As
Ssu72 is a component of the cleavage/polyadenylation factor (CPF) and required for pre-mRNA
cleavage (HE et al. 2003), perhaps dysfunction of Ssu72 counteracts cleavage of the nascent
transcript at the internal poly(A) sites which decreases transcript level toward the 3' end.
Therefore, the transcript level in the mutant exhibits a gradual increase along the direction of
transcription relative to that in wild-type.
4.4 The transcripts affected by different mutants only partially overlap

While read-through of some Senl-dependent terminators was induced by most or all of
the substitutions, other terminators were responsive to only one or a few of them. Furthermore,
some changes in transcript accumulation induced by the mutations were not obviously related to
terminator read-through, such as the transcripts that are strongly up-regulated in the Rpb11 or
Hrpl mutant but not increased in the Senl, Nrd1 or Nab3 (components of the core termination
complex) mutants. To identify the functional convergence among the six proteins across the
genome, | calculated the degree to which changes in transcript level over each probe (5 base-pair

interval) are correlated for each pairwise combination of mutants (Table 4.2 and Figure 4.4).



TABLE 4.2 Summary of the Pearson's correlation coefficients of each pairwise

combination of mutants

Group Mutants Pearson's correlation

nrdl nab3 0.66

| senl nrdl 0.64
ssu72 nrdl 0.62

senl ssu72 0.62

senl nab3 0.61

I ssu72 nab3 0.52
nrdl hrpl 0.37

I nab3 hrpl 0.37
senl hrpl 0.35

vV senl rpb11l 0.34
ssu7?2 hrpl 0.24

v ssu7?2 rpb1l 0.21
nab3 rpb1l 0.17

vi nrdl rpb1l 0.12
hrpl rpb1l 0.08
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FIGURE 4.4 Scatter plots of fold change in transcript level relative to the wild-type. The
data points in the scatter plots represent the pairwise differential transcript levels (log2 scale) in
two mutants in ~5 base-pair increment across the genome. The x- and y-axes show the
differential transcript levels. Fifteen scatter plots cover all the possible pairwise combinations.
The equation of the linear regression line and the Pearson's correlation coefficient (R) are

indicated on every scatter plot. A smoothing window of 101 bp was used for these plots.
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According to the calculated Pearson's correlation coefficients, all the mutants are
positively correlated yet to different degrees, and | categorized their pairwise correlations into six
groups based on the correlation degrees and the constitutive factors.

Group I includes all the combinations among Senl, Nrd1 and Nab3, the three known
components of the core termination complex. The highest correlation is between the Nrd1 and
Nab3 mutants, which has a pairwise correlation coefficient of 0.66, consistent with the evidence
that they function in the form of heterodimer. The Senl mutant highly correlates with the Nrd1
mutant and the Nab3 mutant, with the pairwise correlation coefficients 0.64 and 0.61, which also
agrees with the model that the heterodimer of Nrd1 and Nab3 recruits Senl for termination. The
pairs of Sen1-Ssu72 and Nrd1-Ssu72 also fall into this group, and both have a pairwise
correlation coefficient of 0.62. This correlation agrees with the regulatory function of Ssu72's
phosphatase activity on the Pol Il CTD to mediate the recruitment of the Senl machinery, and
the interactions between the CTD and Senl or Nrd1 (STEINMETZ and BROw 1998; CONRAD et al.
2000; VASILIEVA et al. 2008; CHINCHILLA et al. 2012).

The pair of Nab3 and Ssu72 makes Group 11, with a pairwise correlation coefficient of
0.52. No direct interaction has been identified between Nab3 and the Pol Il CTD, which may
explain the lower correlation between Ssu72 and Nab3 than that between Ssu72 and Nrd1,
although Nrd1 and Nab3 are proposed to have similar function during Senl1-dependent
termination. The decreased correlation suggests that, in some cases, the CTD-regulated Sen1-
dependent termination does not require Nab3 or its RNA binding activity that is affected by the
substitution.

Group 11 includes the combinations between Hrpl and all three components of the core

termination complex (correlation coefficients 0.35-0.37). This moderate correlation suggests that
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Hrpl has a broad influence on Senl-dependent termination. A chromatin immunoprecipitation
experiment showed that Hrpl localizes to snoRNA genes (Kim et al. 2006). Tuck and Tollervey
found Hrpl is distributed over CUTs, and enriched at promoter-proximal regions of mMRNAs,
suggesting Hrpl could participate in the nuclear turnover of CUTs (Tuck and TOLLERVEY 2013).
In agreement with this hypothesis, Kuehner and Brow confirmed that the Hrp1 substitution
causes read-through of the HRP1 and NRD1 attenuators (KUEHNER and BRow 2008).

Group 1V is the pair of Senl and Rpb11. The correlation coefficient between these two
mutants (0.34) is higher than that between the Rpb11 mutant and the mutants of Nrd1 or Nab3
(0.12 or 0.17), suggesting that there is certain function of Senl and Pol Il that is independent of
Nrd1 and Nab3. Given the position of Rpb11 in Pol Il (STEINMETZ et al. 2006a), such function
may rely on the interaction between Senl and the Rpb11 subunit of Pol II. In fact, Senl may
recognize and bind to specific RNA sequences by itself. When purified from E. coli, the
recombinant Senl helicase domain was associated with short RNAs that are enriched for the tri-
nucleotide repeat (CAN), (S. Martin-Tumasz and D. Brow, unpublished data). The Nrd1- and
Nab3-indepedent RNA-binding ability of Senl may allow it to interact with Rpb11.

Group V includes the pair of Ssu72 and Hrpl mutants (correlation coefficient 0.24),
followed by the Ssu72 and Rpb11 combination (correlation coefficient 0.21). Because Ssu72 and
Hrp1l are both associated with the cleavage and polyadenylation machinery (KESSLER et al. 1997;
HE et al. 2003), the correlation between them probably reflects their involvement in mRNA 3'
end processing. On the other hand, the role of the CTD may contribute to the correlation between
Ssu72 and Rpb11. By regulating the phosphorylation state of the CTD (KRISHNAMURTHY et al.
2004), Ssu72 may be involved in the recruitment of Rpb11-interacting transcription factors.

Group VI is between the Rpb11 mutant and the mutants in Nab3, Nrd1 or Hrpl. The
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correlation coefficients are low (0.17, 0.12 and 0.08), suggesting the Rpb11 mutation affects
genes that are often not sensitive to the mutations of the other three, and vice versa.

4.5 A discrete loop pattern from the pairwise scatter plot facilitates transcription unit
identification

In addition to correlation coefficients, pairwise scatter plots with a large smoothing
window (500 bp) show an interesting feature, namely discrete loops that extend from the mass of
data points. These loops represent individual transcription units whose expression levels are most
significantly changed by one or both mutations.

In the case of the Senl vs. Rpb11 scatter plot (Figure 4.5A), most of the loops
corresponding to high differential expression in both mutants are SnoRNA gene terminator read-
through transcripts. However, the effect of the Rpb11 substitution on read-through of these
terminators varies from high in the case of SNR47 to low in the case of SNR10 (Figures 4.5A and
4.5B.1). Transcripts that are strongly decreased in the Senl mutant but not the Rpb11 mutant
include CWP1 (Figures 4.5A and 4.5B.ii). By Northern blot analysis using a strand-specific oligo
probe, I confirmed the CWPL1 levels are decreased in the Senl, Ssu72 and Hrpl mutants (Figure
4.5D), which is consistent with the transcriptome data. What causes the decrease of CWP1 level?
Upon dysfunction of Senl, transcripts from terminator read-through of CWP2 or initiation from
the CWP1-CWP2 intergenic region may decrease the CWP1 level by promoter occlusion.
However, my Northern blot analysis using strand-specific oligo probes did not detect either
CWP2 read-through or increased promiscuous transcript from the intergenic region (Figure 4.5E).

There are genes whose transcripts accumulated to a higher level in the Rpb11 mutant than
the Senl1 mutant, such as FLO1 (Figures 4.5A and 4.5B.iii), which promotes flocculation. The

increased expression of the FLO1 gene is accompanied by flocculation in the Rpb11 mutant
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FIGURE 4.5 Discrete loops in the pairwise scatter plots reveal transcription units that are
significantly affected by the substitutions. A) Scatter plot of log2 fold change in transcript
level relative to the wild-type over every ~5 base-pair interval in the Senl mutant (x-axis) vs. the
Rpbl1l mutant (y-axis) using a 500 bp smoothing window. Loops are labeled according to the
associated transcription units, and the highlighted color loops are presented in 4.4B. B) Changes
in transcript level of the highlighted transcription units in all six mutants. The colored bars
indicate the genome location of the corresponding loops in Panel A. The blue traces represent
the differential transcript levels in the indicated mutants, and the black traces represent the
absolute transcript level in wild-type. The annotated transcription units are indicated by the black
bars. Transcription units on the Watson stand are above the chromosomal line and on the Crick
strand are below. C) The rpb11-E108G mutant (right) exhibits a strong flocculation phenotype
compared to the wild-type (left) in YEPD medium. D), E) and F) Total RNA from haploid
strains harboring wild-type alleles (WT) or the indicated mutant alleles was resolved on
denaturing agarose gels and detected by the CWP1, CWP2 and FLO1 oligo probes. The numbers
to the left of the blots represent the length in nucleotides of RNA marker bands. The positions of
the CWP1 and FLOL1 transcript bands are indicated by the asterisk. Ethidium bromide stain of

the portion of the filter containing the large and small ribosomal RNAs is shown below the blots.
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(Figures 4.5C). The increased FLOL1 levels in the Senl and Rpb11 mutants were confirmed by
Northern blot analysis using a strand-specific oligo probe (Figure 4.5F). The Rpb11 mutant also
decreased the expression of every gene in the arginine synthesis pathway, including ARG3
(Figures 4.5A and 4.5B.iv). The two repressible acid phosphatase paralogs, PHO11 and PHO12,
both exhibited decreased mMRNA levels in response to all six mutations (Figures 4.5A and
4.5B.v).
4.6 sn/snoRNA genes exhibit differential sensitivity to substitutions in the six Senl-
dependent termination-related proteins

A primary target of Senl-dependent termination is sn/snoRNA genes. To see how the
read-through substitutions in the six proteins affect termination of these genes, | quantified
sn/snoRNA gene transcription termination efficiency in wild-type and mutant strains. The
percentage read-through ratio is calculated by dividing the average transcript level in a 50 base-
pair window downstream of the gene by the average level of the entire sn/snoRNA itself and
multiplying by 100%. The percentage differential read-through ratio between the mutant and its
wild-type control (read-through ratio in mutant subtracted by read-through ratio in WT) was
calculated for each gene to quantify the read-through effect of this mutation on every sn/snoRNA
gene (Table 4.3). In principle, a read-through ratio of 100% indicates no termination, while 0%
differential read-through ratio means no termination defect. | excluded from the analysis
sn/snoRNA genes with closely adjacent or overlapping transcription units at their 3' ends,
leaving 48 Pol Il-transcribed genes (or poly-cistronic gene clusters) with sufficient signal quality
for the read-through ratio analysis. In some cases, the differential read-through ratio is above
100%, which may be due to antisense transcripts accumulating near the 3' ends of the

sn/snoRNA genes in the mutants.
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TABLE 4.3 Summary of the differential read-through ratio (%) of sn/snoRNA genes in the

six mutants.

SNR senl ? nrd1 ® nab3 ssu72 ® rpb11 ? hrp1
SNR33 342.00 91.84 55.18 253.01 143.24 55.28
SNR48 236.27 94.56 178.67 89.58 39.32 18.01
SNR161 231.51 223.36 212.37 148.84 35.16 112.28
SNR31 175.48 24,73 18.91 29.31 -2.15 23.18
SNR79 162.34 7.37 62.63 39.43 12.71 9.31
SNR80 161.12 60.90 81.84 115.87 36.91 140.46
SNR51 137.87 16.99 -2.67 141.70 48.38 34.35
SNR47 131.89 28.24 86.95 58.17 36.07 11.44
SNR82 124.83 41.30 14.26 45.11 57.60 87.55
SNR37 109.78 13.62 20.84 9.08 0.80 1.82
SNR61 106.65 -5.08 14.87 42.45 4,78 40.81
SNR50 106.12 9.72 6.41 38.01 6.17 7.21
SNR85 98.99 -2.51 1.45 10.06 -0.24 -0.84
SNR87 86.90 -16.44 37.79 71.02 21.89 -49.28
SNR72 85.43 -10.29 12.56 39.28 60.65 -9.02
SNR34 82.83 33.41 43.59 7.75 4.89 2.64
SNR64 74.69 32.90 21.55 34.52 7.97 2.18
SNR11 72.94 34.20 4.61 32.55 8.10 9.64
SNR42 69.46 38.83 35.94 58.68 -14.24 62.41
SNR45 68.59 6.12 17.20 2.31 4.43 -3.91
SNR81 67.01 6.63 13.98 38.26 10.53 -0.02

SNR3 66.68 16.01 59.17 9.63 5.76 -3.95
SNR13 66.60 44.05 32.55 33.98 5.87 1.45
SNR189 62.67 0.33 7.24 27.15 9.35 -0.38
SNR39B 60.33 3.97 0.81 9.75 1.46 -0.49
SNR35 57.01 15.59 2.20 11.27 -1.08 7.51
SNR49 46.84 42.25 10.06 -116.76 -85.00 209.31
SNR69 45.31 26.09 31.69 22.07 6.40 48.53
SNR128 39.21 2.04 10.00 4.80 2.34 -0.22
SNR32 39.01 5.49 5.85 2.98 5.86 1.69
SNR71 38.21 25.25 45.31 37.93 19.15 31.88

SNR14(U4) 36.37 48.92 21.03 25.58 -10.66 -14.27

SNRS8 35.80 0.05 0.75 3.99 2.71 -0.06

SNR5 34.22 14.96 13.92 19.12 8.45 3.80
SNR10 28.48 10.96 -341 474 3.24 -7.63

SNR4 23.90 10.03 17.31 15.95 4,12 10.58
SNR30 23.65 5.93 2.96 0.84 1.26 0.49
SNR46 15.57 414 3.59 2.50 2.06 -1.26
SNR84 15.29 10.56 20.96 11.10 -4.61 19.95
SNR86 12.17 2.31 -1.18 4.47 -1.97 -2.03
SNR63 8.02 10.88 -3.81 6.07 -0.11 -3.21
SNR17b 7.14 9.92 -1.49 492 -1.82 -0.25

SNR7 (U5) 5.85 1.82 14.10 0.50 -0.22 -0.97
SNR19(U1) 3.50 1.72 1.15 3.02 0.45 0.10
SNR17a 3.41 1.43 1.01 2.02 0.70 0.27
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SNR83
SNR40
SNR20(U2)

3.30
2.89
-0.24

1.43
0.08
-0.42

-0.70
-0.17
-1.24

-0.08
0.64
-0.21

-0.23
4.40
-2.80

-2.47
0.29
-3.62

. Differential read-through ratios more than 10% are considered as termination defects and

highlighted in bold font.
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To highlight significant termination defects, | consider over 10% differential read-through ratio
bone fide termination defect. According to this criterion, 42 Pol Il-transcribed sn/snoRNA genes
showed termination defects in at least one mutant (see Figure 4.6A, where yellow squares
indicate termination defects). Efficient termination of sn/snoRNA genes exhibited differential
factor requirement. For instance, termination of SNR47 is read-through in all the mutants, but to
varying degrees (Figure 4.6B, top). Indeed, extended transcripts of SNR47 were detected by
Northern blot in all the mutants except Hrpl (Figure 4.6C, top), where the false positive result
may be caused by decreased expression of the snoRNA itself. In contrast, both the transcriptome
data and the Northern blot analysis showed that termination of SNR39B is only defective in the
Senl mutant (Figures 4.6B and C, bottom). Notably, on both SNR47 and SNR39B blots,
intermediate bands with sizes between the mature snoRNAs and the extended products
terminated at the downstream mRNA genes' poly(A) sites were observed. As there are intergenic
poly(A) sites between the snoRNA genes and their downstream mRNA genes (OzSOLAK et al.
2010), the intermediate products are likely to represent the sSnoRNA extended transcripts that
pass the Senl terminators but stop at the intergenic poly(A) sites.

Among the six mutants, the Sen1 mutant showed the broadest influence, causing
termination defects on 40 Pol ll-transcribed sn/snoRNA genes (Figure 4.6A and Table 4.3),
including both H/ACA box snoRNAs and C/D box snoRNAs. This finding argues against the
reported target preference of Senl for H/ACA box snoRNA genes over C/D box snoRNA genes
based on the Senl occupancy (JAMONNAK et al. 2011). The only snRNA gene that exhibited a
termination defect in the Sen1 mutant is SNR14. Consistent with this finding, Senl-dependent
terminator elements have been identified downstream of this ShARNA gene previously, about 380

base pairs away from its transcription start site (STEINMETZ et al. 2001).
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FIGURE 4.6 Effects of the six mutations on transcription termination of sn/snoRNA genes.
A) A heat map summarizing the differential read-through ratio of indicated sn/snoRNA genes in
the six mutants ranked from high to low according to the differential read-through value in the
Senl mutant. The genes that are specifically mentioned in Section 4.7 are indicated by arrows. B)
Termination read-through of SNR47 and SNR39B in all six mutants. The black traces represent
the absolute transcript level in wild-type, and the grey traces represent the absolute transcript
level in the mutants (in log2 scale). The annotated genes are indicated by the black bars. Genes
on the Watson stand are above the chromosomal line and on the Crick strand are below. C)
Northern blot analyses of SNR47 and SNR39B RNAs in the mutants. Total RNA from the
indicated strains was resolved on denaturing agarose gels. The numbers to the left of the blots
represent the length in nucleotides of RNA markers. The positions of the snoRNA read-through
transcripts that are terminated at the downstream mRNA gene poly(A) sites are indicated by
asterisks. Ethidium bromide stain of the filter showing the large and small ribosomal RNAs is

shown below the blots.
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Most of the genes that do not exhibit over 10% read-through in the Senl mutant are
relatively long (>400 bps), such as SNR20, whose mature transcript has a length of 1175
nucleotides (Figure 4.6A and Table 4.3). In agreement with this finding, Steinmetz et al.
reported that SNR20 did not exhibit terminator read-through in the Senl mutant (STEINMETZ et al.
2006b). This observation agrees with the notion that the Senl pathway preferentially terminates
transcription of short genes (usually <450 bps) (STEINMETZ et al. 2006b; GUDIPATI et al. 2008;
JENKsS et al. 2008; VASILIEVA et al. 2008). However, SNR40, whose mature transcript is 97
nucleotides long, can be efficiently terminated in the Senl mutant. According to the location of
SNR40's downstream poly(A) sites, the primary transcript of this ShoRNA gene is unlikely to be
over 400 bp long (OzsoLAK et al. 2010), within the range of Senl-dependent termination.
According to our Pol Il ChlP-chip data, the Pol 1l peak on SNR40 apparently shifts downstream
in the Senl mutant (STEINMETZ et al. 2006b), indicating termination read-through. Perhaps there
are endoribonuclease Rntl sites in the SNR40 read-through transcript (ABoU ELELA et al. 1996;
ALLMANG et al. 1999). Cleavage by Rntl and degradation of the read-through product prevent its
accumulation. Therefore, | did not observe a significant read-through effect of this gene in the
Senl mutant.

Transcription termination of sn/snoRNA genes is less often affected by the substitutions
in the other five proteins. The Nrd1, Nab3 and Ssu72 mutants cause termination defects on about
two thirds as many sn/snoRNA genes as Senl, on 25, 29 and 27 genes, respectively. All these
genes also exhibited termination defects in the Sen1 mutant except SNR63 and SNR7, and the
differential read-through ratios of these two genes are barely above the 10% cutoff in the Nrd1
and Nab3 mutants, respectively. Fewer sn/snoRNA genes show termination defects in the Rpb11

and Hrpl mutants, 12 and 16 respectively. They are all identified as termination-defective in the
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Senl mutant.

In summary, Senl-dependent termination appears to target short, Pol Il-transcribed
sn/snoRNA genes, and the activity of Senl is indispensible for efficient termination of over 80%
of them, while dysfunction of the other five proteins each affects transcription termination of
only a subset of the Senl's target genes.

4.7 Nrd1 and Nab3 are not functionally redundant for transcription termination of selected
snoRNA genes

As revealed by the earlier analyses in this chapter, substitutions in the RRMs of Nrd1 and
Nab3 appear to only affect transcription termination of a subset of Senl's target genes. For
example, the transcriptome data show that SnoRNAs can be sensitive to both Nrd1 and Nab3
mutants (e.g., SNR47), Nab3 alone (e.g., SNR79), Nrd1 alone (e.g., SNR11) and neither (e.g.,
SNR39B) (Figure 4.6A). This finding suggests the RNA binding abilities of Nrd1 and Nab3 are
not always required for Senl-dependent termination. Alternatively, Nrd1 and Nab3 may be
functionally interchangeable for terminating transcription, as high copy NAB3 was found to
suppress an nrd1 mutant allele, and such functional complementation may further be facilitated
by forming the higher order Nrd1-Nab3 oligomer complex (CONRAD et al. 2000; LoyA et al.
2013a), so the effects of Nrd1 and Nab3 on termination can be underestimated by analyzing them
individually.

To assess redundant effects of Nrdland Nab3 on transcription termination, | need a
haploid strain that bears both nrd1-5 and nab3-11 alleles. Previous efforts to create viable Nrd1-
Nab3 double mutants were not successful, as such double mutants are either lethal or very slow
growing at 30<C (LoYA et al. 2013a). Because the nab3-11 mutant is lethal on plates at 30 C,

but viable at 23<C, | transformed the pRS313-nab3-11 plasmid into a nrd1-5 mutant strain in
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which chromosomal NAB3 is replaced with pRS316-NAB3, and performed the 5-FOA plasmid
shuffle experiment at 23<C. | successfully obtained the double mutant (XCY377). This strain
shows no growth defect at 16 <C and 23<C, but is lethal at 30<C and 37 <C on the YEPD plate
(Figure 4.7A). Its growth phenotypes at these temperatures resemble that of the nab3-11 mutant.
As the substitutions are in the RRMs of Nrd1 and Nab3, they are expected to disrupt the RNA
binding abilities of Nrd1 and Nab3simultaneously.

Using Northern blot assays, | investigated transcripts of SNR47 and SNR39B in the wild-
type, sen1l-E1597K, nrd1-5, nab3-11 and the double mutant XCY 377 strains. In the case of
SNR47 (Figures 4.6C, top and 4.7B, left), termination read-through was detected in both Nrd1
and Nab3 mutants. In XCY377, | observed increased accumulation of extended transcripts
representing read-through products compared to the Nrd1 and Nab3 single mutants, similar to the
read-through level in the Senl mutant. These results indicate efficient termination of SNR47
required the RNA binding abilities of both Nrd1 and Nab3, but Nrd1 and Nab3 do not appear to
be functionally interchangeable on this snoRNA gene. For SNR39B (Figures 4.6C, bottom and
4.7B, right), the extended transcript representing SNR39B read-through products was only
detected in the Senl mutant but not the others. Therefore, the absence of read-through in the
presence of Nrd1 and Nab3 substitutions is not due to functional redundancy of these two factors.
4.8 Senl-dependent termination represses meiotic gene expression in vegetative cells

Although Senl broadly affects gene expression by repressing promiscuous transcription,
the Senl-dependent transcription termination pathway represses expression of specific genes by
mechanisms such as attenuation. Based on our transcriptome data, there are 769 mRNA genes
showing at least a two-fold net increase in the sen1-E1597K mutant, although some of these are

due to read-through of adjacent snoRNA genes or unannotated transcription units. According to
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FIGURE 4.7 Effects of the Nrd1/Nab3 double mutant on transcription termination of
SNR47 and SNR39B genes. A) Growth phenotypes at 16, 23, 30 and 37<C of the wild-type,
Senl, Nrdl and Nab3 single mutants, and the Nrd1/Nab3 double mutant. B) Northern blot
analyses of SNR47 and SNR39B RNAs in the indicated mutants. Total RNA from the indicated
strains was resolved on denaturing agarose gels. The numbers to the left of the blots represent
the length in nucleotides of RNA marker bands. The positions of the snoRNA read-through
transcripts that are terminated at the downstream mRNA gene poly(A) sites are indicated by
asterisks. Ethidium bromide stain of the filter showing the large and small ribosomal RNAs is

shown below the blots.
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GO Term analysis (Holm-Bonferroni) for "cellular component"” by Yeastmine of Saccharomyces
Genome Database (SGD), the “meiotic cell cycle” GO term is the most enriched for up-regulated
MRNAs with 79 matches (p value: 3.8e-14), and these up-regulated meiotic genes include NDJ1,
MEK1, and SPO1 (Table 4.4 and Figure 4.8A). In agreement with this finding, Sugiyama et al.
reported that deletion of SEN1 caused elevated mRNA level of some meiotic genes in fission
yeast (SUGIYAMA et al. 2012). To confirm that the 79 identified meiotic genes are up-regulated
during meiosis, | referred to the strand-specific gene expression profiling available by
Saccharomyces Genomics Viewer (SGV) online (http://sgv.genouest.org/cgi-bin/viewer.cgi)
(LARDENOIS et al. 2011). At least 71 of the 79 genes are increased during sporulation (Table 4.4).
Next, | performed stand-specific Northern blot analysis to validate the up-regulated genes
identified from the transcriptome data. For example, the meiosis-specific protein Ndj1, encoded
by NDJ1, accumulates at telomeres during meiotic prophase and promotes meiotic
recombination (CONRAD et al. 1997; Wu and BURGESS 2006). The NDJ1 transcript is strongly
increased during sporulation according to SGV and in the Senl mutant based on our
transcriptome data (Figure 4.8B, top). Using a strand-specific oligo probe, I confirmed that the
Senl mutation causes significantly increased accumulation of the NDJ1 transcript (Figure 4.8B,
bottom). Interestingly, Brar and colleagues have identified a regulatory upstream ORF (UORF)
associated with NDJ1 (BRAR et al. 2012), which could decrease the translation level of its
downstream NDJ1 ORF when present in the same transcript. However, due to the limited
resolution, my Northern blot cannot distinguish the NDJ1 mRNA from the potential UORF-NDJ1
transcript. It is unclear whether mutations in SEN1 induce accumulation of the 5'-extended
transcript. Among the 79 mRNA genes from the GO term analysis, only NDJ1, SPO23, IME2

and TEP1 are uORF-associated (BRAR et al. 2012), and the low co-occurrence indicates the
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TABLE 4.4 The 79 GO term ""meiotic cell cycle™ enriched mRNA genes that are over two

fold up-regulated in the Senl mutant

Systematic Standard Increased in | Systematic Standard Increased in
Name Name SGV Name Name SGV
YAL068C PAUS Y YHR184W SSP1 Y
YBR045C GIP1 Y YILO17C VID28 N
YBR148W YSW1 Y YILO73C SPO22 Y
YBR186W PCH2 Y YIL120W QDR1 N
YBR250W SP0O23 Y YJLO37W IRC18 Y
YCL048W SPS22 Y YJLO38C LOH1 Y
YCRO010C ADY2 Y YJL106W IME2 Y
YDL154W MSH5 Y YLRO35C MLH2 N
YDRO76W RAD55 N YLRO54C osw2 Y
YDR113C PDS1 Y YLR213C CRR1 Y
YDR126W SWF1 N YLR227C ADY4 Y
YDR218C SPR28 Y YLR308W CDA2 Y
YDR260C SWM1 Y YLR329W REC102 Y
YDR273W DON1 Y YLR341W SPO77 Y
YDR285W ZIP1 Y YLR343W GAS2 Y
YDR383C NKP1 N YLR445W GMC2 Y
YDR402C DIT2 Y YML128C MSC1 Y
YDR403W DIT1 Y YMRO17W SPO20 Y
YDR506C GMC1 Y YMR133W REC114 Y
YDR522C SPS2 Y YMR306W FKS3 Y
YDR523C SPS1 Y YNLO12W SPO1 Y
YELO72W RMD6 N YNL128W TEP1 Y
YPL200W CSm4 Y YNL196C SLZ1 Y
YER046W SPO73 Y YNL210W MER1 Y
YER179W DMC1 Y YOL047C LDS2 Y
YFLO03C MSH4 Y YOL091W SPO21 Y
YFLO33C RIM15 N YOL104C NDJ1 Y
YGLO33W HOP2 Y YOL132W GAS4 Y
YGLO45W RIM8 Y YOR178C GAC1 Y
YGL158W RCK1 Y YOR190W SPR1 Y
YGL183C MND1 Y YOR298W MUM3 Y
YGL249W ZIP2 Y YOR313C SPS4 Y
YGL251C HFM1 Y YOR351C MEK1 Y
YGRO59W SPR3 Y YPLO27W SMA1 Y
YGR225W AMA1 Y YPL121C MEI5 Y
YHL022C SPO11 Y YPL130W SPO19 Y
YHR014W SPO13 Y YPL164C MLH3 Y
YHR139C SPS100 Y YPR0O7C REC8 Y
YHRO79C-A SAE3 Y YER044C-A MEI4 Y
YHR157W REC104 Y YPL200W CSM4 Y
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FIGURE 4.8 The E1597K substitution in Senl derepresses transcription of meiotic genes.
A) Meiotic gene transcripts are accumulated in the Senl mutant. The transcriptome profiles
around the meiotic genes NDJ1, MEK1 and SPO23 are shown here. The black traces show the
absolute transcript levels in wild-type, the gray traces show the absolute transcript levels in the
Senl mutant, and the blue traces show the differential transcript levels in the Senl mutant (all in
log2 scale). The locations of the genes are indicated by the black bars. B) The Senl substitution
causes increased accumulation of the NDJ1 transcript. The top panel shows the transcriptome
profiles of the region around NDJ1. The traces represent the same meanings as in A). The NDJ1
gene is in the Crick strand indicated by the black bar. Northern blot analysis of NDJ1 in wild-
type and the six mutant strains is shown in the bottom panel. Total RNA from the indicated
strains was resolved on denaturing agarose gels. The numbers to the left of the blots represent
the length in nucleotides of RNA markers. Ethidium bromide stain of the filter containing the
large and small ribosomal RNAs is shown below the blots. C) The 5' parts of the HFM1 and
SSP1 transcripts that are repressed by Senl are accumulated in the Senl mutants. The
transcriptome profiles around the regions of HFM1 and SSP1 are shown here. The traces

represent the same meanings as in A).
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process of Senl-dependent meiotic gene repression is unlikely to be related to the uORF-based
gene expression regulation.

Some genes exhibit a more significant increase in transcript from their upstream half than
their downstream half. In wild-type, these genes are transcribed from an internal transcription
initiation site, but start from an upstream initiation site in the Sen1 mutant, such as HFM1 and
SSP1 (Figure 4.8C). Published strand-specific isoform transcript analysis confirmed that the 5'
parts of their transcripts are absent in the vegetative cells (PELECHANO et al. 2014), and increased
transcript levels of their entire coding regions are observed during sporulation (LARDENOIS et al.
2011). Therefore, decreased Senlactivity results in more uniform transcript levels across these
genes.

4.9 Discussion

In this chapter, I investigate the functional relationships of different proteins involved in
the Senl-dependent transcription termination pathway. My discoveries from the whole
transcriptome analysis reveal that the factors cooperate in the process of Senl-dependent
termination, but their functions are diverse, indicating that Pol 1I-mediated transcription
termination is under complex, combinatorial control.

The transcriptome analysis using hypomorphic mutations overcomes the limitations of
other genomic methods

Recently, there have been several studies on the Senl-dependent termination pathway by
different genome-wide approaches. In 2006, our lab performed the first genome-wide study of
the Senl pathway applying ChlP-chip experiments on the sen1-E1597K mutant and wild-type
strains and identified novel targets of this pathway (STEINMETZ et al. 2006b), but we only

investigated a Senl substitution in this study. Later, several groups have applied high-throughput
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RNA sequencing methods in combination with UV-crosslinking/immunoprecipitation or nuclear
depletion of termination factors, to identify new targets and functions of Senl-dependent
termination (CREAMER et al. 2011; WLOTzKA et al. 2011; SCHULZ et al. 2013; SCHAUGHENCY et
al. 2014). These studies have provided additional insights into the Senl pathway, but are
restricted by their methods. By using the hypomorphic substitutions in the proteins involved in
Senl-dependent termination, we performed factor-specific, functional transcriptome analysis and
revealed novel features of this pathway that were not uncovered by the other methods .

By the pull-down experiments coupled with RNA-seq, the distribution of the termination
factors on RNA can be profiled, but this method alone cannot determine the function of the
binding events, therefore tends to dismiss the underlying mechanistic differences. For example,
similar enrichment patterns of Nrd1 and Nab3 were observed on both the SNR47 and SNR39B
transcripts (Figure 4.9A) (CREAMER et al. 2011), suggesting RNA binding abilities of Nrdland
Nab3 are needed for transcription termination of both snoRNA genes in the same way. However,
our transcriptome data on SNR47 and SNR39B, in concert with my later Northern blot analyses,
argue against this idea, as these two snoRNA genes are apparently terminated by different
mechanisms from the perspective of Nrd1 and Nab3 (see Section 4.7), in which the Nrd1 and
Nab3 RRMs are both required for termination of SNR47, but neither for SNR39B.

Our transcriptome analyses using hypomorphic mutations suggested that, although
substitutions of the six factors were all found to cause Senl-dependent termination defects,
different subsets of factors are required for transcription termination of different genes. The
termination factor-nuclear depletion strategy by the anchor-away method can hardly be used to
characterize the functional differences between termination factors due to lack of specificity. In

the reported nuclear depletion experiment, Nrd1 or Senl were tagged with the FKBP12-
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rapamycin-binding domain (FRB) in the yeast strains where the FKBP12 domain is fused to the
ribosomal protein RPL13A. In the presence of rapamycin, Nrd1- or Senl1-FRB, RPL13A-FKBP12
and rapamycin form a ternary complex and are exported from the nucleus (HARUKI et al. 2008;
ScHuLz et al. 2013; SCHAUGHENCY et al. 2014). However, as Nrd1, Nab3 and Senl form a
ternary termination complex, depletion of one from the nucleus may decrease the nuclear
abundance of the other two components, therefore causing non-specific effects.

To test the hypothesis about the specificity of the anchor-away method, | analyzed the
results from the Nrd1 nuclear depletion experiment performed by (ScHuLz et al. 2013). In this
study, they identified 32 mMRNA genes as attenuated genes since their transcript levels are at least
1.25 fold up-regulated upon depletion of Nrd1. When | revisited them using our transcriptome
data, 1 found only 13 of the 32 genes are up-regulated in the Nrd1 mutant. In contrast, 15 genes
are up-regulated in the Senl or Nab3 mutant, but not the Nrd1 mutant. There are another four
genes that are up-regulated in none of the Sen1, Nrd1 or Nab3 mutant (Figure 4.9B). Therefore,
the 32 attenuated genes originally identified upon nuclear depletion of Nrdlare not all Nrd1-
dependent. As the termination factors in a complex could be co-exported from the nucleus upon
Nrd1 depletion, the up-regulated expression of the attenuated genes is likely to be caused by
complex, combinatorial effects of disrupting the functions of Senl1, Nrd1, Nab3 and/or other
unknown factors.

The specificity issue of the anchor-away method is also revealed by the sn/snoRNA
termination analysis. Schulz et al. reported that 80% of sn/snoRNA genes showed termination
defects upon nuclear depletion of Nrd1 (ScHuLz et al. 2013). | analyzed 48 Pol Il-transcribed
sn/snoRNA genes, only 25 of them (52%) showed termination defects in the Nrd1 mutant, while

42 genes (88%) exhibited termination defects caused by at least one of the six mutations.
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FIGURE 4.9 Validation of other genomic studies of the Sen1-dependent termination
pathway using our factor-specific functional transcriptome data. A) Occupancy of Senl,
Nrd1 and Nab3 on SNR47 and SNR39B identified by PAR-CLIP (CREAMER et al. 2011). cDNA
reads from the Watson and Crick strands are shown above and below the zero line respectively.
SNR47 and SNR39B are indicated by the black bars. Transcription units on the Watson stand are
above the axis, and the Crick strand below the axis. B) Validation of the 32 reported attenuated
genes based on the transcriptome data described in my thesis (ScHULz et al. 2013). Genes that
show at least 20% increase in transcript level in the indicated mutant according to my
transcriptome data are considered as bona fide attenuated genes. Groups of genes that are
identified as attenuated in indicated mutants are shown using the Venn diagram and separated by
colors. There are four genes that are identified as attenuated genes in none of the three mutants.
The Venn diagram is generated by Venn Diagram Plotter (Pacific Northwest National

Laboratory, http:// http://omics.pnl.gov/software/venn-diagram-plotter).
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Therefore, the termination defects of sn/snoRNA genes upon Nrd1 depletion are also partly
caused by the non-specific effect of the anchor-away method.

In addition, the depletion efficiency may vary on different target proteins. For example,
although Sen1 has an essential function in the nucleus, nuclear depletion of Senl did not cause
lethality (SCHAUGHENCY et al. 2014).

By using known hypomorphic mutations for the transcriptome analysis, factor-specific
effects across the transcriptome can be identified, to further elucidate the functions and
relationships of different termination factors.

Differential factor requirement for Senl-dependent termination of different genes

Although the six proteins characterized in this chapter are all involved in Senl-dependent
termination, the distinct correlation coefficients (0.08-0.66) revealed by the genome-wide
correlation analyses indicate the target genes that are affected by the mutants only partially
overlap, therefore the involvement of different factors in this termination pathway varies. Further,
by sn/snoRNA read-through ratio analysis of the six mutants, I confirmed the differential factor
requirement for termination of different genes, which is likely to represent the situations of other
groups of genes terminated by the Senl pathway.

Among the six Senl termination components, Senl is required for efficient termination
of more than 80% tested sn/snoRNA genes, followed by Nrd1, Nab3 and Ssu72, which function
on at least two thirds as many sn/snoRNA genes as Senl. Rpb11 and Hrpl are also required for
sn/snoRNA gene termination but much less often, as their substitutions affect less than 30% of
the analyzed genes. Although these proteins are differentially required for termination of
individual genes, Senl appears to play an indispensible role in this termination pathway, as the

Sen1 activity is required for efficiently terminating the majority of short sn/snoRNA genes,
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including all the identified targets of other factors involved in this pathway.

My studies add a novel perspective of the functional coordination of Nrd1 and Nab3 on
the prevailing model of the Senl termination complex, where Nrd1 and Nab3 are proposed to
function in the form of heterodimer to recruit Senl for transcription termination. My results
showed that the substitution in the RRM of Nrd1 or Nab3 only affects termination of a subset of
Senl's targets, and the targets of Nrd1 and Nab3 are not identical (see Section 4.6). Moreover, in
the analyses of SNR47 and SNR39B using the double mutant XCY377, | found Nrd1 and Nab3
cannot fully compensate for each other's function on SNR47, and disrupting the RNA-binding
abilities of both does not affect Senl-dependent termination of SNR39B. Although genome-wide
analyses are necessary to clarify the relationship between the distribution of mutant Nrd1 and
Nab3 and changes of transcription termination caused by their mutations, my results suggest an
alternative way for Senl recruitment which does not require the heterodimer of Nrd1 and Nab3.
Senl-dependent termination represses meiotic gene expression

Meiosis is a highly regulated process in response to dynamic changes in gene expression,
which serve as one molecular basis of the programmed remodeling events in meiotic cells. In
Section 4.8, | showed Senl-dependent termination may regulate expression of meiotic genes by
transcription repression in vegetative cells, either the entire gene or only the 5' part of the gene.
This function of Senl may be important for cells to enter meiosis, or even specific meiotic
phases. For example, the repressed upstream half of HFM1 by Senl encodes its DExH box DNA
helicase domain, and the DNA helicase activity of Hfm1 functions for yeast meiotic crossing
over (NAKAGAWA and OGAWA 1999; NAKAGAWA and KOLODNER 2002). In vegetative cells, the
internal initiation allows expression of the truncated downstream half of HFM1 which may be

indispensable, while Senl-dependent termination represses the expression of the upstream
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meiotic helicase region. Perhaps inactivating Senl at the termination site of the HFM1 upstream
half would turn on the helicase activity for meiotic crossing over. However, whether the uniform
transcript level across the gene in the Senl mutant represent the contiguous transcript need to be

confirmed first.
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CHAPTER 5: CONCLUSIONS AND FUTURE DIRECTIONS
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In the preceding chapters of this dissertation, | have presented the results of my
experiments that expand the understanding of the mechanism and targets of Senl-dependent
transcription termination.

In Chapter 3, my genetic analyses provided new evidences for the essential role of the
Senl helicase domain in cell viability and transcription termination. I found that the helicase
domain plus a nuclear localization sequence of Senl is the minimal region sufficient for yeast
cell viability. The Senl helicase domain is essential for efficient transcription termination, and
the E1597K substitution that disrupts an intradomain ionic bond of the helicase domain results in
strong termination defects. By assessing 13 missense mutations in the Senl helicase domain that
co-segregate with the neurodegenrative disease AOA2, | have shown that five of the mutations
are recessive lethal and cause dominant terminator read-through effects. Furthermore,
termination defects appear to be a common feature of these AOA2-associated mutations, as 10 of
them cause read-through of at least one of the three tested terminators.

In Chapter 4, | identified the diverse effects across the transcriptome caused by
hypomorphic mutations in Senl, Nrd1, Nab3, Ssu72, Rpb11 and Hrpl, which are all factors
involved in Senl-dependent termination. By investigating the effects of the six mutations on the
entire transcriptome as well as termination of sn/snoRNA genes, | found the Senl substitution
induces the broadest and strongest termination defects, while the other substitutions only affect
termination of different subsets of Senl's targets. Thus, Senl-dependent termination of different
genes exhibits variable requirements for termination factors. A following test using a Nrd1-Nab3
double mutant revealed that Nrd1 and Nab3 are not functionally redundant. I also identified a
potential regulatory role of Senl-dependent termination in repressing meiotic genes in vegetative

cells.
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With these discoveries, there are new questions to be addressed, such as: What is the
mechanism that the Senl helicase domain uses to terminate transcription? Which termination
factors are required for termination of different Senl target genes? Below | discuss potential
experiments to answer those questions.

5.1 The molecular basis of the Senl helicase domain for transcription termination

The crystal structure of the Senl helicase domain would elucidate important features of it
at the molecular level, and facilitate our understanding of its structure-function relationships. In
Chapter 3, | showed that the crystal structure of the yeast Upfl helicase domain can be used as a
reliable model to predict the functions of the conserved residues in Senl. However, the large
insertion domains, 1B and 1C, are dissimilar between Upfl and Senl, and functionally essential,
as deleting or replacing them with Senataxin 1B and 1C domains cannot confer viability (Section
3.5). Therefore, the crystal structure of the Senl helicase domain is necessary. Toward this goal,
our lab has successfully purified the recombinant Senl helicase domain (Sen1-HD) (residues
1095-1876) from E. coli and improved its yield by a codon-optimized construct (S. Martin-
Tumasz and E. Montemayor, unpublished data). This recombinant protein could be tested to
crystallize in a complex with nucleic acids and a nucleotide analog, and the results can provide
structural insights into the functions of the Senl helicase domain.

The recombinant Sen1-HD allows in vitro biochemical studies of the Senl helicase
domain. Our lab has proved that it has ATP-independent single-stranded (ss) DNA and RNA
binding ability, and translocase activity on both in a 5' to 3" direction in the presence of ATP (S.
Martin-Tumasz and D. Brow, unpublished data). | have presented that mutations in the Senl

helicase domain can affect Sen1-dependent termination in vivo, and proposed that the
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termination defects are caused by disrupting the helicase-related activities based on the Upfl
structure model (Sections 3.6 and 3.8).

To further determine how the helicase domain functions in transcription termination, the
Senl helicase domain variants containing the point mutations that | investigated in vivo could be
characterized in vitro using the assays identical with that for wild-type. For example, the T1779P
mutation is expected to interfere with the nucleic acid binding ability, and it could be tested for
the nucleic acid binding and translocase activities. The binding ability could be tested on single-
stranded DNA and RNA in the absence of ATP. For the helicase assay, our lab synthesized the
nucleic acid trimeric complexes (Figure 5.1) that have 6-FAM- and Cy5-labeled, 28 nucleotides
long DNA or RNA oligos annealed to the 5" and 3' ends of an 84 nucleotide long DNA or RNA
oligo. In the presence of ATP, the wild-type Sen1-HD and the variant could be incubated with
different nucleic acid trimer combinations. The helicase directionality and activity could be
determined based on the reaction products. Another mutant, sen1-R1820Q, is proposed to disrupt
the hydrogen bond between R1820 and the ATP y-phosphate, and affect the ATPase activity.
The nucleic acid-dependent ATPase activity of this variant could be tested by measuring its
ability of converting [a-32P]ATP to [a-32P]ADP in the presence or absence of short RNA or
DNA olionucleotides (PORRUA and LiBRI 2013). The in vitro biochemical assays, along with the
results from the in vivo genetic studies, would verify the proposed molecular defects caused by
the mutations and the roles of Senl helicase activities in transcription termination.
5.2 Developing the in vitro reconstituted transcription termination system

The mechanism underlying Senl1-dependent termination could be studied by the in vitro
reconstituted transcription termination system. Porrua and Libri have initiated reconstitution of a

simplified Senl transcription termination system in vitro. Using the full-length Senl purified
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FIGURE 5.1 Schematic diagram of the nucleic acid trimeric complex. The black lines
represent single-stranded nucleic acids. Their lengths are indicated. The short oligo annealed to
the 5' end of the long oligo is labeled with a 6-FAM (green) fluorophore at its 3' end. The short
oligo annealed to the 3' end of the long oligo is labeled with a Cy5 (red) fluorophore at its 3' end.

Complexes of all possible combinations of DNA and RNA were generated.
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from yeast, they showed that Senl could dissociate RNA and Pol Il molecules from the DNA
template in an in vitro transcription reaction in an ATP-dependent manner upon artificially
stalling Pol Il by the Rebl1protein (PORRUA and LiBRI 2013).

This simplified system needs to be optimized to more closely represent the in vivo
situation, and meet the needs of testing more conditions and Senl termination factors in it. For
example, a major limit of this system is the artificial change of Pol II's elongating rate by using
the road-block Rebl. The prevailing model suggests that the phosphorylation state transition of
the CTD from the Ser5-P enrichment to the Ser2-P enrichment mediates the kinetic change of
Pol 1l relative to Senl, and allows termination to occur (see Section 1.2). Therefore, to improve
the in vitro system, the next step would be to verify the CTD-mediated Pol Il kinetic change and
establish it in the in vitro system. The resulting system would provide a powerful way to
determine the functions of the CTD phosphorylation states, CTD-binding termination factors,
Senl helicase domain mutations and cis-acting elements on RNA in the process of Senl-
dependent termination.

5.3 Mutation-specific effects revealed by yeast Senl suggest a strategy for determining the
cause of AOA2

Previously, Fogel et al. showed two SETX mutations, one associated with AOA2 and the
other one associated with ALS4, caused changes in expression of distinct sets of genes when the
mutant alleles were overexpressed in senataxin-haploinsufficient fibroblasts (FOGEL et al. 2014).
This finding indicates mutation-specific defects of SETX on gene expression underlying the
difference between AOA2 and ALS4. In Chapter 3, | described my characterization of 13 AOA2
mutations in yeast Senl. These mutants exhibited different effects on cell growth and termination,

thus, mutation-specific effects could exist between different AOA2 patients.
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Several groups have used cells derived from AOAZ2 patients to identify the defects
caused by the disease mutations in human. Using fibroblasts and a lymphoblastoid cell line
derived from two patients carrying different AOA2 mutations, Suraweera et al. showed that
AOA2 cells exhibited increased sensitivity to DNA damage reagents and defective double-strand
break (DSB) repair (SURAWEERA et al. 2007). Using the same AOAZ2 patient cell lines, Miller et
al. identified higher expression of several genes encoding antiviral products from the AOAZ2 cells
than that of cells from healthy donors upon virus infection (MILLER et al. 2015). These studies
identified defects that are associated with AOAZ2 cells. However, partially due to the small
number of patient samples analyzed, they could hardly reveal which genes and pathways, when
their expression levels are altered by the disease mutations, directly contribute to the
pathogenesis of AOA2. The AOA2-associated mutations are diverse, including missense
mutations, nonsense mutations, frameshift mutations, indels, and splicing site mutations. The
diversity of disease mutations, together with the mutation-specific effects as suggested by my
studies in yeast Senl and the varied physiological conditions between patients, could alter gene
expression to highly distinct patterns between patient samples. Thus, it is important to identify
the common defects underlying AOAZ2 for determining the cause of this disease. AOA2 is a rare
disease, only less than 200 patients have been reported, and the number of genotypes is even less.
This fact enables genome-wide gene expression profiling of patient samples of all available
genotypes. By comparing the expression profiles, genes and pathways that are altered most
frequently throughout all the samples are likely to contribute to the pathogenesis of AOA2.

5.4 Optimizing the method for the transcriptome analysis
In Chapter 4, | analyzed the functional transcriptome data from the microarray

experiment, and revealed diverse effects caused by hypomorphic mutations in six factors
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involved in Senl-dependent termination. Because the microarray data alone cannot discriminate
transcripts from different strands, a significant amount of result validation work is required. To
expedite the research, | propose performing strand-specific RNA-seq experiments on the current
six mutants, their isogenic wild-type strains and the new Nrd1-Nab3 double mutant XCY377.
The temperature shift treatment would be applied to all the samples. The strand- and factor-
specific transcripts and changes of transcript levels across the genome would be profile by this
approach.

Although the regular RNA-seq approach would be sufficient to identify changes of the
transcript level, certain optimization of the RNA-seq method could be made specifically for
analyzing transcription termination. The transcript isoform sequencing (TIF-seq) approach
identifies the exact 5'- and 3'- boundary of each transcript (PELECHANO et al. 2014). Therefore,
this method has the advantage of distinguishing transcripts associated with termination defects,
such as polycistronic transcripts and overlapping transcripts that differ in length. Meanwhile, to
improve identification of the factor-specific effects that are enhanced by a temperature shift, 4-
thiouracil (4tU) could be used to label newly-synthesized transcripts after the temperature shift,
and the labeled transcripts could be purified and sequenced to identify effects specifically caused
by the mutations upon the temperature shift (ScHuLz et al. 2013). In addition, 4tU labeling does
not affect normal yeast cell physiology, and allows growth of yeast in the YEPD medium (SuN et
al. 2012).

5.5 Characterizing non-canonical targets of Senl-dependent termination

In the prevailing model of Senl-dependent termination, the heterodimer of Nrd1 and

Nab3 can recognize and bind to their consensus sequences on the nascent transcript, and recruit

Senl to the transcript to terminate transcription. In Chapter 4, | presented my results that expand
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this, as only a subset of Senl's targets requires the RNA-binding ability of Nrd1 and Nab3. The
differential requirement for termination factors of different genes suggests Senl-dependent
termination is under a complex control. Therefore, | propose the experiments to characterize the
non-canonical targets of Senl1-dependent termination and identify the mechanism underlying the
complex control. Transcription termination on SNR39B could be an ideal model gene for this
analysis, since disrupting the RNA-binding ability of Nrd1 and Nab3 simultaneously did not
affect efficient termination of this gene. It should be noted that there could be several classes of
Senl target genes utilizing different mechanisms. Nevertheless, the studies using SNR39 as a
model would establish a framework for characterizing other non-canonical targets of Senl-
dependent termination.

Based on the position of its downstream poly(A) sites, the primary transcript of SNR39B
appears to be no more than 320 nucleotides long . There are several consensus sites of Nrd1 and
Nab3 within this region (Figure 5.2), which may contribute to the interactions between SNR39B
and the two RNA-binding proteins identified by the RNA cross-linking experiment (Figure 4.9).
To map the cis-acting elements on SNR39B that are important for termination, the downstream
222 bp sequence could be inserted into the CUP1 reporter construct for the copper resistance
assay. Random mutagenesis by error-prone PCR on this region could be performed to identify
which parts of this region are essential for terminating SNR39B (STEINMETZ et al. 2006a). Since
there are consensus sequences for the Senl helicase domain, Nrd1, Nab3 and Hrp1l binding
within this region (Figure A5.2), the identified key sites that are important for termination of
SNR39B could be compared with the consensus sequences, to determine if any of the interactions
conferred by the consensus sequences and the termination factors are involved in transcription

termination of SNR39B.
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FIGURE 5.2 Sequence of SNR39B and its downstream 222 bp region. The mature SNR39B
sequence is highlighted in underlined bold font. The consensus sequences of Nrd1 and Nab3 are
highlighted in green and yellow, respectively. The CAN repeats that may bind to the Senl
helicase domain are highlighted in red. The regions that encode the UA-repeat sequences for

Hrpl docking are highlighted in cyan.
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After the SNR39B terminator is determined, | could perform random mutagenesis by
error-prone PCR on Nrd1, Nab3, Hrpl and Senl to see if any mutations in them could cause
read-through of the SNR39B terminator. Random mutagenesis could be performed across Nrd1,
Nab3 and Hrp1, and the purpose is to determine whether they are involved in termination of
SNR39B, and further the involvement is in an RNA-binding dependent or independent manner.
Since the substitution E1597K in the helicase domain caused termination read-through of
SNR39B, mutagenesis in Senl could be conducted in the regions outside its helicase domain. If
read-through mutations in SEN1 are identified in those regions, the location of those mutations
would implicate the termination factor-interacting sites in Senl for SNR39B. The Senl mutants
that exhibit temperature sensitive phenotypes are particularly valuable, because high copy
number yeast genome library could be transformed into the mutants to identify genes that can
suppress such growth defects. Those genes are likely to be involved in termination of SNR39B.
Alternatively, the wild-type cells containing the SNR39B-CUPL1 reporter construct could be
incubated on medium containing copper at permissive temperature (30<€) to select for
spontaneous read-through mutants. If the selected mutants are temperature-sensitive, genes
bearing the unknown read-through mutations could be identified by transforming the yeast
genome library into the viable strain and look for complementing clones (STEINMETZ and BROwW
2003; STEINMETZ et al. 2006a).

Screens for unknown termination factors could also be performed on a large-scale genetic
platform. The barcoded yeast mutant libraries of deletion of non-essential genes and conditional
temperature-sensitive alleles of essential genes have been constructed by other groups (PIERCE et
al. 2007; Li et al. 2011). These libraries could be introduced into the isogenic strains of 46a or

460, that are designed for the CUPL1 reporter assay (see Section 2.2). The SNR39B- CUP1
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reporter construct could be transformed into the new barcoded yeast strain library, and read-
through mutants could be selected for by incubating cells on medium containing copper at the
permissive or semi-permissive temperature. Ideally, the new barcoded yeast strain library would
be a useful development of the CUP1 reporter system and facilitate studies of other aspects of
RNA biogenesis.
5.6 Investigating the function of Senl-dependent termination in meiosis

In Chapter 4, | showed that Senl could repress meiotic gene expression in vegetative
cells, implicating a regulatory role of Senl in yeast cell cycle. To understand how Sen1-
dependent termination regulates yeast meiosis, the first step would be to systematically identify
the meiotic transcripts that are targeted by Senl. Brar et al. have mapped the yeast meiotic
program in high resolution by both RNA-seq and ribosome profiling methods, which revealed
strong, meiotic stage-specific expression of genes (BRAR et al. 2012). Their RNA-seq results
could be analyzed in together with our transcriptome profiling of the Senl mutant, to determine
which meiotic genes are targeted by Senl, and further specify the stages when their transcripts
are up-regulated. Meanwhile, unannotated transcripts in yeast appear to have a significant impact
on new protein synthesis. Small open reading frames (ORF) have been shown to be widely
present in unannotated transcripts in yeast (SMITH et al. 2014), and Brar et al. identified a strong,
meiosis-specific shift of ribosome footprints to the unannotated ones , which may indicate the
small ORFs are actively translated into new functional peptides during meiosis (BRAR et al.
2012). Therefore, in addition to the annotated meiotic genes, the potential function of Senl on
biogenesis of the new meiotic peptide could also be investigated by profiling the ribosome

footprints on meiotic transcripts that are repressed by Senl-dependent termination.
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Upon identification of the meiotic transcripts that are repressed by Senl-dependent
termination, their terminators could be characterized and tested in the CUPL1 reporter assay. The
genetic method identical to that in Section 5.5 could be used to find termination factors that
collaborate with Senl for meiotic gene repression. The meiotic gene-specific termination factors

may be involved in meiosis-specific signaling pathways.
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APPENDIX 1: GENETIC SELECTIONS FOR NEW TERMINATOR READ-THROUGH

MUTATIONS IN THE SEN1 HELICASE DOMAIN
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Al1.1 Introduction

In Chapter 3, | used the CUPL1 reporter assay in the plasmid-shuffle yeast strain DAB206
to evaluate terminator read-through effects caused by SEN1 mutants. In an attempt to investigate
the regions of Senl that do not have sufficient structure information, | performed genetic
selections for terminator read-through mutations, by combining error-prone PCR with the CUP1
reporter assay. | conducted three random mutagenesis selections, using different terminator-
CUPL1 reporter constructs and targeting different regions inside the Senl helicase domain. In
total, 12 copper resistant strains probably bearing read-through mutations in SEN1 were obtained
from the selections.

Al.2 New terminator read-through mutations in the C-terminal half of the Sen1 helicase
domain

In the first selection, | looked for mutations in the C-terminal half of the helicase domain
that cause the CYC1 terminator read-through. Five copper resistant strains (numbered A1-A5 in
the order of appearance on the copper plate) were obtained. Interestingly, the appearance of Al,
such as its colony size and color, was distinct from the others.

To identify the potential read-through mutations, I PCR-amplified the SEN1 fragment
that includes the mutagenized region from genomic DNA of the selected strains and sequenced
the PCR products. The PCR product sequences of all the strains could be aligned back to the
correct positions in SEN1 except the Al strain. Although the PCR product from the genomic
DNA of Al had a similar size to others, its sequence did not match the S. cerevisiae genome. By
sequence BLAST, | found its entire sequence unambiguously matches a region in the
DEHA2G20328p mRNA (SSD1) gene of the yeast Debaryomyces hansenii CBS767 with 98%

identity, while no significant similarity was found between the Al sequence and the S. cerevisiae
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SSD1. | compared the pair of oligos (SEN1-3F and SEN1-5R, see Table 2.1) that were used to
amplify the yeast genomic DNA with the sequence of D. hansenii SSD1 gene. In fact, each oligo
has an over 10 nucleotide stretch that has a perfect sequence match in D. hansenii SSD1, and the
distance between them is about 1.8 kb, close to the size of the correct PCR product from SEN1
(~1.9 kb). 1 confirmed the growth of the Al strain on medium containing copper. D. hansenii is
extremophilic yeast, has been used for the synthesis of diary product and meat fermentation, and
found in cheese, beer, meat, fruit, water, soil, air, etc (BREUER and HARMS 2006; GROENEWALD
et al. 2008). The property that D. hansenii grows at low temperature but not at 37 <C (NGUYEN et
al. 2009) is consistent with the growth phenotype of Al (Figure AL1.1A). | speculate Al to be a
copper-resistant D. hansenii strain that contaminated my copper plate, probably during replica
plating.

The strains A2 to A5 showed varied growth phenotypes at different temperatures (Figure
Al.1A). A2 showed severe cold- and heat-sensitivity. A3 and A5 are both lethal at 37<C, but
only showed weak growth defects at 16<C. A4 exhibited no growth defect at all the tested
temperatures. No missense or nonsense mutation was found in the mutagenized region of A3 and
A4, while A2 and A5 each have two missense mutations there (A2: K1761R and T1819A, A5:
L1517P and F1742L) (Figure 3.4). Although A5 exhibited strong heat-sensitivity, neither of its
substitutions alone confers this defect (Figure A1.1B). | speculate that substitutions of these two
hydrophobic residues may interfere with proper folding and stability of Senl, and exhibit a
synthetic effect. The strain A2 is both cold-and heat-sensitive, and | confirmed the substitution
T1819A alone can render this growth phenotype (Figure A1.1B). Notably, cold-sensitivity has
not been observed in any other missense mutation of SEN1. Further tests revealed this mutation

causes strong read-through effects of all the tested terminators (Table 3.2), as well as termination
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FIGURE Al.l1 Characterization of the selected Senl T1819A mutation. A) Growth
phenotypes at 16, 23, 30 and 37<C of all the five mutants (Al to A5) from Selection I. B)
Growth phenotypes at 16, 23, 30 and 37 <C of the haploid wild-type and mutants harboring the
E1597K or T1819A substitution after eight-fold serial dilution on YEPD medium. C) Total RNA
from haploid strains harboring the wild-type or sen1-T1819A alleles was resolved on denaturing
agarose gels and detected by the SNR47 probe. The amplicon used as the probe is indicated by
the bar above the gene map, and the arrow marks the transcription orientation. The numbers to
the left of the blots represent the length in nucleotides of the RNA marker bands. The positions
of the SNR47 and SNR47-YDR042C read-through transcript (SNR47-extend) bands are indicated.
Ethidium bromide stain of the portion of the filter containing the large and small ribosomal
RNAs is shown below the blots. D) Locations of Senl T1819 and R1820 modeled on the Upfl

helicase domain. Sen1 T1819, Sen1 R1820 and ATP are shown in stick.
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defects of SNR47 at its genomic locus (Figure A1.1C). According to the Upfl structure model
(Figures 3.2 and A1.1D), this mutation is inside the ATP binding pocket and hydrogen-bonds to
the ATP y-phosphate-contacting residue R1820 of the Senl helicase domain. | hypothesize this
T1819A substitution can change the ATP binding pocket and interfere with ATP
binding/hydrolysis.

Al1.3 New terminator read-through mutations in the 1B and 1C insertion domains

In the second and third selection, | used the SNR47 terminator to select for read-through
mutations in the insertion domains 1B or 1C. Seven strains were selected from 2,000 colonies
(numbered B1-B3 and C1-C4 in the order of appearance on the copper plate), whereby B1-B3
are from the 1B domain mutagenesis and C1-C4 from the 1C domain mutagenesis.

To identify the potential terminator read-through mutations, | PCR-amplified fragments
of SEN1 that included the mutagenized regions from genomic DNA of the selected strains and
sequenced the PCR products. C1 and C2 have the identical mutation, indicating they are siblings.
Otherwise, the strains have distinct mutations. Surprisingly, each strain has a nonsense mutation,
and all three types of stop codons are present (Table Al.1). Since we have identified that the
intact helicase domain is essential for viability (Figure 3.2B), the nonsense mutant alleles of
SEN1 must be translated through these premature stop codons in order to maintain the required
helicase domain.

I chose the W1166X mutation as a proof of concept to test the hypothesis, as it is the
most upstream nonsense mutation, and will have the shortest translation product and the least
viability if no translation read-through happens. This mutation coincides with the AOA2 disease
substitution W1166S on the same residue, which was identified as a read-through mutation in

Chapter 3 (see Table 3.2). DAB206 strain containing the sen1-W1166X allele created by site-
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directed mutagenesis was confirmed to be viable, and exhibited growth defects at both 16<€ and
37 (Figure A1.2A). A band corresponding to the full-length Senl protein was observed in an
immunoblotting assay (Figure Al.2B), which strongly supports the translational read-through
hypothesis. This mutation caused read-through of both SNR47 and CYC1 terminators according
to the copper resistance assay (Figure A1.2C), but | did not observe apparent termination defects
at the genomic SNR47 locus (Figure A1.2D). In addition, the sen1-W1166X mutation, as well as
the sen1-E1597K mutation, could increase the expression level of CUP1 that are fused to the
downstream of the SEN1 promoter/5-UTR region (positions -434 to -1, relative to +1
transcription start site) (Figure A1.2E), suggesting transcription of SEN1 could be auto-regulated
by the cis-acting elements in its promoter/5'-UTR region. It would be interesting to test whether
the SEN1 attenuator construct can be read-through by other mutations in the Senl-dependent
termination factors.

Three stop codon “recoding” mechanisms that allow in-frame translation read-through
have been defined (GESTELAND and ATKINS 1996; STEINMETZ and BRow 1998): (1) insertion of
a standard amino acid residue to the stop codon by near-cognate tRNA; (2) “translational
bypassing” of stop codon due to large-scale slippage of the mRNA with respective to the
peptidyl-tRNA specified by the preceding codon; and (3) insertion of selenocysteine to certain
UGA codons. Because all three types of stop codons are found in the selected mutants, the first
two mechanisms are more plausible to explain the viable phenotypes of the Senl nonsense
mutants. The resulting missense or deletion mutations may render the translation read-through
products decreased in function for transcription termination. Another possibility is that the
truncated Senl peptides due to premature translation termination confer dominant negative

effects on efficient transcription termination and inhibit the function of the full-length Senl.
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TABLE Al.1 Summary of the read-through mutants from Selection 11

No. | Nucleotide change® | Codon change Other codon changes

Bl G3497A (TAG) W1166X K1284R

B2 A3751T (TAA) K1251X R1230G, K1238K, R1263R

B3 T3585G (TAG) Y1195X C1209Y

C1 A4468T (TGA) R1490X V1486G, R1531R

C2 A4468T (TGA) R1490X V1486G, R1531R

C3 A4651T (TGA) R1551X Al1451A, 11465T, N1527S, R1531R
C4 C4700A (TAG) S1567X R1531R, 115641, L1569L

% The nucleotide change that leads to a premature stop codon and the resulting stop codon.
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FIGURE A1.2 Characterization of the selected Senl nonsense mutation W1166X. A)
Growth phenotypes at 16, 23, 30 and 37 <C of the haploid wild-type and mutants harboring
E1597K, W1166S or W1166X substitution after eight-fold serial dilution on YEPD medium. B)
Anti-Sen1(HD) immunoblot of cell extracts from haploid strains that contain either the wild-type
allele (46alpha and DAB206) or the indicated SEN1 alleles. Bands with the expected apparent
molecular mass are indicated with asterisks. C) Copper resistance assay for terminator function.
Strains containing the indicated SEN1 alleles and either the CYC1 or SNR47 reporter construct
were serially diluted eight-fold, spotted on synthetic complete medium with no or 0.1 mM
copper sulfate and incubated at 30<C. D) Total RNA from haploid strains harboring the wild-
type or sen1-W1166X alleles was resolved on denaturing agarose gels and detected by the SNR47
probe. The amplicons used as the probe are indicated by the bars above the gene map, and the
arrows mark the transcription orientation. The numbers to the left of the blots represent the
length in nucleotides of the RNA marker bands. The positions of the SNR47 and SNR47-
YDRO042C read-through transcript (SNR47-extend) bands are indicated. Ethidium bromide stain
of the portion of the filter containing the large and small ribosomal RNAs is shown below the
blots. E) Copper resistance assay for terminator function. Strains containing the indicated SEN1
alleles and the SEN1 attenuator reporter construct were serially diluted eight-fold, spotted on

synthetic complete medium with no or 0.1 mM copper sulfate and incubated at 30<C.
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APPENDIX 2: OBSERVING SEN1 IN LIVE YEAST CELLS USING TIME-LAPSE

FLUORESCENCE MICROSCOPY



156

A2.1 Introduction

In Chapter 3, | discussed my live cell imaging experiments of using the plasmid-borne
Sen1-GFP constructs to identify the correlation between nuclear localization of the Senl helicase
domain and yeast cell viability. Yeast cells that contain the Senl-GFP constructs provide a
means to further explore unknown features of Senl, such as changes and potential functions of
Senl's localization and abundance during the cell cycle. However, there was no available
approach for the time course study of Senl in live cells. In this section, I will describe my work
to establish the system that allows observing time lapse of Senl in live yeast cells and the results.
I will also show live cell images of GFP-labeled full-length Senl and Sen1(964-1907) that
includes the N-terminal NLS (Section 3.3) taken by N-SIM super resolution microscope (Nikon).
A2.2 Senl is localized inside the nucleus during mitotic cell division

Using the strain XCY361 that contains the pRS315-SEN1-GFP construct, | investigated
the distribution of full-length, wild-type Senl in yeast cells. This experiment was conducted
using the ONIX microfluidic platform, and cells were imaged using Zeiss Axiovert 200M
inverted microscope (see Section 2.4). Images were taken at 7 time points (0, 30, 50, 70, 90, 110,
and 130 minutes).

This system allowed me to observe the timelapse of GFP-labeled Senl in live yeast cells.
As shown in Figure A2.1, | can observe ~300 cells in one imaging field, and over 60% of the
cells are expressing GFP at a detectable level. The number of fluorescent cells is sufficient for
finding individual examples repenting different phases of mitosis. | saw GFP signal in cells at all
mitotic phases, indicating that Senl is expressed continuously. The time-lapse images confirmed
that Senl is predominant localized inside the nucleus throughout mitosis. The fluorescent

microscopy result revealed that Senl in the mother cell migrates through the bud neck into the
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daughter cell during anaphase.

For the super resolution imaging, XCY361 cells transformed with GFP-tagged full-length
Senl or Sen1(964-1907) in pRS315 were prepared using the protocol described in Section 2.4
Part 1. The N-SIM super resolution microscope is provided by Biochemistry Optical Core,
University of Wisconsin-Madison. Localization of the Sen1-GFP constructs was visualized by
the GFP channel. Shown in Figure A2.2, both full-length and the truncated Senl constructs are
enriched in the nucleus. An “anaphase bridge” shaped structure was observed in some cells that
carry the full-length Sen1-GFP. For the Sen1(964-1907)-GFP construct, | observed the crescent-
shaped distribution which was found with the Sen1(1004-1907)GFP construct (see Section 3.3).

The success of using the ONIX system to observe the timelapse of Senl enables us to
further investigate the properties of this protein. In order to characterize the potential dynamic
changes of Senl expression during mitosis, the experiment need to be extended to a longer time
course, so that cells that have gone through several rounds of the cell cycle can be identified for
observing Senl in them. In addition to the wild-type protein, the properties of its mutants could
be investigated in live cells, which would suggest the defects caused by the mutations. The Senl-
GPF constructs could also be transformed into diploid cells to characterize the functions of Senl

during meiosis.
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FIGURE A2.1 Observing dynamics of Senl-GFP in live yeast cells by time-lapse
fluorescent microscopy. Each micrograph is a merged picture of fluorescence of the Senl-GPF
construct (green) and phase contrast image of cells (gray) taken at the same time point. The time
points are indicated above the micrographs. The overview at 0 minute is shown in the upper left
corner. It is zoomed in to the boxed area and shown by the micrograph on its right side. The time

course images of the boxed area are shown in chronological order.
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FIGURE A2.2 Observing localization of the Sen1-GFP constructs in live yeast cells by the
N-SIM super resolution microscope. The micrograph on the left shows the cells carrying full-
length Sen1-GFP. The micrograph on the right shows the distribution of Sen1(964-1907)-GFP in

live cells.



161

FL-Sen1-GFP Sen1(964-1907)-GFP




162

APPENDIX 3: CHARACTERIZING THE EFFECTS CAUSED BY A PREMATURE

STOP CODON MUTATION OF NAB3
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A3.1 Introduction

In 2002, Eric Steinmetz performed a genome-wide selection for spontaneous trans-acting
read-through mutations of the SNR13 terminator using the method described in STEINMETZ et al.
2006a. In this selection, he isolated 15 mutant strains that are candidates for non-SEN1
terminator read-through mutations. One of the terminator read-through mutants, named 13a.6.1,
exhibited the cold-sensitive growth phenotype, and was identified to carry a premature stop
codon mutation (CAA to TAA) in Codon 780 of NAB3 by partially sequencing the NAB3 gene.
Since the nab3-11 mutant exhibited termination read-through of SNR13 (Figure 4.6A), Eric
Steinmetz hypothesized that the SNR13 terminator read-through effect is caused by the
premature stop codon mutation of NAB3. However, this hypothesis has not been validated yet,
and Eric Steinmetz did not preserve the 130.6.1 strain. In agreement with Eric Steinmetz’s
finding, Loya et al. later found that the C-terminal tail of Nab3 where this premature stop codon
mutation resides is important for Nab3 self-assembly, and another two premature stop codon
mutations within this region could cause IMD2 terminator read-through (LoYA et al. 2012; LoYA
et al. 2013b). In this section, | will describe my work of verifying Eric Steinmetz’s NAB3
mutation, creating a strain that harbors a plasmid-borne allele of this NAB3 mutant, and
characterizing effects caused by this mutation.
A3.2 Materials and methods
Plasmids

To make the pRS313-nab3-Q778X construct, I used the oligos NAB3(-500)F_BamHI
and NAB3(+2609)R_Sall to amplify NAB3 from the genomic DNA of the 130..6.1 strain with a
BamHI and an Sall sites introduced at each end. The PCR product was digested with BamHI and

Sall, and ligated to BamHI/Sall-cut pRS313. To make the pRS313-nab3-1-777 construct, | used
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pRS313-nab3-Q778X as the template and deleted Codons 778 to 802 by the QuikChange
procedure, so Codon 777 is followed by the NAB3 stop codon in pRS313-nab3-1-777.
Strains

The strain INKO04 (MATa cup A ura3 his3 trpl lys2 ade2 leu2 nab3::KanMX [pRS316-
NAB3]) was made by Jason Kuehner. The strain XCY373 (MATa cup A ura3 his3 trpl lys2 ade2
leu2 nrd1-V368G nab3::KanMX [pRS316-NAB3]) is described in Section 2.2. Plasmid shuffle
experiments were performed by plating cells on the medium containing 5-FOA at 30<C to select
for cells that had lost the URA3-marked wild-type NAB3 allele.
A3.3 The 130.6.1 strain carries a premature stop codon mutation nab3-Q778X

To confirm the premature stop codon is the only mutation in NAB3 of the 13a.6.1 strain, |
used oligos NAB3(-571)F and NAB3(+2659)R, PCR-amplified the entire NAB3 gene from the
genomic DNA of the 130.6.1 strain prepared by Eric Steinmetz, and sequenced across the PCR
product. According to the sequencing result, there is only one mutation in NAB3 of the 130.6.1
strain, which is the premature stop mutation Q778X (Codon ACC to TAA).
A3.4 The nab3-Q778X mutant allele confers slow growth phenotype

To characterize the effects caused by the NAB3 mutation, | transformed pRS313-nab3-
Q778X into JNKOO4 and performed plasmid shuffling by 5-FOA, which rendered a viable
haploid strain named XCY389 (MATa cuplA ura3 his3 trpl lys2 ade2 leu2 nab3::KanMX
[pPRS313-nab3-Q778X]).

In addition to truncation of the C-terminal region after the premature stop codon, the
translation read-through effect of the premature stop codon may happen on NAB3 Q778X. To
compare the effects caused by the NAB3 premature stop codon mutation and the NAB3 truncation

that has codons after the premature stop codon deleted, 1 generated a C-terminal truncation
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mutant by transforming pRS313-nab3-1-777 into JNKO004 followed by plasmid shuffling by 5-
FOA, which rendered a viable haploid strain named XCY387 (MATa cuplA ura3 his3 trpl lys2
ade2 leu2 nab3::KanMX [pRS313-nab3-1-777]).

Meanwhile, | want to assess the synthetic effects caused by the Nrd1 mutant (nrd1-5) and
Nab3 mutant (nab3-Q778X or nab3-1-777). After transforming pRS313-nab3-Q778X or
pRS313-nab3-1-777 into XCY373 carrying nrd1-5, | performed plasmid shuffle experiments, but
neither of the constructs rendered a viable, haploid NAB3 mutant strain at either 23<C or 30<C.

Next, | conducted the temperature sensitivity assay to identify the growth phenotypes of
the two NAB3 mutants. Both the premature stop codon mutant (nab3-Q778X) and the truncation
mutant (nab3-1-777) exhibited slow growth phenotypes at 30<C, and the defects were more
severe at lower or higher temperatures (16<C, 23<C and 37<C) (Figure A3.1). Moreover, the
truncation mutant showed more severe growth defects than the premature stop codon mutant.
These observations are consistent with the hypothesis that translation read-through occurs in the
premature stop codon mutant and the read-through product could partially compensate for the
defects caused by the C-terminal truncated Nab3.

Collectively, I confirmed the premature stop codon mutation in a previously isolated
SNR13 terminator read-through mutant, which is Q778X. Both the premature stop codon mutant
(nab3-Q778X) and the truncation mutant (nab3-1-777) were generated in a plasmid-based yeast
genetic system, and exhibited growth defects at all the tested temperatures. Translation read-
through of the premature stop codon may occur and partially compensate for the defects caused
by the C-terminal truncation of Nab3. To test the effects of these mutants on Senl-dependent
termination, the terminator-CUP1 reporter constructs could be transformed into these mutants,

and the terminator read-through level can be measure by the copper resistance assay.
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FIGURE A3.1 Characterization of the NAB3 mutants. Growth phenotypes at 16, 23, 30 and
37<C of the haploid wild-type and mutants harboring nab3-Q778X or nab3-1-777 after eight-fold

serial dilution on YEPD medium.
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