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Abstract

Spt5 and the Pol Il Stalk Collaborate to Regulate Co-transcriptional pre-

MRNA processing

Zachary Asher Morton

Transcription of DNA into mMRNA by RNA Polymerase Il (Pol Il) is a
highly dynamic and complex process that requires the concurrent
collaboration of many factors. One such factor is Spt5 - a multi-domain
transcription elongation factor that acts as a component of all Pol Il elongation
complexes. It is universally conserved and essential for life, playing a central

and ancient role in transcription.

Recent structural studies indicate that several of Spt5’s central KOW
(Kyprides, Ouzounis, Woese) domains lie in close contact with the dissociable
stalk of RNA Polymerase Il (subunits Rpb4 and Rpb7) (Bernecky et al.,
2017). Both Spt4/5 and Rpb4/7 have been previously implicated in
polyadenylation (poly(A)) site choice (Cui et al., 2003; Runner et al., 2008) 3’
end processing of mMRNA (Mayer et al., 2012; Runner et al., 2008), mRNA
export (Burckin et al., 2005; Farago et al., 2003), and allosteric stabilization of
elongating Pol Il (Armache et al., 2016; Bernecky et al., 2017). Despite these
structural studies that report physical interactions between these proteins, a

functional interaction has yet to be revealed.



Here we present evidence that Spt5 and Rpb4/7 collaborate to execute
functions relating to 3’ end formation, mRNA export, cotranscriptional
chromatin maintenance and R-loop formation. We take a genetic and
biochemical approach to address the consequences of disrupting the direct
interactions of these proteins, revealing a series of allele-specific genetic
interactions between SPT5, RPB4 and RPB7 that point to a functional
cooperation throughout transcription elongation and termination. Affinity
chromatography of yeast cell extracts using isolated Spt5 KOW domains as
bait revealed a large set of KOW-interacting proteins. Many of these were
previously reported to interact with Rpb7 (Mosley et al., 2013). These data
point to a direct, functional cooperation between Spt5 and Rpb4/7 to regulate
the processing and export of mMRNA, revealing new roles for the previously

ambiguous central domains of Spt5.

Chapter 1 summarizes the literature and current gaps in our
knowledge with regards to the function of Spt5’s central domains and the Pol

Il stalk in transcription.

Chapter 2 presents a genetic analysis of spt5 and rpb4/7 mutants. We
have identified mutations at multiple points throughout the structure formed by
Spt5 KOW2-4 and Rpb4/7, including the juncture of KOW3/Rpb7 and
KOW4/Rpb7, as well as multiple solvent exposed regions on the surface of
this structure. Many of these mutations genetically interact with each other,

resulting in synthetic sickness and enhancement of phenotypes. Interestingly,



mutations in Rpb4 and Rpb7 both share the cryptic transcription phenotype
that pervades many known spt5 alleles as well as chromatin remodeling
proteins, suggesting that the core structure of Pol Il itself evolved to assist in

overcoming nucleosomal barriers to transcription.

Chapter 3 reports identification of biochemical interactions between
Spt5’s central KOW domains and their interacting factors. After establishing
that Spt5 KOW2-4 and Rpb4/7 extensively interact genetically, we aim to test
the hypothesis that this region functions as a binding platform for tertiary
factors. We performed affinity chromatography followed by MudPIT mass
spectrometry to identify binding partners of both the KOW2-3 region (K2K3)
and the Linker2-KOW4 (L2K4) region of Spt5 (Delahunty, Yates 2007).
Supporting the notion that the central KOW domains function in tandem with
Rpb4/7, we identified a large number of proteins involved in 3’ end formation,
RNA processing and chromatin structure maintenance that overlap with

previous studies of Rpb7.

Chapter 4 explores the functional relationship between Spt5, Rpb7,
Nrd1l and R-loop formation. Together with evidence from previous chapters,
we propose a model for the Pol Il Stalk region in functioning to maintain R-

loop homeostasis by bridging interactions with tertiary factors.

Chapter 5 summarizes the main findings of this work and describes the

contribution made to our existing knowledge gaps in transcriptional biology.
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Chapter 1

Introduction

The Central Dogma of Biology

The central dogma of biology provides an explanation for the flow of
genetic information within our cells, and is comprised of three main assertions
(Crick, 1970). First, our genetic information is coded into our cells as DNA
and replicated by DNA polymerase during mitosis. Second, RNA polymerase
catalyzes the synthesis of RNA from the DNA template, composing a
transient “message” that carries the information coded in the DNA. In
prokaryotes, there is only one RNA polymerase. However, in eukaryotes, 3
distinct RNA polymerases are required. RNA Polymerase | and Il transcribe
structural RNAs required for protein translation — ribosomal RNA (rRNA) and
transfer RNA (tRNA) respectively. RNA Polymerase Il is responsible for
transcribing the entirety of our protein-coding genes into messenger RNA
(mRNA). Third, the mRNA is read by the ribosome which uses it as a
template for protein synthesis. In eukaryotes, this requires the packaging and
shuttling of MRNA out of the nucleus and into the cytoplasm where the
ribosomes reside. This thesis focuses on transcription of mMRNA by Pol Il in

the model organism Saccharomyces cerevisiae.

Fundamentals of Transcription by RNA Polymerase Il



Transcription occurs in three steps: initiation, elongation, and
termination. Initiation requires the recognition of a specific DNA sequence
called the promoter by general transcription factors which recruit Pol Il to the
beginning of the gene. Pol Il must first be assembled around the promoter
region. This requires the help of a number of accessory factors, known as
transcription initiation factors, which facilitate the targeting of Pol Il to the
promoter, assembly of the twelve subunits, and the melting of the double-
stranded DNA. Following assembly, Pol Il escapes the promoter and begins
transcription. The next step is transcription elongation, where Pol Il catalyzes
the addition of ribonucleotides complimentary to the DNA strand. The final
step of transcription is termination, wherein Pol 1l disengages from the DNA

and the nascent transcript is cleaved.

Transcription by Pol Il is complicated by a number of factors. Nascent
MRNA must be appropriately processed and packaged in a way that that
serves to stabilize the RNA and prepare it for transit into the cytoplasm. This
includes capping the mRNA with a 5 N7-methylated guanosine, splicing,
addition of the 3’ Poly(A) tail, and association with mRNA binding proteins.
Much of these processes occur co-transcriptionally. While this is occurring,
Pol Il must also pass through DNA-bound nucleosomes, which serve to
compact the DNA and act as a physical barrier to transcription. All the while,

the speed and processivity of Pol Il must be maintained as it encounters



these obstacles. As such, RNA Pol Il transcription requires the cooperation of

many accessory factors to accomplish its function.

Spt5: A Universally Conserved Transcription Elongation Factor

Spt5 is the only known transcription elongation factor that is conserved
across all domains of life and is essential for life in every organism (Harris et
al., 2003; Werner 2012). Spt5 is a large (~116 kDa in S. cerevisiae) protein,
with multiple, independently folding domains (Meyer et al., 2015). Spt5’s
domains include an unstructured acidic N-terminus, the NGN domain which
simultaneously binds Spt4 and spans the central cleft of elongating Pol I, 5
consecutive Kyprides, Ouzounis, Woese (KOW) domains and a set of C-
terminal repeats (Klein et al., 2011). Spt5’s binding partner, Spt4, is a much
smaller protein (14 kDa in S. cerevisiae) that is composed of a single zinc-
finger domain which serves to stabilize Spt5 (Malone et al., 1993; Ding et al.,

2010).

Spt4-Spt5 is implicated in most cotranscriptional processes: it aids in
splicing (Maudlin et al., 2019), 5’ capping (Lindstrom et al., 2003), regulating
Pol Il rate and processivity (Quan et al., 2010), mRNA export (Burckin et al.,
2005), polyadenylation (Cui et al., 2003), transcription coupled DNA repair (Li
et al., 2014) and allosteric stabilization of Pol Il (Bernecky et al., 2017).
Although bacteria lack a homolog of Spt4, they do encode an Spt5 homolog,

NusG, that binds RNA polymerase (Liu et al., 2016, Li et al., 1992) and



regulates transcription elongation (Burova et al., 1995). In contrast to the
complexity of Spt5, NusG, is composed of a NGN domain (Ponting 2002) and
a single KOW domain (Steiner et al., 2002). The conserved function of the
NGN domain is to maintain transcription processivity by clamping down on
transcribing polymerase and sealing the DNA within the central cleft (Liu et
al., 2016; Bernecky et al., 2016; Bernecky et al., 2017; Martinez-Rucobo et
al., 2011). NusG’s lone KOW domain directly contacts co-transcriptionally
associated ribosomes simultaneously with polymerase, providing a physical
link between transcription and translation (Burmann et al., 2010; Washburn et

al., 2020).

While the conserved role of the NGN domain has been well-defined,
the precise functions of Spt5’s central KOW domains remain ambiguous.
Previous studies have shown that mutations in and deletions of Spt5’s KOW
domains result in loss of Spt5 function (Li et al., 2014; Meyer et al., 2015).
Recent cryo-EM structures of Spt5 complexed with Pol || show that Spt5’s
NGN and KOW1 domain form a clamp around the upstream DNA (Ehara et
al., 2017; Bernecky et al., 2017, and Spt5’'s KOW1 has a positively charged
patch that appears to contact upstream DNA (Meyer et al., 2015). NusG’s
NGN domain in E. coli also binds the central cleft of bacterial RNA
polymerase while the lone KOW domain lies nearby the upstream DNA (Liu et
al., 2016). This supports the idea that the function of these domains has been

conserved throughout evolutionary time dating back to bacteria — to maintain



transcription processivity by sealing the central cleft of RNA polymerase.
However, the remaining KOW domains are not located near the DNA
template nor the catalytic core of Pol Il, making their role in elongation less
clear. It appears that as Spt5’s central KOW domains expanded throughout
evolutionary time with an ever more complex transcription cycle, so did Spt5’s

transcription associated responsibilities.

The Structure of the Pol Il Elongation Complex

Pol 1l is a eukaryote-specific 12 subunit holoenzyme complex
responsible for transcription of all protein-coding genes and some noncoding
RNAs. Pol Il is divided into four flexible modules — core, jaw-lobe, shelf, and
clamp (Cramer et al., 2001). The catalytic center lies in the core and is
comprised of primarily of subunits Rpb1 and Rpb2 and components of Rpb3,
Rpb10, Rpb11 and Rpb12. The remaining modules shift conformation in
response to DNA being threaded through the central cleft and facilitate DNA

melting and RNA chain elongation.

Rpbl is unique among the Pol Il subunits in that it contains a large,
unstructured C-terminus named the Carboxy-Terminal repeat Domain (CTD).
In S. cerevisiae, the CTD is comprised of 26 heptad repeats whose sequence
(YSPTSPS) is conserved from yeast to mammals (Allison et al., 1988). The
CTD serves as a recruitment platform for transcription associated factors with

targets varying depending on the post-translational modifications (PTM’s)



associated with it. While many of the residues are subject to PTMs, Serz and
Sers are the primary targets and are subject to phosphorylation. Phospho-
Sers typically marks Pol Il complexes near the promoter, and phospho-Ser2

marks Pol Il complexes near the 3’ end (Egloff, Murphy 2008).

Rpb4 and Rpb7 together form a heterodimer that sits near the mRNA
exit channel adjacent to the linker region that separates the CTD from the
body of Rpb1 (Armache et al., 2003). Rpb4/7 together form the “stalk” of Pol Il
and are able to reversibly disassociate from Pol Il (Edwards et al., 1991).
Rpb7 is an essential gene across eukaryotes, while Rpb4 is dispensable in S.
cerevisiae and essential in S. pombe and higher eukaryotes (Sharma, Kumatri
2012). Regions of Rpb1, Rpb2 and Rpb6 form a pocket region near the core
of Pol Il which forms the major binding site for Rpb7. The “tip” of Rpb7
protrudes into the pocket region and aids in locking Pol Il into a closed,
processive conformation. Rpb4 binds the outside region of Rpb7 but does not

form contact points with Pol Il itself, and acts to stabilize Rpb7.

Pol Il requires a number of accessory factors to facilitate its loading
onto template DNA, DNA melting and transcription initiating. These factors
include TFIIA, TFIIB, TFIID, TFIE, TFIIF, TFIIH, and Mediator. Upon
successful initiation, Pol Il sheds its initiation factors and a new set of factors
specific for transcript elongation associate with Pol Il (Nechaev, Adelman
2012). The Pol Il elongation complex is complex and dynamic, but the main

players include TFIIS, Spt4/5, Spt6, the PAF complex, P-TEFb, and EIf1.



Binding of Spt4/5 is mutually exclusive with TFIIB, TFIIE and TFIIF as they

bind the same region of Pol Il (Li et al., 2014; Vos et al., 2019).

Recent advances in cryo-electron microscopy have allowed the
resolution of multiple structures of Pol 1l in complex with transcription
elongation factors (Ehara et al., 2017; Bernecky et al., 2017; Vos et al.,
2018a; Filipovski et al., 2022, Xu et al., 2017; Vos et al., 2018b). These
structures provide insights into the mechanisms of allosteric regulation of the
Pol Il active site and maintenance of processive elongation, passage through
nucleosomes, cotranscriptional chromatin modifications, mRNA processing
and export, and 3’ end processing. TFIIS reaches into the mRNA exit channel
which explains its capacity for stimulating re-initiation of stalled and
backtracked polymerases. Spt4/5 are positioned to impact nucleosomes
downstream of the polymerase and seal the DNA within the central cleft. The
remaining domains span across the exterior of Pol Il from upstream DNA
emerging from Pol Il to the mRNA exit channel. Spt5 wraps around the stalk
domain, appearing to stabilize interactions between the stalk and Pol Il and
extend the binding interface of the stalk region. Spt6 also contacts the stalk
and Spt5 with an unstructured region positioned to contact upstream or
downstream nucleosomes, which is consistent with its reported function in
chromatin remodeling. The PAF complex spans a large portion of Pol Il and
mediates processes involving cotranscriptional chromatin modifications, 3’

end processing and allosteric regulation of elongation (Crisucci, Arndt 2011).



While existing cryo-EM studies have been informative in acquiring snapshots
of the Pol Il Elongation Complex (EC) in different stages, a comprehensive
model including molecular transitions throughout elongation, and particularly

termination, has yet to be constructed.

Rpb4 and Rpb7: Functions of the Pol Il Stalk

Rpb4 and Rpb7 are core Pol Il subunits that together comprise the
stalk region of Pol Il in eukaryotes. These Pol Il subunits are unique in that
they are able to reversibly dissociate from the body of Pol Il and exist in sub-
stoichiometric amounts in complex with Pol Il. Rpb4/7 are involved in every
step in transcription, from initiation to termination (Edwards et al., 1991;
Kolodziej et al., 1990; Choder, Young 1993; Sharma, Kumari 2012; Choder
2003). In vitro experiments have shown that Rpb4/7 are required for
promoter-directed transcription initiation. Structurally, the Pol 1l Stalk
protrudes from the foot domain of Pol Il. Crystals of Pol Il lacking Rpb4/7 are
observed to be in an open conformation, and the addition of Rpb4/7 results in
a more closed clamp region (Armache et al., 2003). This may provide a
mechanism for increased processivity in Rpb4/7 containing polymerases, by
restricting the movement of the clamp domain, therefore allowing retention of
Pol 1l on DNA during transcript elongation. While a mechanistic role for the
Stalk in termination remains ambiguous, studies implicate Rpb4/7 in
recruitment of 3’ processing factors and regulation of polyadenylation site

choice.



While Rpb4/7 are absent in prokaryotes, archaeal orthologs exist in
RpoE and RpoF, suggesting these Rpb4/7-like heterodimers evolved prior to
the separation of archae and eukarya (Kyrpides, Ouzounis 1999; Todone et
al., 2001). Paralogs also exist in Pol I and Pol Il (Peyroche et al., 2002; Siaut
et al., 2003). Speaking to their functional conservation across species,
Rpb4/7 from Homo sapiens, Candida albicans, Drosophila melanogaster,
Schizosaccharomyces pombe Rpb7 all retain the capability to rescue the
lethality of loss of Rpb7 in Saccharomyces cerevisiae (Khazak et al., 1995;
Singh et al., 2004; Zhou, Lee 2001). Two key characteristics of Rpb4/7 and
their paralogs and orthologues is the ability to stably bind each other and to
RNA in vitro — indeed, the RNA binding fold of Rpb7 is the most highly
conserved feature of this heterodimer. In archae, RpoE/F assists in DNA
melting and stimulates polymerase processivity through allosteric modulations
of polymerase structure (Hirtreiter et al., 2010; Grohmann, Werner 2011),
enhances formation of full-length gene products, reduces pausing, and
facilitates termination in vitro. Further, these functions are dependent in part
on the ability of RpoE/F to bind RNA. Despite this evidence, however, the in

vivo relevance of the RNA binding properties remains ambiguous.

Of all the polymerase subunits, the Rpb4 family appears to be the least
conserved. While all Rpb4 homologs retain the ability to bind to their cognate
Rpb7 homolog, large extensions of the N or C termini can be observed across

species. The placement of Rpb4/7 and their homologs away from the body of



Pol Il, along with the large extensions of Rpb4-like proteins, may allow the
stalk domain to attract diverse functional units to the transcription complex
(Jun et al., 2012). Research into the direct identification of the myriad Rpb4-

binding proteins remains ongoing.

In addition to Rpb4/7’s direct roles in transcription, data in both S.
cerevisiae and S. pombe suggests a role for the heterodimer in transcription-
coupled processes such as DNA repair (He, Ramatar 1999; Li, Smerdon
2002; Kumar, Sharma 2019), transcript termination (Runner et al., Mitsuzawa
et al., 2003; 2008; Sharma, Kumari 2012), ribosome biogenesis (Kumar et al.,
2019) and mRNA export (Farago et al., 2003; Harel-Sharvit et al., 2010).
Rpb4 was shown to have contrasting roles in both independent transcription
coupled repair (TCR) pathways — having a negative role in the Rpb9
mediated pathway and a positive role in the Rad26 mediated pathway. In S.
pombe, Rpb7 was shown through genome-wide analysis to have roles in
nucleotide excision repair, base excision repair as well as TCR. In regards to
transcription termination, Rpb7 has been shown to bind Nrd1 which facilitates
short-transcript termination as a component of the NNS (Nrd1-Nab3-Senl)
termination complex. Loss of Rpb4 results in failure to recruit the CFI
components Rnal4 and Rnalb, but has no effect on Nrd1 recruitment.
Despite these observations, a specific mechanistic role for Rpb7 in

termination has yet to be identified.

10



Rpb4/7 is also thought to play a role in stress response pathways. To
this effect, Rpb4 is required for efficient mMRNA export under stress. Further,
in humans and S. pombe, Rpb4/7 has been shown to relocate to the
cytoplasm in a stress-specific manner. In S. cerevisiae, Rpb7 was shown to
localize to P-bodies under stress conditions. These observations hint at a
potential cytoplasmic function for the heterodimer. While Rpb4 is not essential
under standard growth conditions in S. cerevisiae, it becomes essential under
stressful conditions (Maillet et al., 1999). Highlighting the essential, stress-
related functions of the Pol Il stalk, recent research has identified mutations in
rpb7 that increase ethanol tolerance in S. cerevisiae (Qiu, Jiant 2017).
Interestingly, RPB4 is an essential gene in S. pombe and Homo sapiens.
Despite the identification of stress-specific roles for Rpb4, a comprehensive
model explaining Rpb4’s stress specific essentiality remains to be

constructed.

While Rpb4/7’s roles in 3’ processing, TCR and mRNA decay are the
subject of much research, more recent studies have focused on the stalk’s
ability to modulate the Rpb1 CTD phosphorylation state (Allepuz-Fuster et al.,
2014,) and stimulate Pol Il recycling via the formation of gene loops (Allepuz-
Fuster et al., 2019; Calvo 2020). Rpb4 stimulates recruitment of the Ssu72
and Fcpl phosphatases which de-phosphorylate Pol II’'s CTD. The stalk’s
involvement in gene-looping was elucidated via the observation that

mutations specific to rpb4 and rpb7, but not other Pol Il subunits,

11



dysregulated gene-looping. In a surprising connection to Pol Il
phosphorylation regulation, gene-looping was shown in a recent study to be
directly dependent on the ability of Rpb4 to mediate interactions between
Ssu72 and the general transcription initiation factor TFIIB, highlighting the

interconnectivity of Pol Il related processes.

Some reports have suggested that the dissociation of Rpb4 and Rpb7
from Pol Il is important for their function (Mosley et al., 2014). The authors of
this study suggests that Rpb4/7 may act as a shuttle service for cytoplasm-
bound mRNA and may also participate in translation initiation and cytoplasmic
MRNA decay pathways. The following observations support this model: 1)
GFP-tagged Rpb7 localizes to the cytoplasm under stress conditions; 2) Rpb7
co-localizes with P-bodies under stress and stimulates mRNA decay in the
cytoplasm as well as cytoplasmic deadenylation; 3) Rpb7 physically and
functionally interacts with components of the translation apparatus; and 4)
Rpb7 is required for efficient translation initiation. Another report contrasts this
with the following lines of evidence: 1) little, if any, free Rpb4/7 exists outside
of the context of Pol Il in TAP and FLAG tagged purification experiments; 2) a
Rpb4-Rpb2 fusion protein can rescue the mRNA degradation and
transcription defects resulting from rpb44 (Schulz et al., 2014). This report
has in turn been contradicted by another report that demonstrates the Rpb4-
Rpb2 fusion protein: 1) binds mRNA in through the Rpb4 moiety; 2) becomes

cleaved into free Rpb4 and Rpb2; and 3) cleaved Rpb4 in this context binds
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MRNA in polysomes; and 4) the defect in mRNA degradation observed in
strains lacking Rpb4 is not in fact significantly rescued by expression of the
chimeric protein, arguing in favor of the functional importance of Rpb4
dissociation from Pol Il (Duek et al., 2018). Thus, whether dissociation of

Rpb4/7 from Pol Il has any in vivo significance remains highly controversial.

To summarize, Rpb4/7 has known roles in recruitment of 3’ end
processing factors, stimulating processive elongation, regulation of CTD
phosphorylation levels, transcription initiation, gene-looping, Pol Il recycling,
transcription coupled repair, mMRNA decay, and translation. How the function
of Rpb4/7 itself is regulated, given such an extraordinary diversity of roles,

remains an open question.
Transcription Through Chromatin

If you stretch out all of the DNA in a human nucleus it would measure
approximately 1 meter. The compaction of DNA into a nucleus, while
maintaining consistent genomic organization presents a major challenge to all
eukaryotic cells. This problem is solved partially by wrapping DNA around
nucleosomes, an octamer composed of two copies each of four unsique
histone proteins (H2A, H2B, H3, H4). The nucleosome functions as the
fundamental repeating unit of chromatin, with ~146bp of DNA wrapped
around each nucleosome in S. cerevisiae. Nucleosomes are subject to a

variety of post-translational modifications which modulate the strength of
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nucleosome-DNA interactions as well as serving as signals for various
chromatin remodelers (Bowman, Poirier 2015). The study of the PTMs that
regulate genome structure and expression is known as epigenetics. The
modulation of chromatin structure acts as one of the primary modes of
regulating the expression of genetic material, serving to silence or activate
genes depending on the needs of the cell. As such, the cell employs an
extensive network of regulatory factors whose responsibility is the regulation

and maintenance of the epigenome.

Nucleosomes act as a barrier to transcription by Pol Il. In fact,
nucleosomes inhibit Pol Il transcription in vitro (Lorch et al., 1987; Knezetic,
Luse 1986) Passage of Pol Il through nucleosomes requires breaking contact
between nucleosomes and DNA, followed by reassembly of nucleosome-DNA
contacts in the wake of transcribing Pol Il. Recent cryo-EM studies including
the elongation factors Spt4/5 and EIf1 have found that inclusion of these
factors prevents stalling at SHL(-6) and SHL(-2) positions of the incoming
nucleosome (Kujirai et al., 2018). These structures showed that a structure is
formed by EIf1, Spt4 and the NGN domain of Spt5 which is positioned
between the incoming nucleosome and Pol Il. In absence of these factors, the
incoming nucleosomal DNA becomes trapped between the clamp head and
lobe domain of Pol Il, resulting in pausing. This demonstrates that Pol
progressively peels DNA from the nucleosome as it transcribes nucleosomal

DNA and is dependent on TFIIS, which aids a paused or backtracked
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polymerase in reinitiating transcription (Zawel et al., 1995; Luse et al., 2011)
Further studies showed that a conserved and essential histone binding motif
in the NGN domain of Spt5 is required for the preservation of chromatin
structure over transcribed gene bodies, highlighting the mechanism of
nucleosome retention in the wake of transcribing polymerase (Filipovski et al.,

2022).

Two other factors that have shown to be important for transcription
through chromatin are the essential histone chaperones Spt6 and FACT
(Spt1l6/Pob3). Spt6, like Spts, has a highly acidic N-terminus (Swanson et al.,
1990). Spt6 is positioned adjacent to Spt5’s KOW2-3 domains and directly
contacts Rpb7 of the Pol Il Stalk (Vos et al., 2018b). In contrast, FACT does
not directly contact the elongation complex, but was shown to bind histones in
concert with the N-terminus of Spt5 (Farnung et al., 2021). Both factors have
shown to bind Spt5, bind nucleosomes in vitro and promote nucleosome
retention over transcribed gene bodies (Vos et al., 2018b; Bortvin, Winston
1996; Jamai et al., 2009; Lindstrom et al., 2003; Kato et al., 2013;
McCullough et al., 2015). A model based on structural and biochemical
studies proposes that FACT binds histones at downstream DNA and
facilitates the transfer of nucleosomes to upstream DNA following Pol II

passage.

Nucleosomes have an inhibitory effect on transcript initiation. One

function of chromatin is to prevent spurious initiation from cryptic internal
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promoters that are normally occluded by nucleosomes. Mutations in spt5,
spt6 and sptl6 have all been shown to disrupt chromatin over transcribed
gene bodies resulting in initiation from a cryptic internal promoter found in the
FLO8 gene (Cheung et al., 2008; Kaplan et al., 2003). The Winston lab has
produced a reporter gene (Cheung et al., 2008) that leverages this
phenomenon to identify mutations that disrupt chromatin structure over
transcribed gene bodies. Mutations in many genes implicated in chromatin
structure maintenance have been identified with this reporter that result in
cryptic initiation and have been confirmed to disrupt chromatin structure with

MNase assays (Kaplan et al., 2003)

Assembly of the Messenger-Ribonuclear Protein

The process of preparing mRNA for export begins with
cotranscriptional messenger ribonucleoprotein particle (MRNP) assembly.
The assembly of the mRNP involves chemical modifications made directly to
the RNA as well as the binding of tertiary factors that modulate stability and
direct transport (Singh et al., 2015). The two most well-known modifications
are the 5’-methylguanosine cap and the 3’ poly(A) tail. The 5’ capisa 7-
methylated guanine nucleotide connected to the 5’ end viaa 5’ to 5’
triphosphate linkage. This modification is carried out by mRNA
guanylyltransferase and mRNA (guanine-N7-)-methyltransferase, both of

which bind directly to and display genetic interactions with Spt5. The 5’ cap
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structure serves to regulate mRNA export, prevent digestion by exonucleases

and direct translation initiation.

Addition of the Poly(A) tail is directed by the Poly(A) (pA) signal which
is encoded in the 3’ end of all protein-coding genes and is coupled to
termination. The poly(A) signal sequence is recognized by the CPF (cleavage
and polyadenylation factor) complex, which then directs cleavage of the
MRNA at the Poly(A) site and facilitates addition of the poly(A) tail via the
poly(A) polymerase Pap1. Polyadenylation serves to stabilize the 3’ ends of
MRNA and protect from degradation. The Poly(A) tail also recruits Poly(A)-
binding protein which regulates deadenylation and aids in mRNA export and

translation.

Assembly of an export-competent mRNP is complex and dynamic, and
is influenced by a number of factors. The THO/TREX complex is thought to
be a central coordinator of mMRNP assembly, facilitating loading of RNA
binding proteins onto the nascent pre-mRNA while itself binding chromatin.
THO in particular directly recruits the mRNA export factors Sub2 and Yral via
the Hprl subunit. (Zenklusen et al., 2002). Local chromatin dynamics has
also recently been shown to play a direct role in modulating mRNP
biogenesis through multiple mechanisms (Meinel, Staber 2015). In
Drosophila, THO/TREX is recruited by chromatin-associated proteins that
recognize H3K9me3 (Hur et al., 2016). Additionally, the chromatin remodeler

ISW1 (which is recruited by Spt6) has recently been shown to physically
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interact with nascent mRNPs, prolonging their association with chromatin
prior to export. Further, if MRNP assembly is defective, their interaction with
ISW1 is prolonged, suggesting that ISW1 may act as an mRNP quality control

factor (Yoh et al., 2007).

Pre-mRNA secondary structure plays a significant role in determining
the fate of the mRNPs. Myriad proteins associate with specific secondary
structures and/or facilitate the formation of other secondary structures to
modulate mMRNA function and destination. Identification of the vast network of
proteins that associate with and define mRNPs is an area of active study with
significant work to be done. Recently, defects in the mRNP assembly
machinery have been associated with various neurodegenerative diseases
such as spinal muscular atrophy, amyotrophic lateral sclerosis, frontotemporal

dementia, and Alzheimer’s disease (Khalil et al., 2018).

Transcript Termination by Pol Il

The control of transcript termination by Pol Il is governed by different
complexes depending on the identity of the RNA being transcribed.
Termination of MRNA requires polyadenylation by the CPF complex, which is
coupled to termination by the CFI (Cleavage Factor 1) complex. Non-coding
RNA (ncRNA) termination, however, is governed by the Nrd1-Nab3-Senl

(NNS) termination complex. Despite our knowledge of the factors involved in
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various termination pathways, a comprehensive mechanism remains a topic

of debate.

In polyadenylated transcripts, pre-mRNA cleavage is coupled to
polyadenylation and is carried out by CPF and CFI (Christofori, Keller 1988).
CPF is recruited by the Pol Il body and binds to the poly(A) site, which
stimulates pausing of the elongation complex prior to termination (Licatalosi et
al., 2002; Keller et al., 1991; Enriquiz-Harris et al., 1991; Orozco et al., 2002).
CFI, which is recruited by the CTD, then binds to a downstream GU-rich
processing site (McCracken et al., 1997; Barilla et al., 2001; Cafadillas,
Varani 2003). Following this event, CFl and CPF are released from the
transcript in a manner dependent on mRNP assembly and cleavage is
stimulated via a concerted effort of CPF and CFI subunits as Pol Il
transcription continues past the poly(A) site. (Ford, Hsu 1978; Qu et al., 2009;
Proudfoot 2011). Disassembly of Pol Il is then triggered by the 5’ to 3’

exonuclease Ratl and its stimulating partner Rail (Kim et al., 2004).

There are two primary models proposed as mechanisms for Poly(A)
dependent termination: the torpedo model and the allosteric model (Luo et al.,
2004; Epshtein et al., 2007; Kim et al., 2004). The torpedo model proposes a
5’ to 3’ RNA exonuclease (Rat1 in S. cerevisiae) enters at the unprotected 5’
end of cleavage site and digests nascent RNA until it chases down the
transcribing polymerase and collides with it, resulting in destruction of the

transcription complex. Interestingly, Ratl alone is not sufficient to dissociate a
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paused polymerase in vitro (Dengl et al, 2009). The allosteric model proposes
that recognition of the Poly(A) site results in an allosteric change in the
transcription machinery, either by loss of an anti-termination factor or an
intrinsic conformation change in the polymerase. This then results in
disassembly of the transcription apparatus independent of the activity of a 5’
to 3’ exonuclease. The specific factors that are necessary and sufficient for
promoting Pol Il disassembly and the allosteric changes required for Pol Il
release have yet to be defined. It is likely that a combination of both models is
required to explain the termination mechanism — allosteric changes likely
cause the polymerase to slow down or pause, which both primes it for Rat1-
mediated disassembly and allows time for Ratl to catch up with the

polymerase.

An alternative termination pathway exists for the termination of non-
coding RNAs, such as snRNA, snoRNA, and Cryptic Unstable Transcripts
(CUTs), the large majority of which are carried out by the NNS complex
(Steinmetz et al., 2001; Conrad et al., 2000). snRNAs and snoRNAs are not
subject to polyadenylation and are usually much shorter in length than
polyadenylated mRNAs (50-200bp). CUTS do not have a defined function
and are generally understood to be aberrant, non-coding transcripts (often
anti-sense) that are targeted for immediate degradation. Interestingly, CUTS

possess a poly(A) tail which is added by Trf4, the non-canonical poly(A)
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polymerase component of the TRAMP polyadenylation complex (Wyers et al.,

2005).

The mechanism by which these transcripts are terminated is not well
understood, but many of the major players have been defined. The NNS
complex is composed of the two RNA binding proteins Nrd1 and Nab3 along
with the DNA and RNA helicase Senl (Conrad et al., 2001). Nrd1 is recruited
by phospho-Ser5 at the Pol Il CTD and recognizes specific RNA motifs in
snRNAs, snoRNAs and CUTS (Vasiljeva et al., 2008; Hobor et al., 2011,
Carroll et al., 2004; Bacikova et al., 2014). Nrd1 and TRAMP together
stimulate the exosome, which simultaneously cleaves and processes the 3’
ends of noncoding transcripts (Vasiljeva, Buratowski 2006). Termination is
brought about by Senl helicase, which is able to induce displacement of
stalled Pol Il complexes through its helicase activity, forming an intermediate
complex with stalled ECs (Hazelbaker et al., 2013; Wang et al., 2019). While
the primary factors involved in NNS-dependent termination have been

identified, a step-by-step model remains elusive.

Mechanisms of mRNA Export

Packaging of the mRNP for export occurs cotranscriptionally. The
THO/TREX complex is one of the major players involved in cotranscriptional
MRNP assembly, facilitating loading of mRNA binding proteins that ultimately

prepare the mRNP for competent export (Katahira 2012; Strasser et al.,
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2002). THO is composed of Tho2, Hprl, Mftl and Thp2, while TREX is
composed of all of the above as well as Yral and Sub2. Deletions of TREX
components results in nuclear accumulation of mMRNA, consistent with an
MRNA export defect. Hprl is required for recruitment of Sub2 and Yral,

linking THO/TREX to mRNA export (Zenklussen et al., 2002).

After a complete mMRNP is assembled, it must be exported out of the
nucleus and into the cytoplasm for translation. In yeast, the heterodimeric
export receptor complex Mex67-Mtr2 is responsible for the export of virtually
all mMRNAs (Santos-Rosa et al., 1998). In contrast, All other proteins and
RNAs rely on importin/karyopherin-p-type transport receptors. Mex67
contains an RNA recognition motif (RRM) and directly binds mRNA without
sequence specificity and also binds directly to nucleoporins, enabling
transport out of the nucleus through the nuclear pore complex (NPC)
(Strasser et al., 2000). Directionality of export is imposed by two DEAD-box
ATPases — Sub2 at the nuclear side and Dbp5 at the cytosolic side (Tran et
al., 2007; Xie, Ren 2019). Sub2 facilitates the loading of mRNA onto Mex67
through an adaptor protein, Yral, while Dbp5 facilitates dissociation of mMRNA
from Mex67 upon delivery to the cytoplasm (Strasser 2001; Tieg, Krebber

2012).

Overlapping function of Spt5 and Rpb4/7
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Recent cryo-EM studies have elucidated the precise location of Rpb4/7
subunits in complex with Spt5 and Pol Il (Bernecky et al. 2017). Interestingly,
Spt5 domains KOW2, KOW3, and KOW4 all apparently reside in direct
contact with the base of the Pol Il Stalk. These contacts are supported by
prior cross-linking studies (Li et al., 2014). Additionally, Rpb4/7 and Spt5
domains KOW4-5 are placed in close proximity to the mRNA exit channel,
suggestive of roles in MRNA processing. The structural arrangement of these
domains of Spt5 with Rpb4/7 imply a functional relationship. Indeed, Spt5 and
Rpb4/7 appear to share several common functions, as Spt5 and Rpb4/7 have
both been previously shown to be involved in allosteric polymerase
stabilization, 3’ end processing and mRNA export (Bernecky et al., 2017,
Armache et al., 2003; Runner et al., 2008; Mayer et al., 2012; Farago et al.,

2003; Burckin et al., 2005).

One of the first functions identified for NusG/Spt5 was its ability to
promote transcription elongation and processivity (Liu, Steitz 2016; Bernecky
et al., 2016; Bernecky et al., 2017; Martinez-Rucobo et al., 2011; Burova et
al., 1995). This occurs most likely through allosteric effects of the NGN and
KOW1 domain, which lie over the central cleft and contact the non-template
strand of DNA. In archaea, Spt5 and RpoF/E have also been shown to
stimulate processivity in elongating polymerases (Hirtreiter et al., 2010a;
Hirtreiter et al., 2010Db). Interestingly, despite the lack of KOW domains 2-5 in

archaea, archaeal Spt5 physically contacts RpoE, the archaeal orthologue of
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Rpb7, suggesting that a physical and functional interaction of Spt5 and the
Pol Il Stalk is conserved from archaea to eukarya (Zhou et al., 2009). In S.
cerevisiae, Rpb7 wedges itself into the foot domain of Pol Il, promoting a
closed conformation of the clamp region, and cells lacking rpb4, polymerase
density decreases at the 3’ end of genes, suggesting the allosteric
stabilization and processivity enhancement features are conserved across

kingdoms (Armache et al., 2003; Runner et al., 2008).

Both Spt5 and Rpb4/7 have been implicated in 3’ end processing and
polyadenylation site choice. The protruding tip of Rpb7 is required for binding
of the Nrd1 homolog Sebl in S. pombe (Mitsuzawa et al., 2003), and this
region is spatially adjacent to Spt5 KOW2. Defects in Spt5 result in
enhancement of upstream poly(A) site usage at the lacZ, ADH2, RNA14
genes (Cui et al., 2003). At the RNA15 gene, loss of rpb4 results in altered
poly(A) site usage as well (Runner et al., 2008). Further, both Spt5 and
Rpb4/7 have been shown to play a role in directly recruiting 3’ processing
factors, suggesting that these factors influence when to initiate
polyadenylation by directly promoting 3’ end processing factors (Mayer et al.,
2012; Runner et al., 2008). Together, this implicates both Spt5 and the Pol Il
stalk in recruitment of 3’ processing factors in both CPF/CF1 and NNS

termination pathways

Loss of Spt5 function has been shown to suppress the mRNA export

defect caused by the temperature sensitive mex67-6 allele (Burckin et al.,
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2005). Rpb4 has been shown to have a stress-specific role in mRNA export,
and more specifically, heat shock genes, at elevated temperatures (Farago et
al., 2003). A more controversial study has directly implicated Rpb4/7 as
physically accompanying mRNA from transcription complexes outside of the
nucleus, linking them to translation (Harel-Sharvit et al., 2010). Thus, both

Spt5 and Rpb4/7 have been shown to play roles in mRNA export.

Despite a wealth of evidence suggesting that Spt5 and Rpb4/7
participate in overlapping pathways, a direct functional relationship has yet to
be defined. These factors appear to form a cooperative structure that may
serve to recruit other factors an elongating (or terminating) polymerase.
Whether this structure directly supports any in vivo function remains to be
tested, along with the consequences of disruption of these interactions. The
binding of factors to this structure may be dependent on where the

polymerase is in the transcription cycle.

R-loops

R-loops, which were first observed in vitro, are genomic structures
composed of DNA-RNA hybrids formed by nascent mRNA annealing with
upstream DNA, displacing the non-template strand and forming a loop-like
structure (Thomas et al., 1976). R-loops were previously thought to be
artefactual and of no consequence to biological processes. This was

challenged by observations in bacteria suggesting that R-loops occurs in vivo
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and are in fact deleterious (Drolet et al., 1995). R-loops were later revealed to
play a positive role in antibody diversification, further complicating our
understanding (Chaudhuri et al., 2003). More recent evidence, however, has
shown that R-loops are widespread across the genome, and are likely a
carefully regulated feature necessary for proper genome maintenance and
gene expression. In fact, up to 8% of the yeast genome (and 5% in mammals)
is occupied by R-loops at any given time (Chan et al., 2014; Wahba et al.,
2016; Sanz et al., 2016). Recent advances R-loop biology have demonstrated
R-loops are associated with genome instability, particular chromatin states,
poly(A) signals, transposable elements such as Ty1, telomeres and highly
expressed genes such as tRNA and rRNA (Sanz et al., 2016; Graf et al.,
2017; Zeng et al., 2021; El Hage et al., 2014; Huertas, Aguilera 2003; Pfeiffer
et al., 2013). It has been proposed that R-loop induced stalling of Pol Il may
serve as a trigger for transcript termination (Cristini et al., 2018). On the other
hand, R-loops also have the ability to stimulate genome instability (Lin et al.,
2010; Huertas, Aguilera 2003). R-loops displace the non-template strand of
DNA, exposing the ssDNA to endonucleases and deaminases. This can be a
source for DNA nicks, single-stranded and double-stranded DNA breaks. R-
loops often form at T-R (Transcription-Replication) collisions, resulting in DNA
breaks (Hamperi et al., 2017). It is therefore critically important for the cell to
establish proper homeostasis of R-loops to maintain proper gene expression

and genome integrity.
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R-loops have been shown to display a chromatin signature that is
similar to that of chromatin found at promoters and the TSS. This includes the
markers H3K4mel, H3K4me3, H3K27ac and H3K36me3 (Sanz et al., 2016;
Chen et al., 2015). Depending on the context, R-loops can induce both
chromatin decondensation and heterochromatin assembly (Castellano-Pozo
et al., 2013, Powell et al., 2013). What the specific triggers are for the

interplay between R-loops and chromatin structure remain an open question.

There are many factors that have been shown to have roles in R-loop
resolution — typically RNases and RNA helicases. The DNA/RNA helicase
Senl has been shown to play a role in replication-dependent R-loop
resolution at T-R collisions, while components of the THO complex have been
shown to prevent transcription-dependent R-loop resolution (Appanah et al.,
2020; Gomez-Gonzales et al., 2011). Loss of Hprl, a component of the THO
complex, results in a genome wide increase in R-loops as well as R-loop
associated genome instability (San Martin-Alonso et al., 2021). In general,
THO is thought of as a general safeguard against aberrant R-loop formation.
FACT mutants have also been shown to upregulate R-loop formation

(Herrera-Moyano et al., 2014.

Some of these R-loop associated factors have been recently
suggested to be involved in human diseases. Mutations in Senataxin, the
human ortholog of Senl, result in the diseases ataxia with oculomotor apraxia

2 (AOA-2) and amyotrophic lateral sclerosis (ALS4) (Moreira et al., 2004;
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Chen et al., 2004). Changes in the levels of human RNase HIl have recently
been linked to psoriasis (Mehmetbeyoglu et al., 2022). Any defect in R-loop
associated factors can promote genome instability, which can lead to an
increased risk for cancer (Brambati et al., 2020). Many genetic diseases are a
result of gene-specific repeat expansions, including Huntington’s disease,
myotonic dystrophy type 1, spinocerebellar ataxia type 1, fragile X syndrome,
and Friedreich ataxia (Ellerby et al., 2020; Paulson 2018). These repeat
expansions have also been associated with increased R-loops (Freudenreich
2018). The well-known BRCA1 and BRCA2 genes, mutations in which often
lead to breast and ovarian cancers, have been shown to prevent promiscuous
R-loop formation (Hatchi et al., 2015; Bhatia et al., 2014). It is therefore of
critical importance to understand the formation and regulation of R-loops and
their context-specific functions. Increasing our understanding of R-loop
biology may lead to the discovery of novel interventions that can have a

tremendous impact on our ability to treat genetic diseases.

Summary

In the following chapters we will explore the genetic, physical, and
functional relationship between Spt5’s central KOW domains and the Pol li
subunits Rpb4 and Rpb7. We present an argument that, in the contexts of
transcription elongation and termination, Spt5 KOW domains 2-4 and the Pol
Il Stalk form a functionally relevant substructure within the EC that acts as a

platform for protein binding throughout transcription in a context dependent
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manner. In Chapter 2, we take a genetic approach to explore the mutant
phenotypes in this region and how they relate to cotranscriptional chromatin
remodeling and polyadenylation site choice, revealing genetic evidence that
Rpb4/7 and Spt5 act synergistically. In Chapter 3, we will explore biochemical
interactions between KOW2-3 and Linker2-KOW4 with tertiary factors
involved in myriad cotranscriptional processes and how they relate to known
functions of the Pol Il Stalk, with a focus on proteins that have already been
shown to physically interact with Rpb4 or Rpb7. Chapter 4 will explore a role
for Spt5 and Rpb7 in maintaining R-loop homeostasis, possibly in concert
with the NNS complex. Chapter 5 will summarize our current models of Spt5

and Pol Il Stalk function in transcription and address future directions.
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Chapter 2

Genetic evidence for a functional cooperation between SPT5 and

RPB4/7 throughout transcription elongation and termination

Introduction

Structural models generated from cryo-EM experiments have placed
the central KOW domains (KOW2/3, Linker2-KOW4) of Spt5 and the Pol I
subunits Rpb4/Rpb7 directly adjacent each other in apparent contact
(Bernecky et al., 2017). Spt5 and the Pol Il stalk have been studied
individually fairly extensively, and many overlapping functions have been
identified. However, the functional relevance of the structure formed by these

factors has yet to be addressed.

In order to test the hypothesis that these factors form a structure with a
unified function throughout transcription, we first took a genetic approach. We
employed a set of genetic reporters that provide insight into both
polyadenylation site choice and the production of cryptic-intragenic transcripts
that likely result from the disruption of chromatin. We used a combination of
known mutations identified in our lab and others, as well as mutations
generated from random mutagenesis experiments and tested them for activity
with our genetic reporters. Many of the identified mutations shared
overlapping phenotypes and genetically interacted with each other, resulting

in synthetic sickness and enhancement of phenotypes.
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The results from this genetic analysis, when viewed in light of the
published cryo-EM structures, are highly suggestive of a cooperative,
functional platform formed by KOW2-4 of Spt5 and Rpb4/7, and the disruption
of this platform results in transcriptional defects. Further, these results
suggest that Rpb4/7 likely aid in cotranscriptional chromatin remodeling, the
first such evidence of core polymerase subunits playing a role in maintaining
chromatin structure. This suggests that the structure of the polymerase itself
has evolved to overcome the challenge of transcription through chromatin in

conjunction with assistance from tertiary factors.

Results

Cryptic intragenic transcripts and Poly(A) site choice defects result
from mutations of Spt5’s central KOW domains near the Pol Il stalk

region

Spt4/Spt5 is implicated in regulation of transcription elongation and co-
transcriptional processes, such as pre-mRNA capping, splicing, 3’ end
formation and chromatin dynamics (Li et al., 2014; Maudlin et al., 2019; Cui et
al., 2003; Lindstrom et al., 2003; Mayer et al., 2012; Evrin et al., 2022).
Biochemical and structural studies show that the NGN and KOW1 domains
seal the central cleft of Pol I, associate with both non-template strand DNA
and exiting DNA duplex (Meyer et al., 2015; Bernecky et al., 2017; Ehara et

al., 2017). The interactions are likely involved in Spt5’s roles in promoting Pol
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Il processivity and elongation rate. In contrast, KOW domains 2-5 lie on the
exterior surface of Pol Il, far from the DNA template or the catalytic core of
Pol 1. We hypothesize that these domains allow Spt5 to coordinate
transcription elongation with co-transcriptional processes. To test this
proposal, we took a genetic approach to investigate the roles of KOW2-5 in

gene expression.

Since the function of KOW2-5 is not known, we decided to screen for
new spt5 mutations that fall within these domains. Our approach was to
screen for spt5 mutations that cause transcription from cryptic intragenic
promoters. It is thought that these cryptic promoters are normally occluded
and transcriptionally repressed by nucleosomes. Perturbation of chromatin
relieves this repression, allowing transcription to initiate from the cryptic
promoters. To identify mutations that cause this phenotype, we made use of a
genetic reporter of cryptic initiation developed in the Winston lab (Fig. 2-1C;
Cheung et al., 2008). This reporter is integrated at the FLO8 gene in a yeast
strain with a deletion of the normal HIS3 gene. The reporter consists of GAL1
promoter driving transcription of a FLO8::HIS3 fusion gene, in which HIS3 sits
just downstream of a well-characterized FLOS8 cryptic promoter. Transcription
initiation from the GAL1 promoter results in a FLO8::HIS3 transcript in which
HIS3 is out of frame and not translated. In contrast, transcription initiation
from the cryptic internal promoter results in an in-frame HIS3 transcript,

allowing for His3 expression and growth on —His media. We randomly
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mutagenized SPT5 using hydroxylamine and screened for the cryptic
transcription phenotype. This screen yielded many mutations in the region
immediately 5’ to the NGN domain and 3’ to the acidic domain — a region we
named the NPD (NGN Proximal Domain). This region includes the previously
identified spt5-Cs allele, spt5-242, which also results in cryptic transcription in
addition to sensitivity to cold and general growth defects. Because our
purpose here is to investigate KOW domains 2-5, these mutations were set
aside for future analysis. Our screen also produced three mutations in the
KOW2-KOW3 region (Fig. 2-1B). These spt5 mutations result in the amino
acid changes E546K, G587D, and G602S (this mutant also contains S809F,
which lies in KOWS5), and all three are solvent exposed. Since the function of
Spt5’s central KOW domains remain unresolved, we decided to focus our

efforts on characterizing these mutations for this study.

Prior experiments show that Spt5’s central KOW domains fold into
stable structures separated by unstructured linker domains (Meyer et al.,
2015). Bernecky et al. recently solved the structure of human Pol Il in
complex with DSIF, resolving the location of the KOW domains with respect
to individual Pol Il subunits (Fig. 2-1A; Bernecky et al., 2017). Spt5 KOW
domains 2-4 wrap extensively around the Pol Il stalk composed of subunits
Rpb4 and Rpb7, and these contacts have been confirmed via cross-linking
studies. Spt5 KOW2-3, Rpb4 and Rpb7 appear to form a tripod-like structure

that protrudes from the body of Pol Il. Interestingly, our three KOW2-3
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mutants lie in conspicuous, solvent exposed locations relative to the Pol Ii
Stalk (Fig. 2-1D). Spt5 residues G587 and G602 pack closely at the juncture
of Rpb7 and KOW3, while Spt5 E546, whose charge is reversed by the

E546K mutation, lies at the tip of KOW2.

Previous studies indicate a role for Rpb4/7 in pre-mRNA processing,
and KOW4-5 bridge the mRNA exit channel, which suggest that the central
KOW domains may also have a role in pre-mRNA processing (Mitsuzawa et
al., 2003; Runner et al., 2008; Bernecky et al., 2017). Additionally, the
location and chemical nature of the residues identified in our cryptic initiation
screen suggest a functional relationship between this region of Spt5 and the
Pol Il Stalk. To begin to address KOW2-3'’s involvement in pre-mRNA
processing, we asked if mutations that lie in this region of Spt5 alter
polyadenylation site choice, as previous Rpb7 mutations have also been
shown to alter polyadenylation site choice. We utilized a reporter generated
by Kaplan et al. called gal10456, which is based on the gal10455 construct
developed by Greger and Proudfoot (Kaplan et al., 2005; Greger, Proudfoot
1998). This reporter contains a 56bp deletion at the polyadenylation site of
the GAL10 gene, which results in the accumulation of a toxic intermediate
that kills otherwise wildtype cells grown on galactose media. Northern blot
analysis has shown that this deletion results in a bicistronic transcript
containing both GAL10 and GAL7, and reduces expression of GAL7 from its

canonical promoter. Mutations that perturb polyadenylation result in
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termination at the truncated polyadenylation site and restoration of growth on
galactose media (Fig. 2-2). All three point mutations in KOW2-3 resulted in
suppression of gal10456, as did a deletion of KOW4 and, to a lesser degree,
KOWS. To confirm that this functionality is specific to the KOW domains we
also tested mutations in the N and C terminal regions of Spt5 which did not
suppress gal10456, with the exception of spt5-194, which has previously

been shown to destabilize Spt5’s overall structure (Ding et al., 2010).

Spt5’s KOW2-3 region and Rpb4/7 share common mutant phenotypes

Since mutations affecting Spt5’s central KOW domains share
phenotypes with rpb4 and rpb7 mutations, we next asked if the reverse was
true as well. As RPB7 is an essential gene, we mutagenized plasmid-borne
Rpb7 and screened for cryptic initiation and for suppression of gal10455. Two
mutations resulted in strong suppression of gal10455 — rpb7-G149D, and
rpb7-E100K. Rpb7-G149 lies at the juncture of Rpb7 and KOW3 and sits near
Spt5-G587, a residue that resulted in cryptic initiation in our initial Spt5 cryptic
initiation screen, which appears to contact KOW4 (Fig. 2-3A, B). We did not
identify rpb7 alleles that caused cryptic initiation in this screen. However, we
tested a handful of alleles generated in Craig Kaplan’s lab shown to exhibit
transcriptional defects, one of which, rpb7-D166G, did demonstrate strong
cryptic initiation in the context of our reporter. Similar to Spt5-E546, Rpb7-

D166 is a solvent exposed residue that projects away from the polymerase.
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Rpb7-D166 was also shown to result in TSS defects as well as sensitivity to
mycophenolic acid, suggestive of defects in transcription initiation.
Furthermore, rpb7-L168S, which lies spatially adjacent to rpb7-D166G,
exhibited minor cryptic initiation. While rpb7-V101E did not suppress
gal10455 or show cryptic initiation, it did show minor sensitivity to MPA, as
well as a slight growth defect. This difference suggests that the cryptic
initiation phenotypes seen in rpb7-D166G and L168S are allele specific,

rather than resulting from general loss of function.

To assess the evolutionary and functional significance of these
residues we generated sequence alignments across model organisms and
asked if these residues were highly conserved (Fig. 2-3C). spt5-G602 is
universally conserved. spt5-G587 is also universally conserved, as is rpb7-
G149, the residue most closely contacting spt5-G587. This suggests that this
structure is highly evolutionary relevant. Spt5-E546 appears only as either
Glutamate or Aspartate, as does rpb7-D166, indicating preservation of the
acidic nature of these residues is universal. rpb7-L168 is also universally
conserved highlighting the evolutionary importance of this structure formed by

the C terminus of rpb7 and Spt5 KOW2.

Since RPB4 is not essential, we deleted RPB4 in strains carrying the
cryptic initiation and gal10456 reporters and observed growth on galactose

media with gal10456 as well as growth in the context of our cryptic initiation
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reporter (Fig. 2-3D, E). Loss of RPB4 in both contexts results suppression of
gal10456 and cryptic initiation. These experiments were performed in the
context of overexpressed Rpb7 due to poor growth caused by rpb44, but the

phenotype persists without Rpb7 overexpression, albeit to a lesser degree

(data not shown).

Spt5 KOW2-3 and Rpb4/7 contribute to a common function required for
viability

To further assess the functional cooperation of Spt5 KOW2-3 with the
Pol Il stalk, we generated double mutants of spt5-E546K, spt5-G587D with
our previously identified rpb7 mutants (Fig. 2-4A, B). Since Spt5-G602S is
also paired with S809F, we excluded that mutant from this analysis. When
paired with spt5-E546K, rpb7-G149D and rpb7-E100K exhibited synthetic
lethality, while rpb7-V101E exhibited severe growth defects and rpb7-D166G
exhibited a minor growth defect. When paired with spt5-G587D, rpb7-G149D
and rpb7-E100K grew nearly as well as the single spt5 mutant. rpb7-D166G
and rpb7-V101E exhibited minor growth defects, with rpb7-V101E growing

slightly less well than rpb7-D166G.

We next tested our spt5 / rpb7 double mutants for enhancement of the
phenotypes tested for in Figure 2-3. Spt5-G587D was initially identified in our
cryptic initiation mutant hunt and displayed a modest cryptic initiation

phenotype when plasmid-borne (data not shown). When integrated, however,
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this phenotype was reduced significantly. We combined this allele with the
cryptic initiation reporter with our rpb7 mutant alleles and observed strong
cryptic initiation in rpb7-G149D, E100K, and D166K (Fig. 2-4A). Interestingly,
the cryptic initiation phenotype observed in the rpb7-D166G allele was
somewhat suppressed. Additionally, we observed synthetic lethality with spt5-
G587D when coupled with rpb7-D166G and V101E on 25ug/mL MPA, and
strong synthetic growth defects with rpb7-E100K and G149D. Rpb7-V101E
was lethal with spt5-G587D at 39C, and Rpb7-G149D and D166G showed

severe growth defects.

Spt5-E546K displays a strong phenotype with the gal10456 reporter.
This phenotype persists when paired with rpb7-D166G and D166K, and is
perhaps enhanced to a modest degree. This phenotype is suppressed
however when paired with rpb7-L168S. spt5-E546K is nearly as resistant to
MPA as wildtype on its own, but when paired with rpb7-D166G and V101E it

is MPA-sensitive.

We also tested spt5-G602S+S809F, spt5-E546K, and spt5-G587D
against an rpb4 deletion (Fig. 2-4C). All mutants tested were lethal in
combination with rpb44, which on its own exhibits growth defects. Together
this indicates a significant functional cooperation between the Pol Il stalk and
Spt5, and provides genetic evidence for the significance of the structure

formed by these proteins.
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Discussion

Prior evidence has shown loss of function in Spt5 results in the
generation of cryptic transcripts from an internal promoter within the FLOS8
gene (Cheung et al., 2008). Previous studies of Rpb4/7 implicate the Pol Il
stalk in polyadenylation site choice (Runner et al., 2003). We asked if the
reciprocal phenotypes could also be seen by utilizing genetic reporters of spt5
and rpb4/7 mutants. Indeed, we saw that disruption of the putative structure
formed by these domains and the Pol Il stalk resulted in overlapping
phenotypes. Mutations that appear to disrupt either the juncture of Rpb7 and
KOW2-4 or the tip of the structure formed by these factors resulted in altered

polyadenylation site choice and cryptic initiation.

There is a wealth of evidence implicating a large number of genes in
cryptic transcription — many of these directly involved in chromatin structure
maintenance, including SPT6, SPT16, HHT1, HHT2, HTA1-HTB1, CHD1
(Cheung et al., 2008; Quan, Hartzog 2009). MNase studies show that
chromatin structure is indeed disrupted in these mutants, strongly suggesting
that other genes that generate cryptic transcripts in the context of this reporter
disrupt chromatin as well (Kaplan et al., 2003). The surface of the StalkkKOW
structure is highly acidic in nature, similar to Spt5’s acidic NGN domain, which
has recently been shown to bind nucleosomes and also displays cryptic
initiation when mutated (Cheung et al., 2008; Evrin et al., 2022). Spt6, which

has been shown to bind histones and nucleosomes in vitro, appears to
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directly contact Rpb4/7 on the other side of KOW2-3 according to structural
models (Bortvin, Winston 1996; McDonald et al., 2010; Vos et al., 2018b).
The placement of Spt6 appears to expand the large acidic platform created by
the stalk and KOW domains. It is possible that Rpb4/7 and KOW2-3 play a
minor role in nucleosome rearrangement, serving to transiently pass back
nucleosomes as they are rearranged in the polymerases wake, as assisted by

Spt6.

The gall10456 reporter has previously been utilized to detect
alterations in polyadenylation site choice among resulting from mutating either
3’ end processing factors or elongation factors (Kaplan et al., 2005). The
primary mode of Galactose toxicity appears to result from transcriptional
interference at the GAL7 promoter from polymerases that fail to terminate at
the gall0 poly(A) site. Mutations that affect 3’ end processing factors or
perturb elongating Pol Il allow for recognition of the truncated poly(A) site,

restoring initiation at GALY.

Mutations in spt6 and other elongation factors have also been shown
to suppress gal10456 by decreasing read through and allowing re-initiation at
GAL7 (Kaplan et al., 2005, Cui Denis 2003). One model to explain this
phenotype is that defects in transcription elongation result in a slower, more
pause-prone polymerase, allowing for an increase in processing time at a

weakened poly(A) site. This model, however, is disfavored by the observation
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that the upstream poly(A) site is equally favored over downstream alternative
poly(A) sites. For this phenotype to be strictly explained by a slower
elongating Pol Il, one would expect a gradient of decreasing poly(A) site
usage following the initial Poly(A) site. This suggests an alternative model:
suppression of gal10456 by perturbing elongation factors is caused by an
alteration in either conformation or composition of the elongation complex.
Supporting the notion that a compositional alteration is the cause of gal10456
suppression is the observation that the density of Ctr9, a member of the PAF
complex, decreases following the poly(A) signal in wildtype GAL10 as seen
by ChIP experiments (Kaplan et al., 2005). Increased occupancy of wild type
Spt6 and Ctr9 over the poly(A) site is observed in the gal10456 mutant,
suggesting that the presence of these factors promote read-through, and the
removal of these factors, particularly Ctr9, follows recognition of a functional
poly(A) site. One appealing model is that disruption of the Stalk/KOW platform
indirectly promotes ejection of certain factors such as Ctr9, allowing for
polyadenylation at the truncated site. It seems likely that the Pol Il EC
undergoes a significant structural rearrangement as a prerequisite to
polyadenylation and termination. The mutations presented in this study may
facilitate this rearrangement by causing a preference for a particular

conformation that makes the Pol Il EC more amenable to termination.

To further confirm a functional cooperation between KOW2-4 and

Rpb4/7, we performed crosses to generate double mutants that further disrupt
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the binding platform formed by Spt5 and Rpb4/7. Indeed, we saw that further
insults to this region resulted in an enhancement in phenotype severity,
synthetic growth defects, and even synthetic lethality. The positioning of E546
in appears to be particularly critical for the function of elongating polymerase,
as mutations that alter this residue in in spt5 combined with mutations that
appear to alter KOW2/3 or Rpb4/7 position result in synthetic lethality. Taken
together, it appears that the Pol Il stalk region, including Spt5 KOW domains
2-4, is involved in both cotranscriptional chromatin structure maintenance and

polyadenylation site choice.
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Figure 2-1: spt5 KOW mutants near Rpb4/7 display cryptic transcription

A) Model of Bos taurus Pol Il, indicated in grey, with DSIF (human),
constructed from cryo-EM data published by Bernecky et al., 2017
(PDB: 50IK). DSIF domains are indicated by color coded labels. The
red box indicates the location of the residues altered in the cryptic
initiation screen, shown in 1B.

B) Schematic of Spt5 domains and the residues identified in the cryptic
initiation screen. The red box corresponds to the highlighted domains
in figure 2-1A.

C) Diagram of cryptic initiation reporter. Red balls are nucleosomes. The
blue, grey and green circles are general transcription factors. Red
arrow indicates the corresponding mRNA product generated from
transcription.

D) A zoomed in view of the structure showed in 1A, focusing on KOW2-3
and Rpb4-Rpb7. KOW domains shown in ribbon. The residues altered

in the cryptic initiation screen are indicated as red/orange spheres and
labeled.
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Figure 2-2: Mutations in spt5 near Rpb4/7 display defects in Poly(A) site
choice

On the left is a schematic for the gal10456 reporter construct. Arrows
represent the mRNA product produced while under the presence of absence
of galactose as the sole carbon source. SPT5 shuffle strains (spt54 gal10456
pMS4) were generated and the indicated plasmid born spt5 mutant was
transformed and wild type SPT5 (pMS4) was counter-selected against 5FOA
media prior to dilution spotting onto YPD and YPGal at 30C to measure
expression of the gal10456 reporter.

48



j Gal10 }—AVSG—EGW |

Gal+

Gal-

Carbon source: Glucose

Form of SPT5

49

Galactose

CTR S>D
spt5-194
spt5-242
A267T



Figure 2-3: rpb4 and rpb7 mutations result in transcription defects

A) RPB7 shuffle strains were generated in either gal10455 or pGAL-
FLO8::HIS3 background and the indicated rpb7 allele was transformed
and wild type Rpb7 was counter-selected against on 5SFOA prior to
dilution spotting on the indicated media at 30C.

B) Rpb7 is shown in pink ribbon with indicated amino acid changes as
yellow spheres. KOW2-3 is shown in blue ribbon with indicated amino
acid changes as red spheres. This image is a close-up generated from
the structure shown in figure 2-1A.

C) A multi sequence alignment generated from NCBI BLAST. Red
highlighted residues indicate altered conserved amino acids in Spt5
and Rpb7 that lie spatially adjacent at the KOW3 juncture. Blue
highlighted residues indicate altered conserved amino acids that are
surface exposed at the tip of Spt5 KOW2 and Rpb?7.

D) rpb44 cells in the pGAL-FLO8::HIS3 background were patched onto
YPD, replica plated onto the indicated media and allowed to grow at
30C for 3 days.

E) rpb44 cells in the gal10456 background were patched onto YPD,
replica plated onto the indicated media and allowed to grow at 30C for
3 days
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Figure 2-4: spt5 and rpb4/7 double mutants display synthetic
phenotypes

A) RPBY7 shuffle strain was crossed with a strain containing spt5-G587D
integrated in the cryptic initiation background. Mutant rpb7 alleles
along with wild type RPB7 were transformed and passed over 5FOA to
remove the RPB7 URA3 plasmid. Strains were serially diluted onto the
indicated media and incubated for 3 days at 30C.

B) RPB7 shuffle strain was crossed with a strain containing spt5-E546K
integrated in the gal10456 background. Mutant rpb7 alleles along with
wild type RPB7 were transformed and passed over 5FOA to remove
the RPB7 URA3 plasmid. Strains were serially diluted onto the
indicated media and incubated for 3 days at 30C.

C) An rpb4A4 strain containing a URA3 marked overexpression vector
harboring RPB7 was crossed with an SPT5 shuffle strain. spt5 alleles
were transformed and cells were plated onto SC —Leu. Single colonies
were selected and struck out on SC —Leu, then replica plated to 5FOA.
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Spt5-E546K + rpb7 Double Mutant Phenotypes
(gal10D56 background)
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Chapter 3

Identification of factors that bind to the central stalk region of Pol Il

Introduction

Rpb4/7, KOW2/3 and L2K4 appear to form a large, protruding structure
on the Pol Il EC. In Chapter 2, we identified residues in spt5 and rpb7 that
display defects in both cryptic initiation and polyadenylation site choice that
exhibit a high degree of evolutionary conservation — spt5-G587D and rpb7-
G149D are universally conserved, while Spt5-E546 and Rpb7-D166 are
universally either glutamate or aspartate. A charge distribution map reveals
that this region harbors a highly acidic surface throughout Spt5 KOW2-3,
Rpb4 and Rpb7 (Fig. 3-1). This is suggestive of the formation of a binding
platform for tertiary factors Prior studies on Rpb4/7 have posited that the
primary function of the Pol Il Stalk is to expand upon the surface area to
which transcription-associated factors may bind. Indeed, many protein binding
partners of Rpb7 have been previously identified that also physically
associate with Spt5. The majority of these factors have known roles in
transcription regarding chromatin structure, pre-mRNA processing, 3’ end
formation and transcription processivity. The significant number of
overlapping phenotypes, along with published structural data and sequence
conservation analysis support the hypothesis that this structure plays an

conserved role in participating in cooperative protein binding events.

60



Prior biochemical studies have identified a number of interacting
factors with Spt5 (Lindstrom et al., 2003; Krogan et al., 2002). Spt5 is a large,
multi-domain protein, and the resolution of these binding events to the
individual domain of Spt5 remains unsolved. Since the various domains of
Spt5 appear to bind to Pol Il across disparate locations, it is reasonable to
suspect that the various Spt5-interacting factors may bind exclusively to
specific domains of Spt5 to support location-specific roles. Spt5’s KOW
domains are composed of Tudor folds which, in other proteins, are known to
support protein-protein and protein-nucleic acid interactions (Meyer et al.,
2015; Lasko 2010). To pinpoint the function of the conjoined Spt5 KOW-Stalk
region of the elongation complex, it is therefore necessary to identify factors

that bind specifically to the KOW domains that participate in this structure.

To accomplish this, we performed affinity chromatography followed by
MudPIT mass spectrometry in collaboration with the Yates Lab at UC San
Diego to identify binding partners of both the KOW2-3 (K2K3) and the
Linker2-KOW4 (L2K4) regions of Spt5. Supporting the notion that the central
KOW domains function in tandem with Rpb4/7, we identified many proteins
involved in 3’ end formation, RNA processing and chromatin structure

maintenance that overlap with previous proteomics studies of Rpb7.
Results

Affinity Chromatography of Spt5’s KOW domains
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To further resolve Spt5’s binding partners to the KOW2-4 region, we
purified recombinant His-tagged KOW2-3 and Linker2-KOW4 and
immobilized them on Afigel. The column was challenged with a yeast protein
extract, washed and subjected to an increasing salt gradient. Silver stained
gels of the eluates revealed that the KOW2-3 and L2K4 bound a strikingly
different pattern of proteins (Fig. 3-1A, B). The three highest salt fractions
were subject to MudPIT mass spectrometry, A BSA bound Afigel column was

used as control in mass spectrometry experiments (Fig. 3-1C).

We identified many proteins that bound differentially to KOW2-3 and
L2K4, as well as overlapping factors that bound to both domains. We
excluded a number of proteins from analysis: ribosomal proteins, which are
frequently identified nonspecifically in mass spectrometry, cytoplasmic
proteins as Spt5 has been shown to reside exclusively in the nucleus, as well
as importins and mitochondrial membrane proteins. Spt5 is known to interact
with RNAPI, and we did identify a number of RNAPI subunits, however we
excluded ribosome biogenesis factors as this study focuses on Pol II
transcription. Finally, any proteins that were enriched less than two-fold
relative to the BSA control column were excluded. We were left with 80
proteins that bound to either K2K3 or L2K4, presented in Table 3-1. We
observed proteins involved in a wide array of nuclear functions, including
transcription, RNA polymerase subunits, splicing, replication and RNA

processing. Consistent with the phenotypes observed in our KOW2-3
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mutants, we identified a number of proteins involved in chromatin structure

maintenance as well as 3’ end formation.

Identification of Nrd1 and Nab3 as KOW2-3 binding

Prior studies have identified factors that bind to Rpb7. Many of these
identified proteins overlap with factors identified in our affinity chromatography
experiments, which are indicated in bold. Of particular interest is the binding
of the Nrd1-Nab3-Senl complex which is involved in non-polyadenylated
transcript termination, exosome mediated RNA degradation and mRNA
surveillance (Steinmetz et al., 2001; Vasiljeva et al., 2006; Singh et al., 2021).
Nrd1l and Nab3 both bound KOW?2-3 in our study, while Senl and Nrd1 have
been identified in prior studies of Rpb7, indicating that the region comprised
of Spt5 KOW2-3 and Rpb4/7 is a possible binding target for the Nrd1-Nab3-

Senl termination complex (Mosley et al., 2013; Mitsuzawa et al., 2003).

A charge distribution map of the Pol Il Stalk Region suggests that this
structure may be targeting basic proteins (Fig. 3-2; Bernecky et al., 2017). To
validate our result of Nrd1 binding to KOW2-3, we utilized the machine
learning computational program AlphaFold to predict Nrd1’s overall structure
(Jumper et al., 2021; Varadi et al., 2021; Fig. 3-3A). We then generated a
charge distribution map of Nrd1 to determine if Nrd1 possesses the
biochemical characteristics that may facilitate binding to the Pol Il Stalk

Region including Rpb7 and KOW2-3 (Fig. 3-3B). We found that the N-terminal
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region of Nrd1 is largely basic in nature and is surrounded by an unstructured
loop region, which is consistent with Rpb7 and KOW2-3 being a potential

target for Nrd1.

Recent developments in AlphaFold’s algorithm have allowed for the
modeling of protein complexes using AlphaFold Multimer. To test our
prediction that Nrd1 may bind Rpb7 and KOW2-3 collaboratively, we input
sequences for the N-terminal region of Nrd1, which has previously been
shown to bind Rpb7, along with Rpb7 and KOW2-3 (Mitsuzawa et al., 2003).
Interestingly, the top 5 ranked models output by AlphaFold were all shown to
bind Rpb7. In particular, the most highly ranked model showed Nrd1’'s N-
terminal region to bind to the region of Rpb7 that contains Rpb7-D166.

However, none of the models showed Nrd1 binding to KOW2-3.

As Nab3 was also shown to bind KOW2-3 in our affinity
chromatography experiment, we input the sequence for the entire Nab3
protein with KOW2-3. Surprisingly, all five models output by AlphaFold placed
Nab3’'s RRM directly on top of KOW?2 at the location where Spt5-E546
resides. Figure 3-3 shows a composite of the Rpb7, KOW2-3, the Rpb7
binding domain of Nrd1 and Nab3’s RRM. These structural models predict
that the NNS complex is docked directly onto the Pol Il Stalk region, with Nrd1
contacting Rpb7 at D166 through its N-terminal domain and Nab3 targeting
KOW?2-3 at E546 through its RRM. Further, Nab3-K363 has been previously

shown to be a critical residue for RNA binding, and all of the models output by
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Alpha fold showed K363 directly contacting Spt5-E546, potentially implicating
this region of KOW?2 as playing an indirect role in mediating RNA binding

through Nab3 (Lee et al., 2020).
Discussion

By performing affinity chromatography and MudPIT mass
spectrometry, we sought to identify factors to the hypothesis that Spt5 KOW
domains 2-4 act as a platform for recruitment of tertiary factors and provide
context for the mutations in spt5 identified in Chapter 2. We found many
factors that were involved in both of these processes, as well as proteins that
contribute to general transcription splicing, termination, and surprisingly,
replication. Some of these factors were identified in previous mass
spectrometry experiments involving full-length Spt5 (Lindstrom et al., 2003).
However, the sensitivity of mass spectrometry has evolved significantly since
those prior experiments were performed, and we aimed to further resolve

Spt5’s interactome to specifically the central domains.
Rpb7 and KOW2-3 as a target for the NNS Complex

Both Nrd1 and Nab3, components of the Nrd1-Nab3-Senl (NNS)
termination complex, bound KOW2-3. Senl and Nrd1 have also been
identified as an Rpb7 binding protein (Mosley et al., 2013; Mitsuzawa et al.,
2003). The NNS complex is responsible for terminating non-polyadenylated

RNA such as snRNA, snoRNA, and CUTS (Steinmetz et al., 2001; Conrad et
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al., 2000), and Senl has previously been shown to play a role in resolving R-
loops. Sebl, a Nrd1 ortholog found in S. pombe also was shown to bind Rpb7
in a two-hybrid assay, as was S. cerevisiae Nrd1 to Rpb7, indicating this
interaction is conserved evolutionarily and functionally significant (Mitsuzawa
et al., 2003). Interestingly, residue D167 in S. pombe Rpb7 was identified as
a critical residue for binding of Sebl to Rpb7. This highly conserved residue
aligns with D166 in S. cerevisiae Rpb7, the same residue featured in this
study as Rpb7-D166G, suggesting the Stalk/KOW platform may be a binding
site for the NNS termination complex. Prior affinity chromatography studies of
Nrd1 also identified Spt5 as a Nrd1 interacting protein (Vasiljeva et al., 2006).
Supporting the model that Nrd1 targets both Spt5 KOW2-3 and Rpb7, a
charge distribution map of Nrd1 reveals a highly basic interface composed of
a region that has previously been identified to be necessary to bind Rpb7,
while the structure composed of Rpb7 and KOW2-3 is highly acidic in nature

(Mitsuzawa et al., 2003).

AlphaFold Multimer predicts that Nab3’s RRM contacts KOW2-3 at
Spt5-E546, and Nrd1 targets Rpb7 at D166. It is appealing to speculate that
spt5-E546K and rpb7-D166G break contact with the NNS complex, which
may mechanistically explain a subset of the phenotypes observed in these
mutants. Future experiments may aim to test the model that these residues
are critical for maintaining contact with the NNS complex. Interestingly, Nab3-

K363 has been shown to be critical for Nab3’s RNA binding capacity, and this
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residue is predicted to directly contact Spt5-E546 (Lee et al., 2020. It will be
worthwhile in the future to test the role of Spt5-E546 in stimulating or
abrogating RNA binding by Nab3 and what the functional consequences of
this interaction may be. Further, this interaction may be RNA dependent — it
would be worthwhile to test this hypothesis in a pull-down assay or RNase
treated affinity chromatography experiments with wildtype SPT5 and spt5-
E546K. Nab3-K363 has also been shown to be a target for methylation by
Setl and Set3. Future experiments should aim to test the consequences of
methylation of this residue in the context of Nab3'’s interaction with Spt5

KOW?2-3, and also whether Spt5 is a target for methylation by Setl or Set3.

It is highly likely that the NNS complex docks directly onto Rpb7 and
KOW?2-3 through acid-base interactions between Nrd1, Nab3 and the Pol I
Stalk Region. Prior co-immunoprecipitation experiments have shown that
Spt5 and Nrdl1 do indeed physically interact with each other, and that this
interaction is dependent on Spt5’s CTR (Leporé et al., 2011). Mechanistically,
it seems likely that Nrd1 is first recruited by Spt5’s CTR and then deposited
onto Rpb7 where it remains primed for RNA recognition via its RRM. Future
studies should aim to define a role for Spt5 and Rpb4/7 in noncoding

transcript termination.

Termination
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Ratl and Rail were also bound KOW2-3. Ratl is known to be the
“torpedo nuclease” in the “torpedo” model of termination. According to this
model, Ratl (assisted by Rail) facilitates transcription termination by
degrading RNA from the 5’-end that is created by transcript cleavage at the
poly-A site, eventually colliding with Pol Il to facilitate its removal from the
DNA (Luo et al., 2006; Kim et al., 2004). This model of termination is
consistent with the function of Rho in E. coli, which tracks along nascent RNA
and collides with RNAP stimulating termination via a direct interaction with
NusG (Mitra et al., 2017). KOW2-3 may serve as a loading dock for Ratl as it
prepares to bind to cleaved mRNA following poly(A) site recognition, or
KOW?2-3 may serve as the target for Ratl already engaged with the cleaved
transcript, actively tracking the polymerase as it prepares to terminate via

collision with the EC.

Dbp2, a dead-box RNA helicase, is involved in coupling of termination
to mMRNP assembly and is required for loading Yral, Nab2 and Mex67 onto
MRNA (Ma et al., 2013). Interestingly, Dbp2 has also been implicated in
suppression of transcription from internal initiation sites (Cloutier et al., 2012).
Dbp2 has a strong preference for dsRNA, suggesting a role in preparing
MRNA secondary structure for efficient packaging into an export-competent
MRNP (Cloutier et al., 2012). KOW2-3 may also serve as a “loading dock” for

Dbp2 to target mMRNA as it leaves the mRNA exit tunnel.

RNA Processing
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A number of components of the TRAMP complex, exosome and SKI
complex were identified as interacting with KOW2-4, along with other factors
such as nucleases, helicases and RNA binding proteins. Many of these
factors are involved in complexes that are known to interact with each other,
such as the SKI complex, TRAMP complex and exosome (Keidel et al., 2020;
Weir et al., 2010; Jackson et al., 2010; Schneider, Tollervey 2013). It has
been proposed that the SKI complex may directly funnel mRNA into the
exosome as well as modulating exosome activity (Schneider, Tollervey 2013).
The TRAMP complex has also been shown to be involved in exosome-
mediated degradation of ncRNAs in a process that is mediated by Nab3 of
the Nrd1-Nab3-Senl ncRNA termination complex (Mile et al., 2015). This is
consistent with the proposed function of KOW2-4 as a nexus for coordinating

MRNA processing events due to their proximity to the mRNA exit channel.

Gbp2 has been identified as a novel, selective poly(A) RNA binding
protein that facilitates shuttling of mMRNA out of the nucleus with a preference
for intron-containing genes. Overexpression of Gbp2 causes nuclear retention
of polyadenylated RNA (Windgassen, Krebber 2003). Gbp2 also was shown
to bind Rpb7-Tap, which may accompany mRNA out of the nucleus with

Rpb4 (Mosley et al., 2013; Harel-Sharvit et al., 2010).

Rok1 and Dbp4 are ATP-dependent RNA helicases involved in rRNA
processing and participate in early ribosomal small subunit biogenesis

(Venema et al., 1997; Koshnevis et al., 2016; Weaver et al., 1997). While
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Rok1 is essential, Dbp3 is not (Song et al., 1995; Weaver et al., 1997). Not
much is known of the mechanisms behind Rok1 and Dbp3 function, however
the fact that Spt5’s central KOW domains interact with multiple rRNA
processing proteins and have known roles in Pol | function supports the idea
that Spt5 may play a significant role in rRNA processing and rRNA

biogenesis.

Xrnl, a component of the Xrnl-decaysome, is a 5’-3’ exonuclease that
has been implicated in both transcriptional activation and termination (Blasco-
Morena et al., 2019; Jonas, Izaurralde 2013; Parker 2012). Loss of Xrnl
results in a decrease in Pol Il occupancy downstream of promoters and an
increase in pol Il density near cleavage and polyadenylation sites (Fischer
2020). One potential model of suppression of gal10456 in our spt5 and rpb7
mutants is that these mutations alter residues that result in disruption of
interactions with particular transcription factors, favoring a termination-
competent EC. One such factor whose interaction may be disrupted could be
Xrnl. By severing contact with Xrnl through mutating the binding platform it
relies upon, we may be mirroring the transcriptional impact seen as a result of

loss of Xrnl. Future co-IP and ChIP experiments can test this hypothesis.

Sro9 has been shown to chaperone mRNA from the nucleus to the
cytoplasm where it then modulates translation (Rother et al., 2010). Rpb4/7
have also been shown to shuttle into and out of the nucleus accompanying

MRNA as well (Harel-Sharvit et al., 2010). Interestingly, Sro9 was identified
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as a high-copy suppressor of the TS phenotype of an rpb44 mutation.
Overexpression of Sro9 nearly doubled mRNA levels, which was attributed to
a combination of increased transcription and mRNA stability (Tan et al.,

2000).

Replication

Previous studies identified Smcl as an Spt5 interacting protein, and it
appears that Smcl binds specifically to the KOW2-3 region, as well as almost
the entire Rfc complex, involved in loading of the PCNA sliding clamp onto
chromatin (Lindstrom et al., 2003). Interestingly, many Rfc subunits also have
been shown to bind to Rpb7 (Mosley et al., 2013). During S-phase, Pol Il and
DNA Polymerase compete for the same substrate, which can result in
collision events known as T-R collisions (Prado, Aguilera 2005). During a T-R
collision, transcribed mRNA can hybridize with unwound DNA, forming R-
loops, which are often sources of DNA damage (Hamperi et al., 2017). Sen1,
the helicase component of the Nrd1-Nab3-Senl termination complex, has
been previously shown to specifically unwind DNA-RNA hybrids and resolve
R-loops, particularly during S-phase (Appanah et al., 2020). It is possible that
the Rfc interactions between Spt5 and Rpb4/7 are a result of T-R collisions,
and that their interaction, along with Senl, helps resolve the collision and
prevent DNA damage. Rpb4 and Rpb7 have been shown to mediate the DNA

damage response through the independent pathways, as has the Rfc
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complex, supporting the idea that this region may mediate resolution of T-R

collisions (Li et al., 2002; Kumar et al., 2019; Shiomi, Nishitami 2017).

Splicing

Prp43 is an essential ATP-dependent DEXH/D-box RNA helicase that
functions in Pol I and Pol Il transcript metabolism (Arenas, Abelson 1997;
Combs et al., 2006). Prior studies demonstrate that Prp43 interacts with
Rpb7, while our work shows it interacts with L2K4, which lies near the mRNA
exit tunnel (Mosley et al., 2013). Prp43’s catalytic functions include removing
the U2, U5 and U6 snRNPs from the post splicing lariat-intron
ribonucleoprotein complex, biogenesis of large and small subunit rRNAs and
it also has roles in pre-mRNA processing (Combs et al., 2006; Fourmann et
al., 2013). Loss of Prp43 function results in accumulation of unspliced rRNA
and, to a lesser degree, unspliced pre-mRNA (Arenas, Abelson 1997). Prior
studies have shown that Spt5 loss of function results in accumulation of
unspliced mRNA, and that Spt5 functions with Pol I in rRNA metabolism

(Lindstrom et al., 2003; Viktorovskaya et al., 2011).

Chromatin and Transcription

Sptl6, a component of the FACT (FAcilitates Chromatin Transcription)
complex, is a histone chaperone that has known genetic interactions with
Spt4/5 and was identified as KOW?2-3 interacting in this study (Orphanides et

al., 1999; Belotserkovskaya et al., 2003). Recent structural models of
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elongating Pol Il however do not show Spt16 in direct contact with Spt5’s
central domains or Rpb7, but rather that it contacts nucleosomes downstream
of elongating Pol Il (Farnung et al., 2021). Interestingly, Spt16 also was
shown to interact with Rpb7 in prior proteomics studies, suggesting FACT
may adopt multiple conformations with regards to the Pol Il EC (Mosley et al.,
2013). Spt6, another known histone chaperone, has been shown to bind near
the Pol Il stalk, creating together with Rpb4/7 and KOW2-3 a large acidic
platform that may attract basic proteins such as histones (Vos et al., 2018b).
In fact, a number of histones were identified as interacting with KOW2-4 that
have previously been identified to interact with Rpb7 as well. Supporting this
notion is the observation that one of the conserved functions of Tudor domain
containing proteins, and in particular tandem Tudor domains such as Kow2-3,
is to bind post-translationally modified histone tails (Ying, Chen 2012;
Botuyan et al., 2006; Huang et al., 2006). It is appealing to speculate a
mechanism in which nucleosomes are “rolled” over the body of a transcribing
polymerase with the help of Spt6 and Spt16, with the Pol Il Stalk region,
including KOW?2-4, serving as an intermediate area for nucleosome
reassembly. Prior studies implicate Spt6 and Spt16 in reassembly of
nucleosomes in the wake of transcribing Pol Il, and this model has been
proposed to explain the cryptic initiation phenotype in both spt6 and spt16
mutants (McCullough et al., 2015; Cheung et al., 2008; Kaplan et al., 2003).

Tracing a path from where Spt5 contacts the incoming nucleosome to the
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binding interface of Spt6, one can speculate that Sptl6 may facilitate the
transit of nucleosomes downstream of transcribing pol Il, over the stalk region
comprised of KOW2-3, Rpb4/7 and Spt6, and back over to the upstream
DNA. This model is supported by the identification of the novel cryptic
initiation mutations in KOW2-3 and rpb7-D166G in Chapter 2.
Mechanistically, Spt16 may facilitate a nucleosome hand-off event to Spt6, or
it may accompany nucleosomes back to their upstream position, depositing

them in Pol II's wake.

Ribosome biogenesis

We identified a number of RNA Polymerase | subunits in our affinity
chromatography experiment that were also identified in previous Spt5 full-
length affinity chromatography experiments (Lindstrom et al., 2003).
Supporting the idea that Spt5 plays roles in ribosome biogenesis, we
iIdentified a large number of proteins associated with this function, however
we excluded the majority of these factors from analysis due to the focus of
this study being Pol Il transcription. Hcrl does remain of interest due to its
dual-roles in translation and ribosome biogenesis and prior context in function
with Rpb4/7 (Valasek et al., 2001a; Harel-Sharvit et al., 2010). The
observation of genetic and physical interactions between Hcrl and Rpb4/7
makes it an interesting candidate for further study. These experiments have
suggested a role for Rpb4/7 in modulating translation through dual functions

in facilitating mMRNA transport and exerting influence directly on Hcrl. This
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suggests two possible models for Spt5’s function with Her1: Spt5 may
function in indirectly modulating Hcrl activity through Spt5’s direct
interactions with Rpb4/7, or, Spt5 may modulate Hcrl function as a complex

with RNA Pol | in the context of ribosome biogenesis.
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Figure 3-1: Spt5 KOW2-3 and Rpb4/7 form a large acidic structure

Charge distribution map of the Pol Il Stalk Region. Red indicates negative
charge, blue indicates positive charge (Bernecky et al., 2017; PDB: 50IK)
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Figure 3-2: Spt5 KOW2-3 and Linker2-KOW4 exhibit unique protein
binding fingerprints

A) Silver-stain gradient gel of eluates collected during affinity chromatography
experiments of K2K3

B) Silver stain gradient gel of eluates collected from L2K4 affinity
chromatography experiments

C) Eluates obtained from the BSA control column.
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Figure 3-3: Nrd1’s Rpb7 binding domain is largely basic in nature

A) Model of Nrd1 structure generated from AlphaFold with functional domains
labeled (Jumper et al., 2021; Varadi et al., 2021; Vasiljeva et al., 2008;
Mitsuzawa et al., 2003; Conrad et al., 2000).

B) Charge distribution map of Nrd1 generated from AlphaFold
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Figure 3-4: AlphaFold Multimer predictions for a complex containing
Rpb7, KOW2-3, Nrd1 and Nab3

Yellow residue in Rpb7 indicates Rpb7-D166. Red residue in KOW2-3
indicates Spt5-E546. Orange residue in Nab3 indicates Nab3-K363. Nrd1
Rpb7 Binding Domain (7BD) contains residues 318-490. Nab3 displays
residues 311-414. KOW2-3 displays residues 534-632. Entire sequence of
Rpb7 shown.
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Table 3-1: Proteins identified via MudPIT mass spectrometry as
interacting with K2K3, L2K4 domains of Spt5

Proteins indicated in bold were previously identified as Rpb7-interacting

(Mosley et al., 2013). Underlined proteins were previously identified as Spt5-
interacting (Lindstrom et al., 2003).
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Chapter 4

Investigating a Role for Spt5 and Rpb7 in R-loop Resolution

Introduction

Thus far, we have established that Spt5 and Rpb4/7 share many
genetic interactions including synthetic sickness, synthetic lethality, and
enhancement of mutant phenotypes pertaining to suppression of cryptic
intragenic transcripts and polyadenylation site choice. We have also identified
physical interactions between Spt5 and proteins that function in 3’ end
processing/termination, mMRNA processing/export, ribosome biogenesis and
R-loop resolution. Many of these factors were previously identified to interact
physically and genetically with Rpb4/7 (Mosley et al., 2013; Harel-Sharvit et
al., 2010). This chapter will focus on genetic interactions of Spt5 and the Pol Il
stalk with tertiary factors related to cotranscriptional processes including 3’
end processing and R-loop homeostasis. In these experiments we aim to test
the functional relevancy of the physical interactions identified in Chapter 3.
Through this analysis we will construct a model that supports Spt5 KOW2-4

and Rpb4/7’s cooperative function throughout the transcription cycle.

Nrdl1 is an RNA binding protein that supports transcript termination of
non-coding RNA and CUTs (Vasiljeva et al., 2008; Hobor et al., 2011; Carroll
et al., 2004; Bacikova et al., 2014). Rpb7 was previously shown to physically

interact with Seb1, the S. pombe ortholog of Nrd1, and this interaction is
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conserved in S. cerevisiae. Interestingly, in S. pombe, Rpb7 residue D167,
which is conserved in S. cereivisiae Rpb7, was shown to be critical for
maintaining interactions with Seb1 (Mitsuzawa et al., 2003). In our studies, a
mutation that altered D166 suppressed cryptic intragenic transcription and
caused inviability with combined with spt5-E546K, which maps to a similarly
solvent-exposed region of Spt5 KOW3. The identification of Nrd1 as both
Rpb7 and KOW2-3 interacting, as well as Nab3 as KOW2-3 interacting, is
highly suggestive of Rpb7 and KOW2-3 cooperatively forming a binding
platform for the NNS termination complex. This is further supported by
identification of genetic interactions between spt5 and Nrd1 overexpression.
We found that overexpression of Nrd1 results in suppression of the Spt-

phenotype and gal10456 phenotype observed in spt5 mutants.

Prior studies have shown that Spt5 and Rpb7 interacting factors have
known roles in R-loop regulation, such as Spt16 and the NNS complex
component Senl (Herrera-Moyano et al., 2014; Martin-Alonso et al., 2021).
R-loops have been shown to be influenced by a number of cotranscriptional
events, such as chromatin remodeling and termination (Al-Hadid, Yang 2016;
Skourti-Stathaki et al., 2011). Additionally, R-loops have been observed to be
enhanced at Tyl retrotransposons (Zeng et al., 2021). These observations,
coupled with the physical location of the Pol Il Stalk region being between the
MRNA exit channel and upstream DNA, led us to suspect that this region may

play a role in mediating R-loop resolution or regulating R-loop homeostasis
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(Ehara et al., 2017; Bernecky et al., 2017). As chromatin structure and 3’ end
formation have known connections to R-loop formation, we asked if
dissolution of R-loops would influence the phenotypes observed in rpb4, rpb7
and spt5 mutants in the gal10456, cryptic initiation and lys2-1286
backgrounds. Human RNaseH1 has previously been demonstrated to resolve
R-loops in vivo (Parajuli et al., 2017). Therefore, we utilized overexpression of
RNASEH1 to uncover the influence of R-loops on the mutant phenotypes
analyzed in Chapter 2. Our results suggest a function for Rpb4/7 and Spt5

KOW?2-3 in R-loop homeostasis.

The genetic interactions discussed in this chapter validate the physical
interactions reported in Chapter 3 and support a model that Spt5’s central
KOW domains and Rpb4/7 function cooperatively from transcription
elongation through termination. Thus, the Pol Il Stalk region appears to
function as a single unit, conducting processes involved in cotranscriptional
chromatin remodeling, 3’ end formation, and R-loop homeostasis by
recruitment of tertiary factors involved in these processes such as the NNS
complex. These results highlight the idea that all cotranscriptional processes
likely depend on each other, and the Pol Il Stalk region acts as a conductor of
these processes throughout transcription. If you disrupt a single component of
the transcription apparatus, you necessarily disrupt all processes that are

intertwined with transcription.

Results
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Nrd1l overexpression modestly suppresses Spt- and gal10456

phenotypes in spt5-E546K

Nrdl was identified in our KOW domain affinity chromatography, full-
length Spt5 chromatography as well as 2-hybrid and pull-down experiments
with Rpb7. To test the functional relevancy of this physical interaction we
transformed spt5 mutants with a Nrd1 overexpression vector and assayed for
changes in phenotypes observed in spt5 single mutants. We observed
modest suppression of both the gal10456 and the Spt- phenotype in spt5-

E546K. (Figure 4-1).

Human RNaseH1 overexpression sensitizes cells to galactose, which is

suppressed by mutations in the Pol Il stalk region

We initially took a genetic approach to determine if the Pol Il stalk and
Spt5’s central KOW domains play a role in R-loop regulation. If this region is
indeed involved in regulating R-loop formation, it is possible that the
phenotypes observed for spt5 and rpb4/7 mutations may be influenced R-
loops as well. We transformed a high-copy plasmid expressing RNASEH1
into strains harboring our spt5 or rpb4/7 mutations and assayed for
suppression or enhancement of mutant phenotypes observed in the gal10456

and cryptic initiation reporters.

When assessing the impact of RNaseH1 overexpression cryptic

initiation, we observed RNaseH1 overexpression induced galactose toxicity in
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our wildtype control. To ensure this phenotype was not an artifact of the
pPGAL1-FLOS8::HIS3 cryptic initiation reporter, we transformed our
overexpression plasmid into an old OY strain lacking this reporter and
observed the same effect (data not shown). Strikingly, spt5-G587D and spt5-
G587D + rpb7-D166G both strongly suppressed the galactose induced
toxicity of RNaseH1 overexpression (Fig. 4-2A). Both of these mutations also
moderately suppressed the slow-growth phenotype caused by RNaseH1
overexpression. The rpb7 single mutant was not assayed due to auxotrophic

marker incompatibility between plasmids.

As another control, we obtained strains from the W303 background
and transformed them with either an RNaseH1 overexpression vector or
empty vector as well. We assayed for growth on media containing either
galactose or a mixture of galactose and raffinose. On media containing
galactose only, we observed no growth. However, on media containing
galactose and raffinose, we observed that RNaseH1 overexpression no

longer conferred lethality (data not shown).

We also tested our rpb44 strain for suppression of galactose induced
toxicity of RNaseH1 overexpression and observed the same effect, in addition
to the partial suppression of the slow growth phenotype (Fig. 4-2B). There
was minimal effect on the cryptic initiation phenotype in both cases. We also

tested for suppression of the gal10456 phenotype observed in spt5-E546K.
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Overexpression of RNaseH1 resulted in suppression of the gal10456
phenotype of spt5-E546K. The effect on gal10456 was less apparent (Fig. 4-

2C, D)

Human RNaseH1 overexpression enhances Spt- phenotypes observed

in spt5 mutants and rpb44

As R-loops tend to be enriched over Tyl retrotransposons, we asked if
RNaseH1 overexpression would have an influence on the Spt- phenotype
observed at lys2-1286in spt5, rpb7 and rpb44 mutants (Zeng et al., 2021).
The lys2-1286 construct confers inability to grow on SC—Lys media in an
otherwise wild-type cell due to the insertion of the delta element (i.e., the long
terminal repeat) of a TY transposon in the 5’ noncoding region of LYS2
(Farabaugh, Fink 1980; Simchen et al., 1984). Mutations that result in
transcriptional defects cause suppression of the Lysine auxotrophy, although
the precise mechanism remains undefined. Genome-wide screens for
suppression of transcription defects caused by TY insertions at LYS2 and
HIS4 were utilized to initially isolate the spt (Suppressor of TY) mutations

(Winston et al., 1983).

While spt5-G587D mutants display a very mild Spt- phenotype, the
spt5-G587D rpb7-D166G double mutant displays a more enhanced Spt-
phenotype (Figure 4-2A). When comparing the growth of the double mutant

on SC —Leu —Lys to SC —Leu media, it is clear that the RNaseH1
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overexpression further enhances the Spt- phenotype in spt5-G587D, rpb4A4
and spt5-E546K. We repeated this analysis with rbp44 and spt5-E546K, rpb7-
D166G double mutants. The enhancement of Spt- phenotype remained

consistent across all mutants tested.

To assess the question of whether suppression of RnaseH1
overexpression induced galactose toxicity was directly related to suppression
of the gal10456 phenotype, or is instead related to general loss of Spt5
function, we assayed for suppression of this phenotype with spt5-194, spt5-
242, and the chromatin remodeler chd1A4 (Figure 4-2E). Of these alleles, spt5-
242 is the only one that does not display a gal10456 phenotype (data now
shown). Interestingly, all tested alleles suppressed the poor growth phenotype

observed on galactose media when RNaseH1 is overexpressed.

Mutations in spt5, rpb7 increase the formation of R-loops

While the observation that RNaseH1 overexpression exerts pleiotropic
effects on our spt5 and rpb4/7 mutants supports the idea that this region is
involved in R-loop homeostasis, it does not directly test the hypothesis that
loss of function in this region results in increased R-loop formation. In order to
address this question directly, we utilized the S9.6 monoclonal antibody
specific to RNA/DNA hybrids to directly observe R-loops in lysed yeast nuclei
via immunofluorescence. While the S9.6 antibody indiscriminately detects

RNA:DNA hybrids, prior studies have shown that most instances of DNA:RNA
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hybrids are in fact R-loops (Garcia-Pichardo et al., 2017; Yu et al., 2003; Li,
Manley 2017; Malig et al., 2020). Recently, studies using human cells showed
that cellular imaging studies utilizing the S9.6 antibody may be compromised
by the antibody’s tendency to recognize rRNA (Smolka et al., 2021). A
structural and biochemical analysis of the S9.6 antibody showed that
DNA:RNA hybrids outcompeted double-stranded RNA (dsRNA) by over 100
fold (Bou-Nader et al., 2022). However, the fact that dSRNA exists in a vast
excess to R-loops in any given cell can account for a significant cytoplasmic
S9.6 signal. To account for this, performed chromosome spreads. Prior
studies have utilized a chromosome spread technigue to reduce cytoplasmic
background and expand the yeast nucleus (Loidl et al., 1991; Lafuente-
Barqguero et al., 2020; Yang, Zhang 2022). We utilized a modification of these

protocols to observe R-loops in vivo in two spt5, rpb7 double mutants.

Asynchronous yeast cultures were grown to mid-log phase in SC-Leu
to select for maintenance of either a RNaseH1 overexpression vector or an
empty vector. Cells were lysed and fixed on a microscope slide and stained
with the S9.6 primary antibody followed by a Cy5 conjugated secondary
antibody and imaged using a spinning-disc confocal microscope at 100x.
Nuclei were then assayed for the presence of any amount of S9.6+ foci (Fig.
4-3A). The percent-positive S9.6 nuclei were calculated in two independent
transformants with n>250 (Fig. 4-3B). We utilized hprl4 as a positive control

which has previously been reported to display ~40% positive nuclei (Lafuente-
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Barquero et al., 2020). In wild type cells, we observed 22% positive nuclei,
with RNaseH1 overexpression reducing this figure to 15%. This is consistent
with previous reports in the literature (Lafuente-Barquero et al., 2017). With
hrplA4, we observed 45% positive nuclei reduced to 33% with RNaseH1
overexpression. When the spt5-E546K, rpb7-D166G double mutant was
assayed, we observed a striking 61% S9.6+ nuclei reduced to 37% with
RNaseH1 overexpression. In the spt5-G587D, rpb7-D166G double mutant we
observed a similar effect with 57% of nuclei showing S9.6 signal reduced to

32% with RNASEH1 overexpression.

Discussion

In this chapter we performed a genetic analysis of the mutations in
spt5 and rpb4/7 identified in previous chapters with factors involved in
noncoding transcript termination and R-loop resolution. We uncovered
suppression of the gal10456 and spt- phenotypes observed in spt5-E546K
conferred by of overexpression of Nrd1. We further demonstrate that the R-
loop specific RnaseH1 sensitizes cells to galactose and that rpb44 and spt5
mutations that suppress gal10456 also suppress the galactose sensitivity
induced by RnaseH1 overexpression. We observed only a modest impact on
the cryptic initiation phenotypes, but spt5 / rpb7 double mutants were still able
to suppress the Galactose sensitivity caused by gal10456 with concurrent

RnaseH1 overexpression. Further, RnaseH1 overexpression enhanced the
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Spt- phenotype observed in spt5 mutants. These results were validated by
the direct observation of R-loop formation in spt5 and rpb7 mutants and

subsequent abrogation of R-loops upon RnaseH1 overexpression.

Nrd1 overexpression influences transcription through Tyl

retrotransposons and polyadenylation site choice

Spt5 has previously been shown to play a role in the recruitment of 3’
processing factors for polyadenylated transcripts, and in this study is shown
to play a role in polyadenylation site choice (Mayer et al., 2012). A role for
Spt5 in noncoding transcript termination, however, is less well-defined. Nrd1
is a main component of the NNS noncoding RNA termination complex and
has previously been shown to interact physically with Rpb7 at the solvent-
exposed tip region at D167 in S. pombe (Mitsuzawa et al., 2003). Prior
proteomics studies of Nrd1 have also demonstrated a physical interaction
with Spt5, and we identified both Nrd1 and Nab3 as binding to Spt5 KOW2-3
(Vasiljeva, Buratowki 2006). A recent study in Paramecium tetraurelia has
demonstrated that depletion of Spt4/5 results in a reduction in scan RNAs
(scnRNASs) in the germline, suggesting that a role for Spt5 in noncoding
transcript termination may be conserved (Gruchota et al., 2016). Our genetic
results suggest, taken together with previous studies with Rpb7 and Nrd1 as
well as structures predicted by AlphaFold, that the Pol Il Stalk region

composed of KOW2/3 and Rpb4/7 likely serves as a docking site for the NNS
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complex, and the NNS complex functions in transcription through Tyl

retrotransposons and polyadenylation site choice.

Overexpression of Nrd1 resulted in suppression of the Spt- phenotype
and the gal10456 phenotype observed in spt5-E546K. As the Spt- phenotype
Is purportedly caused by transcriptional defects, it stands to reason that
overexpression of Nrd1 partially restores the transcriptional function that is
disrupted by the spt5 mutants. The mechanism behind the Spt- phenotype
remains obscure. The galactose sensitivity caused by gal10456 results from
transcriptional interference at the GAL7 promoter (Kaplan et al., 2005). It is
possible that overexpression of Nrd1 results in enhanced termination via the
NNS pathway resulting in fewer polymerases reaching GAL7, allowing
polymerases to form at the GAL7 promoter and formation of the independent,
GAL10, GAL7 gene products. This supports the idea that Spt5 KOW2-3 and
Rpb4/7 form a platform recognized by the NNS complex and that this region

supports proper termination of transcripts.

The genetic results we report from overexpression of Nrd1 are mild.
This may be because Nrd1 does not directly dock onto Spt5 KOW2-3 as
predicted by AlphaFold Multimer, but rather directly interacts with Rpb7 alone.
AlphaFold Multimer predicted Nab3, however, to bind directly to KOW2-3
through its RRM. This may explain the mild genetic suppression we observe

here, and it would be worthwhile to test for suppression of spt5 phenotypes
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with overexpression of Nab3, rather than Nrd1. If the predicted model is
correct, we would expect to see stronger suppression of spt5-E546K

phenotypes with Nab3 overexpression over Nrd1.

The Pol Il Stalk Region Regulates R-Loop Formation

Two observations led us to consider the role of the Pol Il stalk in R-
loop regulation. Based on structural models, it appears that the Pol Il stalk
may serve as a buffer region between nascent mMRNA and upstream DNA,
analogous to bumpers in a bowling lane, serving to physically separate the
MRNA from upstream DNA (Bernecky et al., 2017; Ehara et al., 2017). This is
supported by the mRNA binding properties of these factors as well (Meka et
al., 2005; Orlicky et al., 2001; Zuber et al., 2018; Gilmour et al., 2017; Meyer
et al., 2015). The second observation was the identification of KOW-
associated factors that were revealed by protein affinity chromatography —
many of these proteins are helicases, exonucleases, and RNA binding
proteins. Some of these factors have been identified in prior studies to be
involved in R-loop regulation — such as Dbp2, Mtr4, Xrnl, Pap2, FACT, Pbpl,
and Senl (Cloutier et al., 2016; Herrera-Moyano et al., 2014; San Martin-
Alonso et al., 2021; Chan et al., 2014; Lim et al., 2017; Salvi et al., 2014;
Gavalda et al., 2013). Thus, it is possible that the Pol 1l Stalk region both acts
to prevent aberrant R-loops from forming as well as primes the elongation

complex for timely resolution of R-loops as they occur.
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Our surprising finding that RnaseH1 overexpression results in
galactose sensitivity may be a reflection of R-loops’ roles in mediating
transcript termination. It has been shown previously that R-loops are enriched
over polyadenylation sites, and loss of function in 3’ processing factors
increase R-loops (Stirling et al., 2012; Skourti-Stathaki et al., 2011). This
would be consistent with R-loop dependent termination at GAL10. R-loops
over the GAL10 poly(A) site may slow down the polymerase and prime it for
termination. By attenuating the levels of R-loops of the GAL10 poly(A) site,
we may be promoting read-through of the poly(A) site, which results in
transcriptional interference at the GAL7 promoter, similar to the effect of
gal10456 (Kaplan et al., 2005). If this were the case, however, one would
expect that cells overexpressing RNaseH1 would also be unable to grow on
media containing a mixture of galactose and rafinose due to the presence of
the toxic galactose 1-phosphate, which is metabolized by the GAL7 gene
product, as is the case with gal10456 (Greger, Proudfoot 1998; Douglas,
Hawthorne 1964; Kaplan et al., 2005). This was not the case however, as we
observed cells overexpressing RNaseH1 were able to grow, albeit slowly, on
media containing galactose and raffinose, suggesting an alternative
mechanism explaining the cells inability to grow on galactose when RNaseH1
is overexpressed. Interestingly, all tested alleles in spt5 that suppress
gal10456 also suppressed RNaseH1 overexpression induced galactose

toxicity. In addition to these alleles, we also observed the cold sensitive allele
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spt5-242 also suppressed RnaseH1 overexpression induced galactose
toxicity, which does not suppress gal10456. This suggests that RNaseH1
overexpression induced galactose toxicity is being suppressed by an
alternative mechanism independent of reducing transcriptional interference at
GAL7, as is the case with gal10456, and further suggests that the spt5 and
rpb7 alleles that suppress gal10456 may do so by a separate mechanism
more directly related to the polyadenylation machinery. The observation that
chdl1A4 also suppresses RnaseH1 overexpression induced galactose toxicity,
in addition to spt5-242, argues in favor of local chromatin state playing a role
in the regulation of R-loops. Indeed, it has been shown previously that
formation of R-loops can influence local chromatin state, and vice versa
(Skourti-Stathaki et al., 2014; Al-Hadid et al., 2016; Garcia-Pichardo et al.,
2017). R-loops have also been shown to promote transcript initiation, both at
sense and antisense genes, by promoting an open local chromatin state
(Ronddn, Aguilera 2019; Manzo et al., 2018; Chen et al., 2015). RNaseH1
overexpression may be attenuating transcription initiation across the entire
galactose regulon by promoting closed chromatin at the promoters, and
mutations in spt5 and chd14 may be disrupting promoter-proximal chromatin
to restore transcript initiation. This model is supported by the fact that all
tested mutations that suppress RNaseH1 induced galactose toxicity also
result in in cryptic initiation, but not all tested cryptic initiation mutants

suppress gall10456. An alternative, more trivial model may be that mutations

102



causing defects in transcription may interfere with the overexpression of
RNaseH1. This is supported by the observation that in our S9.6
immunofluorescence experiments, as RNaseH1 overexpression does not
suppress the appearance of S9.6 foci completely to wild type levels.

However, they do significantly reduce the appearance of S9.6 foci, suggesting
that transcriptional defects interfering with RNaseH1 overexpression cannot
completely explain the phenotypes we observe. Further experiments on R-
loops’ influence on the galactose regulon are warranted and will be necessary

to parse out the mechanism behind this phenomenon.

It has been reported previously that R-loops are enriched over Tyl
transposons (Zeng et al., 2021). Insertions of Tyl transposons or their long
terminal repeats in the 5’ regions of auxotrophic markers have been used to
assay for disruptions in transcription such as in the Spt class of genes
(Winston et al., 1983; Simchen et al., 1984). Generally speaking, mutations
that result in transcriptional defects are reported to suppress the auxotrophy
caused by Tyl insertions at HIS3 and LYS2. In this work, we report that
rpb4A, spt5-E546K, spt5-G587D, and spt5/rpb7 double mutants also exhibit
this phenotype. Interestingly, our data shows that RnaseH1 overexpression
enhances the Spt- phenotype observed in these mutants. Although the
mechanism of the Spt- phenotype has yet to be fully described, these data do

argue in favor of a role for R-loops in transcription through Tyl elements.
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Taken together, our results support a model in which Spt5 and Rb7
collaboratively regulate the formation of R-loops, which influence termination
and polyadenylation at the GAL10 gene as well as transcription through Tyl
retrotransposons. We have identified Nrd1 as a factor that binds to the Pol Il
Stalk region and have attributed this interaction to suppression of phenotypes
that are exhibited by spt5 and rpb7 mutants that are also effected by
RNaseH1 overexpression, such as Spt- and gal10456. The location and
biochemical nature of the spt5 and rpb7 mutations used in this experiment
suggest disruption of interactions with tertiary factors. Taken with the
predictions from Chapter 3, it is likely that rpb7-D166G and spt5-E546K are
together breaking a contact with the NNS complex, resulting in failure to
recruit the Senl R-loop specific helicase. This does not preclude the notion
that other factors may be associating with this region in a temporally
separated manner. Differential recruitment of factors is likely regulated by the
phosphorylation cycle of the Pol Il CTD and Spt5’s CTR or other PTMs on
Spts or Rpb7 that have yet to be characterized. Future studies should aim to
test a direct role for Nrd1 and Nabg3 in regulating R-loop homeostasis, either
alone or in conjunction with Senl. As the NNS complex is preferentially
recruited by the phospho-Sers form of the Pol Il CTD, it is likely that other R-
loop resolvases associate with the Pol Il EC in a phosphor-Serz specific

manner (Vasiljeva et al., 2008).
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Figure 4-1: Nrd1 overexpression suppresses Spt- and gal10456 phenotypes in spt5-
E546K

NRD1 high copy plasmid was transformed into a strain containing integrated spt5-
E546K. Strains were spotted onto the indicated media and allowed to grow for 3

days.
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Figure 4-2: RNaseH1 overexpression sensitizes cells to galactose media
and enhances Spt- phenotypes, while spt5, rpb4/7 mutations suppress
RNaseH1 induced galactose sensitivity.

A) RPB7 shuffle strains with integrated spt5-G587D, pGAL-FLO8::HIS3 and
lys2-128 were transformed with rpb7-D166G LEU2 and subject to counter-
selection against RPB7 URA3 with 5FOA. They were then transformed with a
linear TRP1 marker-switch plasmid generated via PCR and selected for Trp+
colonies, and then confirmed to be stable Trp+, Leu- via restreak onto YPD
and replica plating onto SC-Leu and SC-Trp. Strains were then transformed
with a LEU2 marked overexpression vector containing human RNASEH1 or
empty vector and serially diluted on the indicated media. Colonies were
allowed to grow for 3 days at 30C.

B) A strain containing rpb44 in the pGAL-FLOS8::HIS3, lys2-1286 background
with RPB7 URA3 on an overexpression vector was transformed with a LEU2
marked overexpression vector containing RNASEH1 or empty vector, serially
diluted onto the indicated media and allowed to grow for 3 days at 30C.

C) Strains were generated using the same strategy as in A), but in the
gal10456, spt5-E546K, lys2-1286 background. Strains were serially diluted
onto the indicated media and allowed to grow for 4 days.

D) A strain containing rpb44 in the gal10456 background with RPB7 URAS3 on
an overexpression vector was transformed with a LEU2 marked
overexpression vector containing RNASEH1 or empty vector, serially diluted
onto the indicated media and allowed to grow for 3 days at 30C.

E) Strains with the indicated genotype were transformed with a LEU2 marked
overexpression vector containing RNASEH1 or empty vector, patched onto
SC —Leu and replica plated onto SC —Leu and SC —Leu + Galactose and
allowed to grow for 2 days.
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Figure 4-3: spt5, rpb7 double mutants result in increased R-loop
accumulation

A) S9.6 foci detected by immunofluorescence on yeast chromosome
spreads in WT, hcrlA, spt5-E546k + rpb7-D166G and spt5-G587D +
rpb7-D166G strains harboring an RNASEH1 overexpression vector or
empty plasmid. Red foci represent DNA:RNA hybrids detected by the
S9.6 antibody, DNA is stained in blue (DAPI). Images were all taken
during the same imaging session on a confocal microscope under the
same settings.

B) Quantification of nuclei containing S9.6 foci is shown from two
biological replicates with n>250 for each replicate.
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Chapter 5

Concluding Remarks

All Spt5 KOW domains adopt a stable fold containing the beta-barrel
characteristic of Tudor domains. This structural motif is thought to facilitate
protein-protein and protein-nucleic acid interactions (Meyer et al., 2015;
Lasko 2010; Ying, Chen 2012. Structural studies have shown that the KOW
domains form stable and independently folding sub-structures in KOW1-
Linkerl, KOW2-KOWS3, Linker2-KOW4, and KOWS that are distributed across
the surface of Pol Il (Meyer et al., 2015; Bernecky et al., 2017). The KOW1-
Linkerl region functionally overlaps with Spt4 in its nucleic acid binding
properties through a positively charged patch on its surface and is structurally
primed to aid in sealing the central cleft of Pol Il. Deletion of KOW?2 results in
a severe growth defect at 25C and lethality at 30C (Viktorovskaya et al.,
2011). Deletion of KOWA4-5 also results in defects that include temperature
sensitivity, sensitivity to mycophenolic acid, slow-growth, and a loss of binding
to Rpb4/7 (Li et al., 2014). This study also shows that a KOWA4-5 deletion
results in lower Pol Il occupancy at the 3’ end of RPB2, a phenotype similar to
that shown in rpb4A. Further, Spt5 KOW4-5 were shown to extensively cross
link with Rpb4 and Rpb7. Despite these lines of evidence, evidence for a
direct functional cooperation between Spt5 and Rpb4/7 has not previously

been reported.
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This thesis presents a genetic and biochemical analysis of the
functional interaction between Spt5’s central KOW domains and the Pol Il
stalk, aiming to elucidate the phenotypic consequences of disruption of the
structure composed of KOW2-4 and Rpb4/7 that was observed in previous
cryo-EM studies and cross-linking experiments. We present genetic and
biochemical evidence that Spt5’s central KOW domains functionally overlap
with that of the Pol Il stalk, Rpb4 and Rpb7. We have identified mutations that
alter amino acids at multiple points throughout the Pol Il Stalk/KOW structure,
including the juncture of KOW3/Rpb7 and KOW4/Rpb7, as well as multiple
solvent exposed regions on the surface of this structure. We used a set of
genetic reporters that provide insight into both polyadenylation site choice and
the production of cryptic-intragenic transcripts that likely result from the
disruption of chromatin. Many of these mutations genetically interact with
each other, resulting in synthetic sickness and enhancement of phenotypes.
Interestingly, mutations in rpb4 and rpb7 both share the cryptic transcription
phenotype, suggesting that the core structure of Pol Il itself evolved to assist

in overcoming nucleosomal barriers to transcription.

We identified a large set of Spt5 interacting proteins that specifically
interact with the KOW2-3 and Linker2-KOW4 regions of Spt5, many of which
have also been previously identified in Rpb7 proteomics studies (Mosley et
al., 2013). Many of these factors have been implicated in R-loop resolution.

We found mutations that alter solvent-exposed amino acids in Spt5 and Rpb7
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result in increased R-loops, supporting the idea that this region regulates R-

loop homeostasis possibly through the recruitment of tertiary factors.

Prior structural models suggested a physical interaction of KOW2-4
with the dissociable core polymerase subunits Rpb4 and Rpb7, which
together comprise the Pol Il stalk, and possibly form a cooperative binding
platform (Bernecky et al., 2017). The location of KOW2-4 near the mRNA exit
channel argue against a direct modulation of Pol II's catalytic cycle by the
central KOW domains and suggest a potential role in mRNA processing.
Combining a genetic and biochemical approach, we sought to elucidate the
phenotypic consequences of disrupting the structure formed by Rpb4/7 and
KOW?2-4 and further resolve Spt5’s function in this particular region.
Consistent with the structural proximity to Rpb4 and Rpb7, we observed
overlapping phenotypes for transcription elongation, polyadenylation site
choice and cryptic internal transcription. MudPIT mass spectrometry,
performed in collaboration with John Yates, identified a number of factors that
bind to both Rpb7 and KOW2-3/L2K4, further suggesting that this region
forms a cooperative binding platform whose maintenance is required for

elongation integrity.

We propose a model in which Rpb4, Rpb7 and Spt5 KOW2-4 form a
structure that acts as a direct extension of the Pol Il Elongation Complex,
recruiting proteins that function during transcription elongation and

termination. It is likely that this structure targets varying factors in response to
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Spt5/Rpb1 phosphorylation state and to the stage of the transcription cycle in
which the elongation complex currently resides. Nrd1 in particular binds the
Spt5-CTR — it is likely that both the Spt5 and Rpbl C-terminal domains recruit
elongation and termination factors to the Pol Il EC, which in turn are
deposited onto the Spt5/Stalk structure where they execute their functions
(Leporé et al., 2011). Nrd1 may serve to anchor the NNS complex in the early
stage of elongation, priming the elongation complex for termination of short-
noncoding transcripts, monitoring for aberrant transcription, or actively

regulating the formation of R-loops through the Sen1 DNA/RNA helicase.

As Pol Il traverses the length of the gene, the Stalk Region and its
interacting factors may be remodeled to better serve the elongation complex
in response to other transcriptionally relevant challenges, such as chromatin
remodeling, MRNP packaging, and polyadenylation. Part of this remodeling
procedure may involve a shift in conformation of Spt5’s central KOW domains
or transient dissociation of Rpb4/7. Supporting this idea is our observation
that rpb7-G149D does not share the same phenotype as spt5-G587D. As
Rpb7-G149 and Spt5-G587 are in apparent direct contact, if this were the
only relevant conformation, one would expect disruption of this binding event
by mutating either rpb7 or spt5 would result in the same mutant phenotype.

However, we observe that rpb7-G149D only results in a gal10456 phenotype,

while spt5-G587D confers defects both in gal10456 and cryptic initiation.
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While it remains controversial whether Rpb4/7 have a role outside of
their context with Pol Il, there are multiple lines of evidence to suggest that
Rpb4/7 reversibly dissociate from transcription complexes. One study
demonstrates that Pol Il complexes that lack Rpb4/7 preferentially contain a
subset of elongation factors including Rtrl, Npa3, Set2 and Asrl (Mosley et
al., 2013). Another study showed that Rpb4/7 function in the cytoplasm in
MRNA export and translation (Harel-Sharvit et al., 2010). It was further shown
that dissociation of Rpb4/7 support mRNA decay, cell proliferation and stress
response (Duek et al., 2018). Under optimal growing conditions, Rpb4 exists
in complex with Pol Il in a sub-stoichiometric amount, and Rpb4 preferentially
associates with Pol Il during stationary phase (Rosenheck, Choder 1998;
Choder, Young 1993; Kolodziej et al., 1990). Finally, ChIP studies examining
Rpb4/7 show Rpb7 having a strong association at transcription initiation sites
with reduced of association along gene bodies, and further increased
association at the 3’ extremity (Cojocaru et al., 2008). During heat shock,
Rpb4/7 are detected at equal levels relative to Rpb11, indicating a role for the
heterodimer during stress. They interpret this as Rpb4/7, under normal
conditions, engages in alternate conformations across the body of the gene.
Another study also showed that Rpb4 shows variable occupancy patterns
relative to Rpb3, further supporting the model that Rpb4/7 may engage in
alternate conformations across the body of genes (Verma-Gaur et al., 2008).

Taken in the context of the mutations we identified, rpb7-G149D and spt5-
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G587D may promote a transition to a Stalk-less polymerase by breaking the

interaction between Rpb7 and Spt5 KOW?2-3.

An alternative model to these mutations promoting dissociation of
Rpb4/7 could be that they are facilitate an alternate conformation of Spt5
within the Pol Il EC. This is supported by two observations: 1) Spt5’s KOW2-3
domain has remained unresolved in at least one cryo-EM study, suggesting
this domain may be mobile (Ehara et al., 2017). 2) Unpublished
crystallographic results from Jinhua Fu suggest that Spt5’s central domains
may exist in multiple different conformations relative to Pol Il (Jianhua Fu,
unpublished results). Further studies are necessary to differentiate between

these two models.

Future studies should aim to elucidate the precise molecular
rearrangements that are likely to occur throughout elongation, with the Pol Il
Stalk Region serving as a nexus for many of these rearrangements. Certain
factors are likely to associate with the Stalk Region only under specific
conditions, and future experiments ought to take into consideration the local
environment and how the elongation complex responds to cis and trans
stimuli. Such factors may include sequence-specific motifs in the mRNA, the
phosphorylation state of Spt5, Rpb1 and other components of the EC, gene
length and local chromatin state. In metazoans, it is likely that the Pol Il Stalk
Region is targeted by various context-dependent transcriptional modulators

that act as developmental regulators. It will be important to consider the
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stable interaction between Spt5 KOW2-4 and Rpb4/7 as a functionally
relevant target for these factors, and future studies should consider that this
structure collaboratively acts to provoke interactions with tertiary factors.
Since Rpb4/7 are known to act in transcription initiation, while Spt5 is not,
Rpb4/7 likely bridges further interactions with tertiary factors prior to

elongation that are sterically occluded once elongation begins.

This study has identified many proteins that interact physically with
Spt5’s central domains and additionally display genetic interactions that are
relevant to the Pol Il Stalk region. We argue that the Pol Il Stalk region likely
plays roles throughout transcription elongation, including early termination via
NNS, cotranscriptional chromatin structure maintenance, mRNP packaging,
polyadenylation and R-loop homeostasis by bridging interactions with factors
identified in this study. It will be important in the future to integrate the many
pleiotropic functions in this region and further resolve the specific contexts in
which functions take place. Future studies can utilize this data to temporally

separate the association of factors as a function of the transcription cycle.
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Appendix - 1

Allele specific interactions between rpb7 and hcriA.

Hcrl is a component of Eukaryotic Initiation Factor 3 (elF3). elF3
functions in translation initiation, termination, and ribosomal recycling
(Valasek et al., 2001a, 2001b, 2017). Hcrl has dual, spatially separated roles;
it facilitates elF3’s function in translation and ribosomal biogenesis in the
nucleus. In the translational context, Hcrl functions to bridge interactions
between elF1, 2, 3, 5 and tRNAMe(Phan et al., 1998, 2001). In ribosome
biogenesis, Hcrl aids in 20S pre-rRNA processing (Valasek et al., 2001a).
Prior studies have shown that Rpb4 and Rpb7 physically interact with Hcrl
and rpb4A4 interacts with hcrlA4, arguing a case for Rpb4/7’s role in stimulating
translation (Harel-Sharvit et al., 2010). This is consistent with the model that
Rpb4/7 evolved as a tool to recouple transcription and translation as
eukaryotes diverged from archaea. As we have demonstrated an intimate

linkage between Spt5 KOW2-4 and Rpb4/7, we wanted to ask

To further characterize Rpb7’s function with Hcr1 we created and
hcrlA rpb7A4 containing a RPB7 URA3 plasmid. Mutant alleles of rpb7 were
transformed into these strains and loss of the wildtype plasmid was selected
for on 5FOA. Deletion of hcrl results in a slight growth defect on its own. We
observed synthetic sickness in 2 rpb7 alleles (rpb7-D166G, -L168S) and

synthetic lethality in rpb7-V101E (Fig. A1-1).
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NusG, the prokaryotic ancestor of Spt5, physically couples
transcription and translation (Burmann et al., 2010). As eukaryotes diverged
from prokaryotes, the evolution of the nucleus necessitated the invention of
new processes to recouple the previously physically linked steps in gene
expression. Rpb4/7 play roles in mRNA export, mMRNA decay, and mRNA
processing (Harel-Sharvit et al., 2010; Mitsuzawa et al., 2003). It is appealing
to speculate that Rpb4/7 and Spt5’s expanded central KOW domains evolved
as components of the transcription complex to aid in the recoupling of
transcription and translation. One study suggests that Rpb4/7 plays a role in
stimulating translation by virtue of rpb4/7 mutants with the following evidence:
1) rpb4/7 mutants display defects in facilitating the transfer of mMRNA from P-
bodies to polysomes during transition out of stationary phase. 2) the same
mutants display sensitivity to the translational inhibitors paramomycin and
cycloheximide 3) rpb4/7 mutants cannot tolerate overexpression of the
translation initiation repressor Caf20p 4) Rpb4/7 and Hcrl interact with each
other physically via pull-down experiments. 5) Rpb4 was also shown to
physically interact with Nip1, another component of elF3. 6) Rpb4/7 can be
found localized in the cytoplasm with P-bodies (Harel-Sharvit et al., 2010).
This evidence supports their hypothesis that Rpb4/7’s interaction with Her1
promotes translation. Hcrl also functions in ribosome biogenesis, as hcrlA
results in a delay in the processing of 20S pre-rRNA to 18S rRNA (Valasek et

al., 2001a). It is unlikely, however, that Rpb7 functions with Hcrl in the
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context of ribosome biogenesis as Rpb4/7 are not known to interact with RNA
Polymerase |, which has its own paralogs of Rpb4/7. It is therefore likely that

Rpb4/7’s physical interaction with Hcrl occurs in the cytoplasm to support

translation.
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Figure Al1-1: rpb7 displays allele specific genetic interactions with hcr14

Diploid strain harboring hcrl4 from Stanford Yeast Deletion Collection was
sporulated and crossed with RPB7 shuffle strain. Plasmids containing rpb7
mutants were transformed in and subject to 5FOA counter selection against
RPB7 URA3 plasmid. Strains were serially diluted onto 5FOA and allowed to
grow at 30C for three days.
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Appendix — 2

Spt5 and Rpb7 impact mRNA export through Mex67

Previous evidence has shown that general loss of function spt5
mutants suppress the mRNA export defect of the temperature sensitive
mex67-6 allele (Burckin et al., 2005). In this allele, elevated temperatures
result in nuclear accumulation of Poly(A)+ mMRNA as seen by FISH. This
export defect is suppressed by an allele in spt5 that abolishes Spt5 binding,
which is thought to destabilize Spt5’s structure (Ding et al., 2010). Mex67 has
previously been shown to physically interact with Rpb7, and Rpb4/7 have a
well-documented role in participating in mRNA export pathways (Mosley et
al., 2013; Harel-Sharvit et al., 2010). Because of this, and due to Rpb4/7’s
proximity to the mRNA exit channel along with Spt5 KOW2-5, we took a
genetic approach to determining if SPT5’s interaction with mex67-6 could be
pinpointed to the central KOW domains (Bernecky et al., 2017; Ehara et al.,
2017). We also performed a similar genetic analysis with rpb7 loss of function

alleles.

First, we created double mutants by crossing strains containing
integrated spt5-E546K, spt5-194, spt5-242 and spt5D5 (which deletes Spt5’s
CTR) with a mex67 deletion strain. Since MEX67 is an essential gene, the

deletion strain is covered by a wild type MEX67 plasmid (Segref et al., 1997).
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We then used a plasmid shuffle strategy to assay interactions between our
integrated spt5 mutants and mex67-6. We saw mild suppression of the
temperature sensitive phenotype at 35C in all tested double mutants
compared to mex67-6 alone (Fig. A2-1A). The suppression of temperature
sensitivity does not extend to suppression of the mRNA export defect seen in
mex67-6, suggesting that suppression of the Ts phenotype either occurs
through an indirect mechanism or is too mild to be observed via FISH (data

not shown).

To further assess the overlapping function of Spt5 and Rpb7, we used
a plasmid shuffle strategy to assess for genetic interactions with our rpb7
mutants and mex67-6 at various temperatures (Fig. A2-1B). Rpb7-V101E
showed severe synthetic sickness at 30C with mex67-6, and lethality at all
other temperatures tested. We found that Rpb7-G149D, -E100K, and —
D166G all partially suppressed the temperature sensitive phenotype at 37C.
None of the tested mutants were able to suppress the temperature sensitivity
of mex67-6 at 39C. Very mild suppression was seen in rpb7-D166K at 37C.
Similar to our spt5 alleles, we did not observe that the Ts suppression

extended to the mRNA export phenotype (data now shown).

Previously proposed models suggest that the Rpb4/7 module plays a
direct role in mediating export of mMRNA through its RNA binding and
cytoplasmic shuttling properties (Harel-Sharvit et al., 2010; Farago et al.,

2003). Physical interactions have also been reported between Rpb7 and
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Mex67 (Mosley et al., 2013). We uncovered allele specific genetic interactions
between rpb7 and mex67-6 that support a functional interaction between
Rpb7 and Mex67. Interestingly, the alleles of rpb7 that demonstrate
overlapping phenotypes with the spt5 alleles identified in this study are the
same alleles that suppress the temperature sensitivity of mex67-6. One of the
alleles, rpb7-V101E, demonstrated an increased degree of temperature
sensitivity with mex67-6. While this allele resulted in synthetic lethality with
spt5-E546K, this allele on its own does not result in a gal10456 or cryptic
initiation phenotype. This may reflect a separation of function between Spt5
and Rpb7. This region in Rpb7 does not appear to directly contact Spt5, and

may be an indication of its role directly in mRNA export.

Interestingly, we found that mutations in the NGN Proximal domain of
Spt5, which harbors the cold sensitive spt5-242 allele, also strongly
suppresses the temperature sensitivity of mex67-6, similar to the loss-of-
function allele spt5-194 and the spt5-E546K allele characterized in this study.
A deletion of Spt5’s C-terminal Repeat Region did not confer suppression of
temperature sensitivity, suggesting that factors recruited by Spt5’s CTR likely
do not play a direct role in mRNA export. A common factor between all alleles
of spt5 that we tested against mex67-6 is the cryptic initiation phenotype,
suggesting that the local chromatin state may directly influence the packaging

and export of mMRNA.
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While only one of the rpb7 alleles that suppresses mex67-6 results in
cryptic initiation on its own, all of the alleles that suppress mex67-6 result in
enhanced cryptic initiation when paired with spt5-G587D. Furthermore, while
some of the spt5 alleles that suppress mex67-6 result in a gal10456

phenotype, all of them result in cryptic initiation.

This suggests that the primary mode of suppression of mex67-6 via
Spt5 may be a result of modulations of local chromatin state. However, since
the rpb7 alleles that interact with mex67-6 do not themselves display cryptic
initiation, and Mex67 has been shown to physically interact with Rpb7, the
mechanism of suppression here may be distinct. This may be a reflection of
Rpb7’s reported roles in shuttling mRNA out of the nucleus, or there could
also be indirect impacts on export via Rpb7’s role in transcription elongation

with Spts.

While we observed both spt5 and rpb7 mutants that suppressed the
temperature sensitive phenotype of the mex67-6 allele, the mechanism of
suppression as yet remains unclear. However, we can begin to construct a
model of suppression based on the factors identified through mass
spectrometry. Mex67 was shown to directly bind Rpb7 in prior proteomics
studies, and we found that Dbp2 binds directly to KOW2-3 (Mosley et al.,
2013, this work). Dbp2 also plays a role in loading nascent mRNA onto
Mex67 (Ma et al., 2013). Two other RNA-binding factors identified as KOW2-

3 interacting have been shown to shuttle mMRNA out of the nucleus in a
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transcription dependent manner — Gbp2 and Sro9 (Windgassen et al., 2003;
Rother et al., 2010). Interestingly, Gbp2 overexpression results in nuclear
retention of polyadenylated mRNA, similar to the mex67-6 allele. Further,
overexpression of Sro9 was shown to suppress the temperature sensitivity of
rpb44 and dramatically increase mRNA stability. It is possible that KOW2-4
facilitate loading of export factors onto the nascent mMRNP and prepare
Rpb4/7 and other RNA binding factors for shuttling out of the nucleus. By
breaking contact with the central KOW domains, these RNA binding proteins
may be prematurely or promiscuously loaded onto nascent mMRNPs and
increasing mMRNP stability, compensating for the loss of mex67 function in the

temperature sensitive allele.
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Figure A2-1: spt5 and rpb7 suppress temperature sensitivity of mex67-6
in an allele specific manner

A) Integrated spt5 mutant strains were crossed into a MEX67 shuffle strain
and a plasmid shuffle strategy was used to transform the mex67-6 allele.
MEX67 URA3 was counter-selected against using 5FOA and strains were
serially diluted onto YPD at the indicated temperatures and allowed to grow
for 4 days.

B) An RPB7 shuffle strain was transformed with RPB7 LEU2 and RPB7
URAS3 was counter-selected against using 5SFOA. This strain was then
crossed into a MEX67 shuffle strain, transformed with mex67-6 TRP1 and
MEX67 URA3 was counter-selected against using 5FOA. Strains were then
transformed with RPB7 URA3 and transformants were re-streaked onto SC-
Ura and replica plated onto SC-Leu to select for loss of RPB7 LEU2. Leu-
colonies were then transformed with plasmids containing rpb7 mutants
marked with LEU2 and RPB7 URAS3 was counter-selected against using
5FOA. Strains were serially diluted onto YPD at the indicated temperature
and allowed to grow for 4 days.
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spt5-194 mex67-6
spt5-242 mex67-6
spt5D5 mex67-6
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Temp: 30C

Genotype

39C

MEX67/RPB7
mex67-6/ RPB7
mex67-6 / rpb7-G149D
mex67-6 / rpbz-E100K
mex67-6 / rpb7-D166G
mex67-6 / rpb7-D166K
mex67-6 / rpb7-V101E
mex67-6 / rpb7-L168S
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Appendix - 3

Spt5 KOWS Influences Polyadenylation Site Choice

While Spt5’s N- and C-termini are fairly well characterized, the function
of Spt5 KOWS5 remains largely unknown. Structural studies demonstrate that
KOWS5S is wedged in a pocket between RNA polymerase Il subunits Rpb1,
Rpb2, Rpb3, Rpb8 and Rpb12 (Ehara et al., 2017). The positioning of KOW5
is unambiguous in structural models and appears to anchor the position of the
C-terminal region of Spt5. Prior studies in humans have shown that the linker
region on the N-terminal side of KOW5 has RNA binding capability, while
KOWS5 itself does not enhance binding to RNA, suggesting a role for KOW5 in
MRNA processing (Zuber et al., 2012). In order to gain further understanding
of KOWS5'’s function, we took a structure-guided targeted PCR-based
mutagenesis approach to alter highly conserved residues in KOWS5 that are in
apparent direct contact with other highly conserved residues in Pol Il

subunits.

Upon performing a structural analysis of KOW5 based on cryo-EM
models, we determined that a three amino acid stretch in KOWS5 appeared to
hold functional significance based on position, conservation, and contact with
conserved residues in Pol 1l subunits (Ehara et al., 2017; Bernecky et al.,
2017, Fig. A3-1). These amino acids are Y812, K813 and G814. Y812

appears to contact conserved residues in Rpbl11, K813 appears to coordinate
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a cysteine-rich zinc loop in Rpb3, while G814 appears to contact the highly

conserved and essential C-terminus of Rpb12 (Rubbi et al., 1999).

We chose to alter these residues one at a time by changing them to
alanine and then assaying for common phenotypes associated with Spt5 such
as growth defects, cold sensitivity, temperature sensitivity, caffeine sensitivity,
MPA sensitivity, spt- phenotype, suppression of gal10456, and cryptic
initiation. The only phenotype that Spt5-Y812A displayed was suppression of
gal10456, which is consistent with a role for Spt5 KOWS in 3’ end processing
and polyadenylation site choice. This is in line with the model that KOW5’s
proximity to exiting mRNA and to the RNA binding linker region between
KOW4 and KOWS positions it for functions related to mRNA processing as
opposed to chromatin structure maintenance. Interestingly, K813A, which
apparently coordinates a zinc loop in Rpb3, did not display any phenotypes.
This may be a reflection of redundant function between this residue in KOW5

and the many cysteines that encircle the predicted zinc residue.

Concurrent with the targeted mutagenesis of G814, we began a screen
for spt mutants that display suppression of gal10456, as we had previously
determined that spt5 cryptic initiation mutants in KOW2-3 resulted in
gal10456 suppression. Interestingly, this screen resulted in the identification
of Spt5-G814D as gal10456 suppressing. Therefore, we did not continue with

the PCR-based mutagenesis experiment of Spt5-G814. The identification of
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two residues in KOWS5 that result in suppression of gal10456 further supports

a model for this domain in 3’ end processing and polyadenylation site choice.

Taken together with prior mutagenesis studies of SPT5, we can begin
to construct a model for the function of Spt5’s central domains. Importantly,
there are many overlapping functions and phenotypes in common between
the disparate domains of Spt5. Many mutations have been identified in the N-
terminal region of Spt5 that result in cryptic initiation, while mutations near the
C-terminus in KOWS5 result in altered polyadenylation site choice.
Interestingly, mutations that lie in the intermediary region of KOW2-3 result in
both cryptic initiation and polyadenylation site choice. This suggests a
separation of function in Spt5 from N to C terminus, with the N terminus
having roles dedicated to chromatin structure maintenance and the C-
terminus having roles in mMRNA processing. Consistent with this notion, the
CTR has known functions in recruiting mRNA processing factors such as the
capping apparatus and components of CFI, while the N-terminal region of
Spt5, where the maijority of Spt5’s cryptic initiation mutations lie, has recently
been shown to directly binds histones (Evrin et al., 2022; Mayer et al., 2012;
Lidschreiber et al., 2013). Spt5’s central KOW domains, therefore, likely play
roles in supporting functions of both termini of Spt5. Supporting this idea are
the following observations: 1) spt5-E546K enhances the growth defect
observed in spt5-242, which displays cryptic initiation and cold sensitivity on

its own (Hartzog Lab, unpublished results) 2) Spt5 KOW2-3 displays genetic
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and physical interactions with Nrd1, which has previously been shown to
interact physically with Rpb7 and Spt5’s CTR (Mosley et al, 2013; Leporeé,

Lafontaine 2011).

Two mechanistic models may be gleaned from these observations.
First, Spt5 KOW2-3 may play a role in the pass-back of histones as Pol I
traverses a chromatin template. This is supported by Spt5 KOW2-3
interacting with Spt16, a known histone chaperone, and Spt6 binding to the
Pol Il Stalk as well as mutations in spt6 and sptb at KOW2-3 displaying
cryptic initiation (Vos et al., 2018b). Second, Spt5 KOW?2-3 receives proteins
that are initially recruited by the CTR such as Nrd1 (Lidschreiber et al., 2013).
In this model, KOW2-3 is mechanistically supporting the functions of both
termini of Spt5 in both chromatin structure maintenance as well as mRNA
processing. These functions may be separated temporally as Pol Il traverses
a gene body, or they may be separated spatially on different interfaces of the
largely solvent-exposed KOW2-3 and Rpb4/7 or in concert with their
interacting factors. Taken together, KOW2-3 likely serves as a nexus for

coordinating Spt5’s overall function across transcription.
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Figure A3-1: Identifying conserved and functionally relevant residues in
Spt5 KOWS based on published structural models

Spt5-Y812, K813, and G814 contact Rpb11, Rpb3 and Rpb12 respectively.
Based on structure published by Ehara et al., 2017 (PDB: 5XON)
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Appendix — 4

Rpb7-G149D disrupts binding of Spt5 KOW2-3

According to cryo-EM data, Rpb7-G149 appears to directly contact
Spt5-G587 (Bernecky et al., 2017). The identification of the two mutations
rpb7-G149D and spt5-G587D suggests that the observed mutant phenotypes
are a result of disruption of a binding event between these two factors. The
importance of these residues is highlighted by their universal conservation
(Fig. 2-3C). To test this hypothesis, we performed pull-down experiments with
GST-tagged Rpb7 and Spt5 KOW2-3 with either wildtype Rpb7 or Rpb7-
G149D. As Rpb4 stabilizes Rpb7, we co-expressed Rpb4 with Rpb7-GST

(Runner et al., 2007).

Bacterial lysates containing either Rpb4 and GST-Rpb7 or Rpb4 and
Gst-Rpb7-G149D as bait were incubated on a glutathione-agarose column
and washed. The glutathione-agarose column was then incubated with
bacterial lysate containing Spt5 KOW2-3, washed, and boiled in SDS sample
buffer. Despite an increased amount of Rpb7-G149D relative to wildtype in
the pull-down, we observed a decrease in the amount of KOW2-3 that was
retained in the Rpb7-G149D column (Fig. A4-1). In fact, the amount of Spt5
KOW2-3 retained in Rpb7-G149D was similar to the amount detected as
background in the control column containing Spt5 KOW2-3 alone, indicating
that Rpb7-G149D disrupts binding with Spt5 KOW2-3. The presence of Rpb7

and Rpb4 were both confirmed via Western Blot (data not shown).
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Despite these promising results, there remains the issue of rather
significant background binding of Spt5 KOW2-3 to the glutathione-agarose
column. In addition, while repeat experiments appear promising, the results
are not definitive and require further optimization of the experiment. It is
possible that Spt5 KOW2-3 and Rpb7 are anchored to the Pol Il EC primarily
through other Rpb subunits, or that Spt5 KOW2-3 remains flexible to
participate in alternate conformations, which could be a reflection of the weak

interaction we see between Spt5 KOW2-3 and Rpb7.

Disruption of the interaction between Rpb7 and KOW2-3 suggests that
the phenotypes we observe at these residues are directly related to loss of
binding between Spt5 and Rpb7. By disrupting this binding event, we may be
inducing a preference for an alternate conformation for Spt5 as it relates to
the EC, or we may be disrupting the placement of Rpb7. There is evidence to
suggest both of these models may be plausible. It has been reported that
Rpb4/7 reversibly dissociates with elongation complexes, and this is relevant
to Rpb4/7’s function (Mosley et al., 2013; Duek et al., 2018). Additionally, one
cryo-EM study was unable to resolve KOW2-3 in complex with the Pol 1l EC,

suggesting alternate conformations may be at play (Ehara et al., 2017).
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Figure A4-1: Rpb7-G149D disrupts binding of Spt5 KOW2-3

Bacterial lysates containing either Rpb4 + GST-Rpb7 or Rpb4 + GST-
Rpb7(G149D) were used as bait on a glutathione-agarose column, washed
and then incubated with bacterial lysate containing 6x-His-Spt5-KOW?2-3. Bait
and prey alone were used as controls. Beads were boiled in 2x SDS Sample
buffer for 5 minutes and 25ul was loaded on a 15% polyacrylamide gel and
subsequently stained with Coomassie Brilliant Blue.
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plasmid
pGH233

pMD11
pMD18
pMD15
pSPT5AKOW4
pSPT5AKOWS5
pGH235
pMD23

pJO1
pHQ1876
pHQ1894
pCK223
pCK228
CKB310
pZM6

pZM2

pZM1
CKB311
CKB309
pGH382
pGH378
KB886
p425-GPD-RNAseH
p425-GPD
pRS426-RPB7
pZM11
pURA3 MEX67
pRS314-mex67-6
pMM1

pZM4

pZM7

PzZM9

Appendix - 5

List of Plasmids

genotype
CEN AmpR LEU2 SPT5

CEN AmpR LEU2 spt5-E546K

CEN AmpR LEU2 spt5-G587D

CEN AmpR LEU2 spt5-G602S, S809F

CEN AmpR LEU2 spt5-KOW4A

CEN AmpR LEUZ2 spt5-KOW5A

CEN AmpR LEU2 spt5-194

CEN AmpR LEU2 spt5-A267T

CEN AmpR LEU2 spt5-242

CEN AmpR LEU2 spt5-(CTR-S1-15A)-3xHA
CEN AmpR LEU2 spt5-(CTR-S1-15D)-3xHA
CEN AmpR LEU2 RPB7

CEN AmpR URA3 RPB7

CEN AmpR LEU2 rpb7-D166G

CEN AmpR LEU2 rpb7-D166K

CEN AmpR LEU2 rpb7-G149D

CEN AmpR LEU2 rpb7-E100K

CEN AmpR LEU2 rpb7-L168S

CEN AmpR LEU2 rpb7-V101E

KanR T7p-Spt5-kow2-kow3(aa534-632)His6
KanR T7p-Spt5-Linker2-KOW4(aa633-751)-His6

AmpR TRP1 NRD1 2u

AmpR LEU2 GPDp-RNASEH1 (human) 2u
AmpR LEU2 GPDp 2u

AmpR URA3 RPB7 2u
rpb7-D166G TRP

CEN AmpR URA3 MEX67

CEN AmpR TRP1 mex67-6
CEN AmpR LEU2 spt5-Y812A
CEN AmpR LEU2 spt5-G814D
KanR GST-RPB7+RPB4

KanR GST-RPB7(G149D)+RPB4
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source
Hartzog Lab
Hartzog Lab
Hartzog Lab
Hartzog Lab
Hartzog Lab
Hartzog Lab
Hartzog Lab
Hartzog Lab
J. Ortiz

A. Hinnebusch
A. Hinnebusch
C. Kaplan
C. Kaplan
C. Kaplan
Hartzog Lab
Hartzog Lab
Hartzog Lab
C. Kaplan

C. Kaplan
Hartzog Lab
Hartzog Lab
D. Brow

P. Hieter

P. Hieter
Hartzog Lab
Hartzog Lab
Ed Hurt

Ed Hurt
Hartzog Lab
Hartzog Lab
GenScript
GenScript

2
2
2
2
2
2
2
2
2
2

2
2,A1, A2
2,A1, A2
2,A1, A2
2,A1, A2
2,A1, A2
2,Al, A2
2,A1, A2
2, A1, A2

3

3

b~ b

2,4

A2
A2
A3
A3
A4
A4



Appendix - 6

List of Strains

name # a/b genotype source ch
his3A200 lys2-1286 leu2A(0 or 1) ura3-52 trp1463 gal10A56
GHY 3246 a spt5A4 [pMS4] Hartzog Lab 2, A3

rpb7D::CLONAT leu2D(0 or 1) lys2-1286 ura3-52 trp1D63
his3D200 met15D0 RPB3-TAP::KlactisTRP1 gal10A55 [pCK228
GHY 1555 a =RPB7 pRS316] C. Kaplan 2
rpb7D::CLONAT leu2D(0 or 1) lys2-1286 ura3-52 trp1D63
his3D200 pGAL1-FLO8-HIS3::KANMX RPB3-TAP::KlactisTRP1

GHY 3243 b  [pCK228=RPB7pRS316] Hartzoglab 2
his3A200 lys2-1286 leu2A1 ura3-52 trp1A63 spt5A4::TRP1 pGAL-

GHY 2741 a FLO8-HIS3::KANMX [pMS4] Hartzog Lab 2
his3A(1 or 200) lys2-1286 leu2A(1 or 0) ura3(0 or-52) trp1463

GHY 3248 b rpb4A::KANMX sptsA4::TRP1 [pMS4] Hartzog Lab 2

rpb7D::CLONAT his3D200 lys2-128d leu2D(0 or 1) ura3-52
trp1D63 spt5-G587D pGAL1-FLOS-HIS3::KANMX [pCK228 =

GHY 3348 a RPB7 pRS316 URA] Hartzog Lab 2,4
rpb7D::CLONAT his3D200 lys2-128d leu2D(0 or 1) ura3-52

GHY 3349 b  trplD63 spt5-E546K gall0A56 [pCK228 = RPB7 pRS316 URA] HartzogLab 2,4
lys2-128d met15D0 his3A(1 or 200) leu2A(0 or 1) ura3A4(0 or-52)

GHY 4005 a rpb4A::KANMX gal10A56 [pRS426 2 RPB7] Hartzog Lab 2
his3D(0 or 200) leu2D(0 or 1) ura3D(0 or -52) rpb4A::KANMX

GHY 4008 b pGAL-FLO8-HIS3::KANMX [pRS426 2 RPB7] HartzogLab 2
his3D(0 or 200) leu2D(0 or 1) ura3D(0 or-52) LYS2-1296

GHY 4009 a rpb4A::KANMX pGAL-FLO8-HIS3::KANMX [pRS426 2u RPB7] Hartzog Lab 2

GHY 610 b his4-91268 lys2-1288 leu2D1 pep4D::LEU2 ura3-52 Hartzog Lab 3

oy 98 b hisA200 lys2-1286 leu2A1 trp1A63 ura3-52 F. Winston 4

GHY 1068 b his3D0 lys2D0 leu2D0 ura3D0 hpr1A::KANMX4 Hartzog Lab 4
his34200 lys2-1286 leu2A(0 or 1) ura3-52 trp1A63 spt5-E546K

GHY 3335 a gal10456 Hartzog Lab 4
his3A200 lys2-1286 leu2A1 ura3-52 trp1A63spt5-G587D pGAL-

GHY 3336 a FLO8-HIS3::KANMX Hartzoglab 4
rpb7D::CLONAT his3D200 lys2-128d leu2D(0 or 1) ura3-52

GHY 4006 b trp1D63 spt5-E546K gal10A56 [rpb7-D166G, TRP] HartzogLab 4
rpb7D::CLONAT his3D200 lys2-128d leu2D(0 or 1) ura3-52
trp1D63 spt5-G587D pGAL1-FLO8-HIS3::KANMX [rpb7-

GHY 4007 a D166G, TRP] Hartzog Lab 4
his3A200 leu2A1 ura3-52 trp1A63 chd1A::URA3 pGAL1-FLOS-

GHY 2014 b HIS3::KANMX Hartzog Lab 4
his3A200 lys2-1286 leu2A1 ura3-52 trp1A63 spt5-242 pGAL1-

GHY 3296 b FLO8-HIS3::KANMX Hartzoglab 4

GHY 1007 b his4-9128 lys2-1286 leu2D1 ura3-52 trp1A63 spt5-194 Hartzoglab 4

ROY* 1309 a ADE2 his3 leu2 lys2 trp1 ura3 hmrD::URA3 gal4D::HIS3 R. Kamakaka 4
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ROY*

GHY

GHY

GHY

GHY

GHY

GHY

GHY

4203 a

3345 a

3347 b

3348 a

1537 b

1536 b

4014 b

1493 a

hmr1D::URA3 ADE2 lys2D

herld::KANMX rpb74::CLONAT leu2A(0 or 1) his3A(0 or 200) lys2-

1286 ura3-52 trp1463 gal10A56 RPB3-TAP::KlactisTRP1
his3A(1 or 200) lys2-1286 leu2A(0 or 1) ura3A(0 or-52) trp1463
mex67A::KANMX spt5-E546K [MIEX67 URA3]

rpb7A::CLONAT his3A(1 or 200) lys2-1286 leu2A0 ura340
trp1A63 gal10A55 mex67A::KANMX [pRS314 mex67-6 TRP1
CEN] [pRS316 RPB7 URA3 CEN]

his3A(1 or 200) lys2-1286 leu2A(0 or 1) ura3(A0 or-52) trp1463
mex674::KANMX spt5-242 [mex67-6 pRS314]

his3A(1 or 200) lys2-1286 leu2A(0 or 1) ura3(A0 or-52) trp1A63
mex674::KANMX spt5-194 [mex67-6 pRS314]

his3A(1 or 200) lys2-1286 leu2A(0 or 1) trp1A63 ura3 (A0 or-52)
mex67A::KANMX spt5D5::NAT [MEX67 URA3]

his3A(1 or 200) lys2-1288 leu2A0 ura340trp1463
mex674::KANMX [MEX67 URA3]

* indicates W303 background
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Appendix -7

Materials and Methods

Media and yeast genetic methods

All yeast media was made as described previously and all strain construction
methods were standard methods (Rose et al., 1990). S. cerevisiae strains
used in this study are isogenic to S288C and are GAL2+ unless indicated

otherwise and are listed in Appendix 6.

GHY4006 and GHY4007 were generated via a marker switch of GHY3349
and GHY3348 respectively harboring CKB310. PCR amplification of pRS404
was performed using OGH473 and OGH474 (1x Mango Mix (Bioline), 30
cycles of 95C 30sec, 51C 1min, 72C 90sec). High efficiency transformation
was performed and plated onto —Trp, then replica plated to —Trp —Leu to

select for loss of Leu marked CKB310.

Isolation of spt5 and rpb7 cryptic initiation and gal10456 mutants were

performed with hydroxylamine mutagenized plasmids (Rose, Fink 1987)

To integrate spt5-E546K and spt5-G587D, a high efficiency transformation
was performed with plasmids pMD11 and pMD18 that were digested with
Eagl and Hindlll into GHY3246 and GHY2741 respectively. Cells were
allowed to grow for 1 day on YPD at 30C then replica plated to F-FOA, grown

for 2 days and replica plated again to 5-FOA and grown for 2 days. Plates
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were then replicated to 5-FOA —Trp and Trp- colonies were selected and

restreaked to assess for stability.

hcrlA was generated via sporulation from the Stanford deletion collection

(Giaever, Nislow 2014).

Plasmids

A detailed list of the plasmids used in this study is provided in Appendix 5.

Plasmid pZM6 was generated by PCR mutagenesis. Plasmid CKB223 was
amplified with either OGH1630+OGH1631 or OGH1629+OGH1632 (Phusion
polymerase, 1x Phusion HF Buffer (Thermo Scientific), .1 mM dNPTs; 30
cycles 95C 2min, 62C for 1min, 70C for 30sec). Gel excision was performed
on the products using Nucleospin Gel and PCR cleanup kit (Macherey-
Nagel). 5 pl of each product was added to a new reaction under the same
conditions lacking primers and cycled 5 times (95C 30sec, 65C 1min, 70C 45
seconds). OGH 1631 and OGH1632 were then added and reaction was
cycled 30x. CKB233 and the PCR product were individually digested with
Xhol and Eagl and the digested PCR product was ligated into the CKB233

backbone.

Plasmid pZM11 was generated via a plasmid rescue from GHY 4006

Plasmid pMM1 was generated by PCR mutagenesis. Using the same strategy

outlined above with pGH233, OGH1545+0OGH166, OGH1546+0OGH168 (30
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cycles 95C 30sec, 52C 1min, 68C 45sec). Gel-excised products were
amplified with OGH166+168 (40 cycles 95C 30sec, 50C 1min, 68C 1min).

Products were ligated into a pGH233 backbone digested with Mlul and Apal.
Pull-down Assays

GST Pulldown assays were performed via a modification from a protocol from

the Kellogg Lab.

For GHB1557 and GHB159 harboring Rpb4/7 expression constructs: 10mL
LB+Kan was inoculated from a single colony and grown overnight at 37C.
1.3L of LB+Kan was inoculated with 5mL of overnight culture and grown to
OD 0.7, supplemented with IPTG to 1mM and grown overnight at RT. Cells
were harvested via centrifugation and ground into a powder with a mortar and
pestle under liquid nitrogen. Cells were frozen in liquid nitrogen and stored at

-80C.

Cells were thawed on ice and lysis buffer (1X PBS, 1M NaCl, 1 mM PMSF
added fresh) was added in a ratio of 1 ul per mg of cell powder. Cells were
sonicated twice for 1 minute with 1 minute on ice in between rounds and then
centrifuged for 10 minutes at 10,000 rpm at 4C. 33mg protein was added to
50 ul glutathione agarose resin (Thermo Scientific Pierce) and brought to 1
mL with lysis buffer, and incubated for 2 hours at 4C on an inverter. Column
was washed once with 10CV wash buffer (1X PBS, 0.25 M KCI) and then

once with 1 CV Spt5 lysis buffer (1x PBS 150 mM K(Ac)). Control columns
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that were not subject to Spt5 KOW extract were resuspended in 50 ul SDS

sample buffer and boiled at 100C for 5 minutes and reserved for SDS PAGE

analysis.

For GHB1095 harboring Spt5 KOW2-3: cell extract was generated as above
except induction was performed at 0.5 mM IPTG and Spt5 lysis buffer was

used.

100 pl of Spt5 KOW extract was added to the column and brought to 500 pl

volume in Spt5 lysis buffer and incubated at 4C on an inverter for 30 minutes.
Columns were washed 2x with 10 CV Spt5 lysis buffer and then resuspended
in 50 pl SDS sample buffer and boiled at 100C for 5 minutes and analyzed via

SDS PAGE on a 15% gel.

Spt5 KOW Domain Affinity Chromatography

BL21-DE3 cells harboring plasmids XX and XX were inoculated from a single
colony in 10mL LB+Kan at 37C and grown overnight on a rotator. 1mL of
culture was used to inoculate 1.3L of LB+Kan at 37C and grown to OD 0.7 on
an orbital shaker. Cultures were then induced with IPTG to 0.5mM and
shaken at 20C overnight, harvested and frozen in liquid nitrogen. Frozen cell
pellet was grown to a fine powder with a mortar and pestle frozen with liquid
nitrogen and scooped into screw-cap tubes and frozen again in liquid

nitrogen.

152



8 vials of cells were allowed to thaw on ice and mixed each with 0.5mL of
phosphate buffer (P-Buffer) (50 mM phosphate pH7.8, 10% glycerol, 50 mM
NaCl, 50 mM Arginine, 50 mM Glutamic acid, PMSF 1x added fresh). Cells
were then subjected to three rounds of sonication at 4C, each round being 30
seconds followed by 30 seconds on ice. Cells were spun for 10 minutes at
10,000rpm in a microfuge at 4C. 1 mL HisPur Ni-NTA beads (Thermo
Scientific) were equilibrated in P-Buffer and then placed in a chromatography
column along with 4mL of cell extract and placed on a rocker at 4C for 30
minutes. Column was washed with 20CV P-Buffer at 250 mM Nacl, followed
by 20CV P-Bufer with 0.1% NP-40, followed by 20CV P-Buffer with 2700mM
NaCl and 4mM imidazole. Column was eluted with 10 500 pl fractions of P-
Buffer with 200 mM imidazole and frozen in liquid nitrogen. Fractions were

then analyzed via SDS-PAGE.

5 Fractions containing the highest quantity of protein as determined by SDS-
PAGE were pooled and dialyzed three times with 4mL each of 25 mM MES
utilizing Amicon 3k dialysis centrifugal filters at 4,000 rpm for 40 minutes and

concentrated to 500 pl in 25 mM MES.

1mL pl of Affi-Gel 10 (BioRad) was pipetted into a Falcon tube and washed
three times with 10 mL mQ H20. ~20mg of purified protein (either K2K3, L2K4
or BSA) was added directly to the resin and placed on a rocker at 4C for 4

hours. Coupling proceeded until supernatant read OD 0.01 at 595 nm on a
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Bradford assay (2.5 hr). 100 ul of 1M ethanolamine was added for 1 hour at
4C to stop the reaction. Resin was washed 3 times with 10 CV 25 mM MES
and resuspended in 5 mL 25 mM MES with 0.2% sodium azide and stored at

4C.

Afi-gel was transferred into a chromatography column, drained and washed
with 10CV of yeast lysis buffer. 25 mg crude yeast extract generated from
GHY610 was diluted to 50mL and loaded onto the column over a period of 8
hours. Column was washed with 10CV yeast lysis buffer with 0.5% NP-40 at
0.2 M K(Ac). Column was washed with 5CV yeast lysis buffer. 8 400 pl
elutions were collected with yeast lysis buffer with an increasing gradient of
K(Ac), starting with 0.3M and ending in 1M, with a ninth fraction collected with
yeast lysis buffer at 150 mM K(Ac) and 2.5M urea. Fractions were split into
two aliquots, frozen in liquid nitrogen and stored at -80C. Column was
washed with 10CV yeast lysis buffer with 0.05% sodium azide and stored at -

20C.

Half of each fraction was TCA precipitated and analyzed via SDS-PAGE on a
silver stained gradient gel. Fractions containing 0.8M, 0.9M and 1M K(Ac)

were sent to the Yates lab for mass spectrometry analysis.
Yeast Extract Preparation
5mL YPD was inoculated with a single colony and grown on a rotator at 30C

overnight. 1.3L of YPD was inoculated with 5mL of overnight culture and
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grown to mid-log phase, harvested via centrifugation and frozen in liquid
nitrogen. Cell pellets were ground into a find powder using a mortar and
pestle frozen with liquid nitrogen. Cell powder was allowed to thaw on ice and
then mixed with an equal volume of yeast lysis buffer (30 mM HEPES [pH
7.4], 200 mM potassium acetate, 1 mM magnesium acetate, 1 mM EGTA,
0.05% Tween-20, 10% glycerol, 1 mM PMSF, 0.02 uM Pepstain A, 0.02 uM
Chymostatin 6 nM, 0.02 mM Benzamidine HCI, added fresh). Cells were then
centrifuged at 14,000rpm for 10 minutes and supernatant collected.
Supernatant was clarified using an ultracentrifuge at 30,000rpm for 30
minutes at 4C. Extract was frozen in liquid nitrogen and stored at -80C, or

used fresh.

Mass Spectrometry

MudPIT mass spectrometry performed in collaboration with John R Yates llI

(Delahunty, Yates 2007)

Chromosome Spreads and S9.6 Immunofluorescence

Chromosome spreads and S9.6 immunofluorescence were performed using a
modification of published protocols (Loidl et al., 1991; Lafuente-Barquero et

al., 2020; Yang, Zhang 2022).

2 mL SC-Leu was inoculated with a single colony and grown overnight at 30C
on a rotator. Overnight culture was used to inoculate 5 mL SC-Leu and grown

overnight to mid-log phase. 3 mL of yeast culture was harvested and washed
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once in Buffer B (1.2 M sorbitol, 0.1 M potassium phosphate, pH 7.5). Pellet
was resuspended in 500 pul Buffer B. 10 ul 1 M DTT was added along with 10
ul of Zymolyase 100T 10mg / mL and incubated in a 37C water bath. Cells
were monitored for lysis by mixing 10 ul of cells with 100 ul of mg H20 and
viewed under a microscope for lysis. Cells were removed from the water bath
after 1 hour and centrifuged for 5 minutes at 800 x g, then resuspended in
200 ul MES stop-wash buffer (0.1 M MES, 1 M sorbitol, 1 mM EDTA, 0.5 mM
MgClz, pH 6.4). Glass microscope slides were scrubbed with soap and water,
dipped in 70% ethanol, allowed to dry completely and polished with lens
paper. 20 ul cells were added to a microscope slide, followed by 40 ul fixative
(4% formaldehyde, 3.4% sucrose) and swirled until Schlieren lines disappear.
80 ul lysis solution was added (1% NP-40 in mq Hz20), swirled and monitored
under a microscope until >90% of cells lysed (~3 minutes). 80 ul fixative was
added, swirled, and liquid was spread across the surface of the slide using a

Pasteur pipette and allowed to dry in the fume hood overnight.

Slides were dipped in 0.2% Photo-Flo solution (Kodak) for 30 seconds and
allowed to dry completely. Slides were washed in 1x PBS for 15 minutes and
then blocked in blocking buffer (5% BSA, 0.2% milk, 1x PBS) for 15 minutes.
R-loop specific primary antibody (clone S9.6, EMD Millipore) was added
1:500 in blocking buffer for 1 hour. Slides were washed in 1x PBS for 1 hour.

Cy5 donkey anti-mouse secondary antibody was applied 1:1000 in blocking
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buffer for 1 hour and then slides were washed for 15 minutes in 1x PBS and
allowed to dry completely. Cover slips were scrubbed with soap and water,
dipped in ethanol, dried and polished with lens paper. Vecta Shield mounting

media with DAPI was applied and cover slips were sealed with nail polish.

Slides were imaged using a spinning-disc confocal microscope at 100X. All
images were taken under the same microscope settings in the same imaging
session. >250 nuclei were counted for two technical replicates each of two
biological replicates. Nuclei were considered S9.6+ when Cy5 foci directly

overlapped DAPI signal.
Prediction of Complex containing Rpb7, Nrd1, Nab3, KOW2-3

Complex prediction was carried out utilizing AlphaFold Multimer through the
COSMIC? cloud computing platform, which utilizes Comet, a cluster at the
San Diego Supercomputer Center. Primary amino acid sequences were input

into ColabFold.

The structure displayed in Figure 3-4 was generated by merging two
AlphaFold Multimer complex predictions. The first complex was Nrd1, Rpb7
and Spt5 KOW2-3. The following amino acids were input to generate this
complex: Nrd1(299-490), Spt5(534-632), Rpb7(1-171). The second complex
was Spt5 KOW2-3 and Nab3. Spt5(534-632) and the full sequence of Nab3

were used, however, in this structure only Nab3(311-415) are displayed.
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