Regulation of transcription elongation and
intragenic transcription by the histone chaperone
Spt6
Citation
Gopalakrishnan, Rajaraman. 2019. Regulation of transcription elongation and intragenic
transcription by the histone chaperone Spt6. Doctoral dissertation, Harvard University, Graduate
School of Arts & Sciences.

Permanent link
http://nrs.harvard.edu/urn-3:HUL.InstRepos:42013085

Terms of Use
This article was downloaded from Harvard University’s DASH repository, and is made available
under the terms and conditions applicable to Other Posted Material, as set forth at http://
nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA

Share Your Story
The Harvard community has made this article openly available.
Please share how this access benefits you. Submit a story .
Accessibility

Regulation of transcription elongation and intragenic transcription by the histone
chaperone Spt6

A dissertation presented
by
Rajaraman Gopalakrishnan

to
The Division of Medical Sciences

in partial fulfillment of the requirements
for the degree of
Doctor of Philosophy
in the subject of
Genetics and Genomics

Harvard University
Cambridge, Massachusetts
July 2019

© 2019 Rajaraman Gopalakrishnan
All rights reserved.

Dissertation advisor: Fred Winston

Rajaraman Gopalakrishnan

Regulation of transcription elongation and intragenic transcription by the histone
chaperone Spt6
Abstract
Precise regulation of transcription is essential for cellular growth and
development. Multiple factors are involved in the regulation of transcription by RNA
polymerase II (RNAPII). One such factor is the histone chaperone Spt6, which interacts
with RNAPII, histones, and other transcription elongation factors during transcription.
Mutations in SPT6 cause defects in nucleosome organization, histone H3K36
methylation, and transcription, indicating the requirement for Spt6 in the regulation of
both transcription and co-transcriptional processes. spt6 mutants also show a genomewide increase in transcription initiation from within the gene bodies (hereafter referred to
as intragenic transcription). Many of the functions of Spt6 are conserved between yeast
and mammalian cells, underscoring its importance in gene regulation. We have taken
genetic and biochemical approaches in Saccharomyces cerevisiae to understand the
function of Spt6 in regulating intragenic transcription and its role in the transcription
elongation complex. In chapter 2 of this dissertation, we describe a genetic selection to
identify mutations that repress intragenic transcription in an spt6 mutant. This selection
identified dominant mutations in the gene encoding the histone methyltransferase Set2.
The SET2 mutations encode a hyperactive enzyme that rescues the H3K36 methylation
defect in spt6 mutants. We show that this genetic interaction between SPT6 and SET2
is conserved in the distantly related fission yeast, Schizosaccharomyces pombe,
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suggesting a conserved role for Spt6 in regulating H3K36 methylation. In chapter 3, we
describe using mass spectrometry to characterize the differences in RNAPII-interacting
proteins between wild-type and spt6 mutant cells. We show that Spt6 is required for the
association of multiple transcription elongation factors with RNAPII, including Spt5 and
the PAF complex. We also identify a previously unknown role for Spt6 in the recruitment
of the capping enzyme Abd1 to transcribed regions. Taken together, this work provides
new insights into the function of Spt6 as a link between transcription elongation and cotranscriptional processes.
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Chapter 1:
Introduction
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My dissertation focuses on transcription and specific conserved transcription
factors. This chapter provides an introduction to transcription and the proteins involved
in its regulation, and it is divided into six sections. First, I present a brief overview of
transcription by RNA Polymerase II (RNAPII) and the role of chromatin in its regulation.
The second section focuses specifically on the transcription elongation factor Spt6,
whose function forms the central topic of this dissertation. The third and fourth sections
focus on intragenic transcription - a class of transcription observed upon disrupting Spt6
function, and the role of histone modifications in its regulation. These topics are
revisited in Chapter 2, which presents new insights into the role of Spt6 in regulating a
co-transcriptionally deposited histone modification. The fifth section provides a summary
of the proteins involved in mediating mRNA capping, which relates to Chapter 3 of this
dissertation, which presents experiments addressing the role of Spt6 in regulating the
interaction between an mRNA capping enzyme and RNAPII. In the final section, I
provide an overview of the research presented in Chapters 2 and 3.

1.1 Overview of transcription

The transcription cycle
Transcription of RNA from a DNA template is the first step in decoding genetic
information. Transcription is catalyzed by the enzyme RNA polymerase, which uses one
strand of DNA as a template to synthesize a complementary RNA molecule. Eukaryotes
have three RNA polymerase complexes that transcribe different classes of RNAs
(Cramer et al., 2008). RNA polymerase I transcribes all ribosomal RNAs (rRNAs) except
for 5S rRNAs. RNA polymerase II (RNAPII) transcribes messenger RNAs (mRNAs) and
2

certain classes of non-coding RNAs. RNA polymerase III transcribes transfer RNAs
(tRNAs) and 5S rRNAs. This thesis focuses on transcription by RNAPII, which is a 12subunit protein complex.
Transcription of a gene can be broadly classified into three different phases –
initiation, elongation, and termination. Initiation of transcription occurs at promoters,
which are DNA sequences present upstream of a gene that promote the formation of a
pre-initiation complex (PIC). The PIC is required for the recruitment and stable
association of RNAPII to DNA (Sainsbury et al., 2015). The PIC is composed of the core
initiation complex (TBP, TFIIA, TFIIB, and TFIIF), which recruits RNAPII to promoters,
and TFIIE/ TFIIH which promote the loading of RNAPII on DNA.
In the presence of NTPs, transcription initiates and transitions to the elongation
phase, where RNAPII transcribes through a gene, producing an elongating nascent
mRNA molecule in the process (Jonkers and Lis, 2015). Transcription elongation factors
bind to RNAPII and help promote its processivity and elongation rate (Mason and
Struhl, 2005). These include DSIF (composed of Spt4 and Spt5), Spt6, and the PAF
complex (composed of Paf1, Ctr9, Leo1, Cdc73, and Rtf1), the functions of which are
discussed in further detail below. Factors involved in co-transcriptional mRNA
processes such as mRNA splicing, capping and histone modification are also recruited
to RNAPII during transcription elongation (Zhou et al., 2012). These factors often
function co-operatively with other transcription elongation factors, a phenomenon
discussed further in the following chapters in this dissertation. In metazoans, an
additional step of RNAPII pausing occurs between initiation and productive elongation
for many genes. This promoter proximal pausing occurs ~20-60 nucleotides
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downstream of the transcription start site (TSS) and is mediated by DSIF and the
negative elongation factor (NELF) (Adelman and Lis, 2012; Yamaguchi et al., 1999).
Promoter-proximal pausing of RNAPII has been observed at ~40% of actively
transcribed genes in human cells (Core et al., 2008). Phosphorylation of NELF, RNAPII,
and DSIF by the P-TEFb kinase triggers the dissociation of NELF from RNAPII, allowing
the transition of DSIF-bound RNAPII into productive elongation. Promoter proximal
pausing is not observed in the budding yeast Saccharomyces cerevisiae, although there
is evidence for it in Schizosaccharomyces pombe (Booth et al., 2018) in spite of S.
pombe not having NELF.
As the elongating RNAPII reaches the end of a gene and transcribes through the
cleavage and polyadenylation sequence (CPS), transcription termination factors are
recruited to RNAPII. Termination factors cleave the nascent mRNA, which is then
polyadenylated and loaded onto other protein complexes that transport it to the
cytoplasm for translation. The 5’  3’ exonuclease Rat1 (Xrn2 in mammals) degrades
the residual nascent RNA being synthesized by RNAPII downstream of the CPS and
knocks it off DNA (Kim et al., 2004; West et al., 2004). Once released from DNA,
RNAPII may be recycled to begin a new round of transcription (Shandilya and Roberts,
2012).

Post-translational modification of the C-terminal domain of RNAPII subunit Rpb1
Rpb1, the largest subunit of RNAPII, contains a large C-terminal domain (CTD)
that contains repeats of a heptapeptide sequence (consensus sequence:
Y1S2P3T4S5P6S7). Crystal structures suggest that the CTD is unstructured when not
interacting with other factors. The number of repeats varies, with yeast having 26
4

repeats and metazoans having 52. Positions 1, 2, 4, 5, and 7 in each repeat can be
phosphorylated and the two prolines can undergo cis-trans isomerization yielding a
diverse chemically modified state of the CTD (Heidemann et al., 2013). Different
phosphorylated states of the CTD can recruit different transcription factors (Buratowski,
2003). The phosphorylation profile of the RNAPII CTD is dynamic and changes as
RNAPII transcribes through a gene.
RNAPII that is loaded onto the PIC has an unphosphorylated CTD. Following
initiation, the RNAPII CTD repeats are phosphorylated at Ser5 (S5-P). This
phosphorylation is primarily mediated by the Kin28 kinase in yeast (Cdk7 in mammals),
which is part of the TFIIH complex (Rodriguez et al., 2000). S5-P plays an important
role in recruiting proteins involved in co-transcriptional processes during early
elongation including enzymes involved in mRNA capping and histone modifying
enzymes such as Set1 (see below) (Cho et al., 1997; Ng et al., 2003).
As RNAPII transcribes through the gene, S5-P is dephosphorylated by Ssu72
and Rtr1 (Krishnamurthy et al., 2004; Mosley et al., 2009), and the CTD gets
phosphorylated at Ser2 (S2-P). S2-P by itself or in combination with S5-P facilitates the
recruitment of co-transcriptional histone modifying enzymes such as Set2 (Kizer et al.,
2005), transcription elongation factors such as Spt6 (Close et al., 2011; Dengl et al.,
2009; Yoh et al., 2007), and termination factors such as Rtt103 (Kim et al., 2004). In
yeast, S2-P is primarily mediated by Ctk1 (Cdk12 in mammals) (Cho et al., 2001). The
Bur1 kinase (Cdk9 in mammals) also plays a minor role in establishing low levels of S2P near the 5’ ends of genes, which then gives way to Ctk1, which is responsible for the
higher levels of S2-P towards the 3’ ends of genes (Qiu et al., 2009). Fcp1
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dephosphorylates S2-P, an event that is necessary for recycling RNAPII following each
round of transcription (Cho et al., 2001; Cho et al., 1999; Kobor et al., 1999).
The regulation and functional roles of CTD phosphorylation on Ser-7, Tyr-1, and
Thr-4 are not completely understood. Ser7 phosphorylation (S7-P) remains mostly
uniform throughout the gene body and recruits the Integrator complex required for 3’
end processing of snRNAs in mammalian cells (Egloff et al., 2007). S7-P is also
observed in yeast and is mediated by Kin28 (Kim et al., 2009). However, the functional
significance of this mark in yeast is not well understood. Tyr1 phosphorylation (Y1-P) of
the CTD increases progressively over the gene body and drops right after transcription
termination. Y1-P has been implicated in preventing the premature association of
termination factors to elongating RNAPII (Mayer et al., 2012). Thr4 phosphorylation (T4P) peaks just downstream of the transcription termination site and helps recruit the
termination factor Rtt103 (Harlen et al., 2016). The kinases for Y1-P and T4-P have not
yet been identified in yeast.

The role of chromatin in transcription
DNA in the cell nucleus is wound around protein complexes composed of basic
proteins called histones, which help compact DNA inside the small volume of the
nucleus. The structure formed by DNA wrapped around histones is termed the
nucleosome. Each nucleosome is composed of two copies each of four different
histones and 147 bp of DNA (Luger et al., 1997). Due to their role in packaging DNA,
nucleosomes can act as barriers during transcription initiation, as most sequencespecific transcription factors cannot bind to their target DNA sequence when it is wound
around a nucleosome (Guertin and Lis, 2013), and can also act as barriers during
6

transcription elongation, by presenting a roadblock for the elongating RNAPII (Petesch
and Lis, 2012). The cell has developed multiple mechanisms to overcome the barrier
offered by nucleosomes during transcription.
The ability of the transcription machinery to overcome the nucleosomal barrier at
promoters can be dictated by DNA sequence, by proteins that bind to nucleosomal
DNA, or by a combination of the two (Struhl and Segal, 2013). In S. cerevisiae, many
promoters have poly (dA:dT) tracts, which are homopolymeric stretches of adenosines.
These sequences have an intrinsically low affinity for nucleosomes and are thought to
help maintain nucleosome depleted regions (NDRs) at many yeast promoters (Segal
and Widom, 2009). At promoters that do not have an NDR, transcription activation is
mediated by DNA binding proteins that can bind to their target sequence even when it is
wound around nucleosomes (Zaret and Carroll, 2011). Owing to their ability to invade
nucleosomal DNA, such factors are referred to as pioneer factors in mammals or
nucleosome displacing factors (NDFs) in yeast. A recent study identified 29 NDFs in S.
cerevisiae (Yan et al., 2018). These include Reb1, Rap1, and Abf1, which have the
ability to displace nucleosomes containing a single target binding site (Hartley and
Madhani, 2009; Yarragudi et al., 2004). A few different mechanisms have been
proposed for nucleosome invasion by NDFs. These include the recruitment of chromatin
remodelers (see below) such as RSC that help slide nucleosomes away from promoter
regions, as well as competing with the deposition of nucleosomes at target sites during
DNA replication (Hartley and Madhani, 2009; Yan et al., 2018). Once initiated, the act of
transcription can itself prevent the deposition of nucleosomes over promoter regions,
and help position the first (+1) nucleosome downstream of the TSS (Zhang et al., 2009).
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Transcribed regions typically have well positioned nucleosomes downstream of
the TSS (Struhl and Segal, 2013; Yuan et al., 2005). This positioning decays with
progression into the coding region of a gene. Positioning of nucleosomes over
transcribed regions is mediated by chromatin remodelers which utilize the energy from
ATP hydrolysis to slide or evict nucleosomes (Clapier and Cairns, 2009). The RSC
chromatin remodeler is required for preventing the +1 nucleosome from occupying the
NDR, whereas Isw1 and Chd1 are involved in maintaining regular spacing between
nucleosomes over transcribed regions (Gkikopoulos et al., 2011; Hartley and Madhani,
2009; Ocampo et al., 2019; Yen et al., 2012). Nucleosome occupancy and positioning is
also dependent on the act of transcription by RNAPII. As RNAPII transcribes through a
gene, histone chaperones promote nucleosome disassembly in the wake of transcribing
RNAPII and re-assembly once RNAPII has passed through a stretch of DNA
(Venkatesh and Workman, 2015). In summary, a combination of chromatin remodelers
and histone chaperones is necessary for maintaining nucleosome positioning and
promoting the passage of RNAPII through a nucleosomal template.
In addition to acting as a physical barrier to transcription, nucleosomes can also
promote the association of factors that activate or repress transcription through posttranslational modifications of individual histones (Jenuwein and Allis, 2001). The Nterminal tails of histones are unstructured and contain multiple amino acids that can be
post-translationally modified. Different histone modifications are associated with distinct
transcriptional states of the genome. For instance, in mammalian cells, methylation of
histone H3 on lysine 9 or 27 promotes the formation of higher order chromatin
structures termed heterochromatin that repress transcription (Trojer and Reinberg,
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2007). In contrast, acetylation of histone H3 on the same residues is a mark of active
transcription (Zhang et al., 2015). Some histone modifications are mediated cotranscriptionally and the enzymes that deposit them are recruited to transcribed regions
through interactions with RNAPII. For instance, the histone methyltransferase Set2
methylates lysine 36 on histone H3 (H3K36) over gene bodies and is recruited to the
transcription elongation complex through interactions with the Ser2- and Ser5phosphorylated CTD of Rpb1 (Kizer et al., 2005) (discussed in further detail in section
1.4). Histone modifications can recruit other factors which may have downstream effects
on gene expression. For example, in yeast, the Set3 histone deacetylase recognizes
dimethylated lysine 4 on histone H3 (H3K4me2) through its PHD domain and
deacetylates histones at the 5’ ends of transcribed regions, thereby preventing the
expression of non-coding RNAs (Kim and Buratowski, 2009; Kim et al., 2012). Given
their ability to impact gene expression, it is imperative to understand how histone
modification levels are regulated. Chapter 3 of this dissertation focuses on the
regulation of H3K36 methylation by transcription elongation factors and its role in
repressing transcription initiation from within gene bodies.

1.2 The histone chaperone Spt6 and its role in transcription

Regulation of transcription and chromatin by Spt6
SPT6 was identified in a genetic selection for yeast mutants that suppress the
transcriptional defects caused by the insertion of the long terminal repeats (δ element)
of the Ty912 transposon upstream of the coding region of the HIS4 gene (Winston et
al., 1984). Mutations in SPT6 were also identified in two independent studies – one,
9

where they suppressed mutations in the SNF2 and SNF5 genes which encode subunits
of the Swi/Snf chromatin remodeler complex (Clark-Adams and Winston, 1987;
Neigeborn et al., 1987), and the other where they lead to derepression of the ADH2
gene (Denis, 1984). It was later discovered that spt6 mutants are synthetically lethal
with mutations in genes that encode transcription elongation factors Spt4 and Spt5
(Swanson and Winston, 1992). These genetic experiments provided the first insights
into the role of Spt6 in regulating transcription.
Biochemical and genome-wide studies have further established the central role
of Spt6 in regulating transcription and chromatin organization. Spt6 is the only yeast
protein to contain SH2 domains, through which it interacts with the phosphorylated Cterminal domain and linker region of RNAPII (Figure 1.1A) (Close et al., 2011; Diebold
et al., 2010b; Liu et al., 2011; Maclennan and Shaw, 1993; Mayer et al., 2012; Sdano et
al., 2017; Sun et al., 2010; Yoh et al., 2007). Chromatin immunoprecipitation (ChIP)
assays show Spt6 occupancy over transcribed regions genome-wide similar to RNAPII,
suggesting that Spt6 travels along with RNAPII as part of the transcription elongation
complex (Ivanovska et al., 2011; Mayer et al., 2010). Spt6 also interacts with H3/H4
tetramers and H2A/H2B dimers in vitro (Bortvin and Winston, 1996; McCullough et al.,
2015), suggesting direct interactions with nucleosomes as well as RNAPII. Mutations in
SPT6 show genome-wide loss of nucleosome organization over transcribed regions
(DeGennaro et al., 2013; Doris et al., 2018; Ivanovska et al., 2011; Perales et al., 2013;
van Bakel et al., 2013). These observations have led to the hypothesis that Spt6
functions as a histone chaperone, helping RNAPII to overcome the barrier of
nucleosomes during transcription.
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Figure 1.1. Structure of the RNAPII elongation complex.
(A) Structure of transcribing RNAPII bound to DSIF, Spt6 and PAF complex, as viewed from the front. For ease of
representation, all PAF complex subunits have been colored identically. The C-terminal tandem SH2 domain of Spt6 can
be seen bound to the Rpb1 CTD linker region (B) Structure rotated 90o about the horizontal axis. Spt6 can be seen
covering a portion of Spt5. Structure obtained from PDB: 6GMH (Vos et al., 2018)
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In S. cerevisiae and mammalian cells, Spt6 is essential for viability and it is
believed to function primarily as a transcription elongation factor based on its colocalization with elongating RNAPII. Spt6 is rapidly recruited to transcribed regions upon
induction of transcription (Andrulis et al., 2000; Kaplan et al., 2000; Saunders et al.,
2003; Zobeck et al., 2010), and stimulates RNAPII elongation in vivo (Ardehali et al.,
2009). Spt6 can also stimulate transcription elongation on naked DNA templates in vitro
(Endoh et al., 2004), suggesting a chromatin-independent role for it in promoting
transcription. Consistent with these observations, recent structural studies show that
Spt6 interacts with the Rpb1, Rpb4 and Rpb7 subunits of RNAPII during transcription
and might prevent the re-association of transcription initiation factors once RNAPII has
entered productive elongation (Vos et al., 2018). Hence, the function of Spt6 during
transcription elongation is related to both its role in chromatin organization, as well as its
ability to promote RNAPII elongation.
A few studies conducted at single genetic loci have suggested a role for Spt6 in
regulating initiation and termination of transcription as well. Spt6 is involved in turning
off transcription at inducible genes, by promoting nucleosome incorporation at gene
promoters once the inducible signal has been withdrawn (Adkins and Tyler, 2006;
Ivanovska et al., 2011). spt6 mutants are also defective for repression of heat shock
responsive genes once the cells have been acclimatized to the heat shock (Doris et al.,
2018). Mutations in SPT6 can also lead to transcription termination defects at the
GAL10 locus in yeast (Kaplan et al., 2005). Hence, Spt6 is capable of regulating all
phases of transcription.
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Interactions of Spt6 with other transcription factors
In addition to its interactions with nucleosomes and RNAPII, Spt6 also interacts
physically and genetically with a number of proteins during transcription. Information
about some of the key Spt6-interacting proteins is presented below.

1. Spn1
Spn1 (Iws1 in metazoans) is an essential transcription elongation factor that is
conserved from yeast to humans (Fischbeck et al., 2002; Liu et al., 2007). Similar to
Spt6, Spn1 also co-localizes with RNAPII and interacts with histones (Li et al., 2018;
Mayer et al., 2012). Co-immunoprecipitation studies initially identified Spn1 as a protein
that co-purifies with Spt6 (Gavin et al., 2002; Krogan et al., 2002; Lindstrom et al.,
2003). Spn1 binds to the N-terminal acidic region of Spt6, the same region that also
interacts with histones, suggesting that binding of Spt6 to Spn1 and histones is mutually
exclusive (Diebold et al., 2010a; McDonald et al., 2010). Spt6 along with Iws1, the
mammalian ortholog of Spn1, is involved in the regulation of H3K36 methylation and
mRNA processing in mammalian cells (Sanidas et al., 2014; Yoh et al., 2007; Yoh et al.,
2008). The importance of the Spt6-Spn1 interaction in regulating transcription is not
completely understood.

2. PAF complex
The PAF complex is a conserved transcription elongation factor composed of five
subunits – Paf1, Rtf1, Leo1, Cdc73, and Ctr9. The PAF complex is involved in a range
of processes including maintaining levels of histone modifications such as H3K4 and
H3K36 methylation and recruiting mRNA 3’-end processing factors (Van Oss et al.,
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2017). PAF complex subunits are not essential for viability in S. cerevisiae. However,
deletion of genes encoding PAF complex subunits are synthetically lethal with spt6
mutations (Kaplan et al., 2005). A recent structural study has suggested that the Cterminal region of Spt6 might physically contact Ctr9 (Vos et al., 2018). Such an
observation would support earlier studies that have shown that Spt6 can recruit the PAF
complex at galactose inducible genes in yeast (Kaplan et al., 2005). Additionally, Spt6
and PAF complex might promote the recruitment and stable association of each other at
the heat shock inducible Hsp70 gene in Drosophila indicating the functional interdependence of the two factors during transcription (Adelman et al., 2006; Ardehali et al.,
2009). In vitro studies further support this observation, where PAF complex and Spt6
can stimulate transcription on naked DNA templates (Vos et al., 2018). In summary, the
PAF complex and Spt6 co-operatively promote transcription elongation.

3. Spt4/5
Spt5, along with its binding partner Spt4, forms a complex that is tightly
associated with RNAPII and is necessary for promoting transcription elongation
(Hartzog et al., 1998; Rondon et al., 2003; Shetty et al., 2017; Wada et al., 1998).
Phosphorylation of Spt5 by the P-TEFb kinase at promoter proximally paused
transcription complexes is necessary for the transition of RNAPII into productive
elongation in mammalian cells. Spt5 is essential for viability in S. cerevisiae, whereas
Spt4 is not. However, spt4Δ cells display increased sensitivity to the transcription
inhibitor 6-azauracil, indicating its importance as a transcription elongation factor
(Hartzog et al., 1998).
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Co-immunoprecipitation studies show that Spt6 interacts with Spt5 and Spt4,
suggesting they are all part of the same complex during transcription (Hartzog et al.,
1998; Lindstrom et al., 2003; Swanson and Winston, 1992). Consistently, structural
studies show direct physical interactions between Spt5 and Spt6 in the transcription
elongation complex (Figure 1.1) (Vos et al., 2018). Spt6 and Spt5 co-localize on actively
transcribed genes (Kaplan et al., 2000; Saunders et al., 2003) and can co-operatively
promote transcription elongation in vivo and in vitro (Endoh et al., 2004). Chapter 3 of
this thesis presents data that suggests the association of Spt5 with RNAPII is partly
dependent on Spt6.

4. Elf1
Elf1 was identified in a genetic screen for novel transcription elongation factors
(Prather et al., 2005). Elf1 binds to the DNA entry tunnel of RNAPII and localizes over
gene bodies of actively transcribed regions (Ehara et al., 2017; Mayer et al., 2010).
ELF1 is not essential for viability, but its deletion is synthetically lethal with mutations in
SPT6, SPT4 and genes encoding PAF complex subunits (Prather et al., 2005),
suggesting its function might be partially redundant with other transcription elongation
factors. Elf1 recruitment to transcribed regions is partially dependent on Spt6, although
direct interactions between Spt6 and Elf1 have not been identified (Prather et al., 2005).
Elf1 is conserved from yeast to mammals, as well as in archaeal classes which lack
histones, indicating an important role in promoting transcription (Daniels et al., 2009;
Prather et al., 2005).
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5. Casein kinase 2
Casein kinase 2 (CK2) is a four-subunit complex that phosphorylates many
transcription elongation factors, including Spt16, PAF complex subunits, and Spt6
(Bedard et al., 2016; Dronamraju et al., 2018b; Gouot et al., 2018). CK2 consists of two
catalytic subunits – Cka1 and Cka2. CKA1 and CKA2 are not individually required for
cell viability in S. cerevisiae. However, the cka1Δ cka2Δ double mutant is lethal,
indicating functional redundancy between the two subunits. CK2 co-purifies with Spt6
and phosphorylates it on multiple serine residues in its N-terminal region (Dronamraju et
al., 2018b; Gavin et al., 2002; Gouot et al., 2018; Krogan et al., 2002). Phosphorylation
of Spt6 by CK2 is required for preventing replication independent nucleosome turnover
in the 3’ regions of actively transcribed genes and for promoting Spt6 protein stability
(Dronamraju et al., 2018b; Gouot et al., 2018).

6. Ccr4-Not
Ccr4-Not is an evolutionarily conserved nine subunit complex that has diverse
functions from transcription elongation to mRNA export and decay. Not1 is the only
essential subunit of the complex, while Ccr4 and Caf1 are the catalytic subunits
possessing mRNA deadenylase activities (Collart, 2003). A mutation in CCR4 was
identified as the first suppressor of an spt6 transcriptional defect (Denis et al., 1994).
Although Spt6 co-immunoprecipitates with Ccr4, it remains to be determined if the two
proteins interact directly. Spt6 is required for the recruitment of the Ccr4-Not complex to
chromatin and promoting mRNA turnover (Dronamraju et al., 2018a).
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Conservation of SPT6
Spt6 is a highly conserved protein throughout eukaryotes. Spt6 is required for
maintaining nucleosome organization over heterochromatin and transcribed regions in
Schizosaccharomyces pombe (DeGennaro et al., 2013; Kiely et al., 2011). However,
unlike budding yeast, Spt6 is not essential for viability in S. pombe (Kato et al., 2013;
Kiely et al., 2011). Spt6 is also required for normal development in worms, flies and
zebrafish (Ardehali et al., 2009; Keegan et al., 2002; Kok et al., 2007; Nishiwaki et al.,
1993).
Similar to its role in S. cerevisiae, Spt6 in humans (hSpt6) also regulates
transcription, histone modifications and mRNA processing. hSpt6 prevents transcription
of long intergenic non-coding RNAs, which can lead to the accumulation of RNA:DNA
hybrids (R-loops) (Nojima et al., 2018). hSpt6 is also involved in promoting H3K36
methylation and inhibiting H3K27 methylation (Chen et al., 2012; Wang et al., 2017;
Wang et al., 2013; Yoh et al., 2008). The latter function of Spt6 is mediated by both
counteracting the activity of H3K27 methyltransferases as well as promoting H3K27
demethylation, through which it can impact embryonic stem cell renewal and myogenic
differentiation (Chen et al., 2012; Wang et al., 2017; Wang et al., 2013). hSpt6 along
with Iws1 is involved in recruiting the REF1/Aly mRNA export complex to transcribed
regions (Yoh et al., 2007).The importance of Spt6 in humans is demonstrated by the
observation that very few individuals carry loss of function mutations in SPT6 (Lek et al.,
2016). Given the high degree of conservation of Spt6, studies of its function in yeast will
help better understand its function in humans and other organisms.
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The spt6-1004 mutation
Being essential for cell viability in S. cerevisiae, it is not possible to delete SPT6
in order to study its function. Consequently, mutations in SPT6 that compromise one or
more of its functions have been constructed (Kaplan, 2002). Much of the work in this
thesis focuses on the spt6-1004 mutation, which has a deletion of the region encoding
the helix-hairpin-helix (HhH) domain of Spt6 (Kaplan et al., 2003). HhH domains interact
with DNA in a non-sequence specific manner (Doherty et al., 1996). Although the HhH
domain in Spt6 can bind DNA, the N-terminal region of Spt6 folds back on this domain
occluding its interaction with DNA in context of the full-length protein (Close et al.,
2011). An spt6-1004 mutant is temperature sensitive for growth (Figure 1.2A) and
exhibits an Spt- phenotype, suppressing the his4-912δ and lys2-128δ mutations which
contain insertions of the long terminal repeats (δ element) of Ty transposons near the 5'
end of the HIS4 and LYS2 genes respectively (Figure 1.2B). Importantly, spt6-1004
exhibits widespread loss of nucleosome organization and a concomitant increase in the
expression of intragenic transcripts (Figure 1.2C) in both the sense and antisense
directions (Cheung et al., 2008; Doris et al., 2018; Kaplan et al., 2003; Uwimana et al.,
2017). This phenotype can be observed at the permissive temperature of 30 oC, but is
exacerbated upon a temperature shift to the non-permissive temperature of 37oC, which
is partly due to the loss of Spt6 protein levels (Figure 1.2D) (Doris et al., 2018). A more
detailed discussion of intragenic transcription as well as the role played by Spt6 in
regulating it is provided in the next section.
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Figure 1.2. Mutant phenotypes of spt6-1004.
(A) Spot test showing temperature sensitivity of spt6-1004 cells. (B) Spot test showing
the Spt- phenotype of spt6-1004 cells. Shown on the bottom is a schematic of the
lys2-128δ allele, which contains an insertion of the long-terminal repeat (δ element) of
the Ty128 transposon downstream of the start codon of the LYS2 gene. Wild type cells
are Lys- because of premature termination of the LYS2 transcript within the δ element.
spt6-1004 cells initiate transcription from within the δ element, allowing production of a
functional LYS2 transcript, making them Lys+. (C) Northern blot showing intragenic
transcription in spt6-1004 cells before (30oC) and after a temperature shift to 37oC. In
wild type there is a single full-length STE11 transcript (denoted by the arrow), while in
the spt6-1004 mutant, there are two intragenic transcripts (denoted by the asterisks) in
addition to the full-length transcript. SNR190 served as the loading control. (D) Western
blot showing Spt6 protein levels in wild-type and spt6-1004 cells before (30oC) and after
a temperature shift to 37oC. Pgk1 served as the loading control.
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1.3 Intragenic transcription

Intragenic transcription and its functional implications
Intragenic transcription refers to the initiation of transcription from sites present
within gene bodies. Intragenic transcripts, if translated in the same frame as the fulllength open reading frame, can produce N-terminally truncated proteins (Cheung et al.,
2008). In some cases these proteins are functional, including examples from yeast
(McKnight et al., 2014; Zhou et al., 2017), humans (Gomez-del Arco et al., 2010;
Wiesner et al., 2015) and plants (Mejia-Guerra et al., 2015; Ushijima et al., 2017).
Depending on the gene and the position of the intragenic TSS, intragenic transcription
can be either beneficial or harmful to a cell. For example, aberrant expression of
intragenic transcripts at some genes can lead to cancer (Wiesner et al., 2015), whereas
at other genes, intragenic transcription is tightly regulated and used for expressing
different isoforms of a protein in different tissues (Shmelkov et al., 2004). In summary,
intragenic transcription can be used as a mechanism for vastly increasing the coding
potential of the genome. Hence, it is important to understand how this process is
regulated.

Factors involved in the regulation of intragenic transcription
A genome-wide screen in yeast identified 50 genes, which when mutated led to
the expression of intragenic transcripts (Cheung et al., 2008). Some of the genes
identified in the screen that are relevant to this study are discussed below.
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1. Histone chaperones
The histone chaperone Spt6 plays a major role in repressing intragenic
transcription. Intragenic transcription in an spt6 mutant was first identified at the FLO8
locus (Kaplan et al., 2003). spt6-1004 cells express a short FLO8 transcript that
requires a TATA box present within the FLO8 gene. Later genome-wide analysis of
transcription in spt6-1004 cells showed initiation of intragenic transcription genomewide, with the latest study reporting over 7500 intragenic TSSs in both sense and
antisense orientations (Cheung et al., 2008; Doris et al., 2018; Uwimana et al., 2017;
van Bakel et al., 2013).
Both chromatin structure and DNA sequence appear to control the sites of
intragenic initiation. spt6-1004 cells show a global loss of nucleosome organization
(DeGennaro et al., 2013; Doris et al., 2018; Perales et al., 2013; van Bakel et al., 2013),
which might expose DNA within gene bodies that can act as promoter elements to
initiate transcription. However, intragenic transcription in spt6-1004 does not initiate
from random genomic locations, indicating that there are other determinants of the
precision of intragenic transcription initiation. In fact, the sequences upstream of
intragenic TSSs are enriched for the binding sites of stress-responsive transcription
factors and TATA boxes. A subset of intragenic TSSs also show reduced upstream
nucleosome occupancy even in wild-type cells where these transcripts are not normally
expressed (Doris et al., 2018). These results suggest that certain genomic locations are
favorable for the expression of intragenic transcripts and active mechanisms involving
Spt6 and other factors are required to repress them under normal conditions. Taken
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together, these data suggest that Spt6 acts as a master regulator of intragenic
transcription.
Another histone chaperone, Spt16, is also involved in the regulation of intragenic
transcription. Spt16 along with its binding partner Pob3 forms the FACT complex
(Winkler and Luger, 2011). Similar to Spt6, FACT facilitates the passage of RNAPII
through nucleosomes (Orphanides et al., 1998). Mutations in SPT16 also result in the
genome-wide expression of intragenic transcripts (Cheung et al., 2008). Intragenic
transcripts produced in an spt16 mutant highly correlate with those produced in spt61004 (Cheung et al., 2008). Furthermore, an spt16-197 mutation causes similar
changes in chromatin structure as an spt6-1004 mutation (van Bakel et al., 2013). This
result further supports nucleosome organization as an important mechanism employed
by the cell for repressing intragenic transcription under normal conditions (Venkatesh
and Workman, 2015). spt16 mutants in Arabidopsis thaliana also show increased
intragenic transcription genome wide (Nielsen et al., 2019), demonstrating a conserved
requirement for Spt16 in regulating this phenomenon.
One mechanism by which Spt6 and FACT regulate intragenic transcription is by
limiting the occupancy of the histone variant H2A.Z over gene bodies (Jeronimo et al.,
2015). H2A.Z is believed to mark promoters that are poised for transcriptional activation
(Weber and Henikoff, 2014). Spt6 and Spt16 limit H2A.Z levels over gene bodies by
both preventing new incorporation as well as exchanging them for H2A during
transcription. Deletion of the genes encoding H2A.Z or Swr1 only modestly suppress
intragenic transcription in spt6 and spt16 mutants (Jeronimo et al., 2015), suggesting
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that other mechanisms in addition to H2A.Z deposition contribute to intragenic
transcription in these mutants.

2. H3K36 methylation
Histone H3K36 methylation has a well-established role in regulating intragenic
transcription. H3K36 methylation is catalyzed by the enzyme Set2 and helps recruit and
activate the histone deacetylase complex Rpd3S. Rpd3S deacetylates nucleosomes
over coding regions, maintaining a repressive environment that prevents initiation of
intragenic transcription (Carrozza et al., 2005; Joshi and Struhl, 2005; Keogh et al.,
2005). The role of Set2 and H3K36 methylation in regulating intragenic transcription is
discussed in more detail in section 1.4.

3. Transcription elongation factors
Mutations in genes encoding transcription elongation factors and other proteins
involved in nucleosome assembly can also lead to intragenic transcription. Deletion of
PAF1 (encodes subunit of the PAF complex) or BUR2 (encodes the cyclin for the Bur1
kinase) affects H3K36 methylation levels and produces intragenic transcripts from the
FLO8 locus (Chu et al., 2007). The mechanism by which this occurs is unclear, but
appears to be independent of H3K36 methylation as paf1Δ set2Δ or bur2Δ set2Δ
double mutants express higher levels of intragenic transcripts than either single mutant
alone (Chu et al., 2007). Deletion of the gene encoding the transcription elongation
factor Spt2 leads to low levels of intragenic transcription. However, when combined with
deletions of genes encoding subunits of the HIR nucleosome assembly complex or the
Cdc73 subunit of the PAF complex, spt2Δ cells show higher levels of intragenic
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transcription, suggesting a redundant role for SPT2 in regulating nucleosome assembly
(Nourani et al., 2006).

Identification of co-operative interactions between proteins that regulate
intragenic transcription
Given that many different factors are involved in repressing intragenic
transcription under normal conditions, it is likely that some of these factors act cooperatively. In chapter 2, we use an unbiased approach to identify mutations that
suppress intragenic transcription in spt6-1004 with the goal of identifying proteins that
function co-operatively with Spt6. As a result, we discovered that regulation of Set2
activity by Spt6 helps promote H3K36 methylation genome-wide and repress intragenic
transcription.

1.4 H3K36 methylation and intragenic transcription

Regulation of H3K36 methylation and histone acetylation by Set2/Rpd3S
During transcription elongation, RNAPII recruits histone acetyltransferases
(HATs) that acetylate lysine residues on nucleosomes. Two HATs that are primarily
responsible for acetylation of nucleosomes over gene bodies are Gcn5 and Esa1. Gcn5
acetylates lysines on histones H3 and H2B, whereas Esa1 acetylates lysines on
histones H2A, H2B and H4. (Clarke et al., 1999; Grant et al., 1997; Krebs, 2007).
Acetylation of histones over gene bodies by Gcn5 and Esa1 promotes nucleosome
eviction and transcription elongation by RNAPII (Ginsburg et al., 2009; Govind et al.,
2007). At the same time, levels of histone acetylation over gene bodies correlates
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positively with nucleosome turnover (Venkatesh et al., 2012) and can lead to intragenic
transcription (Carrozza et al., 2005). Hence, it is necessary to de-acetylate histones to
prevent aberrant transcription initiation from within gene bodies under normal
conditions.
One such pathway to prevent intragenic transcription involves the histone
methyltransferase Set2, which can mono-, di- and tri-methylate lysine 36 of histone H3
(H3K36) in yeast (Morris et al., 2005; Strahl et al., 2002). Set2 interacts with Ser2 and
Ser5 phosphorylated RNAPII CTD during transcription elongation (Krogan et al., 2003;
Li et al., 2002; Morris et al., 2005; Schaft, 2003; Xiao et al., 2003) and this interaction is
partially required for its recruitment to chromatin (Kizer et al., 2005; Youdell et al.,
2008). Consistent with this interaction, levels of H3K36 methylation are highest over
transcribed regions genome-wide (Pokholok et al., 2005). Di- and tri- methylated H3K36
along with Ser5 phosphorylated RNAPII CTD help recruit and activate the histone
deacetylase complex Rpd3S which deacetylates the same lysine residues modified by
Gcn5 and Esa1 (Carrozza et al., 2005; Drouin et al., 2010; Govind et al., 2010; Joshi
and Struhl, 2005; Keogh et al., 2005; Li et al., 2009). The deacetylation of nucleosomes
over gene bodies prevents the initiation of intragenic transcription. The interaction of the
Rco1 and Eaf3 subunits of Rpd3S with H3K36 methylated nucleosomes is critical for
histone deacetylation (Li et al., 2007a). In line with these results, deletion of SET2
results in the initiation of sense and antisense intragenic transcription genome-wide
(Kim et al., 2016; Li et al., 2007b; Lickwar et al., 2009; Venkatesh et al., 2016),
indicating a global requirement for this modification in regulating histone acetylation and
intragenic transcription.
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Factors that regulate H3K36 methylation

1. Spt6
Mutations in SPT6 lead to loss of H3K36 methylation in vivo. The HhH domain of
Spt6 is necessary for H3K36 methylation as deleting the DNA sequence coding for it
(the spt6-1004 mutation) leads to a complete loss of H3K36 di- and tri-methylation
(H3K36me2/3) (Cheung et al., 2008; Chu et al., 2006; Youdell et al., 2008). Additionally,
a single amino acid change in the HhH domain (S952F) leads to decreased H3K36me3
levels (Dronamraju and Strahl, 2014). Spt6 is required for Set2 stability as mutating
SPT6 or genetically reducing Spt6 protein levels leads to decreased levels of Set2
(Youdell et al., 2008) (Reim and Winston, unpublished data). However, defects in
H3K36 methylation are also observed in spt6 mutants where Set2 protein levels remain
unaffected (Chapter 2). The regulation of H3K36 methylation by Spt6 in yeast is
independent of its interaction with Spn1 as altering amino acids required for the Spt6Spn1 interaction do not affect H3K36 methylation levels (Dronamraju and Strahl, 2014).
However, in mammalian cells, Iws1 (the mammalian ortholog of Spn1) mediates the
interaction of Setd2 (the mammalian ortholog of Set2) with Spt6 and helps promote
H3K36 methylation (Oqani et al., 2019; Yoh et al., 2008). The precise nature of the
requirement of Spt6 for regulation of H3K36 methylation is unknown. Chapter 2 of this
dissertation focuses on a potential mechanism for regulation of Set2 activity by Spt6.

2. Ctk1
Ctk1 is the major kinase that phosphorylates the Ser2 residue of the
heptapeptide repeat on the RNAPII CTD (Cho et al., 2001). ctk1Δ mutants have
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reduced Set2 protein levels, which might be due to its high rate of turnover when it is
not bound to RNAPII (Dronamraju and Strahl, 2014; Fuchs et al., 2012). Consistent with
these results, ctk1Δ cells also have reduced levels of H3K36me2/3.

3. PAF complex
Specific subunits of the PAF complex are necessary for normal H3K36
methylation levels. Deletion of PAF1 or CTR9 leads to a strong reduction in H3K36me3
levels, deletion of CDC73 leads to only a modest reduction in H3K36me3, and deletion
of LEO1 and RTF1 have no effect (Chu et al., 2007; Dronamraju and Strahl, 2014;
Fuchs et al., 2012). PAF complex mutants lead to greater defects in H3K36 methylation
at the 5’ ends of genes as compared to the 3’ ends (Chu et al., 2007). Hence, the
regulation of H3K36 methylation by PAF complex subunits appears to be distinct from
that of most other transcription elongation factors.

4. Nucleosomes
The catalytic activity of Set2 is highest on nucleosomal substrates, followed by
core histone octamers and histone H3 alone. Multiple amino acids in the structured
regions of histones H3, H4 and H2A help promote the catalytic activity of Set2 on
nucleosomes and core octamer substrates (Du and Briggs, 2010; Du et al., 2008). The
interaction of Set2 with histones is mediated through a short stretch of amino acids
present in the N-terminal region of Set2 (Du et al., 2008). Additionally, the C-terminal
SRI (Set2-Rpb1 interacting) domain on Set2 can promote its activity by binding to
nucleosomal linker DNA (Wang et al., 2015). Residues surrounding lysine 36 on the Nterminal tails of histone H3 can also impact H3K36 methylation. Cis-trans isomerization
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of prolines at positions 30 and 38 can impact H3K36 methylation levels (Nelson et al.,
2006). Deletion of a short stretch of amino acids in the N-terminal region of histone tails
also negatively impact H3K36 methylation (Psathas et al., 2009). Taken together, a
number of Set2-nucleosome interactions along with the correct conformation of the H3
tail are critical for maintaining normal levels of H3K36 methylation.

5. Bur1 and Bur2
Bur1 and Bur2 form a cyclin/CDK complex that phosphorylates Ser2 on the
RNAPII CTD, the linker region of Rpb1, and the C-terminal region of Spt5 (Chun et al.,
2019; Qiu et al., 2009; Zhou et al., 2009). Mutations in BUR1 and BUR2 lead to
decreased levels of H3K36me3. However, deletion of SET2 suppresses the lethality
caused by a bur1Δ mutant, indicating that H3K36 methylation might be toxic in the
absence of Bur1 (Chu et al., 2006; Keogh et al., 2005). Similar to PAF complex
mutants, bur2Δ mutants also show elevated H3K36 methylation at the 5’ ends of genes,
suggesting that the PAF complex and Bur1/Bur2 might have similar roles in regulating
this histone modification.

6. Histone demethylases
Three JmJ domain containing histone demethylases in S. cerevisiae – Jhd1,
Rph1, and Gis1 are capable of reversing H3K36 methylation (Tsukada et al., 2006; Tu
et al., 2007). Rph1 is more specific towards H3K36me3 whereas Jhd1 and Gis1 are
specific towards H3K36me1/2. However, these demethylases do not seem to be highly
active in vivo as overexpression or deletion of any of the three enzymes only result in
small differences in H3K36 methylation levels (Kwon and Ahn, 2011; Tu et al., 2007).
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Conservation of Set2 and H3K36 methylation
H3K36 methylation is conserved throughout evolution and regulates intragenic
transcription in mammals as well. Mammals have multiple H3K36 methyltransferases
which include the NSD family proteins, Ash1L, and SETD2. Of these, only SETD2 is
capable of tri-methylating H3K36, while the others are capable of mono- and dimethylation (Huang and Zhu, 2018). All enzymes carry a conserved catalytic SET
domain. Similar to yeast Set2, SETD2 also has a WW, CC (coiled-coil) and SRI domain
(Hacker et al., 2016). Knockdown of SETD2 in human mesenchymal stem cells leads to
intragenic transcription initiation from over 1000 protein coding genes (Carvalho et al.,
2013).
A few different mechanisms exist for the recognition of H3K36 methylation and
downstream silencing of intragenic transcription in mammalian cells. The DNA
methyltransferase DNMT3b can bind to H3K36me3 through its PWWP domain and
methylate DNA over gene bodies thus preventing intragenic transcription (Dhayalan et
al., 2010; Neri et al., 2017). Analogous to the mechanism by which Rpd3S recognizes
H3K36me3 in yeast, the mammalian Eaf3 ortholog MRG15 recognizes H3K36me3
through its chromodomain and recruits a histone demethylase KDM5B to intragenic
regions. KDM5B demethylates H3K4me3 within gene bodies and thereby prevents
intragenic transcription (Xie et al., 2011).
Mutations in histone methyltransferases or histone residues that impact H3K36
methylation can lead to cancer. SETD2 is a tumor suppressor gene and mutations in
SETD2 have been frequently identified in clear cell renal cell carcinomas (Dalgliesh et
al., 2010; Li et al., 2016). Mutations in a single copy of histone H3.3 that codes for a
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H3K36M mutant are found in 95% of chondroblastomas (Behjati et al., 2013). These
mutations lead to a genome-wide reduction in H3K36 methylation, and increased
H3K27me3 over normally transcribed regions which might silence the expression of
tumor suppressor genes (Lu et al., 2016).

1.5 Function and regulation of mRNA capping

Overview of mRNA capping
mRNA capping is a co-transcriptional process that involves the addition of a 7methylguanosine group to the 5’ end of an mRNA transcript. mRNA caps help promote
the stability and translation efficiency of an mRNA molecule (Cowling, 2009). Capping
involves three enzymatic reactions (Furuichi et al., 1976). First, an RNA triphosphatase
cleaves the 5’ terminal phosphate of the mRNA. Second, a guanylyltransferase
catalyzes the addition of a GMP moiety from GTP to the dephosphorylated 5’ end of the
RNA. This results in the production of a 5’-5’ linkage between the guanosine in the
mRNA cap and the first transcribed nucleotide. Finally, a guanine-N7 methyltransferase
transfers a methyl group to the N-7 position of the guanosine using S-adenosyl
methionine (SAM) as the methyl group donor. The three steps of mRNA capping are
catalyzed by the essential enzymes Cet1, Ceg1, and Abd1, respectively in S. cerevisiae
(Mao et al., 1995; Shibagaki et al., 1992; Tsukamoto et al., 1997). In mammals, the first
two steps are mediated by two different domains of a multifunctional protein known as
capping enzyme (CE) (Yue et al., 1997), whereas the RNA guanine-7 methyltransferase
(RNMT), along with RNMT-Activating Miniprotein (RAM), catalyzes the cap methylation
reaction (Tsukamoto et al., 1998).
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Biological functions of mRNA capping
mRNA capping is a multifunctional RNA modification. The role of capping in
regulating three different aspects of mRNA biogenesis and function is discussed here.
First, mRNA capping can regulate mRNA stability. The steady-state levels of mRNAs
produced by highly transcribed genes are decreased in ceg1 mutants, and this defect is
rescued by deleting XRN1 which encodes a 5’  3’ exonuclease (Schwer et al., 1998).
This suggests that the mRNA cap promotes mRNA stability by blocking the substrate for
exonucleases such as Xrn1. Second, capping can promote mRNA splicing, which is
suggested by the observation that ceg1 mutants show an accumulation of unspliced
transcripts in vivo (Fresco and Buratowski, 1996; Schwer and Shuman, 1996).
However, the absence of an mRNA cap does not affect mRNA splicing in vitro, arguing
that the cap is not necessary for splicing (Schwer and Shuman, 1996). Third, the mRNA
cap promotes efficient translation initiation (Muthukrishnan et al., 1975; Schwer et al.,
2000). The translation initiation factor eIF4E can specifically recognize the methylated
mRNA cap and has a much higher affinity for it as compared to unmethylated mRNA
caps (von der Haar et al., 2004). Hence, mRNA capping has widespread functions
during gene expression.

Regulation of mRNA capping
Proteins involved in transcription regulate the recruitment and activation of the
capping enzymes. mRNA capping occurs early during transcription and the localization
of mRNA capping enzymes are highest at the 5’ ends of genes. Ceg1 and Abd1 are
recruited to transcribed regions through the phosphorylated RNAPII CTD (Cho et al.,
1997; Schroeder et al., 2000; Yue et al., 1997). Both enzymes bind to Ser531

phosphorylated CTD in vitro and their recruitment to chromatin is decreased in kin28
mutants in vivo, which explains their localization to the 5’ ends of genes (Cho et al.,
1998; Cho et al., 1997; Komarnitsky et al., 2000; Schroeder et al., 2000). Although Cet1
does not directly bind to the CTD, it might be recruited to transcribed regions through its
interaction with Ceg1 (Cho et al., 1998). The interaction of Cet1 with Ceg1 is also
necessary for allosteric activation of the guanylyltransferase activity of Ceg1. Mutations
that impair this interaction are temperature sensitive for growth, demonstrating the
importance of this interaction in vivo (Takase et al., 2000). The transcription elongation
factor Spt5 also regulates the recruitment and activity of capping enzymes in vivo.
Similar to the CTD of RNAPII, the C-terminal region (CTR) of Spt5 consists of repeat
sequences that can be post-translationally modified. Deletion of this region in S.
cerevisiae decreases Abd1 localization at 5’ ends of genes (Lidschreiber et al., 2013).
Pct1 and Pce1, the S. pombe orthologs of Cet1 and Ceg1, can bind to the
unphosphorylated Spt5 CTR, suggesting that Spt5 and RNAPII co-operatively promote
binding of capping enzymes (Pei and Shuman, 2002). Mutations that disrupt this
interaction lead to poor cellular growth and temperature sensitivity, suggesting that the
interaction between capping enzymes and Spt5 is essential for normal cellular growth,
likely through its effects on mRNA capping (Doamekpor et al., 2014; Doamekpor et al.,
2015). Phosphorylation of the Spt5 CTR by Cdk9 weakens this interaction, thereby
promoting dissociation of capping enzymes from the transcription elongation complex.
Similarly, mammalian Spt5 interacts with the capping enzyme and stimulates its
guanylyltransferase activity (Mandal et al., 2004; Wen and Shatkin, 1999). These results
demonstrate a tight coupling between transcription and mRNA capping. Chapter 3
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discusses the role of the transcription elongation factor Spt6 in recruiting Abd1 to
transcribed regions.

1.6 Overview of the dissertation
As stated previously, Spt6 is a multifunctional protein, capable of regulating all
stages of transcription. However, our understanding of how one protein is able to
achieve such diverse functions is limited. This dissertation focuses on two questions,
aimed at gaining a better understanding of Spt6 function: 1) What factors act along with
Spt6 to regulate intragenic transcription? 2) What role does Spt6 play in promoting the
interaction of other transcription factors with RNAPII? We have taken genetic and
biochemical approaches to answer these questions.
In Chapter 2, we use a genetic approach to identify factors that regulate
intragenic transcription in spt6-1004. We identify mutations in SET2 that rescue H3K36
methylation in an spt6-1004 mutant and thereby suppress intragenic transcription in this
mutant background. The SET2 mutations cluster within a region encoding an
autoinhibitory domain and produce an enzyme that is hyperactive both in vitro and in
vivo. Our results provide new insights into the requirement of Spt6 function for relieving
Set2 autoinhibition and thereby stimulating its activity genome-wide. Our results also
suggest a model where the activity of multiple transcription elongation factors is
required for Set2 to overcome autoinhibition and methylate histones.
In Chapter 3, we use a biochemical approach to understand the function of Spt6
in the transcription elongation complex. We purify RNAPII from wild-type and spt6-1004
mutant cells and compare the interacting proteins to identify key differences in the
RNAPII interactome. One of the proteins we identify as having reduced association with
33

RNAPII in an spt6-1004 mutant is the mRNA cap methyltransferase Abd1. We show
that Abd1 genome-wide localization to chromatin is decreased in spt6-1004. This
decrease might be the downstream effect of a global decrease in Spt5 and RNAPII
occupancy over transcribed regions in spt6-1004. Our results suggest new roles for
Spt6 in maintaining the organization of the transcription elongation complex and provide
a resource for future studies interrogating the function of Spt6.

References
Adelman, K., and Lis, J.T. (2012). Promoter-proximal pausing of RNA polymerase II:
emerging roles in metazoans. Nat Rev Genet 13, 720-731.
Adelman, K., Wei, W., Ardehali, M.B., Werner, J., Zhu, B., Reinberg, D., and Lis, J.T.
(2006). Drosophila Paf1 modulates chromatin structure at actively transcribed genes.
Mol Cell Biol 26, 250-260.
Adkins, M.W., and Tyler, J.K. (2006). Transcriptional activators are dispensable for
transcription in the absence of Spt6-mediated chromatin reassembly of promoter
regions. Mol Cell 21, 405-416.
Andrulis, E.D., Guzman, E., Doring, P., Werner, J., and Lis, J.T. (2000). High-resolution
localization of Drosophila Spt5 and Spt6 at heat shock genes in vivo: roles in promoter
proximal pausing and transcription elongation. Genes Dev 14, 2635-2649.
Ardehali, M.B., Yao, J., Adelman, K., Fuda, N.J., Petesch, S.J., Webb, W.W., and Lis,
J.T. (2009). Spt6 enhances the elongation rate of RNA polymerase II in vivo. EMBO J
28, 1067-1077.
Bedard, L.G., Dronamraju, R., Kerschner, J.L., Hunter, G.O., Axley, E.D., Boyd, A.K.,
Strahl, B.D., and Mosley, A.L. (2016). Quantitative Analysis of Dynamic Protein
Interactions during Transcription Reveals a Role for Casein Kinase II in Polymeraseassociated Factor (PAF) Complex Phosphorylation and Regulation of Histone H2B
Monoubiquitylation. J Biol Chem 291, 13410-13420.
Behjati, S., Tarpey, P.S., Presneau, N., Scheipl, S., Pillay, N., Van Loo, P., Wedge,
D.C., Cooke, S.L., Gundem, G., Davies, H., et al. (2013). Distinct H3F3A and H3F3B
driver mutations define chondroblastoma and giant cell tumor of bone. Nat Genet 45,
1479-1482.

34

Booth, G.T., Parua, P.K., Sanso, M., Fisher, R.P., and Lis, J.T. (2018). Cdk9 regulates a
promoter-proximal checkpoint to modulate RNA polymerase II elongation rate in fission
yeast. Nat Commun 9, 543.
Bortvin, A., and Winston, F. (1996). Evidence that Spt6p controls chromatin structure by
a direct interaction with histones. Science 272, 1473-1476.
Buratowski, S. (2003). The CTD code. Nat Struct Biol 10, 679-680.
Carrozza, M.J., Li, B., Florens, L., Suganuma, T., Swanson, S.K., Lee, K.K., Shia, W.J.,
Anderson, S., Yates, J., Washburn, M.P., et al. (2005). Histone H3 methylation by Set2
directs deacetylation of coding regions by Rpd3S to suppress spurious intragenic
transcription. Cell 123, 581-592.
Carvalho, S., Raposo, A.C., Martins, F.B., Grosso, A.R., Sridhara, S.C., Rino, J.,
Carmo-Fonseca, M., and de Almeida, S.F. (2013). Histone methyltransferase SETD2
coordinates FACT recruitment with nucleosome dynamics during transcription. Nucleic
Acids Res 41, 2881-2893.
Chen, S., Ma, J., Wu, F., Xiong, L.J., Ma, H., Xu, W., Lv, R., Li, X., Villen, J., Gygi, S.P.,
et al. (2012). The histone H3 Lys 27 demethylase JMJD3 regulates gene expression by
impacting transcriptional elongation. Genes Dev 26, 1364-1375.
Cheung, V., Chua, G., Batada, N.N., Landry, C.R., Michnick, S.W., Hughes, T.R., and
Winston, F. (2008). Chromatin- and transcription-related factors repress transcription
from within coding regions throughout the Saccharomyces cerevisiae genome. PLoS
Biol 6, e277.
Cho, E.J., Kobor, M.S., Kim, M., Greenblatt, J., and Buratowski, S. (2001). Opposing
effects of Ctk1 kinase and Fcp1 phosphatase at Ser 2 of the RNA polymerase II Cterminal domain. Genes Dev 15, 3319-3329.
Cho, E.J., Rodriguez, C.R., Takagi, T., and Buratowski, S. (1998). Allosteric interactions
between capping enzyme subunits and the RNA polymerase II carboxy-terminal
domain. Genes Dev 12, 3482-3487.
Cho, E.J., Takagi, T., Moore, C.R., and Buratowski, S. (1997). mRNA capping enzyme
is recruited to the transcription complex by phosphorylation of the RNA polymerase II
carboxy-terminal domain. Genes Dev 11, 3319-3326.
Cho, H., Kim, T.K., Mancebo, H., Lane, W.S., Flores, O., and Reinberg, D. (1999). A
protein phosphatase functions to recycle RNA polymerase II. Genes Dev 13, 15401552.
Chu, Y., Simic, R., Warner, M.H., Arndt, K.M., and Prelich, G. (2007). Regulation of
histone modification and cryptic transcription by the Bur1 and Paf1 complexes. EMBO J
26, 4646-4656.

35

Chu, Y., Sutton, A., Sternglanz, R., and Prelich, G. (2006). The BUR1 cyclin-dependent
protein kinase is required for the normal pattern of histone methylation by SET2. Mol
Cell Biol 26, 3029-3038.
Chun, Y., Joo, Y.J., Suh, H., Batot, G., Hill, C.P., Formosa, T., and Buratowski, S.
(2019). Selective kinase inhibition shows that Bur1 (Cdk9) phosphorylates the Rpb1
linker in vivo. Mol Cell Biol.
Clapier, C.R., and Cairns, B.R. (2009). The biology of chromatin remodeling complexes.
Annu Rev Biochem 78, 273-304.
Clark-Adams, C.D., and Winston, F. (1987). The SPT6 gene is essential for growth and
is required for delta-mediated transcription in Saccharomyces cerevisiae. Mol Cell Biol
7, 679-686.
Clarke, A.S., Lowell, J.E., Jacobson, S.J., and Pillus, L. (1999). Esa1p is an essential
histone acetyltransferase required for cell cycle progression. Mol Cell Biol 19, 25152526.
Close, D., Johnson, S.J., Sdano, M.A., McDonald, S.M., Robinson, H., Formosa, T., and
Hill, C.P. (2011). Crystal structures of the S. cerevisiae Spt6 core and C-terminal
tandem SH2 domain. J Mol Biol 408, 697-713.
Collart, M.A. (2003). Global control of gene expression in yeast by the Ccr4-Not
complex. Gene 313, 1-16.
Core, L.J., Waterfall, J.J., and Lis, J.T. (2008). Nascent RNA sequencing reveals
widespread pausing and divergent initiation at human promoters. Science 322, 18451848.
Cowling, V.H. (2009). Regulation of mRNA cap methylation. Biochem J 425, 295-302.
Cramer, P., Armache, K.J., Baumli, S., Benkert, S., Brueckner, F., Buchen, C.,
Damsma, G.E., Dengl, S., Geiger, S.R., Jasiak, A.J., et al. (2008). Structure of
eukaryotic RNA polymerases. Annu Rev Biophys 37, 337-352.
Dalgliesh, G.L., Furge, K., Greenman, C., Chen, L., Bignell, G., Butler, A., Davies, H.,
Edkins, S., Hardy, C., Latimer, C., et al. (2010). Systematic sequencing of renal
carcinoma reveals inactivation of histone modifying genes. Nature 463, 360-363.
Daniels, J.P., Kelly, S., Wickstead, B., and Gull, K. (2009). Identification of a
crenarchaeal orthologue of Elf1: implications for chromatin and transcription in Archaea.
Biol Direct 4, 24.
DeGennaro, C.M., Alver, B.H., Marguerat, S., Stepanova, E., Davis, C.P., Bahler, J.,
Park, P.J., and Winston, F. (2013). Spt6 regulates intragenic and antisense
transcription, nucleosome positioning, and histone modifications genome-wide in fission
yeast. Mol Cell Biol 33, 4779-4792.
36

Dengl, S., Mayer, A., Sun, M., and Cramer, P. (2009). Structure and in vivo requirement
of the yeast Spt6 SH2 domain. J Mol Biol 389, 211-225.
Denis, C.L. (1984). Identification of new genes involved in the regulation of yeast
alcohol dehydrogenase II. Genetics 108, 833-844.
Denis, C.L., Draper, M.P., Liu, H.Y., Malvar, T., Vallari, R.C., and Cook, W.J. (1994).
The yeast CCR4 protein is neither regulated by nor associated with the SPT6 and
SPT10 proteins and forms a functionally distinct complex from that of the SNF/SWI
transcription factors. Genetics 138, 1005-1013.
Dhayalan, A., Rajavelu, A., Rathert, P., Tamas, R., Jurkowska, R.Z., Ragozin, S., and
Jeltsch, A. (2010). The Dnmt3a PWWP domain reads histone 3 lysine 36 trimethylation
and guides DNA methylation. J Biol Chem 285, 26114-26120.
Diebold, M.L., Koch, M., Loeliger, E., Cura, V., Winston, F., Cavarelli, J., and Romier, C.
(2010a). The structure of an Iws1/Spt6 complex reveals an interaction domain
conserved in TFIIS, Elongin A and Med26. EMBO J 29, 3979-3991.
Diebold, M.L., Loeliger, E., Koch, M., Winston, F., Cavarelli, J., and Romier, C. (2010b).
Noncanonical tandem SH2 enables interaction of elongation factor Spt6 with RNA
polymerase II. J Biol Chem 285, 38389-38398.
Doamekpor, S.K., Sanchez, A.M., Schwer, B., Shuman, S., and Lima, C.D. (2014). How
an mRNA capping enzyme reads distinct RNA polymerase II and Spt5 CTD
phosphorylation codes. Genes Dev 28, 1323-1336.
Doamekpor, S.K., Schwer, B., Sanchez, A.M., Shuman, S., and Lima, C.D. (2015).
Fission yeast RNA triphosphatase reads an Spt5 CTD code. RNA 21, 113-123.
Doherty, A.J., Serpell, L.C., and Ponting, C.P. (1996). The helix-hairpin-helix DNAbinding motif: a structural basis for non-sequence-specific recognition of DNA. Nucleic
Acids Res 24, 2488-2497.
Doris, S.M., Chuang, J., Viktorovskaya, O., Murawska, M., Spatt, D., Churchman, L.S.,
and Winston, F. (2018). Spt6 Is Required for the Fidelity of Promoter Selection. Mol Cell
72, 687-699 e686.
Dronamraju, R., Hepperla, A.J., Shibata, Y., Adams, A.T., Magnuson, T., Davis, I.J.,
and Strahl, B.D. (2018a). Spt6 Association with RNA Polymerase II Directs mRNA
Turnover During Transcription. Mol Cell 70, 1054-1066 e1054.
Dronamraju, R., Kerschner, J.L., Peck, S.A., Hepperla, A.J., Adams, A.T., Hughes,
K.D., Aslam, S., Yoblinski, A.R., Davis, I.J., Mosley, A.L., et al. (2018b). Casein Kinase
II Phosphorylation of Spt6 Enforces Transcriptional Fidelity by Maintaining Spn1-Spt6
Interaction. Cell Rep 25, 3476-3489 e3475.

37

Dronamraju, R., and Strahl, B.D. (2014). A feed forward circuit comprising Spt6, Ctk1
and PAF regulates Pol II CTD phosphorylation and transcription elongation. Nucleic
Acids Res 42, 870-881.
Drouin, S., Laramee, L., Jacques, P.E., Forest, A., Bergeron, M., and Robert, F. (2010).
DSIF and RNA polymerase II CTD phosphorylation coordinate the recruitment of Rpd3S
to actively transcribed genes. PLoS Genet 6, e1001173.
Du, H.N., and Briggs, S.D. (2010). A nucleosome surface formed by histone H4, H2A,
and H3 residues is needed for proper histone H3 Lys36 methylation, histone
acetylation, and repression of cryptic transcription. J Biol Chem 285, 11704-11713.
Du, H.N., Fingerman, I.M., and Briggs, S.D. (2008). Histone H3 K36 methylation is
mediated by a trans-histone methylation pathway involving an interaction between Set2
and histone H4. Genes Dev 22, 2786-2798.
Egloff, S., O'Reilly, D., Chapman, R.D., Taylor, A., Tanzhaus, K., Pitts, L., Eick, D., and
Murphy, S. (2007). Serine-7 of the RNA polymerase II CTD is specifically required for
snRNA gene expression. Science 318, 1777-1779.
Ehara, H., Yokoyama, T., Shigematsu, H., Yokoyama, S., Shirouzu, M., and Sekine, S.I.
(2017). Structure of the complete elongation complex of RNA polymerase II with basal
factors. Science 357, 921-924.
Endoh, M., Zhu, W., Hasegawa, J., Watanabe, H., Kim, D.K., Aida, M., Inukai, N.,
Narita, T., Yamada, T., Furuya, A., et al. (2004). Human Spt6 Stimulates Transcription
Elongation by RNA Polymerase II In Vitro. Molecular and Cellular Biology 24, 33243336.
Fischbeck, J.A., Kraemer, S.M., and Stargell, L.A. (2002). SPN1, a conserved gene
identified by suppression of a postrecruitment-defective yeast TATA-binding protein
mutant. Genetics 162, 1605-1616.
Fresco, L.D., and Buratowski, S. (1996). Conditional mutants of the yeast mRNA
capping enzyme show that the cap enhances, but is not required for, mRNA splicing.
RNA 2, 584-596.
Fuchs, S.M., Kizer, K.O., Braberg, H., Krogan, N.J., and Strahl, B.D. (2012). RNA
polymerase II carboxyl-terminal domain phosphorylation regulates protein stability of the
Set2 methyltransferase and histone H3 di- and trimethylation at lysine 36. J Biol Chem
287, 3249-3256.
Furuichi, Y., Muthukrishnan, S., Tomasz, J., and Shatkin, A.J. (1976). Mechanism of
formation of reovirus mRNA 5'-terminal blocked and methylated sequence,
m7GpppGmpC. J Biol Chem 251, 5043-5053.

38

Gavin, A.C., Bosche, M., Krause, R., Grandi, P., Marzioch, M., Bauer, A., Schultz, J.,
Rick, J.M., Michon, A.M., Cruciat, C.M., et al. (2002). Functional organization of the
yeast proteome by systematic analysis of protein complexes. Nature 415, 141-147.
Ginsburg, D.S., Govind, C.K., and Hinnebusch, A.G. (2009). NuA4 lysine
acetyltransferase Esa1 is targeted to coding regions and stimulates transcription
elongation with Gcn5. Mol Cell Biol 29, 6473-6487.
Gkikopoulos, T., Schofield, P., Singh, V., Pinskaya, M., Mellor, J., Smolle, M.,
Workman, J.L., Barton, G.J., and Owen-Hughes, T. (2011). A role for Snf2-related
nucleosome-spacing enzymes in genome-wide nucleosome organization. Science 333,
1758-1760.
Gomez-del Arco, P., Kashiwagi, M., Jackson, A.F., Naito, T., Zhang, J., Liu, F., Kee, B.,
Vooijs, M., Radtke, F., Redondo, J.M., et al. (2010). Alternative promoter usage at the
Notch1 locus supports ligand-independent signaling in T cell development and
leukemogenesis. Immunity 33, 685-698.
Gouot, E., Bhat, W., Rufiange, A., Fournier, E., Paquet, E., and Nourani, A. (2018).
Casein kinase 2 mediated phosphorylation of Spt6 modulates histone dynamics and
regulates spurious transcription. Nucleic Acids Res 46, 7612-7630.
Govind, C.K., Qiu, H., Ginsburg, D.S., Ruan, C., Hofmeyer, K., Hu, C., Swaminathan,
V., Workman, J.L., Li, B., and Hinnebusch, A.G. (2010). Phosphorylated Pol II CTD
recruits multiple HDACs, including Rpd3C(S), for methylation-dependent deacetylation
of ORF nucleosomes. Mol Cell 39, 234-246.
Govind, C.K., Zhang, F., Qiu, H., Hofmeyer, K., and Hinnebusch, A.G. (2007). Gcn5
promotes acetylation, eviction, and methylation of nucleosomes in transcribed coding
regions. Mol Cell 25, 31-42.
Grant, P.A., Duggan, L., Cote, J., Roberts, S.M., Brownell, J.E., Candau, R., Ohba, R.,
Owen-Hughes, T., Allis, C.D., Winston, F., et al. (1997). Yeast Gcn5 functions in two
multisubunit complexes to acetylate nucleosomal histones: characterization of an Ada
complex and the SAGA (Spt/Ada) complex. Genes Dev 11, 1640-1650.
Guertin, M.J., and Lis, J.T. (2013). Mechanisms by which transcription factors gain
access to target sequence elements in chromatin. Curr Opin Genet Dev 23, 116-123.
Hacker, K.E., Fahey, C.C., Shinsky, S.A., Chiang, Y.J., DiFiore, J.V., Jha, D.K., Vo,
A.H., Shavit, J.A., Davis, I.J., Strahl, B.D., et al. (2016). Structure/Function Analysis of
Recurrent Mutations in SETD2 Protein Reveals a Critical and Conserved Role for a SET
Domain Residue in Maintaining Protein Stability and Histone H3 Lys-36 Trimethylation.
J Biol Chem 291, 21283-21295.
Harlen, K.M., Trotta, K.L., Smith, E.E., Mosaheb, M.M., Fuchs, S.M., and Churchman,
L.S. (2016). Comprehensive RNA Polymerase II Interactomes Reveal Distinct and
Varied Roles for Each Phospho-CTD Residue. Cell Rep 15, 2147-2158.
39

Hartley, P.D., and Madhani, H.D. (2009). Mechanisms that specify promoter
nucleosome location and identity. Cell 137, 445-458.
Hartzog, G.A., Wada, T., Handa, H., and Winston, F. (1998). Evidence that Spt4, Spt5,
and Spt6 control transcription elongation by RNA polymerase II in Saccharomyces
cerevisiae. Genes Dev 12, 357-369.
Heidemann, M., Hintermair, C., Voss, K., and Eick, D. (2013). Dynamic phosphorylation
patterns of RNA polymerase II CTD during transcription. Biochim Biophys Acta 1829,
55-62.
Huang, C., and Zhu, B. (2018). Roles of H3K36-specific histone methyltransferases in
transcription: antagonizing silencing and safeguarding transcription fidelity. Biophys Rep
4, 170-177.
Ivanovska, I., Jacques, P.E., Rando, O.J., Robert, F., and Winston, F. (2011). Control of
chromatin structure by spt6: different consequences in coding and regulatory regions.
Mol Cell Biol 31, 531-541.
Jenuwein, T., and Allis, C.D. (2001). Translating the histone code. Science 293, 10741080.
Jeronimo, C., Watanabe, S., Kaplan, C.D., Peterson, C.L., and Robert, F. (2015). The
Histone Chaperones FACT and Spt6 Restrict H2A.Z from Intragenic Locations. Mol Cell
58, 1113-1123.
Jonkers, I., and Lis, J.T. (2015). Getting up to speed with transcription elongation by
RNA polymerase II. Nat Rev Mol Cell Biol 16, 167-177.
Joshi, A.A., and Struhl, K. (2005). Eaf3 chromodomain interaction with methylated H3K36 links histone deacetylation to Pol II elongation. Mol Cell 20, 971-978.
Kaplan, C.D. (2002). Spt6, a conserved, essential regulator of chromatin structure and
transcription elongation by RNA Polymerase II (Harvard University).
Kaplan, C.D., Holland, M.J., and Winston, F. (2005). Interaction between transcription
elongation factors and mRNA 3'-end formation at the Saccharomyces cerevisiae
GAL10-GAL7 locus. J Biol Chem 280, 913-922.
Kaplan, C.D., Laprade, L., and Winston, F. (2003). Transcription elongation factors
repress transcription initiation from cryptic sites. Science 301, 1096-1099.
Kaplan, C.D., Morris, J.R., Wu, C., and Winston, F. (2000). Spt5 and spt6 are
associated with active transcription and have characteristics of general elongation
factors in D. melanogaster. Genes Dev 14, 2623-2634.

40

Kato, H., Okazaki, K., Iida, T., Nakayama, J., Murakami, Y., and Urano, T. (2013). Spt6
prevents transcription-coupled loss of posttranslationally modified histone H3. Sci Rep
3, 2186.
Keegan, B.R., Feldman, J.L., Lee, D.H., Koos, D.S., Ho, R.K., Stainier, D.Y., and Yelon,
D. (2002). The elongation factors Pandora/Spt6 and Foggy/Spt5 promote transcription
in the zebrafish embryo. Development 129, 1623-1632.
Keogh, M.C., Kurdistani, S.K., Morris, S.A., Ahn, S.H., Podolny, V., Collins, S.R.,
Schuldiner, M., Chin, K., Punna, T., Thompson, N.J., et al. (2005). Cotranscriptional
set2 methylation of histone H3 lysine 36 recruits a repressive Rpd3 complex. Cell 123,
593-605.
Kiely, C.M., Marguerat, S., Garcia, J.F., Madhani, H.D., Bahler, J., and Winston, F.
(2011). Spt6 is required for heterochromatic silencing in the fission yeast
Schizosaccharomyces pombe. Mol Cell Biol 31, 4193-4204.
Kim, J.H., Lee, B.B., Oh, Y.M., Zhu, C., Steinmetz, L.M., Lee, Y., Kim, W.K., Lee, S.B.,
Buratowski, S., and Kim, T. (2016). Modulation of mRNA and lncRNA expression
dynamics by the Set2-Rpd3S pathway. Nat Commun 7, 13534.
Kim, M., Krogan, N.J., Vasiljeva, L., Rando, O.J., Nedea, E., Greenblatt, J.F., and
Buratowski, S. (2004). The yeast Rat1 exonuclease promotes transcription termination
by RNA polymerase II. Nature 432, 517-522.
Kim, M., Suh, H., Cho, E.J., and Buratowski, S. (2009). Phosphorylation of the yeast
Rpb1 C-terminal domain at serines 2, 5, and 7. J Biol Chem 284, 26421-26426.
Kim, T., and Buratowski, S. (2009). Dimethylation of H3K4 by Set1 recruits the Set3
histone deacetylase complex to 5' transcribed regions. Cell 137, 259-272.
Kim, T., Xu, Z., Clauder-Munster, S., Steinmetz, L.M., and Buratowski, S. (2012). Set3
HDAC mediates effects of overlapping noncoding transcription on gene induction
kinetics. Cell 150, 1158-1169.
Kizer, K.O., Phatnani, H.P., Shibata, Y., Hall, H., Greenleaf, A.L., and Strahl, B.D.
(2005). A novel domain in Set2 mediates RNA polymerase II interaction and couples
histone H3 K36 methylation with transcript elongation. Mol Cell Biol 25, 3305-3316.
Kobor, M.S., Archambault, J., Lester, W., Holstege, F.C., Gileadi, O., Jansma, D.B.,
Jennings, E.G., Kouyoumdjian, F., Davidson, A.R., Young, R.A., et al. (1999). An
unusual eukaryotic protein phosphatase required for transcription by RNA polymerase II
and CTD dephosphorylation in S. cerevisiae. Mol Cell 4, 55-62.
Kok, F.O., Oster, E., Mentzer, L., Hsieh, J.C., Henry, C.A., and Sirotkin, H.I. (2007). The
role of the SPT6 chromatin remodeling factor in zebrafish embryogenesis. Dev Biol 307,
214-226.

41

Komarnitsky, P., Cho, E.J., and Buratowski, S. (2000). Different phosphorylated forms
of RNA polymerase II and associated mRNA processing factors during transcription.
Genes Dev 14, 2452-2460.
Krebs, J.E. (2007). Moving marks: dynamic histone modifications in yeast. Mol Biosyst
3, 590-597.
Krishnamurthy, S., He, X., Reyes-Reyes, M., Moore, C., and Hampsey, M. (2004).
Ssu72 Is an RNA polymerase II CTD phosphatase. Mol Cell 14, 387-394.
Krogan, N.J., Kim, M., Ahn, S.H., Zhong, G., Kobor, M.S., Cagney, G., Emili, A.,
Shilatifard, A., Buratowski, S., and Greenblatt, J.F. (2002). RNA Polymerase II
Elongation Factors of Saccharomyces cerevisiae: a Targeted Proteomics Approach.
Molecular and Cellular Biology 22, 6979-6992.
Krogan, N.J., Kim, M., Tong, A., Golshani, A., Cagney, G., Canadien, V., Richards,
D.P., Beattie, B.K., Emili, A., Boone, C., et al. (2003). Methylation of Histone H3 by Set2
in Saccharomyces cerevisiae Is Linked to Transcriptional Elongation by RNA
Polymerase II. Molecular and Cellular Biology 23, 4207-4218.
Kwon, D.W., and Ahn, S.H. (2011). Role of yeast JmjC-domain containing histone
demethylases in actively transcribed regions. Biochem Biophys Res Commun 410, 614619.
Lek, M., Karczewski, K.J., Minikel, E.V., Samocha, K.E., Banks, E., Fennell, T.,
O'Donnell-Luria, A.H., Ware, J.S., Hill, A.J., Cummings, B.B., et al. (2016). Analysis of
protein-coding genetic variation in 60,706 humans. Nature 536, 285-291.
Li, B., Gogol, M., Carey, M., Lee, D., Seidel, C., and Workman, J.L. (2007a). Combined
action of PHD and chromo domains directs the Rpd3S HDAC to transcribed chromatin.
Science 316, 1050-1054.
Li, B., Gogol, M., Carey, M., Pattenden, S.G., Seidel, C., and Workman, J.L. (2007b).
Infrequently transcribed long genes depend on the Set2/Rpd3S pathway for accurate
transcription. Genes Dev 21, 1422-1430.
Li, B., Jackson, J., Simon, M.D., Fleharty, B., Gogol, M., Seidel, C., Workman, J.L., and
Shilatifard, A. (2009). Histone H3 lysine 36 dimethylation (H3K36me2) is sufficient to
recruit the Rpd3s histone deacetylase complex and to repress spurious transcription. J
Biol Chem 284, 7970-7976.
Li, J., Duns, G., Westers, H., Sijmons, R., van den Berg, A., and Kok, K. (2016).
SETD2: an epigenetic modifier with tumor suppressor functionality. Oncotarget 7,
50719-50734.
Li, J., Moazed, D., and Gygi, S.P. (2002). Association of the histone methyltransferase
Set2 with RNA polymerase II plays a role in transcription elongation. J Biol Chem 277,
49383-49388.
42

Li, S., Almeida, A.R., Radebaugh, C.A., Zhang, L., Chen, X., Huang, L., Thurston, A.K.,
Kalashnikova, A.A., Hansen, J.C., Luger, K., et al. (2018). The elongation factor Spn1 is
a multi-functional chromatin binding protein. Nucleic Acids Res 46, 2321-2334.
Lickwar, C.R., Rao, B., Shabalin, A.A., Nobel, A.B., Strahl, B.D., and Lieb, J.D. (2009).
The Set2/Rpd3S pathway suppresses cryptic transcription without regard to gene length
or transcription frequency. PLoS One 4, e4886.
Lidschreiber, M., Leike, K., and Cramer, P. (2013). Cap completion and C-terminal
repeat domain kinase recruitment underlie the initiation-elongation transition of RNA
polymerase II. Mol Cell Biol 33, 3805-3816.
Lindstrom, D.L., Squazzo, S.L., Muster, N., Burckin, T.A., Wachter, K.C., Emigh, C.A.,
McCleery, J.A., Yates, J.R., and Hartzog, G.A. (2003). Dual Roles for Spt5 in PremRNA Processing and Transcription Elongation Revealed by Identification of Spt5Associated Proteins. Molecular and Cellular Biology 23, 1368-1378.
Liu, J., Zhang, J., Gong, Q., Xiong, P., Huang, H., Wu, B., Lu, G., Wu, J., and Shi, Y.
(2011). Solution structure of tandem SH2 domains from Spt6 protein and their binding to
the phosphorylated RNA polymerase II C-terminal domain. J Biol Chem 286, 2921829226.
Liu, Z., Zhou, Z., Chen, G., and Bao, S. (2007). A putative transcriptional elongation
factor hIws1 is essential for mammalian cell proliferation. Biochem Biophys Res
Commun 353, 47-53.
Lu, C., Jain, S.U., Hoelper, D., Bechet, D., Molden, R.C., Ran, L., Murphy, D., Venneti,
S., Hameed, M., Pawel, B.R., et al. (2016). Histone H3K36 mutations promote
sarcomagenesis through altered histone methylation landscape. Science 352, 844-849.
Luger, K., Mader, A.W., Richmond, R.K., Sargent, D.F., and Richmond, T.J. (1997).
Crystal structure of the nucleosome core particle at 2.8 A resolution. Nature 389, 251260.
Maclennan, A.J., and Shaw, G. (1993). A yeast SH2 domain. Trends Biochem Sci 18,
464-465.
Mandal, S.S., Chu, C., Wada, T., Handa, H., Shatkin, A.J., and Reinberg, D. (2004).
Functional interactions of RNA-capping enzyme with factors that positively and
negatively regulate promoter escape by RNA polymerase II. Proc Natl Acad Sci U S A
101, 7572-7577.
Mao, X., Schwer, B., and Shuman, S. (1995). Yeast mRNA cap methyltransferase is a
50-kilodalton protein encoded by an essential gene. Mol Cell Biol 15, 4167-4174.
Mason, P.B., and Struhl, K. (2005). Distinction and relationship between elongation rate
and processivity of RNA polymerase II in vivo. Mol Cell 17, 831-840.

43

Mayer, A., Heidemann, M., Lidschreiber, M., Schreieck, A., Sun, M., Hintermair, C.,
Kremmer, E., Eick, D., and Cramer, P. (2012). CTD tyrosine phosphorylation impairs
termination factor recruitment to RNA polymerase II. Science 336, 1723-1725.
Mayer, A., Lidschreiber, M., Siebert, M., Leike, K., Soding, J., and Cramer, P. (2010).
Uniform transitions of the general RNA polymerase II transcription complex. Nat Struct
Mol Biol 17, 1272-1278.
McCullough, L., Connell, Z., Petersen, C., and Formosa, T. (2015). The Abundant
Histone Chaperones Spt6 and FACT Collaborate to Assemble, Inspect, and Maintain
Chromatin Structure in Saccharomyces cerevisiae. Genetics 201, 1031-1045.
McDonald, S.M., Close, D., Xin, H., Formosa, T., and Hill, C.P. (2010). Structure and
biological importance of the Spn1-Spt6 interaction, and its regulatory role in nucleosome
binding. Mol Cell 40, 725-735.
McKnight, K., Liu, H., and Wang, Y. (2014). Replicative stress induces intragenic
transcription of the ASE1 gene that negatively regulates Ase1 activity. Curr Biol 24,
1101-1106.
Mejia-Guerra, M.K., Li, W., Galeano, N.F., Vidal, M., Gray, J., Doseff, A.I., and
Grotewold, E. (2015). Core Promoter Plasticity Between Maize Tissues and Genotypes
Contrasts with Predominance of Sharp Transcription Initiation Sites. Plant Cell 27,
3309-3320.
Morris, S.A., Shibata, Y., Noma, K., Tsukamoto, Y., Warren, E., Temple, B., Grewal,
S.I., and Strahl, B.D. (2005). Histone H3 K36 methylation is associated with
transcription elongation in Schizosaccharomyces pombe. Eukaryot Cell 4, 1446-1454.
Mosley, A.L., Pattenden, S.G., Carey, M., Venkatesh, S., Gilmore, J.M., Florens, L.,
Workman, J.L., and Washburn, M.P. (2009). Rtr1 is a CTD phosphatase that regulates
RNA polymerase II during the transition from serine 5 to serine 2 phosphorylation. Mol
Cell 34, 168-178.
Muthukrishnan, S., Both, G.W., Furuichi, Y., and Shatkin, A.J. (1975). 5'-Terminal 7methylguanosine in eukaryotic mRNA is required for translation. Nature 255, 33-37.
Neigeborn, L., Celenza, J.L., and Carlson, M. (1987). SSN20 is an essential gene with
mutant alleles that suppress defects in SUC2 transcription in Saccharomyces
cerevisiae. Mol Cell Biol 7, 672-678.
Nelson, C.J., Santos-Rosa, H., and Kouzarides, T. (2006). Proline isomerization of
histone H3 regulates lysine methylation and gene expression. Cell 126, 905-916.
Neri, F., Rapelli, S., Krepelova, A., Incarnato, D., Parlato, C., Basile, G., Maldotti, M.,
Anselmi, F., and Oliviero, S. (2017). Intragenic DNA methylation prevents spurious
transcription initiation. Nature 543, 72-77.

44

Ng, H.H., Robert, F., Young, R.A., and Struhl, K. (2003). Targeted recruitment of Set1
histone methylase by elongating Pol II provides a localized mark and memory of recent
transcriptional activity. Mol Cell 11, 709-719.
Nielsen, M., Ard, R., Leng, X., Ivanov, M., Kindgren, P., Pelechano, V., and Marquardt,
S. (2019). Transcription-driven chromatin repression of Intragenic transcription start
sites. PLoS Genet 15, e1007969.
Nishiwaki, K., Sano, T., and Miwa, J. (1993). emb-5, a gene required for the correct
timing of gut precursor cell division during gastrulation in Caenorhabditis elegans,
encodes a protein similar to the yeast nuclear protein SPT6. Mol Gen Genet 239, 313322.
Nojima, T., Tellier, M., Foxwell, J., Ribeiro de Almeida, C., Tan-Wong, S.M., Dhir, S.,
Dujardin, G., Dhir, A., Murphy, S., and Proudfoot, N.J. (2018). Deregulated Expression
of Mammalian lncRNA through Loss of SPT6 Induces R-Loop Formation, Replication
Stress, and Cellular Senescence. Mol Cell 72, 970-984 e977.
Nourani, A., Robert, F., and Winston, F. (2006). Evidence that Spt2/Sin1, an HMG-like
factor, plays roles in transcription elongation, chromatin structure, and genome stability
in Saccharomyces cerevisiae. Mol Cell Biol 26, 1496-1509.
Ocampo, J., Chereji, R.V., Eriksson, P.R., and Clark, D.J. (2019). Contrasting roles of
the RSC and ISW1/CHD1 chromatin remodelers in RNA polymerase II elongation and
termination. Genome Res 29, 407-417.
Oqani, R.K., Lin, T., Lee, J.E., Kang, J.W., Shin, H.Y., and Il Jin, D. (2019). Iws1 and
Spt6 Regulate Trimethylation of Histone H3 on Lysine 36 through Akt Signaling and are
Essential for Mouse Embryonic Genome Activation. Sci Rep 9, 3831.
Orphanides, G., LeRoy, G., Chang, C.H., Luse, D.S., and Reinberg, D. (1998). FACT, a
factor that facilitates transcript elongation through nucleosomes. Cell 92, 105-116.
Pei, Y., and Shuman, S. (2002). Interactions between fission yeast mRNA capping
enzymes and elongation factor Spt5. J Biol Chem 277, 19639-19648.
Perales, R., Erickson, B., Zhang, L., Kim, H., Valiquett, E., and Bentley, D. (2013). Gene
promoters dictate histone occupancy within genes. EMBO J 32, 2645-2656.
Petesch, S.J., and Lis, J.T. (2012). Overcoming the nucleosome barrier during transcript
elongation. Trends Genet 28, 285-294.
Pokholok, D.K., Harbison, C.T., Levine, S., Cole, M., Hannett, N.M., Lee, T.I., Bell,
G.W., Walker, K., Rolfe, P.A., Herbolsheimer, E., et al. (2005). Genome-wide map of
nucleosome acetylation and methylation in yeast. Cell 122, 517-527.

45

Prather, D., Krogan, N.J., Emili, A., Greenblatt, J.F., and Winston, F. (2005).
Identification and characterization of Elf1, a conserved transcription elongation factor in
Saccharomyces cerevisiae. Mol Cell Biol 25, 10122-10135.
Psathas, J.N., Zheng, S., Tan, S., and Reese, J.C. (2009). Set2-dependent K36
methylation is regulated by novel intratail interactions within H3. Mol Cell Biol 29, 64136426.
Qiu, H., Hu, C., and Hinnebusch, A.G. (2009). Phosphorylation of the Pol II CTD by
KIN28 enhances BUR1/BUR2 recruitment and Ser2 CTD phosphorylation near
promoters. Mol Cell 33, 752-762.
Rodriguez, C.R., Cho, E.J., Keogh, M.C., Moore, C.L., Greenleaf, A.L., and Buratowski,
S. (2000). Kin28, the TFIIH-associated carboxy-terminal domain kinase, facilitates the
recruitment of mRNA processing machinery to RNA polymerase II. Mol Cell Biol 20,
104-112.
Rondon, A.G., Garcia-Rubio, M., Gonzalez-Barrera, S., and Aguilera, A. (2003).
Molecular evidence for a positive role of Spt4 in transcription elongation. EMBO J 22,
612-620.
Sainsbury, S., Bernecky, C., and Cramer, P. (2015). Structural basis of transcription
initiation by RNA polymerase II. Nat Rev Mol Cell Biol 16, 129-143.
Sanidas, I., Polytarchou, C., Hatziapostolou, M., Ezell, S.A., Kottakis, F., Hu, L., Guo,
A., Xie, J., Comb, M.J., Iliopoulos, D., et al. (2014). Phosphoproteomics screen reveals
akt isoform-specific signals linking RNA processing to lung cancer. Mol Cell 53, 577590.
Saunders, A., Werner, J., Andrulis, E.D., Nakayama, T., Hirose, S., Reinberg, D., and
Lis, J.T. (2003). Tracking FACT and the RNA polymerase II elongation complex through
chromatin in vivo. Science 301, 1094-1096.
Schaft, D. (2003). The histone 3 lysine 36 methyltransferase, SET2, is involved in
transcriptional elongation. Nucleic Acids Research 31, 2475-2482.
Schroeder, S.C., Schwer, B., Shuman, S., and Bentley, D. (2000). Dynamic association
of capping enzymes with transcribing RNA polymerase II. Genes Dev 14, 2435-2440.
Schwer, B., Mao, X., and Shuman, S. (1998). Accelerated mRNA decay in conditional
mutants of yeast mRNA capping enzyme. Nucleic Acids Res 26, 2050-2057.
Schwer, B., Saha, N., Mao, X., Chen, H.W., and Shuman, S. (2000). Structure-function
analysis of yeast mRNA cap methyltransferase and high-copy suppression of
conditional mutants by AdoMet synthase and the ubiquitin conjugating enzyme Cdc34p.
Genetics 155, 1561-1576.

46

Schwer, B., and Shuman, S. (1996). Conditional inactivation of mRNA capping enzyme
affects yeast pre-mRNA splicing in vivo. RNA 2, 574-583.
Sdano, M.A., Fulcher, J.M., Palani, S., Chandrasekharan, M.B., Parnell, T.J., Whitby,
F.G., Formosa, T., and Hill, C.P. (2017). A novel SH2 recognition mechanism recruits
Spt6 to the doubly phosphorylated RNA polymerase II linker at sites of transcription.
Elife 6.
Segal, E., and Widom, J. (2009). Poly(dA:dT) tracts: major determinants of nucleosome
organization. Curr Opin Struct Biol 19, 65-71.
Shandilya, J., and Roberts, S.G. (2012). The transcription cycle in eukaryotes: from
productive initiation to RNA polymerase II recycling. Biochim Biophys Acta 1819, 391400.
Shetty, A., Kallgren, S.P., Demel, C., Maier, K.C., Spatt, D., Alver, B.H., Cramer, P.,
Park, P.J., and Winston, F. (2017). Spt5 Plays Vital Roles in the Control of Sense and
Antisense Transcription Elongation. Mol Cell 66, 77-88 e75.
Shibagaki, Y., Itoh, N., Yamada, H., Nagata, S., and Mizumoto, K. (1992). mRNA
capping enzyme. Isolation and characterization of the gene encoding mRNA
guanylytransferase subunit from Saccharomyces cerevisiae. J Biol Chem 267, 95219528.
Shmelkov, S.V., Jun, L., St Clair, R., McGarrigle, D., Derderian, C.A., Usenko, J.K.,
Costa, C., Zhang, F., Guo, X., and Rafii, S. (2004). Alternative promoters regulate
transcription of the gene that encodes stem cell surface protein AC133. Blood 103,
2055-2061.
Strahl, B.D., Grant, P.A., Briggs, S.D., Sun, Z.W., Bone, J.R., Caldwell, J.A., Mollah, S.,
Cook, R.G., Shabanowitz, J., Hunt, D.F., et al. (2002). Set2 Is a Nucleosomal Histone
H3-Selective Methyltransferase That Mediates Transcriptional Repression. Molecular
and Cellular Biology 22, 1298-1306.
Struhl, K., and Segal, E. (2013). Determinants of nucleosome positioning. Nat Struct
Mol Biol 20, 267-273.
Sun, M., Lariviere, L., Dengl, S., Mayer, A., and Cramer, P. (2010). A tandem SH2
domain in transcription elongation factor Spt6 binds the phosphorylated RNA
polymerase II C-terminal repeat domain (CTD). J Biol Chem 285, 41597-41603.
Swanson, M.S., and Winston, F. (1992). SPT4, SPT5 and SPT6 interactions: effects on
transcription and viability in Saccharomyces cerevisiae. Genetics 132, 325-336.
Takase, Y., Takagi, T., Komarnitsky, P.B., and Buratowski, S. (2000). The essential
interaction between yeast mRNA capping enzyme subunits is not required for
triphosphatase function in vivo. Mol Cell Biol 20, 9307-9316.

47

Trojer, P., and Reinberg, D. (2007). Facultative heterochromatin: is there a distinctive
molecular signature? Mol Cell 28, 1-13.
Tsukada, Y., Fang, J., Erdjument-Bromage, H., Warren, M.E., Borchers, C.H., Tempst,
P., and Zhang, Y. (2006). Histone demethylation by a family of JmjC domain-containing
proteins. Nature 439, 811-816.
Tsukamoto, T., Shibagaki, Y., Imajoh-Ohmi, S., Murakoshi, T., Suzuki, M., Nakamura,
A., Gotoh, H., and Mizumoto, K. (1997). Isolation and characterization of the yeast
mRNA capping enzyme beta subunit gene encoding RNA 5'-triphosphatase, which is
essential for cell viability. Biochem Biophys Res Commun 239, 116-122.
Tsukamoto, T., Shibagaki, Y., Niikura, Y., and Mizumoto, K. (1998). Cloning and
characterization of three human cDNAs encoding mRNA (guanine-7-)methyltransferase, an mRNA cap methylase. Biochem Biophys Res Commun 251, 2734.
Tu, S., Bulloch, E.M., Yang, L., Ren, C., Huang, W.C., Hsu, P.H., Chen, C.H., Liao,
C.L., Yu, H.M., Lo, W.S., et al. (2007). Identification of histone demethylases in
Saccharomyces cerevisiae. J Biol Chem 282, 14262-14271.
Ushijima, T., Hanada, K., Gotoh, E., Yamori, W., Kodama, Y., Tanaka, H., Kusano, M.,
Fukushima, A., Tokizawa, M., Yamamoto, Y.Y., et al. (2017). Light Controls Protein
Localization through Phytochrome-Mediated Alternative Promoter Selection. Cell 171,
1316-1325 e1312.
Uwimana, N., Collin, P., Jeronimo, C., Haibe-Kains, B., and Robert, F. (2017).
Bidirectional terminators in Saccharomyces cerevisiae prevent cryptic transcription from
invading neighboring genes. Nucleic Acids Res 45, 6417-6426.
van Bakel, H., Tsui, K., Gebbia, M., Mnaimneh, S., Hughes, T.R., and Nislow, C. (2013).
A compendium of nucleosome and transcript profiles reveals determinants of chromatin
architecture and transcription. PLoS Genet 9, e1003479.
Van Oss, S.B., Cucinotta, C.E., and Arndt, K.M. (2017). Emerging Insights into the
Roles of the Paf1 Complex in Gene Regulation. Trends Biochem Sci 42, 788-798.
Venkatesh, S., Li, H., Gogol, M.M., and Workman, J.L. (2016). Selective suppression of
antisense transcription by Set2-mediated H3K36 methylation. Nat Commun 7, 13610.
Venkatesh, S., Smolle, M., Li, H., Gogol, M.M., Saint, M., Kumar, S., Natarajan, K., and
Workman, J.L. (2012). Set2 methylation of histone H3 lysine 36 suppresses histone
exchange on transcribed genes. Nature 489, 452-455.
Venkatesh, S., and Workman, J.L. (2015). Histone exchange, chromatin structure and
the regulation of transcription. Nat Rev Mol Cell Biol 16, 178-189.

48

von der Haar, T., Gross, J.D., Wagner, G., and McCarthy, J.E. (2004). The mRNA capbinding protein eIF4E in post-transcriptional gene expression. Nat Struct Mol Biol 11,
503-511.
Vos, S.M., Farnung, L., Boehning, M., Wigge, C., Linden, A., Urlaub, H., and Cramer, P.
(2018). Structure of activated transcription complex Pol II-DSIF-PAF-SPT6. Nature 560,
607-612.
Wada, T., Takagi, T., Yamaguchi, Y., Ferdous, A., Imai, T., Hirose, S., Sugimoto, S.,
Yano, K., Hartzog, G.A., Winston, F., et al. (1998). DSIF, a novel transcription
elongation factor that regulates RNA polymerase II processivity, is composed of human
Spt4 and Spt5 homologs. Genes Dev 12, 343-356.
Wang, A.H., Juan, A.H., Ko, K.D., Tsai, P.F., Zare, H., Dell'Orso, S., and Sartorelli, V.
(2017). The Elongation Factor Spt6 Maintains ESC Pluripotency by Controlling SuperEnhancers and Counteracting Polycomb Proteins. Mol Cell 68, 398-413 e396.
Wang, A.H., Zare, H., Mousavi, K., Wang, C., Moravec, C.E., Sirotkin, H.I., Ge, K.,
Gutierrez-Cruz, G., and Sartorelli, V. (2013). The histone chaperone Spt6 coordinates
histone H3K27 demethylation and myogenesis. EMBO J 32, 1075-1086.
Wang, Y., Niu, Y., and Li, B. (2015). Balancing acts of SRI and an auto-inhibitory
domain specify Set2 function at transcribed chromatin. Nucleic Acids Res 43, 48814892.
Weber, C.M., and Henikoff, S. (2014). Histone variants: dynamic punctuation in
transcription. Genes Dev 28, 672-682.
Wen, Y., and Shatkin, A.J. (1999). Transcription elongation factor hSPT5 stimulates
mRNA capping. Genes Dev 13, 1774-1779.
West, S., Gromak, N., and Proudfoot, N.J. (2004). Human 5' --> 3' exonuclease Xrn2
promotes transcription termination at co-transcriptional cleavage sites. Nature 432, 522525.
Wiesner, T., Lee, W., Obenauf, A.C., Ran, L., Murali, R., Zhang, Q.F., Wong, E.W., Hu,
W., Scott, S.N., Shah, R.H., et al. (2015). Alternative transcription initiation leads to
expression of a novel ALK isoform in cancer. Nature 526, 453-457.
Winkler, D.D., and Luger, K. (2011). The histone chaperone FACT: structural insights
and mechanisms for nucleosome reorganization. J Biol Chem 286, 18369-18374.
Winston, F., Chaleff, D.T., Valent, B., and Fink, G.R. (1984). Mutations affecting Tymediated expression of the HIS4 gene of Saccharomyces cerevisiae. Genetics 107,
179-197.

49

Xiao, T., Hall, H., Kizer, K.O., Shibata, Y., Hall, M.C., Borchers, C.H., and Strahl, B.D.
(2003). Phosphorylation of RNA polymerase II CTD regulates H3 methylation in yeast.
Genes Dev 17, 654-663.
Xie, L., Pelz, C., Wang, W., Bashar, A., Varlamova, O., Shadle, S., and Impey, S.
(2011). KDM5B regulates embryonic stem cell self-renewal and represses cryptic
intragenic transcription. EMBO J 30, 1473-1484.
Yamaguchi, Y., Takagi, T., Wada, T., Yano, K., Furuya, A., Sugimoto, S., Hasegawa, J.,
and Handa, H. (1999). NELF, a multisubunit complex containing RD, cooperates with
DSIF to repress RNA polymerase II elongation. Cell 97, 41-51.
Yan, C., Chen, H., and Bai, L. (2018). Systematic Study of Nucleosome-Displacing
Factors in Budding Yeast. Mol Cell 71, 294-305 e294.
Yarragudi, A., Miyake, T., Li, R., and Morse, R.H. (2004). Comparison of ABF1 and
RAP1 in chromatin opening and transactivator potentiation in the budding yeast
Saccharomyces cerevisiae. Mol Cell Biol 24, 9152-9164.
Yen, K., Vinayachandran, V., Batta, K., Koerber, R.T., and Pugh, B.F. (2012). Genomewide nucleosome specificity and directionality of chromatin remodelers. Cell 149, 14611473.
Yoh, S.M., Cho, H., Pickle, L., Evans, R.M., and Jones, K.A. (2007). The Spt6 SH2
domain binds Ser2-P RNAPII to direct Iws1-dependent mRNA splicing and export.
Genes Dev 21, 160-174.
Yoh, S.M., Lucas, J.S., and Jones, K.A. (2008). The Iws1:Spt6:CTD complex controls
cotranscriptional mRNA biosynthesis and HYPB/Setd2-mediated histone H3K36
methylation. Genes Dev 22, 3422-3434.
Youdell, M.L., Kizer, K.O., Kisseleva-Romanova, E., Fuchs, S.M., Duro, E., Strahl, B.D.,
and Mellor, J. (2008). Roles for Ctk1 and Spt6 in regulating the different methylation
states of histone H3 lysine 36. Mol Cell Biol 28, 4915-4926.
Yuan, G.C., Liu, Y.J., Dion, M.F., Slack, M.D., Wu, L.F., Altschuler, S.J., and Rando,
O.J. (2005). Genome-scale identification of nucleosome positions in S. cerevisiae.
Science 309, 626-630.
Yue, Z., Maldonado, E., Pillutla, R., Cho, H., Reinberg, D., and Shatkin, A.J. (1997).
Mammalian capping enzyme complements mutant Saccharomyces cerevisiae lacking
mRNA guanylyltransferase and selectively binds the elongating form of RNA
polymerase II. Proc Natl Acad Sci U S A 94, 12898-12903.
Zaret, K.S., and Carroll, J.S. (2011). Pioneer transcription factors: establishing
competence for gene expression. Genes Dev 25, 2227-2241.

50

Zhang, T., Cooper, S., and Brockdorff, N. (2015). The interplay of histone modifications
- writers that read. EMBO Rep 16, 1467-1481.
Zhang, Y., Moqtaderi, Z., Rattner, B.P., Euskirchen, G., Snyder, M., Kadonaga, J.T.,
Liu, X.S., and Struhl, K. (2009). Intrinsic histone-DNA interactions are not the major
determinant of nucleosome positions in vivo. Nat Struct Mol Biol 16, 847-852.
Zhou, K., Kuo, W.H., Fillingham, J., and Greenblatt, J.F. (2009). Control of
transcriptional elongation and cotranscriptional histone modification by the yeast BUR
kinase substrate Spt5. Proc Natl Acad Sci U S A 106, 6956-6961.
Zhou, Q., Li, T., and Price, D.H. (2012). RNA polymerase II elongation control. Annu
Rev Biochem 81, 119-143.
Zhou, S., Sternglanz, R., and Neiman, A.M. (2017). Developmentally regulated internal
transcription initiation during meiosis in budding yeast. PLoS One 12, e0188001.
Zobeck, K.L., Buckley, M.S., Zipfel, W.R., and Lis, J.T. (2010). Recruitment timing and
dynamics of transcription factors at the Hsp70 loci in living cells. Mol Cell 40, 965-975.

51

Chapter 2:
A conserved genetic interaction between Spt6 and Set2 regulates H3K36
methylation
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Abstract
The transcription elongation factor Spt6 and the H3K36 methyltransferase Set2
are both required for H3K36 methylation and transcriptional fidelity in Saccharomyces
cerevisiae. However, the nature of the requirement for Spt6 has remained elusive. By
selecting for suppressors of a transcriptional defect in an spt6 mutant, we have isolated
several highly clustered, dominant SET2 mutations (SET2sup mutations) in a region
encoding a proposed autoinhibitory domain. SET2sup mutations suppress the H3K36
methylation defect in the spt6 mutant, as well as in other mutants that impair H3K36
methylation. We also show that SET2sup mutations overcome the requirement for certain
Set2 domains for H3K36 methylation. In vivo, SET2sup mutants have elevated levels of
H3K36 methylation and in vitro, purified Set2sup mutant protein has greater enzymatic
activity. ChIP-seq studies demonstrate that the H3K36 methylation defect in the spt6
mutant, as well as its suppression by a SET2sup mutation, occur at a step following the
recruitment of Set2 to chromatin. Other experiments show that a similar genetic
relationship between Spt6 and Set2 exists in Schizosaccharomyces pombe. Taken
together, our results suggest a conserved mechanism by which the Set2 autoinhibitory
domain requires multiple Set2 interactions to ensure that H3K36 methylation occurs
specifically on actively transcribed chromatin.
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Introduction
The histone chaperone Spt6 is a highly conserved transcription elongation factor
required for many aspects of transcription and chromatin structure. Spt6 binds directly
to Rpb1, the largest subunit of RNA polymerase II (RNAPII) (Close et al., 2011; Diebold
et al., 2010b; Liu et al., 2011; Sdano et al., 2017; Sun et al., 2010; Yoh et al., 2007), to
histones and nucleosomes (Bortvin and Winston, 1996; McCullough et al., 2015;
McDonald et al., 2010), and to the essential transcription factor Spn1/Iws1 (Diebold et
al., 2010a; Krogan et al., 2002; Lindstrom et al., 2003; McDonald et al., 2010).
Mutations in S. cerevisiae SPT6 cause genome-wide changes in histone occupancy
(Ivanovska et al., 2011; Jeronimo et al., 2015; Perales et al., 2013; van Bakel et al.,
2013) and impair several histone modifications, including H3K36 di- and tri-methylation
(H3K36me2/me3) catalyzed by the H3K36 methyltransferase Set2 (Carrozza et al.,
2005; Chu et al., 2006; Strahl et al., 2002; Youdell et al., 2008). Mutations in SPT6 also
cause greatly elevated levels of transcripts that arise from within coding regions on both
sense and antisense strands, known as intragenic transcription (Cheung et al., 2008;
DeGennaro et al., 2013; Doris et al., 2018; Kaplan et al., 2003; Uwimana et al., 2017;
van Bakel et al., 2013). Intragenic transcription has recently emerged as a mechanism
to express alternative genetic information within a coding region (for example, (Gammie
et al., 1999; McKnight et al., 2014; Tamarkin-Ben-Harush et al., 2017; Ushijima et al.,
2017; Zhou et al., 2017)).
Regulation of intragenic transcription by Spt6 occurs, at least in part, by its
regulation of H3K36 methylation, as a deletion of SET2 also causes genome-wide
expression of intragenic transcripts (Carrozza et al., 2005; Li et al., 2007; Venkatesh et
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al., 2016). Set2 normally represses intragenic transcription via its association with
RNAPII during transcription elongation, resulting in H3K36me2/me3 over gene bodies
(Krogan et al., 2003; Li et al., 2003; Li et al., 2002; Xiao et al., 2003). This histone
modification is required for the co-transcriptional function of the Rpd3S histone
deacetylase complex (Carrozza et al., 2005; Drouin et al., 2010; Govind et al., 2010;
Joshi and Struhl, 2005; Keogh et al., 2005). Deacetylation by Rpd3S over transcribed
regions is believed to maintain a repressive environment that prevents intragenic
transcription. Regulation of intragenic transcription by H3K36 methylation is conserved
as depletion of SETD2 (a human orthologue of yeast SET2) also results in the genomewide expression of intragenic transcripts (Carvalho et al., 2013).
Set2-dependent H3K36me2/me3 is regulated by several factors in addition to
Spt6. These include members of the PAF complex (Chu et al., 2007; Krogan et al.,
2003), as well as the Rpb1 CTD kinases Ctk1 (Fuchs et al., 2012; Krogan et al., 2003)
and Bur1 (Chu et al., 2007; Chu et al., 2006). Furthermore, there is strong evidence that
a nucleosomal surface composed of specific residues of histones H2A, H3, and H4 near
the entry and exit point of nucleosomal DNA form a substrate recognition surface for
Set2 (Du and Briggs, 2010; Du et al., 2008). The H3 N-terminal tail itself has also been
shown to be required for Set2 activity and mutant analysis suggests that intra-tail
interactions (Psathas et al., 2009) and cis-trans isomerization of the N-terminal H3 tail
(Nelson et al., 2006) control Set2 activity. The combined influence of all of these factors
shows that Set2 activity is highly regulated to ensure that it occurs co-transcriptionally
on a chromatin template.
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Multiple domains within Set2 regulate its catalytic activity in order to ensure that it
functions during transcription elongation. The C-terminal region of Set2 contains the
Set2-Rpb1 interacting domain (SRI domain) which interacts with the Ser2- and Ser5phosphorylated carboxy-terminal domain (CTD) of Rpb1 (Kizer et al., 2005) and which
binds nucleosomal DNA (Wang et al., 2015). A deletion of the SRI domain causes loss
of H3K36 methylation (Youdell et al., 2008). In addition, a nine amino acid sequence in
the N-terminal region of Set2 mediates the interaction of Set2 with histone H4 and this
domain is also required for Set2 catalytic activity (Du et al., 2008). The central region of
Set2 has been characterized as an autoinhibitory domain (Wang et al., 2015), as
deletions throughout this region result in increased H3K36 methylation (Wang et al.,
2015). However, the functional role of this domain is unknown.
The initial goal of our study was to identify factors that regulate Spt6-mediated
intragenic transcription. To do this, we carried out a selection for suppressor mutations
that inhibit intragenic transcription in an spt6 mutant, where intragenic transcripts are
widespread (Cheung et al., 2008; Doris et al., 2018; Uwimana et al., 2017). We
identified 20 independent, dominant mutations in SET2 (SET2sup mutations) that encode
a cluster of amino acid changes in the Set2 autoinhibitory domain. The isolation of these
mutants led us to study the function of the autoinhibitory domain in vivo. Our results
show that our SET2sup mutations suppress H3K36me2/me3 defects in spt6 and other
transcription elongation factor mutants, as well as in set2 mutants that normally abolish
Set2 activity. In addition, we show that the loss of H3K36me2/me3 in spt6-1004 and its
suppression by the SET2sup mutations both occur genome-wide, primarily at a step
beyond Set2 recruitment. Finally we show that orthologous SET2sup mutations in S.
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pombe also partially rescue the H3K36 methylation defect in an S. pombe spt6 mutant.
Taken together, our results have revealed new insights into the regulation of Set2 and
suggest that the autoinhibitory domain monitors multiple Set2 interactions that are
required for its function in vivo.

Materials and methods

Yeast strains and media
All S. cerevisiae and S. pombe strains used in this study were constructed by
standard methods and are listed in Table 2.1. The S. pombe set23 mutation was made
based on alignment of the S. cerevisiae and S. pombe Set2 amino acid sequence using
the Uniprot ‘Align’ tool (https://www.uniprot.org/help/sequence-alignments.) All S.
cerevisiae liquid cultures were grown in YPD (1% yeast extract, 2% peptone and 2%
glucose) at 30oC unless mentioned otherwise. All S. pombe liquid cultures were grown
in YES (0.5% yeast extract, 3% glucose, 225 mg/l each of adenine, histidine, leucine,
uracil, and lysine) at 32oC. All strains were constructed using transformations and/or
crosses. For the genetic selection, the two reporter genes were constructed individually
and then crossed to each other. The FLO8-URA3 reporter was constructed by inserting
the URA3 gene at the 3’ end of the FLO8 gene, replacing base pairs +1727 - +2505 (+1
= ATG) (Cheung et al., 2008). The STE11-CAN1 reporter was constructed by inserting
the CAN1 gene at the 3’ of the STE11 gene, replacing base pairs +1871 - +2154 (+1 =
ATG) (Ruan et al., 2015). In the same strain, the coding sequence of the endogenous
CAN1 gene was deleted using HygMX cassette, which was amplified from the pFA6ahphMX6 plasmid (Longtine et al., 1998).
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Table 2.1. List of yeast strains used in this chapter (continued)
Strain

Genotype

Species

Source

FY3129

MATa his3Δ200 lys2-128δ ura3-52 leu2Δ1
spt6-1004 STE11-CAN1 can1Δ::HygMX
HOΔSTE11-TAP::HIS3MX FLO8-URA3

S. cerevisiae

This study

FY3130

MATα his3Δ200 lys2-128δ ura3-52 ade8-104
spt6-1004 STE11-CAN1 can1Δ::HygMX
HOΔSTE11-TAP::HIS3MX FLO8-URA3

S. cerevisiae

This study

FY3131

MATa his3Δ200 lys2-128δ ura3-52 leu2Δ1
spt6-1004 STE11-CAN1 can1Δ::HygMX
HOΔSTE11-TAP::HIS3MX

S. cerevisiae

This study

FY3132

MATα his3Δ200 lys2-128δ ura3-52
can1Δ::HygMX STE11-CAN1 FLO8-URA3
HOΔSTE11-TAP::HIS3MX

S. cerevisiae

This study

FY3133

MATa his3Δ200 lys2-128δ ura3-52 leu2Δ1
spt6-1004 STE11-CAN1 can1Δ::HygMX
HOΔSTE11-TAP::HIS3MX SET2-G367S

S. cerevisiae

This study

FY3134

MATa his3Δ200 lys2-128δ ura3-52 leu2Δ1
spt6-1004 STE11-CAN1 can1Δ::HygMX
HOΔSTE11-TAP::HIS3MX SET2Δ3

S. cerevisiae

This study

FY3135

MATa his3Δ200 lys2-128δ ura3-52 leu2Δ1
spt6-1004 STE11-CAN1 can1Δ::HygMX
HOΔSTE11-TAP::HIS3MX SET2-H366N

S. cerevisiae

This study

FY3136

MATa his3Δ200 lys2-128δ ura3-52 leu2Δ1
spt6-1004 STE11-CAN1 can1Δ::HygMX
HOΔSTE11-TAP::HIS3MX SET2-L365Q

S. cerevisiae

This study

FY3203

MATa his3Δ200 lys2-128δ ura3-52 set2Δ::
kanMX can1Δ::HygMX FLO8-URA3 STE11CAN1 HOΔSTE11-TAP-HIS3MX

S. cerevisiae

This study

FY3204

MATa his3Δ200 lys2-128δ ura3-52 leu2Δ1
can1Δ::HygMX STE11-CAN1 FLO8-URA3
HOΔSTE11-TAP::HIS3MX spt6-1004
set2Δ::NatMX

S. cerevisiae

This study

FY3137

MATα his3Δ200 lys2-128δ ura3-52 leu2Δ1
FLO8-URA3

S. cerevisiae

This study

FY3138

MATα his3Δ200 lys2-128δ ura3-52 leu2Δ1
FLO8-URA3 spt6-1004

S. cerevisiae

This study
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Table 2.1. List of yeast strains used in this chapter (continued)
Strain

Genotype

Species

Source

FY3139

MATα his3Δ200 lys2-128δ ura3-52 leu2Δ1
FLO8-URA3 SET2Δ3 (first isolate)

S. cerevisiae

This study

FY3140

MATα his3Δ200 lys2-128δ ura3-52 leu2Δ1
FLO8-URA3 spt6-1004 SET2Δ3 (first isolate)

S. cerevisiae

This study

FY3201

MATα his3Δ200 lys2-128δ ura3-52 FLO8-URA3 S. cerevisiae
leu2Δ1 spt6-1004 SET2Δ3 (second isolate)

This study

FY3202

MATα his3Δ200 lys2-128δ ura3-52 leu2Δ1
FLO8-URA3 SET2Δ3 (second isolate)

S. cerevisiae

This study

FY3141

MATa his3Δ200 lys2-128δ ura3-52 leu2Δ1
trp1Δ63 can1Δ::HygMX HOΔSTE11TAP::HIS3MX STE11-CAN1 spt6-1004 (hht1hhf1)Δ::kanMX (hht2-hhf2)Δ::natMX [HHT2HHF2/TRP1/CEN/ARS]

S. cerevisiae

This study

FY3142

MATa his3Δ200 lys2-128δ ura3-52 leu2Δ1
trp1Δ63 can1Δ::HygMX HOΔSTE11TAP::HIS3MX STE11-CAN1 spt6-1004 (hht1hhf1)Δ::kanMX (hht2-hhf2)Δ::natMX SET2H366N [HHT2-HHF2/TRP1/CEN/ARS]

S. cerevisiae

This study

FY3143

MATa his3Δ200 lys2-128δ ura3-52 leu2Δ1
trp1Δ63 can1Δ::HygMX HOΔSTE11TAP::HIS3MX STE11-CAN1 spt6-1004 (hht1hhf1)Δ::kanMX (hht2-hhf2)Δ::natMX [hht2K36A-HHF2 TRP1 CEN3]

S. cerevisiae

This study

FY3144

MATa his3Δ200 lys2-128δ ura3-52 leu2Δ1
trp1Δ63 can1Δ::HygMX HOΔSTE11TAP::HIS3MX STE11-CAN1 spt6-1004 (hht1hhf1)Δ::kanMX (hht2-hhf2)Δ::natMX SET2H366N [hht2-K36A-HHF2 TRP1 CEN3]

S. cerevisiae

This study

FY3145

MATa his3Δ200 lys2-128δ ura3-52 FLO8-URA3 S. cerevisiae
ctk1Δ::NatMX

This study

FY3146

MATα his3Δ200 lys2-128δ ura3-52 leu2Δ1
FLO8-URA3 ctk1Δ::NatMX SET2Δ3

S. cerevisiae

This study

FY3147

MATα his3Δ200 lys2-128δ ura3-52 FLO8-URA3 S. cerevisiae
paf1Δ::NatMX (second isolate)

This study
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Table 2.1. List of yeast strains used in this chapter (continued)
Strain

Genotype

Species

Source

FY3148

MATα his3Δ200 lys2-128δ ura3-52 leu2Δ1
FLO8-URA3 ctr9Δ::NatMX

S. cerevisiae

This study

FY3149

MATα his3Δ200 lys2-128δ ura3-52 leu2Δ1
FLO8-URA3 ctr9Δ::NatMX SET2Δ3

S. cerevisiae

This study

FY3150

MATα his3Δ200 lys2-128δ ura3-52 leu2Δ1
FLO8-URA3 paf1Δ::NatMX SET2Δ3

S. cerevisiae

This study

FY3151

MATa his3Δ200 lys2-128δ ura3-52 FLO8-URA3 S. cerevisiae
ctk1Δ::NatMX SET2Δ3

This study

FY3152

MATα his3Δ200 lys2-128δ ura3-52 FLO8-URA3 S. cerevisiae
paf1Δ::NatMX (first isolate)

This study

FY3153

MATa his3Δ200 lys2-128δ ura3-52 FLO8-URA3 S. cerevisiae
ctr9Δ::NatMX

This study

FY3154

MATa his3Δ200 lys2-128δ ura3-52 FLO8-URA3 S. cerevisiae
ctr9Δ::NatMX SET2Δ3

This study

FY3155

MATa his3Δ200 lys2-128δ ura3-52 FLO8-URA3 S. cerevisiae
paf1Δ::NatMX SET2Δ3

This study

FY3156

MATa his3Δ200 lys2-128δ ura3-52 FLO8-URA3 S. cerevisiae
set2ΔSRI-3xFLAG-NatMX

This study

FY3157

MATα his3Δ200 lys2-128δ ura3-52 leu2Δ1
FLO8-URA3 set2ΔSRI-3xFLAG-NatMX

S. cerevisiae

This study

FY3158

MATa his3Δ200 lys2-128δ ura3-52 FLO8-URA3 S. cerevisiae
SET2Δ3,ΔSRI-3xFLAG-NatMX

This study

FY3159

MATα his3Δ200 lys2-128δ ura3-52 leu2Δ1
FLO8-URA3 SET2Δ3,ΔSRI-3xFLAG-NatMX

S. cerevisiae

This study

FY3160

MATa his3Δ200 lys2-128δ ura3-52 FLO8-URA3 S. cerevisiae
SET2Δ3-3xFLAG-NatMX

This study

FY3161

MATα his3Δ200 lys2-128δ ura3-52 FLO8-URA3 S. cerevisiae
SET2Δ3-3xFLAG-NatMX

This study

FY3162

MATa his3Δ200 lys2-128δ ura3-52 FLO8-URA3 S. cerevisiae
SET2-3xFLAG-NatMX

This study

FY3163

MATα his3Δ200 lys2-128δ ura3-52 leu2Δ1
FLO8-URA3 SET2-3xFLAG-NatMX

S. cerevisiae

This study

FY3164

MATa his3Δ200 lys2-128δ ura3-52 FLO8-URA3 S. cerevisiae
set2ΔC-3xFLAG-NatMX

This study
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Table 2.1. List of yeast strains used in this chapter (continued)
Strain

Genotype

Species

Source

FY3165

MATα his3Δ200 lys2-128δ ura3-52 leu2Δ1
FLO8-URA3 set2ΔC-3xFLAG-NatMX

S. cerevisiae

This study

FY3166

MATα his3Δ200 lys2-128δ ura3-52 set2ΔHB3xFLAG-NatMX

S. cerevisiae

This study

FY3167

MATα his3Δ200 lys2-128δ ura3-52 set2ΔHB3xFLAG-NatMX

S. cerevisiae

This study

FY3168

MATα his3Δ200 lys2-128δ ura3-52
SET2Δ3,ΔHB-3xFLAG-NatMX

S. cerevisiae

This study

FY3169

MATα his3Δ200 lys2-128δ ura3-52
SET2Δ3,ΔHB-3xFLAG-NatMX

S. cerevisiae

This study

FY3170

MATα his3Δ200 lys2-128δ ura3-52 FLO8-URA3 S. cerevisiae
set2ΔHB,ΔSRI-3xFLAG-NatMX

This study

FY3171

MATα his3Δ200 lys2-128δ ura3-52 FLO8-URA3 S. cerevisiae
SET2Δ3,ΔHB,ΔSRI-3xFLAG-NatMX

This study

FY3172

MATα his3Δ200 lys2-128δ ura3-52
set2ΔHB,ΔC-3xFLAG-NatMX

S. cerevisiae

This study

FY3173

MATα his3Δ200 lys2-128δ ura3-52
set2ΔHB,ΔC-3xFLAG-NatMX

S. cerevisiae

This study

FY3174

MATa his3Δ200 lys2-128δ ura3-52 FLO8-URA3 S. cerevisiae
set2ΔHB-3xFLAG-NatMX

This study

FY3175

MATα his3Δ200 lys2-128δ ura3-52 FLO8-URA3 S. cerevisiae
SET2Δ3,ΔHB-3xFLAG-NatMX

This study

FY3176

MATα his3Δ200 lys2-128δ ura3-52 set2ΔSRI3xFLAG-NatMX

S. cerevisiae

This study

FY3177

MATα his3Δ200 lys2-128δ ura3-52 SET23xFLAG-NatMX

S. cerevisiae

This study

FY3178

MATα his3Δ200 lys2-128δ ura3-52
set2ΔSRI,ΔHB-3xFLAG-NatMX

S. cerevisiae

This study

FY3179

MATα his3Δ200 lys2-128δ ura3-52 FLO8-URA3 S. cerevisiae
SET2-3xHA-NatMX

This study

FY3180

MATα his3Δ200 lys2-128δ ura3-52 FLO8-URA3 S. cerevisiae
SET2-3xHA-NatMX spt6-1004

This study

FY3181

MATα his3Δ200 lys2-128δ ura3-52 FLO8-URA3 S. cerevisiae
SET2-H366N-3xHA-NatMX spt6-1004

This study
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Table 2.1. List of yeast strains used in this chapter (continued)
Strain

Genotype

Species

Source

FY3182

MATα his3Δ200 lys2-128δ ura3-52 FLO8-URA3 S. cerevisiae
SET2-H366N-3xHA-NatMX

This study

FY3183

MATa his3Δ200 lys2-128δ ura3-52 leu2Δ1
FLO8-URA3 SET2Δ11 spt6-1004

S. cerevisiae

This study

FY3184

MATa his3Δ200 lys2-128δ ura3-52 leu2Δ1
FLO8-URA3 SET2Δ12 spt6-1004

S. cerevisiae

This study

FY3185

MATa his3Δ200 lys2-128δ ura3-52 leu2Δ1
FLO8-URA3 SET2Δ13 spt6-1004

S. cerevisiae

This study

FY3186

MATa his3Δ200 lys2-128δ ura3-52 leu2Δ1
FLO8-URA3 SET2Δ14 spt6-1004

S. cerevisiae

This study

FY3187

MATa his3Δ200 lys2-128δ ura3-52 leu2Δ1
FLO8-URA3 SET2Δ15 spt6-1004

S. cerevisiae

This study

FY3188

MATα his3Δ200 lys2-128δ ura3-52 leu2Δ1
FLO8-URA3 SET2Δ11 spt6-1004

S. cerevisiae

This study

FY3189

MATα his3Δ200 lys2-128δ ura3-52 leu2Δ1
FLO8-URA3 SET2Δ12 spt6-1004

S. cerevisiae

This study

FY3190

MATα his3Δ200 lys2-128δ ura3-52 leu2Δ1
FLO8-URA3 SET2Δ13 spt6-1004

S. cerevisiae

This study

FY3191

MATα his3Δ200 lys2-128δ ura3-52 leu2Δ1
FLO8-URA3 SET2Δ14 spt6-1004

S. cerevisiae

This study

FY3192

MATα his3Δ200 lys2-128δ ura3-52 leu2Δ1
FLO8-URA3 SET2Δ15 spt6-1004

S. cerevisiae

This study

FY3193

MATa his3Δ200 lys2-128δ ura3-52 LEU2::TIR4
SPT6-V5-AID::KanMX FLO8-URA3

S. cerevisiae

This study

FY3194

MATa his3Δ200 lys2-128δ ura3-52 LEU2::TIR4
SPT6-V5-AID::KanMX FLO8-URA3 SET2Δ3

S. cerevisiae

This study

FY3195

MATα his3Δ200 lys2-128δ ura3-52 leu2Δ1
FLO8-URA3 rco1Δ::NatMX

S. cerevisiae

This study

FY3196

MATα his3Δ200 lys2-128δ ura3-52 leu2Δ1
FLO8-URA3 rco1Δ::NatMX spt6-1004

S. cerevisiae

This study

FY3197

MATα his3Δ200 lys2-128δ ura3-52 leu2Δ1
FLO8-URA3 rco1Δ::NatMX SET2Δ3

S. cerevisiae

This study

FY3198

MATa his3Δ200 lys2-128δ ura3-52 FLO8-URA3 S. cerevisiae
rco1Δ::NatMX spt6-1004 SET2Δ3

This study
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Table 2.1. List of yeast strains used in this chapter (continued)
Strain

Genotype

Species

Source

FY3199

MATα his3Δ200 lys2-128δ ura3-52 leu2Δ1
FLO8-URA3 set2Δ::NatMX

S. cerevisiae

This study

FY3200

MATα his3Δ200 lys2-128δ ura3-52 leu2Δ1
FLO8-URA3 set2Δ::NatMX spt6-1004

S. cerevisiae

This study

FY2731

MATa set2Δ::kanMX

S. cerevisiae

Winston
Lab

FWP2

h+ leu1-32 ade6-210

S. pombe

Winston
Lab

FWP562 h+ leu1-32 ade6-210 spt6-1::NatMX

S. pombe

This study

FWP563 h+ leu1-32 ade6-210 lys7-2 ura5-14 spt61::NatMX set2Δ3 (first isolate)

S. pombe

This study

FWP564 h+ leu1-32 ade6-210 lys7-2 ura5-14 spt61::NatMX set2Δ3 (second isolate)

S. pombe

This study

FWP565 h+ leu1-32 ade6-210 set2Δ3

S. pombe

This study

FWP505 h- leu1-32 ade6-210 ura4-Δ18 set2Δ::KanMX

S. pombe

Winston
Lab

FWP566 h- set2-3xHA-NatMX

S. pombe

This study

FWP567 h- ura4-Δ18 leu1-32 ade6-m210 rpb3+::3xFLAG-NatMx

S. pombe

Winston
Lab

FWP568 h+ ura4-Δ18 leu1-32 ade6-m210 spt5+::3HAKanMX

S. pombe

Winston
Lab
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To make the strain containing the STE11-CAN1 reporter amenable to crosses,
the STE11-TAP-HIS3MX cassette was amplified from a strain derived from the yeast
TAP-tagged collection (Ghaemmaghami et al., 2003) and inserted at the HO locus
replacing base pairs -1400 to +1761 (+1 = ATG). For spot tests to check for reporter
expression, cells were spotted on media containing 1mg/ml 5-FOA and/or 150 µg/ml
canavanine unless mentioned otherwise. For verification of mutants obtained from the
selection, point mutations were made in the SET2 gene by two step gene replacement
(Storici and Resnick, 2006) in a strain containing only the STE11-CAN1 reporter. The
same strategy was used to make the different deletions within the region of the SET2
gene that codes for the autoinhibitory domain. For Spt6 depletion experiments, cells
were grown to OD600 ≈ 0.6 (~2x107 cells). Cells were diluted in YPD to OD600 = 0.3. A
fraction of the diluted culture was collected and treated as the 0 minute time point.
Indole acetic acid (IAA) dissolved in DMSO was then added to the medium at a final
concentration of 25 µM and cultures were grown at 30oC. Cells were collected at 90,
120 and 150 minutes to prepare whole cell extracts for Western blotting.

Isolation and analysis of mutants that suppress intragenic transcription
The genetic selection for isolating mutants that suppress intragenic transcription
in spt6-1004 was done in two rounds. In the first round, 25 independent cultures each of
FY3129 and FY3130 were grown to saturation overnight in YPD. Cells were washed
twice with water and 2-4 x 107 cells from each independent culture were spread on two
SC-Arg plates containing 0.25 mg/ml 5-FOA and 150 µg/ml canavanine, one of which
was UV irradiated. All plates were incubated at 34oC, which reduced background
growth, and colonies that grew between days 3-7 were picked for further analysis. The
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second round of selection was identical to the first round, except that cells were plated
on SC-Arg plates containing 0.5 mg/ml 5-FOA and 150 µg/ml canavanine. To test for
dominance, the suppressor strains were first crossed with the parent spt6-1004 strain
carrying both the reporters, diploids were selected by complementation, and the purified
diploids were tested for growth on medium containing 5-FOA and canavanine. To test
for linkage, suppressors were crossed to each other, sporulated, and tetrads were
dissected and analyzed by standard conditions. At least 10 tetrads were analyzed per
cross.

Identification of suppressor mutations by whole-genome sequencing
Eight of the twenty independent dominant mutants identified were subjected to
further genetic analysis and found to contain mutations in a single gene responsible for
the suppression phenotype. Whole genome sequencing libraries were prepared for the
eight mutants and two parents (RGC95 and RGC98) as described previously (Wong et
al., 2013). Sonication of genomic DNA was done using Covaris S2 (3 cycles of 50";
Duty cycle: 10%; Intensity: 4; Cycles/burst: 200) to obtain fragments between 100-500
bp. GeneRead DNA library prep kit (QIAGEN) was used for end repair, A tailing and
adapter ligation. The DNA samples were purified twice using 0.7x volume SPRI beads.
PCR cycles for final amplification were selected based on trial amplification runs.
Following the final PCR, DNA was purified twice using 0.7x volume SPRI beads and
submitted for next generation sequencing. Sequencing was done on an Illumina Hi-Seq
platform. Reads from the FASTQ file were aligned using Bowtie2 (Langmead and
Salzberg, 2012) (default parameters) and variants between all ten libraries and the
reference genome were called using the samtools mpileup command (Li et al., 2009).
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The resulting VCF file was then used to identify variants that were present only in the
mutants and not in the parents using a custom R script (https://github.com/winstonlab/wgs_snp_analysis_2018). All variants that mapped within the coding sequence of a
gene were identified. The gene that had variants in all mutants was found to be SET2.

Spot tests
Yeast cultures were grown overnight from single colonies. Cells were pelleted
and washed once with water. All cultures were normalized by their OD600 values and six
ten-fold serial dilutions of each culture were made in a 96-well plate. The cultures were
spotted on different media and incubated at the appropriate temperatures. All plates
containing FOA and/or canavanine were incubated at 34oC to ensure higher stringency
for assaying intragenic transcription. The control complete plates for these experiments
were also incubated at 34oC. The Spt- phenotype was assayed at 30oC. Temperature
sensitivity was assayed at 37oC. For mutant backgrounds with weak intragenic
transcription (as in Figure 2.7), expression of the FLO8-URA3 reporter was tested on
SC-Ura medium.

Western blotting and antibodies
S. cerevisiae cells were grown to OD600 ≈ 0.6 (~2x107 cells). Culture volumes
were normalized by their OD600 such that an OD equivalent (OD600 * volume of the
culture) of 6 was harvested. The cell pellets were washed once with water and
suspended in 300 µl water. Then, 300 µl of 0.6M sodium hydroxide was added to the
cells and the suspension was incubated at room temperature for 10 minutes. The cells
were then pelleted and resuspended in 80 µl Modified SDS buffer (60mM Tris–HCl, pH
67

6.8, 4% β-mercaptoethanol, 4% SDS, 0.01% bromophenol blue, and 20% glycerol)
(Matsuo et al., 2006). Eight microliters of the extracts were loaded on an SDS-PAGE gel
for western blotting. S. pombe cells were grown to OD600 ≈ 0.6 (~107 cells/ml). 10 ml of
cells were pelleted and resuspended in 200 µl of 20% tri-chloroacteric acid (TCA). Next,
200 µl of glass beads were added to the tube and the cells were lysed by bead beating
for 2 minutes at 4oC. The bottom of the tube was punctured and the flow through
collected by centrifugation. The beads were washed twice with 200 µl of 5% TCA and
the flow through was collected. The pooled flow through fractions were spun at 3000
rpm for 10 minutes at room temperature and the resulting pellet was resuspended in
150 µl (normalized by OD600; culture of OD600 = 0.8 was suspended in 150 µl) of 2x
Laemmli buffer (125 mM Tris-HCl pH 6.8, 4% SDS, 10% -mercaptoethanol, 0.01%
bromophenol blue, 40% glycerol). An equal volume of 1M Tris base (pH not adjusted)
was added to neutralize the TCA. The samples were incubated for 5 minutes at 95 oC
and spun down at 10,000 rpm for 30 seconds. Then, 10 µl of the supernatant was
loaded on an SDS-PAGE gel for western blotting. Primary antibodies used for Western
blotting were: anti-Set2 (1:8000, generously provided by Brian Strahl), anti-H3K36me3
(1:2000, Abcam, ab9050), anti-H3K36me2 (1:2500, Abcam, ab9049) or (1:1000,
Upstate #07-274), anti-HA (1:5000, Abcam, ab9110), anti-Flag (1:5000, Sigma, F3165),
anti-Spt6 (generously provided by Tim Formosa), anti-H3 (1:2500, Abcam, ab1791),
anti-Pgk1 (1:10000, Life Technologies 459250), and anti-Act1 (1:10000, Abcam,
ab8224). Secondary antibodies used were: goat anti-rabbit IgG (1:10000, Licor IRDye
680RD) and goat anti-mouse IgG (1:20000, Licor, 800CW). Quantification of Western
blots was done using Licor ImageStudio software.
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Northern blotting
RNA extraction from S. cerevisiae was done using hot acid phenol extraction as
described previously (Ausubel, 1991). Northern blotting was done as described
previously (Ausubel, 1991) with many modifications. Fifteen µg of RNA was loaded per
sample. The composition of the final RNA loading dye was 6% formaldehyde, 1x
MOPS, 2.5% Ficoll, 10mM Tris-HCl, pH 7.5, 10mM EDTA, 7 µg/ml ethidium bromide,
0.025% Bromophenol blue and 0.025% Orange G. Following the addition of RNA
loading dye, the RNA sample was heated at 65oC for 5 minutes and then transferred to
ice before loading on the gel. Transfer of the RNA from gel to the membrane was done
using upward capillary transfer in 1x SSC solution. Pre-hybridization of the membrane
was done for 3-5 hours in pre-hybridization solution (50% deionized formamide, 10%
dextran sulphate, 1M NaCl, 0.05M Tris-HCl pH 7.5, 0.1% SDS, 0.1% sodium
pyrophosphate, 10x Denhardts reagent, 500 µg/ml denatured salmon sperm DNA) at
42oC. Following hybridization, six washes were done - 2 washes with 2x SSC solution at
room temperature for 15 minutes each, 2 washes with 2x SSC, 0.5% SDS at 65 oC for
30 minutes each, and 2 washes with 0.1x SSC at room temperature for 30 minutes
each. Probes were made with the PCR primers listed in Table 2.2.
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Table 2.2. List of oligonucleotides used in this chapter (continued)
Name

Gene

Sequence

Purpose

Organism

FO9897

STE11pCORE

CAAAATAAGAGAGCT
TCTTTGCAAGGTTCC
GTATTCTGGAGAGCT
CGTTTTCGACACTGG

FP for replacing
STE11 +1871 +2154 with
KanMX-URA3

S. cerevisiae

FO9898

STE11pCORE

CACTTTAGTGCCATA
AAAAGAATTAATAAGT
AGCCCTTTTTCCTTAC
CATTAAGTTGATC

RP for replacing
STE11 +1871 +2154 with
KanMX-URA3

S. cerevisiae

FO9901

CAN1

CAAAATAAGAGAGCT
TCTTTGCAAGGTTCC
GTATTCTGGAATGAC
AAATTCAAAAGAAGA
CG

FP for replacing
STE11 Δ+1871 +2154 :: KanMXURA3 with CAN1

S. cerevisiae

FO9902

CAN1

CACTTTAGTGCCATA
AAAAGAATTAATAAGT
AGCCCTTTTCTATGC
TACAACATTCCAAAAT

RP for replacing
STE11 Δ+1871 +2154 :: KanMXURA3 with CAN1

S. cerevisiae

FO10754

CAN1pFA6-a

CTTAACTCCTGTAAAA FP for deleting
CAN1 with HygMX
ACAAAAAAAAAAAAA
GGCATAGCACGGATC
CCCGGGTTAATTAA

S. cerevisiae

FO10755

CAN1pFA6-a

ATGGCGTGGAAATGT
GATCAAAGGTAATAA
AACGTCATATGAATT
CGAGCTCGTTTAAAC

RP for deleting
CAN1 with HygMX

S. cerevisiae

FO10775

STE11

ACAATCTTCATTATAC
CCAATCGCTGCGTGC
TGGAATTATACTGAG
CAAGTCCTATATAC

FP for inserting
STE11TAP::HIS3MX at
the HO locus
deleting -1400 bp
upstream of the
HO start codon

S. cerevisiae

FO10777

STE11

ACTTTTATTACATACA
ACTTTTTAAACTAATA
TACACATTGAAAGGC
CTGTTTCTTCGTG

RP for inserting
STE11TAP::HIS3MX at
the HO locus
deleting -1400 bp

S. cerevisiae
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Table 2.2. List of oligonucleotides used in this chapter (continued)
Name

Gene

Sequence

Purpose

Organism

upstream of the
HO start codon
FO10861

SET2pCORE

TTACTATCGATGATG
ACTCTCTTCGTCATC
AGGCTATCAAGAGCT
CGTTTTCGACACTGG

FP for replacing
SET2 (+1092 +1111) with
URA3-KanMX

S. cerevisiae

FO10862

SET2pCORE

TGAGGTTGTTCCGTG
ATAAACAATTTAAGCA
TTTTGCTAATCCTTAC
CATTAAGTTGATC

RP for replacing
SET2 (+1092 +1111) with
URA3-KanMX

S. cerevisiae

FO10868

SET2

TTACTATCGATGATG
ACTCTCTTCGTCATC
AGGCTATCAAACTAA
ACGGTTACACCTGTT

FP for making
103,333 C -> A
(creating Set2
H366N)

S. cerevisiae

FO10869

SET2

TGAGGTTGTTCCGTG
ATAAACAATTTAAGCA
TTTTGCTAAAACAGG
TGTAACCGTTTAGT

RP for making
103,333 C -> A
(creating Set2
H366N)

S. cerevisiae

FO10870

SET2

TTACTATCGATGATG
ACTCTCTTCGTCATC
AGGCTATCAAACAAC
ACGGTTACACCTGTT

FP for making
103,335 T -> A
(creating Set2
L365Q)

S. cerevisiae

FO10871

SET2

TGAGGTTGTTCCGTG
ATAAACAATTTAAGCA
TTTTGCTAAAACAGG
TGTAACCGTGTTGT

RP for making
103,335 T -> A
(creating Set2
L365Q)

S. cerevisiae

FO10872

SET2

TTACTATCGATGATG
ACTCTCTTCGTCATC
AGGCTATCAAACTAC
ACAGTTACACCTGTT

FP for making
103,330 G -> A
(creating Set2
G367S)

S. cerevisiae

FO10873

SET2

TGAGGTTGTTCCGTG
ATAAACAATTTAAGCA
TTTTGCTAAAACAGG
TGTAACTGTGTAGT

RP for making
103,330 G -> A
(creating Set2
G367S)

S. cerevisiae

FO10874

SET2

CTTTTTACTATCGATG
ATGACTCTCTTCGTC

FP for deleting aa
365-367 (creating
Set2Δ3)

S. cerevisiae
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Table 2.2. List of oligonucleotides used in this chapter (continued)
Name

Gene

Sequence

Purpose

Organism

ATCAGGCTATCAAAT
ACACCTGTTTTAGC
FO10875

SET2

CTACCTGAGGTTGTT RP for deleting aa
CCGTGATAAACAATT 365-367 (creating
TAAGCATTTTGCTAAA Set2Δ3)
ACAGGTGTATTTGA

S. cerevisiae

FO10908

HHT1HHF1pFA6a

ATATTTGCTTGTTGTT FP for deleting
ACCGTTTTCTTAGAAT HHT1-HHF1
TAGCTAAACGGATCC
CCGGGTTAATTAA

S. cerevisiae

FO10909

HHT1HHF1pFA6a

TTTTGTTCGTTTTTTA
CTAAAACTGATGACA
ATCAACAAAGAATTC
GAGCTCGTTTAAAC

RP for deleting
HHT1-HHF1

S. cerevisiae

FO10910

HHT2HHF2pFA6a

GAAAATAATTTCAAAC FP for deleting
ACCGATTGTTTAACC HHT2-HHF2
ACCGATTGTCGGATC
CCCGGGTTAATTAA

S. cerevisiae

FO10911

HHT2HHF2pFA6a

AGTCTAAATGCATAG RP for deleting
HHT2-HHF2
AAAAAAAAAAATTCC
CGCTTTATATGAATTC
GAGCTCGTTTAAAC

S. cerevisiae

FO9231

RCO1pFA6a

ATAAAAGACACTTCC FP for deleting
ATTACCATCTGCTAAT RCO1
AATAATACACGGATC
CCCGGGTTAATTAA

S. cerevisiae

FO9232

RCO1pFA6a

TTCACGTTCCTGATTT RP for deleting
ATTCTTTATGTATGTA RCO1
CGCCGTTTGAATTCG
AGCTCGTTTAAAC

S. cerevisiae

FO10899

CTK1pFA6a

AATAACACAGGGACC
ATACAGCATAAATTAT
TTGGTAACACGGATC
CCCGGGTTAATTAA
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FP to delete CTK1

S. cerevisiae

Table 2.2. List of oligonucleotides used in this chapter (continued)
Name

Gene

Sequence

Purpose

Organism

FO10900

CTK1pFA6a

CTATTTTTTGTGTCTA
CTTATTTCAATTGGCT
ATATATCCGAATTCG
AGCTCGTTTAAAC

RP to delete CTK1

S. cerevisiae

FO10901

PAF1pFA6a

GTACAATAGAACAGT FP to delete PAF1
GCTCATAATAGTATAA
AGGGTCACACGGATC
CCCGGGTTAATTAA

S. cerevisiae

FO10902

PAF1pFA6a

RP to delete PAF1
CTACAGGTTTAAAAT
CAATCTCCCTTCACTT
CTCAATATTGAATTCG
AGCTCGTTTAAAC

S. cerevisiae

FO10903

CTR9pFA6a

ATTGTCTGGTCCATTT FP to delete CTR9
GTGTTGAGAGCAAGA
AAAAAAAACCGGATC
CCCGGGTTAATTAA

S. cerevisiae

FO10904

CTR9pFA6a

AAGTTTCTTTAAAAGT
CTTGATTCTAACCCT
CGCCTCTTCGAATTC
GAGCTCGTTTAAAC

RP to delete CTR9 S. cerevisiae

FO10876

SET2pCORE

TGAAAACGAGAACAT
AAATATTGAATTTCTT
CAATCATTGGAGCTC
GTTTTCGACACTGG

FP for insertion of
URA3 replacing
SET2 (+949+1140) or (+949+1044)

S. cerevisiae

FO10877

SET2pCORE

CTTCAGTCTCGTTTC
CTTTTCCATCTACCTG
AGGTTGTTCTCCTTA
CCATTAAGTTGATC

RP for insertion of
URA3 replacing
SET2 (+949+1140) or (+1093+1140)

S. cerevisiae

FO10878

SET2pCORE

CCTGATGACGAAGAG
AGTCATCATCGATAG
TAAAAAGTCTTCCTTA
CCATTAAGTTGATC

RP for insertion of
URA3 replacing
SET2 (+949+1044)

S. cerevisiae

FO10879

SET2pCORE

ACAGCAAGATAATAA
GATAATTGCATCCAA
ACTCTTGAAGGAGCT
CGTTTTCGACACTGG

FP for insertion of
URA3 replacing
SET2 (+1045+1092)

S. cerevisiae
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Table 2.2. List of oligonucleotides used in this chapter (continued)
Name

Gene

Sequence

Purpose

Organism

FO10880

SET2pCORE

ACAATTTAAGCATTTT
GCTAAAACAGGTGTA
ACCGTGTAGTCCTTA
CCATTAAGTTGATC

RP for insertion of
URA3 replacing
SET2 (+1045+1092)

S. cerevisiae

FO10881

SET2pCORE

TACTATCGATGATGA
CTCTCTTCGTCATCA
GGCTATCAAAGAGCT
CGTTTTCGACACTGG

FP for insertion of
URA3 replacing
SET2 (+1093+1140)

S. cerevisiae

FO10882

SET2pCORE

TTACACCTGTTTTAGC
AAAATGCTTAAATTGT
TTATCACGGAGCTCG
TTTTCGACACTGG

FP for insertion of
URA3 replacing
SET2 (+1141+1236)

S. cerevisiae

FO10883

SET2pCORE

CATTATCAATTTGTGA
CGACTCAATACCGTT
TCGAGTTGTTCCTTA
CCATTAAGTTGATC

RP for insertion of
URA3 replacing
SET2 (+1141+1236)

S. cerevisiae

FO10884

SET2

TAATAAAGAATGAAA
ACGAGAACATAAATA
TTGAATTTCTTCAATC
ATTGGAACAACCTC

S. cerevisiae
FP for deleting
SET2 (+949+1140) (SET2Δ11)

FO10885

SET2

ATATCATCTTCTTCAG
TCTCGTTTCCTTTTCC
ATCTACCTGAGGTTG
TTCCAATGATTGA

S. cerevisiae
RP for deleting
SET2 (+949+1140) (SET2Δ11)

FO10886

SET2

TAATAAAGAATGAAA
ACGAGAACATAAATA
TTGAATTTCTTCAATC
ATTGAGACTTTTTA

S. cerevisiae
FP for deleting
SET2 (+949+1044) (SET2Δ12)

FO10887

SET2

AGTTTGATAGCCTGA
TGACGAAGAGAGTCA
TCATCGATAGTAAAA
AGTCTCAATGATTGA

S. cerevisiae
RP for deleting
SET2 (+949+1044) (SET2Δ12)

FO10888

SET2

S. cerevisiae
GTGTATTACTACAGC FP for deleting
AAGATAATAAGATAAT SET2 (+1045+1092) (SET2Δ13)
TGCATCCAAACTCTT
GAAGCTACACGGTT
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Table 2.2. List of oligonucleotides used in this chapter (continued)
Name

Gene

Sequence

Purpose

Organism

FO10889

SET2

TCCGTGATAAACAAT
TTAAGCATTTTGCTAA
AACAGGTGTAACCGT
GTAGCTTCAAGAGT

S. cerevisiae
RP for deleting
SET2 (+1045+1092) (SET2Δ13)

FO10890

SET2

AGAGACTTTTTACTAT
CGATGATGACTCTCT
TCGTCATCAGGCTAT
CAAAGAACAACCTC

S. cerevisiae
FP for deleting
SET2 (+1093+1140) (SET2Δ14)

FO10891

SET2

ATATCATCTTCTTCAG
TCTCGTTTCCTTTTCC
ATCTACCTGAGGTTG
TTCTTTGATAGCC

S. cerevisiae
RP for deleting
SET2 (+1093+1140) (SET2Δ14)

FO10892

SET2

S. cerevisiae
AACTACACGGTTACA FP for deleting
CCTGTTTTAGCAAAAT SET2 (+1141GCTTAAATTGTTTATC +1236) (SET2Δ15)
ACGACAACTCGAA

FO10893

SET2

GTTTTTACTACATTAT
CAATTTGTGACGACT
CAATACCGTTTCGAG
TTGTCGTGATAAAC

FO9227

SET2pFA6a

TCAAACCTTTCTCCTT FP for deleting
TCCTGGTTGTTGTTTT SET2
ACGTGATCCGGATCC
CCGGGTTAATTAA

S. cerevisiae

FO9228

SET2pFA6a

GAAAACGTGAAACAA
GCCCCAAATATGCAT
GTCTGGTTAAGAATT
CGAGCTCGTTTAAAC

RP for deleting
SET2

S. cerevisiae

FO9140

SET2pFA6a

ATCAACAAGGATGTC
TTCTCCTCCACCTTC
AACATCATCACGGAT
CCCCGGGTTAATTAA

S. cerevisiae
FP for tagging
SET2 with 3xHA or
3xFLAG

FO9141

SET2pFA6a

GAAAACGTGAAACAA
GCCCCAAATATGCAT
GTCTGGTTAAGAATT
CGAGCTCGTTTAAAC

S. cerevisiae
RP for tagging
SET2 with 3xHA or
3xFLAG
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S. cerevisiae
RP for deleting
SET2 (+1141+1236) (SET2Δ15)

Table 2.2. List of oligonucleotides used in this chapter (continued)
Name

Gene

Sequence

Purpose

Organism

FO8240

SET2pFA6a

CAGTTGTATCGCGTT FP for deleting S.
CTGGCACTGCGACTA pombe SET2
CAACTCCTACAGATT
CACCCAGTATTGGCG
AATCCCCGAAAAAAG
CTGCTCGGATCCCCG
GGTTAATTAA

S. pombe

FO8241

SET2pFA6a

ACCAGGTATTAAAGA RP for deleting S.
CATGCAATATTTGGA pombe SET2
ACTATAGTATGGTAG
ACGTTGCTACTTGTC
GCAGTTAAAAATACT
GGCGAGAATTCGAGC
TCGTTTAAAC

S. pombe

FO10202

STE11

CTTTCGTTATCAGGC
TAGCAT

FP for STE11 5'
ChIP-qPCR

S. cerevisiae

FO10203

STE11

AGGTAAATCGTTGGT
CTTTTC

RP for STE11 5'
ChIP-qPCR

S. cerevisiae

FO10204

STE11

GCAGTTTTGGGAGTG
TTTACT

FP for STE11 orf
ChIP-qPCR

S. cerevisiae

FO10205

STE11

CATCAACCATCTTTCT RP for STE11 orf
GTGAA
ChIP-qPCR

S. cerevisiae

FO9857

STE11

AGAGGTGGTCAAACA
GACCG

FO4211

STE11

GGGCACTAGGCCTGT RP for STE11 3'
ATTGA
ChIP-qPCR (also
RP for STE11 3'
northern probe)

FO7068

act1+

TGCACCTGCCTTTTA
TGTTG

FP for S. pombe
ACT1 qPCR

S. pombe

FO7069

act1+

TGGGAACAGTGTGG
GTAACA

RP for S. pombe
ACT1 qPCR

S. pombe

FO10921

LSC2

TAGCGGGGAAGCCA
GTATCT

FP for orf qPCR

S. cerevisiae

FO10922

LSC2

CGGTTTCTTGGTTTG
TCTGTCC

RP for orf qPCR

S. cerevisiae
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FP for STE11 3'
ChIP-qPCR

S. cerevisiae
S. cerevisiae

Table 2.2. List of oligonucleotides used in this chapter (continued)
Name

Gene

Sequence

Purpose

Organism

FO10923

RIX1

AGAAGGAGGTTGAAA
CGAACGA

FP for orf qPCR

S. cerevisiae

FO10924

RIX1

TTCGTGTTTGGGTTC
AGGGA

RP for orf qPCR

S. cerevisiae

FO10925

PUN1

TGAAGGTATCGACGG
TGCTC

FP for orf qPCR

S. cerevisiae

FO10926

PUN1

GGATGTTATGCGAGG
AGTCCA

RP for orf qPCR

S. cerevisiae

FO10894

SET2pFA6a

CAAAAAACTAGTGGA
AGCAAAAGAGGCTAA
GCGGTTGAAACGGAT
CCCCGGGTTAATTAA

FP for inserting 3x
FLAG tag deleting
SRI domain of
Set2 (use FO9141
as RP)

S. cerevisiae

FO10895

SET2pFA6a

CTACTGTGAGGAGCC
AAATTGTATTGGGTTT
CTCGGTGGTCGGATC
CCCGGGTTAATTAA

FP for inserting 3x
FLAG tag after
SET domain of
Set2 (use FO9141
as RP)

S. cerevisiae

FO10927

SET2pCORE

GAATAACAACGCTGA
GGGCCATAAACCTCA
AAGGCTTTTTGAGCT
CGTTTTCGACACTGG

FP for amplifying
URA3-KanMX to
replace Set2 +93 +117 (HB domain)

S. cerevisiae

FO10928

SET2pCORE

CATATATACAGTCATC
CAAGTTTTCAAATTTG
GTCAATGCTCCTTAC
CATTAAGTTGATC

RP for amplifying
URA3-KanMX to
replace Set2 +93 +117 (HB domain)

S. cerevisiae

FO10929

SET2

AAGAAATACTGAATA
FP for deleting
SET2 +93 - +117
ACAACGCTGAGGGC
CATAAACCTCAAAGG (set2ΔHB)
CTTTTTGCATTGACCA

S. cerevisiae

FO10930

SET2

CTCTTGTTCGCATATA RP for deleting
TACAGTCATCCAAGT SET2 +93 - +117
TTTCAAATTTGGTCAA (set2ΔHB)
TGCAAAAAGCCTT

S. cerevisiae
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Table 2.2. List of oligonucleotides used in this chapter (continued)
Name

Gene

Sequence

Purpose

Organism

FO10914

SET2pUL57

TAACAAGAAAGTTAAT
GGAACGCATTTTCTT
GACTTCAGATCCTAG
TGTATGCCGTTCGAT
CATTGCGCTCATTTG
GCTTGGTACTGCTG

S. pombe
FP for insertion of
ura5-lys7 replacing
pombe SET2
(+2258 - +2266)

FO10915

SET2pUL57

TTTATAGAACGTAGTA
TAAACTCAATATCAAT
GCTGAACTTCTTCAG
CATCAAACCAAAAAT
GTTGTAATTACAAGT
CGTTCAATGTCTC

RP for insertion of S. pombe
ura5-lys7 replacing
pombe SET2
(+2258 - +2266)

FO10934

S.pombe
SET2

AGGATGACTTATTAA
CAAGAAAGTTAATGG
AACGCATTTTCTTGA
CTTCAGATCCTAGTG
TATGCCGTTCGATCA
TTGCGTACAACATTT

FP to delete
pombe SET2
(+2258 - +2266) to
create set2Δ3

S. pombe

FO10935

S.pombe
SET2

GATAACATGGTTTTTA
TAGAACGTAGTATAA
ACTCAATATCAATGCT
GAACTTCTTCAGCAT
CAAACCAAAAATGTT
GTACGCAATGATC

RP to delete
pombe SET2
(+2258 - +2266) to
create set2Δ3

S. pombe

FO4210

STE11

GGATGTCACCAGAGG FP for STE11 3'
TGGTC
northern probe
(use FO4211 as
RP)

FO1324

SNR190

GGCCCTGATGATAAT
G

FP for SNR190
northern probe

S. cerevisiae

FO1325

SNR190

GGCTCAGATCTGCAT
G

RP for SNR190
northern probe

S. cerevisiae

FO10961

SET2

TTTTTGGATCCTCGA
AGAACCAAAGTGTGA
GTG

FP for cloning full
length SET2 into
pGEX6p1

S. cerevisiae

FO10975

SET2

TTTTTCTCGAGTTATG
ATGATGTTGAAGGTG
GAGGA

RP for cloning full
length SET2 into
pGEX6p1

S. cerevisiae
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S. cerevisiae

Table 2.2. List of oligonucleotides used in this chapter (continued)
Name

Gene

Sequence

Purpose

Organism

FO10977

GST-SET2

GGATTATTCATACCG
TCCCAATGTCCCCTA
TACTAGGTTA

FP for amplifying
Set2 cloned in the
pGEX6p1 plasmid
for gibson cloning
into pFastBac1

S. cerevisiae

FO10978

GST-SET2

CAAATGTGGTATGGC RP for amplifying
TGATTTTATGATGATG Set2 cloned in the
TTGAAGGTG
pGEX6p1 plasmid
for gibson cloning
into pFastBac1

S. cerevisiae

FO10979

pFastBac1

CACCTTCAACATCAT
CATAAAATCAGCCAT
ACCACATTTG

FP for ampifying
Plasmid
pFastBac1
backbone for
gibson cloning with
SET2

FO10980

pFastBac1

TAACCTAGTATAGGG
GACATTGGGACGGTA
TGAATAATCC

RP for ampifying
Plasmid
pFastBac1
backbone for
gibson cloning with
SET2
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Cloning and expression of Set2 protein in insect cells
All plasmids used in this study are listed in Table 2.3. For creating the GST-Set2
bacmids, full-length wild-type SET2 or SET2-H366N was PCR amplified and first cloned
into the BamHI/XhoI sites of the pGEX6p1 vector producing FB2798 and FB2799. This
resulted in fusing the GST tag to the N-terminal end of Set2, with the presence of a
Prescission protease site between the tag and the protein. The GST-SET2 constructs
were cloned into the pFastBac1 vector by Gibson cloning (Gibson et al., 2009) using a
40 bp overlapping sequence between the amplified vector and insert producing FB2800
and FB2801. These plasmids were then transformed into DH10Bac E. coli cells, and
transformants that had inserted the GST-Set2 constructs into the bacmid were identified
by blue-white screening, producing FB2802 and FB2803 that were then used for
transfecting Sf9 cells. Sf9 transfection with bacmid DNA and virus amplification were
performed essentially as described for the Bac-to-Bac Baculovirus Expression System
(ThermoFisher Scientific). Sf9 cells were maintained in ESF 921 insect cell culture
medium (Expression Systems, 96-001-01) supplemented with 50 U/ml PenicillinStreptomycin (ThermoFisher Scientific, 15140-122). For protein expression, 2x106 Sf9
cells/ml were infected at a multiplicity of infection of approximately 10. Cells were
harvested 66 hours post-infection by centrifugation at 5000xg for 15 minutes.
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Table 2.3. List of plasmids used in this study
Strain

Description

Host

Source

FB2798 pGEX6p1-SET2

DH5α

This study

FB2799 pGEX6p1-SET2-H366N

DH5α

This study

FB2800 pFastBac1-GST-SET2

DH5α

This study

FB2801 pFastBac1-GST-SET2-H366N

DH5α

This study

FB2802 bMON14272-GST-Set2

DH10Bac

This study

FB2803 bMON14272-GST-Set2-H366N

DH10Bac

This study
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Purification of Set2 from insect cells
The cell pellet from 100 ml of Sf9 cells was lysed with 20 ml of BV lysis buffer (50
mM HEPES pH 7.9, 500 mM NaCl, 10% glycerol,0.5 mM EDTA, 2 mM MgCl2 and 0.2%
Triton X-100) on ice for 30 minutes. The cell lysate was then spun at 40,000 rpm for 30
minutes at 4oC. The supernatant was added to 100 µl of glutathione sepharose beads
(GE, 17075601) pre-washed twice in BV lysis buffer and incubated at 4oC with gentle
shaking for two hours. The beads were washed twice with 20 ml of BV lysis buffer, and
twice with 20 ml of Prescission buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 mM
EDTA, 10% glycerol) that contained 0.005% Triton X-100 to help pellet the beads. The
beads were then suspended in 1ml of Prescission buffer. Four µl of Prescission
protease (GE, 27084301) was added to the beads which were then incubated at 4 oC
overnight with end-over-end rotation. The beads were then spun down and the
supernatant, which had the eluted protein, was concentrated in Amicon columns to a
volume of approximately 80 µl. Protein concentrations were estimated by Bradford
assay (Bradford, 1976), and equivalent amounts of protein were analyzed on an SDS
polyacrylamide gel along with a BSA standard to confirm this measurement. The
proteins were frozen in aliquots at -70oC.

Histone methyltransferase assays
Histone methyltransferase assays were done based on a previously described
method (Wang et al., 2015). Assays were carried out in 10 µl reactions. Purified Set2
protein (at a final concentration of 0.23, 0.46 or 0.94 µM) was mixed with 1 µl 3H Sadenosyl methionine (55-85 Ci/mMole, Perkin Elmer, NET155H250UC) and 1 µg of
recombinant Xenopus nucleosomes in a buffer that had a final composition of 50mM
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Tris pH 8.0, 75 mM NaCl, 1mM MgCl2, 2mM DTT and 5% glycerol. The reactions were
incubated at 30oC for 1 hour. The reactions were then spotted on half of a P81
phosphocellulose filter paper circle (Whatman) and allowed to dry. The filters were
washed three times in 50 ml HMT Wash buffer (39 mM NaHCO3, 11 mM Na2CO3, pH
9.2). The filters were briefly rinsed in acetone and allowed to air dry. The filters were
then placed in scintillation vials containing 4 ml scintillation fluid (RPI, 111167) and
scintillation counting was done in a Beckman Coulter LS 6500 machine for 1 minute.

ChIP and ChIP-Seq
For S. cerevisiae cultures, 140 ml of cells were grown to OD600 ≈ 0.6 (~2x107
cells) in YPD. Cultures were cross-linked by the addition of formaldehyde to a final
concentration of 1% followed by incubation with shaking at room temperature for 20
minutes. Glycine was added to a final concentration of 125 mM and the incubation was
continued for 10 minutes. The cells were pelleted and washed twice with cold 1x TBS
(100mM Tris, 150 mM NaCl, pH 7.5) and once with cold water. The cell pellets were
then suspended in 800 µl cold LB140 buffer (50 mM HEPES-KOH, pH 7.5, 140 mM
NaCl, 1mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS, 1x
cOMPLETE Protease Inhibitor tablet (Roche)). One ml of glass beads was added and
the cells were lysed by bead beating for 8 minutes at 4oC with incubation on ice for 3
minutes after every one minute. The lysate was collected and centrifuged at 12,500 rpm
for 5 minutes and the resulting pellet was washed once with 800 µl cold LB140 buffer.
The pellet was resuspended in 580 µl cold LB140 buffer and sonicated in a QSonica
Q800R machine for 20 minutes (30 seconds on, 30 seconds off, 70% amplitude). The
sonicated samples were centrifuged at 12,500 rpm for 30 minutes and the resulting
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supernatant was taken for the immunoprecipitation step. For the S. pombe spike-in
strain, 120 ml of cells were grown to OD600 ≈ 0.6 in YES and processed similar to the S.
cerevisiae culture except for the following steps: Bead beating for cell lysis was done for
11 minutes. Sonication was done for 15 minutes. The protein concentrations in
chromatin were measured by Bradford assay (Bradford, 1976). 300-500 µg of S.
cerevisiae chromatin was mixed with 33-55 µg (10%) of S. pombe chromatin and the
volume was brought up to 800 µl with WB140 buffer (50 mM HEPES-KOH pH 7.5, 140
mM NaCl, 1mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate). This was used as
the input for the immunoprecipitation reaction. Antibody (amounts mentioned below)
was added to the input and the samples incubated overnight at 4 oC with end-over-end
rotation. 50 µl of Protein G sepharose beads (GE healthcare) pre-washed twice in
WB140 was added to the IPs and samples were incubated for 4 hours at 4 oC with endover-end rotation. The beads were washed twice with WB140, twice with WB500 (50
mM HEPES-KOH, pH 7.5, 500 mM NaCl, 1mM EDTA, 1% Triton X-100, 0.1% sodium
deoxycholate), twice with WBLiCl (10 mM Tris pH 7.5, 250 mM LiCl, 1mM EDTA, 0.5%
NP-40, 0.5% sodium deoxycholate) for two minutes each and once with TE (10 mM Tris
pH 7.4, 1 mM EDTA) for five minutes. The immunoprecipitated material was eluted
twice with 100 µl TES (50 mM Tris pH 7.4, 10 mM EDTA, 1% SDS) at 65oC for 30
minutes. The eluates were incubated at 65oC overnight to reverse the crosslinking. Two
hundred µl of TE was added to the eluates followed by RNase A/T1 to a final
concentration of 0.02 µg/µl. The samples were incubated at 37oC for 2 hours.
Proteinase K was added to a final concentration of 0.4 mg/ml and samples were
incubated at 42oC for 2 hours. DNA was purified using Zymo DCC (for ChIP-Seq) or
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EZNA Cycle Pure kit spin columns (for ChIP-qPCR). The purified DNA was used for
qPCR or library preparation for next generation sequencing. Primers used for qPCR are
listed in Table 2.2. The library preparation steps from this stage were similar to those
used for preparation of DNA libraries for whole genome sequencing (Wong et al., 2013).
Next generation sequencing was done on an Illumina NextSeq platform. Five µl of antiHA (Abcam, ab9110) per 500 µg of chromatin, 10 µl (5 µl for ChIP-qPCR) of anti-Rpb1
(Millipore, 8WG16) per 500 µg of chromatin, 4 µl of anti-H3 (Abcam, ab1791) per 300
µg of chromatin, 4 µl of anti-H3K36me2 (Abcam, ab9049) per 300 µg of chromatin, 4 µl
of anti-H3K36me3 (Abcam, ab9050) per 300 µg of chromatin, and 50 l of anti-FLAG
M2 affinity gel (Sigma, #A2220) per 500 g of chromatin were used for ChIP. HA tagged
Set2 was used for all ChIP-seq and follow-up ChIP-qPCR experiments. FLAG tagged
Set2 was used for ChIP-qPCR of set2 mutants lacking the SRI and HB domains.

ChIP-seq computational analysis
A custom ChIP-seq pipeline was generated using the Snakemake workflow
manager (Koster and Rahmann, 2012). ChIP-seq data was aligned to a combined S.
cerevisiae + S. pombe genome using Bowtie2 (Langmead and Salzberg, 2012). 72% 93% of the reads mapped exactly once to the combined genome. The number of
mapped reads for S. cerevisiae IPs (excluding inputs) varied from 1 million - 10 million
reads. The number of mapped reads for S. pombe immunoprecipitation (excluding
inputs) varied from 350,000 - 6 million reads. Cross correlation was done using SPP
package (Kharchenko et al., 2008) to estimate fragment sizes for the different libraries.
The coverage files were produced using the igvtools count function (Thorvaldsdottir et
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al., 2013), extending reads by (length of fragment sizes - average read length) for each
library. Spike in normalization was done as described previously (Orlando et al., 2014),
correcting for variations in the input samples. Correlation plots, heatmaps and
metagene plots were produced using custom R scripts that are available upon request.
To identify genes that did not show rescue of H3K36me2 in the suppressor strain,
coverage within 20 bp windows tiling the entire genome was generated for each library.
IP libraries were divided by their respective control libraries after the addition of a
pseudocount of one. The mean coverage over every gene in each library was
determined using the bedtools map command (Quinlan and Hall, 2010). The ratio of the
mean coverage for every gene in one sample over the other was calculated. All code
used to analyze the data can be found at https://github.com/winston-lab/chip-seqanalysis-pipeline.

Results
Isolation and analysis of dominant SET2 mutations that suppress intragenic
transcription in an spt6-1004 mutant
To identify factors that regulate intragenic transcription, we selected for mutations
that suppress this class of transcription in an spt6-1004 mutant (Kaplan et al., 2003),
which allows extensive intragenic transcription (Cheung et al., 2008; Doris et al., 2018;
Uwimana et al., 2017). To select for suppressors, we constructed two reporters using
characterized intragenic transcription start sites in the FLO8 (Kaplan et al., 2003) and
STE11 (Ruan et al., 2015) genes (Figure 2.1A, B; Methods). In the FLO8-URA3
reporter, intragenic transcription confers sensitivity to 5-FOA, while in the STE11-CAN1
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Figure 2.1. Isolation of mutations that suppress intragenic transcription in
spt6-1004.
(A) Shown at the top are diagrams of the two reporters and the selection used to isolate
suppressor mutations. Shown below each are the transcripts made in wild-type (WT),
spt6-1004, and spt6-1004 strains with a suppressor. In spt6-1004 mutants, the FLO8URA3 reporter confers 5-FOA sensitivity and the STE11-CAN1 reporter confers
canavanine sensitivity due to expression of the intragenic transcripts, shown in red. (B)
Spot tests of cells grown at 34oC that show the selective conditions for the mutant
selection. (C) A diagram of the Set2 protein that depicts the amino acid changes caused
by the dominant SET2sup mutations. The numbers in parentheses indicate the number
of times the same mutation was isolated if more than once. One isolate had two point
mutations that coded for L365P and H366Y in the same protein. The letters above the
rectangle indicate the identified domains in Set2: HB, histone binding domain; SET, the
catalytic domain; AID, the autoinhibitory domain; the WW domain; CC, a coiled coil
motif; and SRI, the Set2 Rpb1 interacting domain. (D) Spot tests of cells grown at 34 oC
to assay suppression of intragenic transcription in spt6-1004 by SET2sup mutations
using the STE11-CAN1 reporter. (E) Northern analysis of the STE11 gene, using a
probe from the 3’ region of STE11, to assay suppression of intragenic transcription in
spt6-1004 by a SET2sup mutation. In wild type there is a single full-length STE11
transcript (denoted by the arrow), while in the spt6-1004 mutant, there are two
intragenic transcripts (denoted by the asterisks) in addition to the full-length transcript.
SNR190 served as the loading control.
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reporter, intragenic transcription confers sensitivity to canavanine. To select for
mutations that suppress intragenic transcription, we constructed spt6-1004 strains that
contained both reporters and selected for resistance to both 5-FOA and canavanine (5FOAR CanR). The double selection reduced the likelihood of isolating cis-acting
mutations in either reporter, thereby enriching for mutants that generally affect
intragenic transcription.
We isolated and characterized 20 independent mutants. By standard genetic
tests, we showed that all 20 mutations were dominant. We then tested eight mutants by
crosses and showed that the 5-FOAR CanR phenotype was caused by a single mutation
in each strain and that the mutations were tightly linked to each other, with no
recombinants found in any of seven crosses (10 tetrads/cross). To identify candidate
mutations, we performed whole genome sequencing of these eight suppressor strains
and identified single base pair changes in the SET2 gene in all eight mutants,
suggesting that these are the causative mutations that suppress intragenic transcription.
Sequencing of the SET2 gene in the other 12 suppressors also revealed mutations in
SET2. The 20 mutations (Table 2.4) are clustered within a small region of SET2
encoding a previously-identified autoinhibitory domain (Wang et al., 2015).
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Table 2.4. List of SET2sup alleles
Mutation
alias

Position of Mutation
(1=ATG)

SET2
mutation

Set2 amino acid
change

LF41α

979 - 980

GT -> AA

V327K

LF12a

1006

C -> G

Q336E

LF38α

1049

T -> C

L350P

LF3α

1049

T -> C

L350P

HF3α

1049

T -> C

L350P

LF6a

1076

G -> C

R359P

S9

1094

T -> A

L365Q

LF9α

1094

T -> A

L365Q

LF39α

1094

T -> C

L365P

LF43a

1094 - 1096

TAC -> CCT

L365P, H366Y

S1

1096

C -> A

H366N

S7

1096

C -> T

H366Y

LF4α

1096

C -> T

H366Y

HF9α

1096

C -> T

H366Y

LF7α

1097

A -> C

H366P

HF6a

1098

C -> A

H366Q

LF5a

1099

G -> A

G367S

HF5α

1099

G -> T

G367C

HF11α

1100

G -> A

G367D

S3

1109

G -> T

C370F
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To verify that the dominant SET2 mutations are causative for suppression of
intragenic transcription in spt6-1004, we recreated three of the identified SET2sup
mutations in the spt6-1004 parental reporter strains. As 13 of the 20 SET2sup mutations
are within three adjacent codons (365-367) (Figure 2.1C), we decided to test three of
these mutations, SET2-L365Q, SET2-H366N, and SET2-G367S, and a fourth mutation
(SET23) that deleted these three SET2 codons. In all four cases, the reconstructed
mutants were 5-FOAR and CanR, showing that each of the SET2 mutations was
causative (Figure 2.1D). Suppression was specific for intragenic transcription as the
mutants still had other spt6 mutant phenotypes, including Spt- and temperaturesensitive growth (Figure 2.1D). To assay the effect of a SET2sup mutation on levels of an
intragenic transcript, we performed Northern blots, looking at STE11 transcripts, using a
strain with a wild-type STE11 gene. Our results showed that the SET23 mutation
strongly suppressed STE11 intragenic transcript levels in an spt6-1004 mutant, to levels
similar to that in wild-type cells (Figure 2.1E). Deletion of the entire SET2 gene does not
suppress intragenic transcription in an spt6-1004 background (Figure 2.1E),
demonstrating that our SET2sup mutations do not cause loss of Set2 activity.
Suppression by the SET23 mutation suggests that the suppression phenotype occurs
by impairment of the Set2 autoinhibitory domain. Taken together, our results show that
mutations that change or remove amino acids in the Set2 autoinhibitory domain
suppress intragenic transcription in an spt6-1004 mutant.
SET2sup mutations rescue H3K36 di- and trimethylation in an spt6-1004 mutant
Given that all of our suppressor mutations were in SET2, we tested whether they
suppress the H3K36me2/me3 defect in spt6-1004, using quantitative Western blots.
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Compared to the spt6-1004 single mutant, where H3K36me3 is undetectable, our
results show that four different SET2sup spt6-1004 double mutants have a substantial
level of H3K36me3, approximately 10-40% of the level of a wild-type strain (Figure
2.2A, B). In addition, all of the other originally isolated SET2sup mutants, tested once,
restored H3K36me3 to varying extents in an spt6-1004 background (data not shown).
Furthermore, we constructed a series of short deletions that removed segments of the
Set2 autoinhibitory domain and found that they also suppressed the H3K36me2/me3
defect in spt6-1004 to a similar degree as the SET2sup mutations (Figure 2.3). Thus,
multiple types of changes in the Set2 autoinhibitory domain partially bypass the
requirement of Set2 for Spt6.
To determine the effect of a SET2sup mutation in an otherwise wild-type
background, we compared the effects of the SET23 mutation on H3K36me2 and
H3K36me3 levels with and without an spt6-1004 mutation. In an spt6-1004 SET23
double mutant, H3K36me3 levels are approximately 25% of wild-type levels and
H3K36me2 levels are approximately 150% of wild-type (Figure 2.2C,D). In the SET23
single mutant, there appears to be hyperactivation of Set2 activity, as we observed
greater levels of H3K36me3 and slightly decreased levels of H3K36me2 compared to
wild type (Figure 2.2C,D). Importantly, these changes in H3K36 methylation are not
caused by elevated levels of Set2 protein (Figure 2.2E). Taken together, our results
suggest that the Set2 autoinhibitory domain makes Set2 activity dependent upon Spt6.
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Figure 2.2. SET2Δ3 suppresses the H3K36 methylation defect in spt6-1004.
(A) A Western blot showing the levels of H3K36me3 and total histone H3 in four
different SET2sup mutants. The asterisk denotes a non-specific band. (B) Quantification
of H3K36me3 relative levels of the strains shown in (A). (C-E) Quantification of Western
blots assaying the levels of H3K36me2 (C), H3K36me3 (D) and Set2 (E) in wild-type
and spt6-1004 strains with or without the SET2Δ3 mutation, normalized to their
respective loading controls. For all bar graphs, the black dots represent the individual
data points for three experiments and the bars show the mean +/- standard deviation. A
representative Western blot is shown below each bar graph.
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Figure 2.2 (continued)
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Figure 2.3. Deletions in the region encoding the Set2 autoinhibitory domain
partially rescue H3K36 methylation and intragenic transcription in spt6-1004.
(A) The schematic depicts some of the domains in Set2 and the five mutants that have
deletions in the region encoding the autoinhibitory domain. (B-D) Quantification of
western blots assaying H3K36me2 (B), H3K36me3 (C), and Set2 (D) levels in
spt6-1004 strains with the indicated SET2 mutations. The black dots represent the
individual data points for three experiments and the bars show the mean +/- standard
deviation. The red dots in (D) represent outlier values from one experiment which were
not included in the calculation of the mean or error bars. (E) Spot tests of cells grown at
34oC assaying the effect of SET2 mutations on expression of the FLO8-URA3 reporter
in an spt6-1004 background.
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Figure 2.3 (continued)
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URA3

To test whether SET2sup mutations can also suppress depletion of the Spt6
protein in addition to suppressing the spt6-1004 mutation, we conditionally depleted
Spt6 via an auxin-inducible degron (Nishimura et al., 2009). In a wild-type SET2
background, as expected, we observed decreased levels of H3K36me2/me3 upon Spt6
depletion (Figure 2.4). Set2 levels also decreased during the time course of this
experiment, although this occurs later than the loss of H3K36 methylation. When Spt6 is
depleted in the SET23 background, we observed increased levels of H3K36me2/me3
during the depletion compared to the wild-type SET2 background, although the levels
eventually decreased as Set2 protein levels decreased. Despite the decreasing levels of
Set2, these results show that SET2sup mutations partially bypass the H3K36me2/me3
defects caused by depletion of Spt6.
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Figure 2.4. SET2Δ3 cells show reduced loss of H3K36me3 upon Spt6 depletion.
(A) A schematic illustrating the experimental plan for depletion of Spt6 in wild-type and
SET2Δ3 strains containing a derivative of SPT6 fused to sequences encoding an auxininducible degron. Addition of the auxin IAA promotes degradation of Spt6. (B) Western
blots assaying Spt6, Set2, and H3K36me3 levels in wild-type and SET2Δ3 strains upon
Spt6 depletion. Pgk1 and histone H3 were used as loading controls. (C-E)
Quantification of western blots assaying Spt6 (C), Set2 (D) and H3K36me3 (E) levels
upon Spt6 depletion, with and without the SET2Δ3 mutation, normalized to their
respective loading controls. The black dots represent the individual data points for three
experiments and the bars show the mean +/- standard deviation. Proteins levels for
each strain have been normalized to the 0 minute time point.
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Figure 2.4 (continued)
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H3K36me3 levels

SET2sup mutations suppress spt6-1004 via the Set2/Rpd3S pathway
We also performed two sets of experiments to verify that the SET2sup mutations
function via H3K36 methylation and the function of Rpd3S. First, to confirm that the
SET2sup mutations exert their phenotype by restoring methylation of H3K36 rather than
by some other event, we compared spt6-1004 SET2-H366N strains that express either
wild-type histone H3 or an H3K36A mutant. Our results showed that the spt6-1004
SET2-H366N strain expressing H3K36A was no longer able to suppress intragenic
transcription (Figure 2.5A); therefore, H3K36 methylation is necessary for suppression
of intragenic transcription. Second, as H3K36me2/me3 is required for the function of the
Rpd3S histone deacetylase complex (Carrozza et al., 2005; Drouin et al., 2010; Govind
et al., 2010; Joshi and Struhl, 2005; Keogh et al., 2005), we assayed whether
suppression of spt6-1004 required a functional Rpd3S complex, by testing a strain
lacking the Rpd3S component Rco1. Our results showed that rco1 reversed the
suppression phenotype, similar to the H3K36A mutant (Figure 2.5B), showing that
functional Rpd3S is necessary for suppression of intragenic transcription by SET2sup
mutations. Together, these results demonstrate that methylation at H3K36 and the
subsequent activation of Rpd3S confers suppression by the SET2sup mutations.
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Figure 2.5. SET2sup mutations suppress spt6-1004 via the Set2/Rpd3S pathway.
(A) Spot tests of cells grown at 34oC assaying expression of the STE11-CAN1 reporter,
showing the effect of the H3K36A mutation on the suppression phenotype. (B) Spot
tests of cells grown at 34oC, assaying the effect of rco1Δ on the expression of the
FLO8-URA3 reporter in suppressor strains.
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SET2sup mutations show greater activity in vitro
Given our observation of higher H3K36me3 levels in SET2Δ3 cells as compared
to wild-type, we hypothesized that SET2sup mutations compromise the function of the
autoinhibitory domain and thereby make Set2 hyperactive. To directly test this
hypothesis, we expressed and purified wild-type Set2 and Set2-H366N from insect
cells. The purification strategy involved the use of a cleavable GST tag which permitted
us to purify full-length Set2 with the presence of only five additional amino acids at the
N-terminal end (Figure 2.6A). In vitro histone methyltransferase assays using purified
Set2 and recombinant Xenopus mono-nucleosomes showed much greater activity for
Set2-H366N compared to wild-type Set2 (Figure 2.6B). Both proteins showed increased
methyltransferase activity with higher concentration of enzyme, and the differential
activity between the wild-type and mutant enzymes was maintained throughout the
range of concentrations. This result suggests that rescue of H3K36 methylation by
SET2sup mutations in spt6-1004 cells is due to greater activity of Set2 and not due to
altered expression or activity of a different factor in the mutant.
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Figure 2.6. SET2-H366N is hyperactive in vitro.
(A) Coomassie stained gel loaded with equivalent amounts of purified wild-type Set2
and Set2-H366N (B) Histone methyltransferase assays showing 3H incorporation in the
presence of wild-type Set2 and Set2-H366N. The dots represent individual data points
for three experiments and bars show mean +/- standard deviation. A similar result was
obtained using a different batch of Set2 that was purified separately.
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SET2sup mutations suppress H3K36 methylation defects that occur in other
transcription elongation factor mutants
We wanted to test whether SET2sup mutations can suppress the loss of other
functions that are required for both H3K36 methylation and repression of intragenic
transcription. In particular, we tested the PAF complex and Ctk1 which, along with Spt6,
have been proposed to be part of a feed-forward mechanism that regulates transcription
elongation (Dronamraju and Strahl, 2014). For the PAF complex, we tested paf1 and
ctr9, both of which cause loss of H3K36me3, with no detectable effect on either
H3K36me2 or Set2 protein levels (Figure 2.7A-C; (Chu et al., 2007)). SET23 strongly
suppressed the H3K36me3 defect of both paf1 and ctr9 (Figure 2.7B). In a ctk1
mutant, there are decreased Set2 protein levels and loss of both H3K36me3 and
H3K36me2 (Figure 2.7A-C; (Dronamraju and Strahl, 2014; Fuchs et al., 2012; Youdell
et al., 2008)). SET23 strongly suppressed the H3K36me2 defect in ctk1, restoring it
to a level greater than in wild-type strains (Figure 2.7A), although it had no effect on
H3K36me3 or on the diminished Set2 protein levels (Figure 2.7B,C). We also tested
whether SET23 suppresses intragenic transcription in these mutants. Our results
showed that SET23 suppressed intragenic transcription in paf1 and ctr9 mutants,
but not in the ctk1 mutant (Figure 2.7D). The latter result suggests that restoration of
H3K36me2 but not H3K36me3 in ctk1 is insufficient for the repression of intragenic
transcription. The bypass of the requirements for multiple factors by SET2sup mutations
suggests that the Set2 autoinhibitory domain confers dependence upon these factors
for Set2 function.
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Figure 2.7. SET2Δ3 suppresses the H3K36me2/me3 defect in ctk1Δ, paf1Δ, and
ctr9Δ.
(A-C) Quantification of Western blots assaying H3K36me2 (A), H3K36me3 (B) and
Set2 (C) levels in the indicated mutants with or without the SET2Δ3 mutation,
normalized to their respective loading controls. The black dots represent the individual
data points for three experiments and the bars show the mean +/- standard deviation.
(D) Spot tests of cells grown at 30oC, assaying the effect of the SET2Δ3 mutation on
expression of the FLO8-URA3 reporter in the indicated mutants. Since intragenic
transcription is weak in these mutants, growth has been assayed on SC-Ura medium
(see Methods).
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SET2sup mutations suppress the loss of Set2 domains normally required for its
catalytic activity
We also investigated whether SET2sup mutations suppress the loss of two Set2
regulatory domains required for Set2 activity: the SRI domain, which binds to the
RNAPII CTD (Kizer et al., 2005; Youdell et al., 2008), and the HB domain, required for
interaction with histones H2A and H4 (Du et al., 2008). To do this we deleted portions of
the SET2 gene to remove one or both domains in the Set2 protein in a wild-type SET2
gene and a SET23 mutant (Figure 2.8A). We then tested the new mutants for levels of
H3K36me2, H3K36me3, and Set2. Our results showed that SET23 suppresses both
the set2SRI and set2HB mutations with respect to their H3K36 methylation defects
(Figure 2.8A, Figure 2.9). However, SET23 is unable to rescue H3K36 methylation in a
set2HB,SRI double mutant. This is not due to either altered recruitment or level of the
mutant protein (Figure 2.8B, Figure 2.9C). Consistent with the H3K36 methylation
levels, SET23 was able to suppress intragenic transcription in a set2SRI but not in a
set2HB,SRI strain (Figure 2.8C). Our results suggest that the Set2 autoinhibitory
domain monitors the interactions of the Set2 SRI and HB domains with RNAPII and
nucleosomes, respectively.
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Figure 2.8. SET2Δ3 rescues H3K36 methylation and intragenic transcription upon
deletion of the SRI or HB domains.
(A) The schematic depicts Set2 and a set of mutants missing the indicated domains,
testing each for H3K36me2 and H3K36me3 levels by western analysis. The red line in
the AID represents the position of the SET2Δ3 mutation. The numbers next to each
mutation show the levels of H3K36me2 and H3K36me3 in each mutant strain relative to
a wild-type control (mean +/- standard deviation of at least three experiments). (B)
ChIP-qPCR assaying localization of FLAG-tagged Set2 wild-type and mutant proteins at
the LSC2, RIX1, and PUN1 genes. The black dots represent the individual data points
for three experiments and the bars show the mean +/- standard deviation. ChIP-qPCR
data has been spike-in normalized to the S. pombe ACT1 gene. (C) Spot tests of cells
grown at 37oC, assaying expression of the FLO8-URA3 reporter in the indicated strains.
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Figure 2.9. SET2Δ3 rescues H3K36 methylation in set2 mutants lacking the SRI or
HB domains.
(A-C) Quantification of western blots assaying H3K36me2 (A), H3K36me3 (B) and
FLAG-tagged Set2 levels (C) in strains with the indicated set2 mutations. The black dots
represent the individual data points for three experiments and the bars show the mean
+/- standard deviation. The plotted values for SET2, SET2Δ3 and set2ΔHB are the
same between some of the bargraphs, but have been plotted again for ease of
representation.
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The regulation of Set2 activity by Spt6 and Set2sup mutants occurs at a step after
the recruitment of Set2 to chromatin
Although the H3K36 methylation defect in spt6-1004 mutants was discovered
several years ago, there is little understanding of why Spt6 is required for this histone
modification. Our spt6-1004 strains, when grown at 30°C, have almost normal Set2
levels (Figure 2.2E; Figure 2.10B); however, H3K36me2 or H3K36me3 are
undetectable. Therefore, the requirement for Spt6 must be at a step other than
regulation of Set2 stability. Two other possible mechanisms for regulation include the
recruitment of Set2 to chromatin or the regulation of Set2 activity after its recruitment.
To distinguish between these possibilities, as well as to better understand the
suppression of spt6-1004 by SET2sup mutations, we performed ChIP-seq for Set2-HA,
Rpb1, H3K36me3, H3K36me2, and total H3. These experiments were performed in four
genetic backgrounds: wild type, spt6-1004, spt6-1004 SET2-H366N, and SET2-H366N.
Each condition was performed in duplicate and was highly reproducible (Figure 2.10A).
We chose SET2-H366N as it was the strongest suppressor of the spt6-1004 H3K36me3
defect. To permit quantitative comparisons of ChIP signals between different samples,
we used S. pombe chromatin for spike-in normalization (Methods, Figure 2.10C).
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Figure 2.10. Quality analyses of ChIP-Seq data.
(A) Correlation heatmaps for all 48 samples that were processed for ChIP-Seq. The
numbers represent the Pearson correlation coefficient of coverage over 20 bp bins tiling
the entire genome. (B) Quantification of western blots assaying HA tagged Set2 protein
levels prepared from the same cultures that were processed for ChIP-Seq. The black
dots represent the individual data points for two experiments and the bars show the
mean +/- standard deviation. (C) Bargraphs showing the proportion of reads in each
library mapped to the S. cerevisiae or S. pombe (spike-in control) genome.

110

111
SPT6 SET2-H366N I
SPT6 SET2-H366N II

SPT6 SET2 I
SPT6 SET2 II
spt6-1004 SET2 I
spt6-1004 SET2 II
spt6-1004 SET2-H366N I
spt6-1004 SET2-H366N II

SPT6 SET2-H366N I
SPT6 SET2-H366N II

SPT6 SET2 I
SPT6 SET2 II
spt6-1004 SET2 I
spt6-1004 SET2 II
spt6-1004 SET2-H366N I
spt6-1004 SET2-H366N II

A

Figure 2.10 (continued)

H3

Set2-HA

SPT6 SET2 I
SPT6 SET2 II
spt6-1004 SET2 I
spt6-1004 SET2 II
spt6-1004 SET2-H366N I
spt6-1004 SET2-H366N II
SPT6 SET2-H366N I
SPT6 SET2-H366N II

Rpb1

H3K36me3

SPT6 SET2 I
SPT6 SET2 II
spt6-1004 SET2 I
spt6-1004 SET2 II
spt6-1004 SET2-H366N I
spt6-1004 SET2-H366N II
SPT6 SET2-H366N I
SPT6 SET2-H366N II

Input

H3K36me2

SPT6 SET2 I
SPT6 SET2 II
spt6-1004 SET2 I
spt6-1004 SET2 II
spt6-1004 SET2-H366N I
spt6-1004 SET2-H366N II
SPT6 SET2-H366N I
SPT6 SET2-H366N II

B
Set2-HA levels

SPT6 SET2
spt6-1004 SET2
spt6-1004 SET2-H366N
SPT6 SET2-H366N

112

spt6-1004 SET2 II

SPT6 SET2 II
spt6-1004 SET2 I

SPT6 SET2 I

SPT6 SET2-H366N II

SPT6 SET2-H366N I

spt6-1004 SET2-H366N II

spt6-1004 SET2-H366N I

spt6-1004 SET2 II

SPT6 SET2 II
spt6-1004 SET2 I

SPT6 SET2 I

SPT6 SET2-H366N II

SPT6 SET2-H366N I

spt6-1004 SET2-H366N II

spt6-1004 SET2-H366N I

C

Figure 2.10 (continued)

H3

Set2-HA

S. cerevisiae

Rpb1

H3K36me3

S. pombe

Input

H3K36me2

Our results revealed new information regarding the H3K36 methylation defect
caused by spt6-1004 as well as the suppression of this defect by SET2-H366N. First,
there was a large decrease genome-wide in H3K36me2 and H3K36me3 association
with chromatin as compared to the wild-type strain (Figure 2.11A,B), a result consistent
with the observation that H3K36me2 and H3K36me3 are undetectable by westerns in
spt6-1004. Second, in contrast to the large decrease in H3K36me2/me3, there was little
decrease in the level of Set2 protein recruited across transcribed regions when
normalized to the level of Rpb1 (Figure 2.11C, Figure 2.12A,B). Given these results, the
defect in H3K36me2/me3 in the spt6-1004 mutant must occur primarily at a level
subsequent to Set2 recruitment to chromatin. Third, in the spt6-1004 SET2-H366N
double mutant, we saw a genome-wide rescue of H3K36me2/me3 (Figure 2.11A,B).
Compared to the wild-type strain, this strain had generally increased levels of
H3K36me2 and decreased levels of H3K36me3. Compared to the increase in histone
methylation, Set2 localization to transcribed regions was only slightly increased as
compared to spt6-1004 (Figure 2.11C), showing that suppression by SET2-H366N was
not due to increased recruitment to chromatin. Finally, the SPT6 SET2-H366N single
mutant showed increased H3K36me3 and decreased H3K36me2 levels genome-wide
as compared to wild type (Figure 2.11A,B). However, in this strain the recruitment of
Set2 to chromatin is modestly increased (Figure 2.11C), which may be due to the higher
level of the Set2-H366N-Flag protein (Figure 2.10B). No global changes in histone H3
occupancy were observed in any of the strains (Figure 2.12B). ChIP-qPCR results at
individual genes were consistent with our ChIP-seq results (see STE11 and RIX1,
Figure 2.11D-F; Figure 2.12D-F). In summary, our results show that Spt6 is required for
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Figure 2.11. SET2-H366N rescues H3K36 methylation genome-wide in spt6-1004.
(A-C) Heatmaps depicting H3K36me2 levels (relative to H3) (A), H3K36me3 levels
(relative to H3) (B) and Set2-HA levels (relative to Rpb1) (C) for all non-overlapping
genes that code for protein (n = 3522). All values that had a log fold change of below -2
or above 2 have been set to -2 or 2, respectively. (D-F) H3K36me2 (D), H3K36me3 (E),
and Set2-HA (F) levels at genes that show rescue of H3K36 methylation (STE11, RIX1)
and genes where rescue of H3K36 methylation is not observed (ADH1, TDH3). All data
has been normalized to an S. pombe spike-in control.
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Figure 2.11 (continued)
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Figure 2.12. Control analyses for ChIP-Seq data.
(A-C) Heatmaps depicting Set2-HA/Input (A), Rpb1/Input (B) and H3/Input (C) levels for
all non-overlapping genes that code for protein (n = 3522). All values that had a log fold
change of below -2 or above 2 have been set to -2 or 2 respectively. (D-F) ChIP-qPCR
analysis quantifying H3K36me2 (D), H3K36me3 (E) and Set2-HA (F) levels over the
indicated genes. ChIP-qPCR data has been spike-in normalized to the S. pombe ACT1
gene. (G) Metagene plots showing average H3K36me2/H3 and H3K36me3/H3 levels
for groups of genes that are binned by their level of expression (obtained from RNA-seq
data; N. I. Reim and F. Winston, unpublished). The shaded region around the lines
represents the 95% confidence interval. All data has been normalized to an S. pombe
spike-in control.
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Set2 function after its recruitment to chromatin and suggest that this requirement is
dependent upon the Set2 autoinhibitory domain.
Although the effects we observed occurred at most genes, a set of 48 genes
behaved differently. In contrast to most genes, which had increased levels of
H3K36me2 and partial rescue of H3K36me3 in the spt6-1004 SET2-H366N strains as
compared to wild type, this set of genes had reduced levels of H3K36me2 compared to
wild type. These genes had slightly decreased occupancy of histone H3 as compared to
wild type, but that decrease could not account for the decreased level of H3K36me2. In
addition, Set2 recruitment was not impaired at these genes. Examples of two such
genes, ADH1 and TDH3, are shown in Figure 2.11D-F. GO term analysis indicated that
these genes are enriched for those involved in ADP metabolic processes and
cytoplasmic translation. To find out if this was a common trend among highly
transcribed genes, we grouped genes by their expression level and determined
H3K36me2/me3 levels in each of the groups. Our analysis revealed a slight decrease in
H3K36me2/me3 levels in the most highly expressed genes relative to other groups in
the spt6-1004 SET2-H366N strain (Figure 2.12G). There appears to be some
requirement for fully functional Set2 protein for H3K36 methylation at highly transcribed
genes. However, this does not appear to be the sole determining characteristic among
the set of 48 genes we have identified. Our results suggest the possibility of a different
mechanism for regulation of Set2 activity at these genes.
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The Set2-Spt6 genetic interaction is conserved
As both Set2 and Spt6 are conserved, including the Set2 autoinhibitory domain
(Figure 2.13A; (Wang et al., 2015)), we wanted to test whether the functional
interactions between Set2 and Spt6 are conserved. To test this idea, we moved to S.
pombe, a yeast that is as evolutionarily diverged from S. cerevisiae as either is from
mammals (Sipiczki, 2000). We construced an S. pombe strain that contains a set2
mutation similar to the S. cerevisiae SET23 mutation (Figure 2.13A) and asked
whether it could suppress the H3K36 methylation defect caused by an S. pombe spt6
mutation. For these experiments, we used an S. pombe spt6-1 mutant which, like S.
cerevisiae spt6-1004, has a deletion of the sequence encoding the Spt6 HhH domain
(DeGennaro et al., 2013). This mutant has no detectable H3K36me2 or H3K36me3,
while maintaining normal Set2 protein levels (DeGennaro et al., 2013). Our results show
that the S. pombe set23 mutation suppressed the H3K36me2 defect in spt6-1 although
not the H3K36me3 defect (Figure 2.13B-E). The lack of suppression of the H3K36me3
defect is likely related to our finding that in a wild-type spt6+ background, the S. pombe
set23 mutation caused decreased levels H3K36me3 compared to wild-type,
suggesting some functional differences for Set2 between the two species (Suzuki et al.,
2016). In spite of these differences, our results show that the autoinhibitory domain
region of Set2 and its functional interaction with Spt6 is conserved between the two
distantly-related yeasts.
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Figure 2.13. The genetic interaction between Spt6 and Set2 is conserved in S.
pombe.
(A) Conservation of the amino acid sequence of the central region of Set2 between S.
cerevisiae (amino acids 261-475) and S. pombe. The residues highlighted in green
correspond to the three amino acids deleted in the SET2Δ3 mutation. The residues
highlighted in pink denote the location of the other SET2sup mutations. An asterisk
indicates an identical residue, a colon indicates a highly similar amino acid (scoring >
0.5 in the Gonnet PAM 250 matrix), and a period indicates a weakly similar amino acid
(scoring <= 0.5 in the Gonnet PAM 250 matrix). (B,C) Western blot assaying the effect
of the set2Δ3 mutation on H3K36me3 (B) and H3K36me2 (C) levels in spt6-1 cells in S.
pombe. Histone H3 was used as a loading control. Asterisk denotes a non-specific
band. (D,E) Quantification of Western blots assaying H3K36me3 (D) and H3K36me2
(E) levels in the indicated strains. In both graphs, the black dots represent the individual
data points for three experiments and the bars show the mean +/- standard deviation.
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Discussion
In this work we have presented new results about the regulation of Set2 activity
in S. cerevisiae, providing insights into the requirements for Set2 to function during
transcription elongation. By the isolation of SET2sup mutations that partially suppress the
requirement for Spt6, we have shown that a recently identified Set2 autoinhibitory
domain (Wang et al., 2015) plays critical roles in the regulation of Set2 in vivo. Our
results also suggest that the Set2 autoinhibitory domain dictates that Set2 will only be
active in the presence of Spt6 and the PAF complex. Furthermore, our results also
suggest that the Set2 autoinhibitory domain requires that Set2 interacts with both
RNAPII and histones via the Set2 SRI and HB domains, respectively, in order to
function. We have demonstrated that the dependence of Set2 on Spt6 occurs genomewide, at a step subsequent to the recruitment of Set2 to chromatin. Together, these
results suggest a model in which the Set2 autoinhibitory domain evaluates multiple
interactions between trans-acting factors and specific Set2 domains before allowing
Set2 to catalyze H3K36me2/me3 in vivo. If any of the interactions fail to occur, then the
Set2 autoinhibitory domain inhibits Set2 catalytic activity.
A majority of the single amino acid changes (18/20) identified by our SET2sup
mutations fall within a predicted single alpha helix of a proposed Set2 autoinhibitory
domain (Wang et al., 2015). The tight clustering of our mutations likely reflects the
stringency of our mutant selection. The nature of the mutations that we isolated
suggests that they disrupt the alpha helix, thereby impairing the autoinhibitory domain,
as seven of the 20 mutations encode proline. Furthermore, a deletion of the three
codons that contained 13 of the 20 mutations also confers the same phenotype. The
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previous work that showed that deletion mutations spanning a four-helix region resulted
in hyperactive Set2 proteins both in vitro and in vivo, although the in vivo analysis was
limited by the instability of the mutant proteins (Wang et al., 2015). The SET2sup
mutations that we have isolated encode stable proteins, which allowed us to discover
the critical role of the autoinhibitory domain in vivo.
Our results raise the question of the mechanism by which Spt6 is required for
Set2 activity. At 30oC, the temperature at which our experiments were performed, the
Spt6-1004 mutant protein is present at normal levels (N.I. Reim and F. Winston,
unpublished results), yet there is no detectable H3K36me2/me3. The simplest
possibility is that a direct interaction between the Spt6 HhH domain, the region missing
in the Spt6-1004 mutant protein, and the Set2 autoinhibitory domain is required for Set2
activity. In support of this idea, the spt6-1004 mutation causes the most severe defects
in H3K36me2/me3 of all spt6 alleles tested (Chu et al., 2006; Dronamraju and Strahl,
2014). However, there is no evidence for a direct Spt6-Set2 interaction, either by highresolution analysis of Set2-interacting proteins (Mosley et al., 2013) or by two-hybrid
analysis (our unpublished results). We were also unable to detect any interaction
between the autoinhibitory domain and other domains present in Set2 through coimmunoprecipitation and two-hybrid studies. While these negative results do not rule out
a direct Set2-Spt6 interaction, it also seems plausible that in the spt6-1004 mutant there
is an altered chromatin configuration that impairs the interaction of Set2 with a
nucleosomal surface post-recruitment, such as that previously identified to be required
for Set2 activity (Du and Briggs, 2010; Du et al., 2008).
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Although the SET2sup mutations are able to suppress the spt6-1004 H3K36
methylation defect for most genes, there are a small number of genes at which H3K36
methylation is not rescued. This finding suggests that the mechanisms that regulate
Set2 activity in vivo may not be uniform across the genome. The genes that behaved
differently are highly transcribed and have a lower level of histone H3 compared to most
genes; however, neither of those characteristics is sufficient to explain their lack of
response to the SET2sup mutations. At these genes, there may be additional or distinct
requirements for Set2 to function. Alternatively, these genes may recruit a high level of
H3K36 demethylases or, as H3K36 can also be acetylated (Ngubo et al., 2011; Tang et
al., 2014), these genes may be more subject to competition between these mutually
exclusive modifications than at most other genes.
Autoinhibition is a common mode of regulation among histone
methyltransferases in both yeast and mammals. For example, the S. cerevisiae H3K4
methyltransferase Set1 also contains an autoinhibitory domain. Point mutations that
alter this domain in Set1, similar to mutations in the Set2 autoinhibitory domain, make
Set1 hyperactive and independent of transcription elongation factors that are normally
required for its activity (Schlichter and Cairns, 2005). In addition, mammalian histone
methyltransferases have been shown to contain autoinhibitory domains, including Nsd1
(Qiao et al., 2011), PRDM9 (Wu et al., 2013), and Smyd3 (Sirinupong et al., 2011). In
these three cases, structural studies of the proteins have suggested likely mechanisms
that are distinct from each other. There are at least two reasons that a
methyltransferase such as Set2 would have such tight regulation of its activity. First, the
requirement for interactions with both nucleosomes and elongating RNAPII, as well as
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the activities of factors such as Spt6 and Paf1, ensures that H3K36me2/3 will only occur
at the correct location and at the correct time – on chromatin when it is being actively
transcribed. Second, this regulation provides the opportunity to regulate
H3K36me2/me3 in different conditions. For example, recent studies have provided
evidence that H3K36 methylation is important for nutrient stress response (McDaniel et
al., 2017; Venkatesh et al., 2016), carbon source shifts (Kim et al., 2016), DNA damage
responses (Carvalho et al., 2014; Jha and Strahl, 2014; Li et al., 2013; Pfister et al.,
2015), splicing (Luco et al., 2010; Sanidas et al., 2014; Sorenson et al., 2016; Yuan et
al., 2017), and aging (Ryu et al., 2014; Sen et al., 2015). Therefore, the Set2
autoinhibitory domain may serve as a target for additional regulators under particular
growth conditions.
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Chapter 3:
Understanding the role of Spt6 in maintaining the composition of the
transcription elongation complex
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Abstract
Transcription elongation is a highly regulated processes that is tightly coupled
with the co-transcriptional processes. The transcription elongation factor Spt6 is
involved in promoting elongation of RNA polymerase II (RNAPII), maintaining chromatin
structure, regulating co-transcriptional histone modifications, and controlling mRNA
processing. These diverse functions of Spt6 are partly mediated through its interactions
with RNAPII and other factors in the transcription elongation complex. In this study, we
attempted to gain a greater understanding of Spt6 function by identifying the set of
factors that depend on Spt6 for their interaction with RNAPII. Using mass spectrometry,
we have characterized the differences in RNAPII interacting factors between wild-type
and spt6-1004 mutant cells. We identified 58 proteins whose level of association with
RNAPII was altered in spt6-1004. Using western blots we showed that the altered
association of some of these factors could be attributed to changes in steady-state
protein levels. However, the association of Abd1, the mRNA cap methyltransferase, with
RNAPII was decreased in spt6-1004 despite unchanged protein levels, suggesting a
requirement for Spt6 in mediating the Abd1-RNAPII interaction. Genome-wide studies
showed that Spt6 is required for maintaining the levels of Abd1, Spt5, and RNAPII over
transcribed regions. Abd1 levels were particularly decreased at the 5’ ends of genes in
spt6-1004, which may be due to decreased Spt5 levels on chromatin. In summary, our
results indicate Spt6 as an important player in regulating the composition of the
transcription elongation complex.
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Introduction
During transcription elongation, RNAPII interacts with a large set of proteins.
These include proteins that promote processivity of RNAPII, such as TFIIS and the
DSIF complex (composed of Spt4/5), histone chaperones such as Spt6 and FACT,
histone modification enzymes, and enzymes involved in co-transcriptional processes
such as mRNA capping and splicing (Venkatesh and Workman, 2015; Zhou et al.,
2012). The concerted action of these factors ensures efficient transcription by RNAPII
and mRNA processing, producing a mature mRNA molecule that can be exported to the
cytoplasm for translation. Our understanding of how many of these transcription
elongation factors regulate transcription is limited.
The histone chaperone Spt6 is a highly conserved, multifunctional protein that is
essential for viability in Saccharomyces cerevisiae (Duina, 2011; Swanson et al., 1990).
Spt6 interacts with RNAPII through its C-terminal tandem SH2 domains and it is part of
the transcription elongation complex (Close et al., 2011; Dengl et al., 2009; Diebold et
al., 2010b; Liu et al., 2011; Sdano et al., 2017; Sun et al., 2010; Vos et al., 2018). The
localization of Spt6 over transcribed regions positively correlates with the level of
RNAPII, suggesting an important role for Spt6 in transcription elongation (Ivanovska et
al., 2011; Mayer et al., 2010). Spt6 also interacts with all four histones (Bortvin and
Winston, 1996; McCullough et al., 2015) and it is required for chromatin organization
over transcribed regions (DeGennaro et al., 2013; Doris et al., 2018; Perales et al.,
2013; van Bakel et al., 2013). spt6 mutants show a genome-wide increase in the
expression of transcripts originating from within gene bodies in both sense and
antisense orientations (Cheung et al., 2008; Doris et al., 2018; Kaplan et al., 2003;
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Uwimana et al., 2017; van Bakel et al., 2013). These results suggest that Spt6 is
required for maintaining chromatin structure and transcriptional fidelity.
Spt6 regulates transcription elongation and co-transcriptional processes, partly
through its interactions with other proteins in the transcription elongation complex. Spt6
physically interacts with Spt5 and both proteins are required for normal transcription
elongation (Endoh et al., 2004; Hartzog et al., 1998; Swanson and Winston, 1992; Vos
et al., 2018). Spt6 recruits the PAF complex to transcribed regions, and can stimulate its
ability to promote transcription elongation (Ardehali et al., 2009; DeGennaro et al., 2013;
Kaplan et al., 2005; Vos et al., 2018). The N-terminal region of Spt6 interacts with
Spn1/Iws1 (Diebold et al., 2010a; McDonald et al., 2010), which is necessary for
promoting H3K36 methylation and mRNA export in human cells (Oqani et al., 2019; Yoh
et al., 2007; Yoh et al., 2008). In yeast, Spt6 is required for promoting the activity of the
H3K36 methyltransferase Set2 (Chu et al., 2006; Youdell et al., 2008), which occurs at
a step following recruitment of Set2 to chromatin (Chapter 2). Given the wide range of
functions of Spt6, it presents an ideal system to understand the link between
transcription elongation and regulation of co-transcriptional processes.
In this study, we set out to characterize the role of Spt6 in the transcription
elongation complex using spt6-1004, a temperature-sensitive allele of SPT6. spt6-1004
cells show genome-wide reduction of nucleosome positioning and occupancy (Doris et
al., 2018; Ivanovska et al., 2011; van Bakel et al., 2013), loss of H3K36 methylation
(Chu et al., 2006; Youdell et al., 2008), and expression of intragenic transcripts (Cheung
et al., 2008; Doris et al., 2018; Kaplan et al., 2003; Uwimana et al., 2017; van Bakel et
al., 2013). To comprehensively characterize the set of proteins whose interaction with
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RNAPII (hereafter used to collectively refer to both, proteins that directly or indirectly
interact with RNAPII) is Spt6-dependent, we compared the RNAPII-interacting proteins
between wild-type and spt6-1004 cells. We identified 58 proteins that have altered
association with RNAPII in spt6-1004, including decreased association of Spt5, Spn1,
and PAF complex subunits, indicating a central role for Spt6 in regulating the
composition of the transcription elongation complex. Interestingly, we find that the
interaction of the mRNA cap methyltransferase Abd1 with RNAPII is decreased in spt61004. However, the other two capping enzymes, Cet1 and Ceg1, have unaltered
interaction with RNAPII, suggesting a role for Spt6 in specifically mediating the
interaction of Abd1 with the RNAPII elongation complex. ChIP-seq analysis shows a
genome-wide decrease in Abd1, Spt5, and RNAPII levels on chromatin in spt6-1004.
The decrease in Abd1 occupancy is particularly apparent at the 5’ ends of genes, which
might be due to reduced Spt5 binding at the same region. In summary, our results
provide new insights into the role of Spt6 in mediating interactions of other factors with
RNAPII during transcription elongation.

Materials and Methods

Strains and media
All S. cerevisiae and S. pombe strains used in this chapter are listed in Table 3.1.
All plasmids used in this chapter are listed in Table 3.2. All oligos used for strains
constructions are listed in Table 3.3. All S. cerevisiae strains were grown in YPD
medium (1% yeast extract, 2% peptone and 2% glucose) unless mentioned otherwise.
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Table 3.1. List of yeast strains used in this chapter (continued)
Strain

Genotype

Species

Source

RGC11

MATa his4-912δ lys2-128δ ura3-52
RPB3-BIOTAP-kanMX

S. cerevisiae

This study

RGC14

MATa his4-912δ lys2-128δ ura3-52
RPB3-BIOTAP-kanMX spt6-1004

S. cerevisiae

This study

FY57

MATa his4-912δ lys2-128δ ura3-52

S. cerevisiae

Winston Lab

RGC42

MATa his4-912δ lys2-128δ ura3-52
spt6-1004

S. cerevisiae

Winston Lab
(Natalia Reim)

FY2912

MATα ura3-52 his4-912δ lys2-128δ
Rpb3-3xFlag-NatMX

S. cerevisiae

Winston Lab

FY2913

MATα ura3-52 his4-912δ lys2-128δ
Rpb3-3xFlag-NatMX spt6-1004

S. cerevisiae

Winston Lab

FY56

MATα ura3-52 his4-912δ lys2-128δ

S. cerevisiae

Winston Lab

RGC549 MATa his3Δ200 lys2-128δ ura3-52
leu2Δ1 ABD1-HA-KanMX SPT5-3xV5

S. cerevisiae

This study

RGC550 MATa his3Δ200 lys2-128δ ura3-52
leu2Δ1 ABD1-HA-KanMX SPT5-3xV5
spt6-1004

S. cerevisiae

This study

RGC537 MATa his3Δ200 lys2-128δ ura3-52
leu2Δ1 trp1Δ63 cet1Δ1::TRP1
[pRS316-CET1]

S. cerevisiae

This study

RGC506 MATa his3Δ200 lys2-128δ ura3-52
leu2Δ1 trp1Δ63 spt6-1004
cet1Δ1::TRP1 [pRS316-CET1]

S. cerevisiae

This study

RGC511 MATa his3Δ200 lys2-128δ ura3-52
leu2Δ1 trp1Δ63 ceg1Δ::kanMX
[pRS316-CEG1]

S. cerevisiae

This study

RGC507 MATa his3Δ200 lys2-128δ ura3-52
leu2Δ1 trp1Δ63 spt6-1004
ceg1Δ::kanMX [pRS316-CEG1]

S. cerevisiae

This study

RGC512 MATα lys2-128δ ura3-52 leu2Δ1
trp1Δ63 abd1Δ::kanMX [pRS316ABD1]

S. cerevisiae

This study

RGC510 MATα lys2-128δ ura3-52 leu2Δ1
trp1Δ63 spt6-1004 abd1Δ::kanMX
[pRS316-ABD1]

S. cerevisiae

This study
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Table 3.1. List of yeast strains used in this chapter (continued)
Strain

Genotype

Species

Source

FWP566 h- set2-3xHA-NatMX

S. pombe

Winston lab

FWP485 h- spt5::spt5+-3xV5-IAA17-kanMX6
ade6::ade6+-Padh15-skp1-OsTIR1natMX6-Padh15-skp1-AtTIR1-2NLS9myc ura4-D18

S. pombe

Winston lab
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Table 3.2. List of plasmids used in this chapter
Strain

Description

Host

Source

FB2729

pFA6a + 6xGLY - Biotin - 2x TEV - 2x
protein A

DH5α

Winston Lab

RGBO5

TRP1 CEN ampR CEG1

DH5α

Beate Schwer

RGBO6

TRP1 CEN ampR ceg1-3

DH5α

Beate Schwer

RGBO7

TRP1 CEN ampR ceg1-13

DH5α

Beate Schwer

RGBO8

TRP1 CEN ampR ABD1

DH5α

Beate Schwer

RGBO9

TRP1 CEN ampR abd1-5

DH5α

Beate Schwer

RGBO10 TRP1 CEN ampR abd1-8

DH5α

Beate Schwer

CE113

HIS3 CEN ampR CET1

DH5α

Stephen Buratowski

CE333

HIS3 CEN ampR cet1-401

DH5α

Stephen Buratowski

CE339

HIS3 CEN ampR cet1-438

DH5α

Stephen Buratowski

FB2317

pFA6a-3xHA-kanMX6

DH5α

Longtine et al.
(1998)
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Table 3.3. List of oligonucleotides used in this chapter
Name

Gene

Sequence

Purpose

FO9884

RPB3AATGGGTAATACTGGATCAGGAG
FB2729 GGTATGATAATGCTTGGCGGATC
CCCGGGTTAATTAA

FO9885

RPB3GTTCACTTGTTTTTTTTCCTCTATT RP for tagging RPB3 with
FB2729 ACGCCCACTTGAGAAGAATTCGA BioTAP-KanMX
GCTCGTTTAAAC

RG91

ABD1pFA6a

GGTAAAACAGTATATCGAACCGG
AAAGCGTAAAGCCCAACCGGATC
CCCGGGTTAATTAA

FP for tagging ABD1 with
3x HA

RG92

ABD1pFA6a

ATGCTTTATAGTAGGGTTATTGTT
TCTATTCATTTTTATTGAATTCGA
GCTCGTTTAAAC

RP for tagging ABD1 with
3x HA
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FP for tagging RPB3 with
BioTAP-KanMX

All S. pombe strains were grown in YES medium (0.5% yeast extract, 3% glucose, 225
mg/l each of adenine, histidine, leucine, uracil and lysine). For experiments involving
temperature shifts, cells were first grown to OD600 ≈ 0.6 (~2x107 cells/ml) at 30oC. One
volume of culture was mixed with an equal volume of YPD at 42oC. The cells were then
grown at 37oC for 80 minutes. All strains were constructed by standard yeast crosses or
transformations (Amberg et al., 2005). For tagging Rpb3 with the BioTAP tag, the DNA
sequence encoding the tag was amplified from plasmid FB2729 and the PCR fragment
was used to transform yeast strain FY57, resulting in integration into the S. cerevisiae
genome, replacing the stop codon in the RPB3 gene. Tagged RPB3 was introduced in
spt6-1004 through a genetic cross with RGC42. For tagging ABD1 with 3xHA, the DNA
encoding the tag was amplified from the plasmid pFA6a-3xHA-kanMX6 (Longtine et al.,
1998), and the PCR fragment was transformed into a wild-type yeast strain, resulting in
integration into the S. cerevisiae genome, replacing the stop codon in the ABD1 gene.
SPT5-3xV5 and spt6-1004 were introduced in the tagged ABD1 strain through standard
genetic crosses. Wild-type or mutated versions of genes encoding capping enzymes
were introduced into yeast strains by plasmid shuffling, using plasmids CE113, CE333,
and CE339 for CET1; RGBO5, RGBO6, and RGBO7 for CEG1; and RGBO8, RGBO9,
and RGBO10 for ABD1.

Purification of RNAPII complexes by BioTAP-XL
BioTAP-XL was done as previously described (Alekseyenko et al., 2015), with
modifications to adapt the protocol from D. melanogaster cells to S. cerevisiae cells.
Yeast strains RGC11, RGC14, FY57, and RGC42 were grown in 1.5 L of YPD
supplemented with 6 µM biotin at 30oC to an OD600≈0.6. This was followed by addition
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of 1.5 L of YPD (supplemented with 6 µM biotin) at 42oC and growth at 37oC for 80
minutes. The yeast cultures were then rapidly cooled by transferring the cells to a flask
with 0.3x volume of media at 4oC, and formaldehyde was immediately added to a final
concentration of 1%. The cultures were incubated with shaking at room temperature for
30 minutes. Glycine was then added to a final concentration of 125 mM and the
incubation was continued for 5 minutes. The cells were collected by filtration onto a 0.45
μm nitrocellulose membrane filter. The cells were then scraped off the filter, inserted
into a syringe, and expelled into liquid nitrogen. The frozen cells were lysed in a mixer
mill for 6 cycles, 3 minutes each at 15 Hz, with incubation in liquid nitrogen between
each cycle, to form a “grindate.” The grindate was suspended in 12 ml of cold FA lysis
buffer (50 mM HEPES-KOH pH 7.5, 140 mM NaCl, 1mM EDTA, 0.1% sodium
deoxycholate, 0.1% Triton X-100, 0.05% SDS, 2 µg/ml leupeptin, 2 µg/ml pepstain, 1
mM PMSF) and divided equally between 15 tubes. The sample in each tube was
pelleted by centrifugation, resuspended in 640 µl of FA lysis buffer, and sonicated in a
Qsonica machine for 25 minutes (30 seconds on, 30 seconds off, 70% amplitude). The
sonicated samples were centrifuged at 12,500 rpm for 30 minutes at 4 oC. The
supernatants from individual tubes were pooled and incubated with 1.8 ml of IgG beads
(pre-washed with FA lysis buffer) overnight at 4oC.
Following the IP, the beads were washed three times with RIPA buffer (10 mM
Tris-HCl pH 8.0, 140 mM NaCl, 1mM EDTA, 1% Triton X-100, 0.1% SDS). For each
wash, the resuspended beads were incubated at 4oC for 10 minutes with end-over-end
rotation. The beads were then washed once with TEN140 buffer (10 mM Tris-HCl pH
8.0, 140 mM NaCl, 1mM EDTA) with end-over-end rotation for 2 minutes at room
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temperature. The protein complexes were eluted twice by incubation with 20 ml of
freshly made IgG elution buffer (100 mM Tris-HCl pH 8.0, 200 mM NaCl, 6M Urea, 0.2%
SDS) with end-over-end rotation for one hour at room temperature. The eluted sample
was concentrated in an Amicon Ultra-15 column (10kDa cutoff, Millipore) and buffer
exchange was done four times with 12 ml of TEN140 buffer. The resulting 1 ml of
concentrated sample was brought up to 2.8 ml with RIPA buffer and incubated with 1 ml
of streptavidin agarose beads (pre-washed with TEN140 buffer).
Following the affinity pulldown, the beads were washed once with TEN140 buffer
with 0.1% Triton-X 100, twice with IgG elution buffer, twice with IgG elution buffer
without SDS, and once with TEN140 buffer for 5 minutes each at 4 oC. The beads were
then washed seven times with 50 mM ammonium bicarbonate for 5 minutes each at
room temperature and then suspended in 800 µl of 50 mM ammonium bicarbonate and
split evenly between two tubes. Ten µl of trypsin was added to one tube, which was
then incubated overnight at 37oC with end-over-end rotation. The beads in the other
tube were boiled for 25 minutes in reverse cross-linking buffer (250 mM Tris-HCl pH 8.8,
2% SDS, 0.5 M β-mercaptoethanol) and the resulting supernatant was stored at -70oC.
One µl of 100% formic acid was added to the trypsinization reaction. The beads
were centrifuged at 3000 rpm for 5 minutes at 25oC and the supernatant containing the
digested peptides was transferred to a new tube. The beads were washed three times
with a solution of 25% acetonitrile and 0.1% formic acid, and the supernatants after
each wash was pooled with the initial supernatant. A C18 spin tip was equilibrated with
50 µl of 100% acetonitrile and twice with 50 µl of 0.1% tri-fluoroacetic acid. The peptides
were passed twice through the C18 spin tip, which was then washed twice with 0.1% tri-
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fluoroacetic acid. The peptides were then eluted from the resin once with 30 µl of 50%
acetonitrile and once with 30 µl of 100% acetonitrile. The eluted peptides were dried
completely in a SpeedVac vacuum concentrator and the dried peptides were stored at 70oC until analysis by mass spectrometry.
Mass spectrometry data collection was conducted by Ryan Kunz at the Taplin
Mass Spectrometry facility at Harvard Medical School. The peptides from each sample
were labeled with tandem mass tags and quantification of peptide abundances among
the different samples was done at the MS3 stage (Ting et al., 2011).

Analysis of mass spectrometry data
Following reporter ion quantification, the peptide intensities for each protein were
summed and normalized to the total peptide intensity in each sample. The data were
processed using Perseus software (Tyanova et al., 2016). The summed peptide
intensities for each protein were log transformed and missing values (for proteins that
had summed peptide intensity = 0) were imputed from a normal distribution. The
samples were grouped by genotype and a t-test was conducted to compare the signal
for each protein between two samples of interest. A permutation-based false discovery
rate threshold was calculated and used to identify proteins as being significantly
enriched in one sample versus the other. Volcano plots were generated using custom R
scripts that are available upon request.

Spot tests
Spot tests of yeast strains were done as described in Chapter 2.
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Co-immunoprecipitation assays
For each co-immunoprecipitation experiment, 50 ml of yeast cells at OD600≈0.6
(~2x107 cells/ml) were harvested. The cell pellets were suspended in 500 µl of IP buffer
(20 mM HEPES-KOH, pH 7.6, 125 mM potassium acetate, 1 mM EDTA, 20% glycerol,
1mM DTT, 1% NP-40, 1x Sigma protease inhibitor cocktail). One ml of acid-washed
glass beads was added to each tube and the cells were lysed by bead beating for 8
minutes with incubation on ice for 3 minutes after each minute. The resulting lysate was
centrifuged at 12,500 rpm for 10 minutes at 4oC. The supernatant was transferred to a
new tube. Protein concentrations in the whole cell lysates were measured by Bradford
assay (Bradford, 1976). One mg of protein in a final volume of 500 µl was incubated
with 20 µl of anti-flag agarose beads (Sigma) pre-washed with IP buffer. The IP was
carried out for 2 hours at 4oC. The beads were then washed thrice with 500 µl of IP
buffer following which the beads were boiled for 5 minutes in 50 µl of Modified SDS
buffer (60 mM Tris-HCl pH 6.8, 4% β-mercaptoethanol, 4% SDS, 0.01% bromophenol
blue and 20% glycerol). The beads were centrifuged at 12,500 rpm for 1 minute at room
temperature and 15 µl of the supernatant was loaded on sodium dodecyl sulphatepolyacrylamide gel electrophoresis (SDS-PAGE) gels for western blotting.

Western blotting and antibodies
Whole cell extracts from yeast were prepared as described in Chapter 2. Primary
antibodies used for western blotting were anti-Set2 (1:8000, provided by Brian Strahl),
anti-Abd1 (1:1000, provided by Stephen Buratowski), anti-Ceg1 (1:2000, provided by
Stephen Buratowski), anti-Spn1 (1:8000, provided by Laurie Stargell), anti-Spt6
(1:10,000, provided by Brian Strahl), anti-Rpb1 (1:1000, Millipore, 8WG16), anti-HA
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(1:5000, Abcam, ab9110), anti-Flag (1:5000, Sigma, F3165), anti-V5 (1:5000,
Invitrogen, R960-25), and anti-Pgk1 (1:10,000, Life Technologies 459250). Secondary
antibodies used were: goat anti-rabbit IgG (1:10,000, Licor IRDye 680RD) and goat antimouse IgG (1:20,000, Licor, 800CW). Quantification of western blots was done using
Licor ImageStudio software.

Chromatin immunoprecipitation
ChIP-seq library preparation was done as described in Chapter 2, with one minor
modification. Each sample was spiked-in with S. pombe chromatin from strains FWP566
and FWP485 to a final concentration of 7.5% for each strain prior to the
immunoprecipitation step. Sequencing was done on an Illumina Hi-Seq platform.

ChIP-Seq data analysis
De-multiplexing, alignment, spike-in normalization and generation of coverage
files from FASTQ files was done as described in Chapter 2. Commands from the
deeptools suite (Ramirez et al., 2014) was used for normalizing libraries to each other
and generating matrices suitable for plotting heatmaps and metagenes. Metagenes and
heatmaps were generated using custom R scripts that are available upon request.
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Results
Purification of RNAPII complexes from wild-type and spt6-1004 cells
To identify factors whose interaction with RNAPII is dependent on Spt6, we
purified RNAPII complexes from wild-type and spt6-1004 cells using BioTAP-XL – a
two-step purification process originally developed for Drosophila cells (Alekseyenko et
al., 2015) and adapted here for S. cerevisiae. We fused the C-terminal end of Rpb3 (a
subunit of RNAPII) to a tandem affinity tag consisting of Protein A and a protein
sequence that can be efficiently biotinylated in vivo. Wild-type and spt6-1004 cells
expressing the tagged RPB3 gene were grown at 30oC and shifted to the nonpermissive temperature (37oC) for 80 minutes prior to cross-linking and cell harvesting
(hereafter referred to as cells grown at 37oC). This temperature shift leads to depletion
of Spt6 protein levels in spt6-1004 cells and exacerbation of mutant phenotypes (Figure
1.2D) (Doris et al., 2018). Following cross-linking of protein complexes and cell lysis, a
two-step purification of Rpb3 was done, first using IgG, which binds to protein A, and
second using streptavidin which binds to biotin (Figure 3.1). A representative silver
stained gel of purified Rpb3 from spt6-1004 cells is shown in Figure 3.2A. As a positive
control for the purification of RNAPII associated factors, we tested for the co-purification
of Spt5 with Rpb3. Western blots showed that Spt5 co-purified with Rpb3 only in
purifications done from Rpb3-tagged cells (Figure 3.2B).
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Figure 3.1. Schematic showing the BioTAP-XL procedure followed by mass spectrometry.
The cross-linked protein complexes are sonicated to solubilize chromatin-bound proteins. The
protein complexes are purified using a two-step process - first using IgG that binds to the protein
A portion of the tag on Rpb3, and then using streptavidin that binds to the biotinylated portion of
the tag. The purified complexes are subjected to on-bead trypsin digestion. The eluted peptides
from the different samples are labeled with isobaric tandem mass tags and analyzed by triplestage mass spectrometry. The peptide abundances are obtained by quantifying the reporter ion
intensities for each sample at the MS3 stage.
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Figure 3.2. Purification of Rpb3 by BioTAP-XL.
(A) Representative silver stained gel showing purification of Rpb3 from spt6-1004 cells with and
without the BioTAP tag on Rpb3. (B) Western blot showing the abundance of Rpb3 and Spt5 at
the different stages of purification.
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Identification and comparison of RNAPII interacting proteins in wild-type and
spt6-1004 cells
To identify the proteins associated with RNAPII in wild-type and spt6-1004 cells,
we analyzed purified Rpb3 complexes from both genotypes by mass spectrometry. To
identify specific interactors with Rpb3, we also analyzed protein complexes purified from
untagged wild-type and spt6-1004 cells. All samples were prepared and analyzed in
duplicate. Peptides from each sample were labeled with tandem mass tags (TMT) to
permit multiplexing and quantitative comparisons of protein levels between samples
(Thompson et al., 2003). The reporter ion intensities for each peptide were quantified at
the MS3 stage (Figure 3.1), which provides greater accuracy due to lower
contamination from other peptides having a similar m/z ratio as compared to
quantification at the MS2 stage (Ting et al., 2011). Averaged peptide intensities for each
protein correlated well between the two replicates for each sample (Figure 3.3). The
tagged and untagged samples also correlated reasonably well, suggesting the presence
of a large number of non-specifically associated proteins.
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Figure 3.3. Reproducibility of mass spectrometry data.
Heatmap showing pearson correlation coefficients of average peptide intensities for each
protein across all samples analyzed.
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To identify Rpb3-associated proteins that were specifically enriched in either
wild-type or spt6-1004 cells, the mass spec results were compared using Perseus
(Tyanova et al., 2016). First, protein abundances from Rpb3-tagged wild-type and spt61004 cells were each compared to the corresponding abundances from the untagged
cells. Using a permutation based false discovery rate (FDR) cutoff of 0.05, we identified
473 and 401 proteins (with more than one peptide detected for 353 and 308 proteins)
that were enriched in Rpb3-tagged wild-type and Rpb3-tagged spt6-1004 cells,
respectively (Figure 3.4A). Second, we compared protein abundances from Rpb3tagged wild-type and spt6-1004 cells to identify proteins that were specifically enriched
in either sample. We identified 137 proteins as enriched in one or the other sample
(FDR < 0.05). Of these, 58 proteins were also enriched over Rpb3-untagged samples
based on our initial comparisons (Figure 3.4B, Table 3.4). We will refer to this set of 58
proteins as differential interactors. We believe the remaining 79 proteins represent
abundant non-specific interactors, whose gene expression is altered in spt6-1004.
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Figure 3.4. Comparison of RNAPII interacting proteins between wild-type and spt6-1004
cells.
(A) Volcano plot showing comparison of protein abundances between Rpb3-tagged and
untagged samples in wild-type and spt6-1004 cells. Each dot represents a single protein. The
dashed red line indicates a permutation based false-discovery rate cutoff of 0.05. Proteins with
a positive fold change and above this threshold are considered to be enriched in the tagged
sample. (B) Volcano plot showing comparison of protein abundances between wild-type and
spt6-1004 cells in Rpb3-tagged strains. Each dot represents a single protein. The dashed red
line indicates a permutation based false-discovery rate cutoff of 0.05. The 58 proteins that were
identified to be differentially enriched, as well as enriched over the untagged control in either
wild-type or spt6-1004 cells are highlighted in black. RNAPII subunits and capping enzymes are
highlighted in color.
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Table 3.4 List of differential interactors identified by BioTAP-XL
Proteins enriched in wild-type

Proteins enriched in spt6-1004

Fold change
(WT/spt6-1004 )
Transcription elongation factors
Spt6
9.99
Spt5
1.69
Spn1
7.45
PAF complex subunits
Ctr9
2.58
Rtf1
2.47
Paf1
2.89
Cdc73
2.92
Leo1
2.87
General transcription factors
Tfb1
1.82
Tfb4
1.73
Tfb2
1.77
Toa1
1.7
Toa2
1.61
Mediator complex subunits
Srb7
2
Med8
2.09
Cse2
2
Med11
1.75
Srb6
2.01
Others
Abd1
1.8
Wtm1
2.97
Emg1
1.63
Set2
1.84
His5
1.67
Tal1
2.65
Ubp14
1.99
Iwr1
3.04
Utp25
2.24
Hpm1
2.87
Erg27
2.71

Fold change
(WT/spt6-1004 )
mRNA 3' end processing and export
Gbp2
0.43
Yra1
0.54
Yra2
0.49
Sub2
0.65
Hrp1
0.55
rRNA processing
Nog1
0.57
Nug1
0.54
Erb1
0.63
Nop6
0.66
Nop1
0.6
Rrp5
0.54
Dbp2
0.46
Nsr1
0.59
Tsr1
0.38
Ebp2
0.59
Rpl8B
0.5
Others
Bur2
0.65
Chd1
0.6
Tra1
0.53
Nqm1
0.19
Rep1
0.34
Rep2
0.36
Orc4
0.45
Sis1
0.65
Puf6
0.64
Rex3
0.59
Tfc7
0.53
Gga1
0.4
Trm2
0.42

Protein

Protein
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Our results from the mass spectrometry analysis revealed several expected and
some previously unknown differences in the RNAPII interactome between wild-type and
spt6-1004 cells. Proteins enriched in wild-type cells included transcription elongation
factors such as Spn1, which is known to physically interact with Spt6 (Diebold et al.,
2010a; McDonald et al., 2010), as well as transcription initiation factors such as
subunits of the TFIIH and mediator complexes (Table 3.4). On the other hand, proteins
enriched in spt6-1004 cells included mRNA export and rRNA processing factors (Table
3.4). As expected, Spt6 association with RNAPII was decreased in spt6-1004 (Figure
3.4B). This is expected as Spt6 protein levels are decreased to about 20% of wild-type
levels in spt6-1004 following a temperature shift to 37oC (Figure 1.2D) (Doris et al.,
2018). We also observed decreased association of all PAF complex subunits with
RNAPII in spt6-1004 (Figure 3.4B). This is consistent with previous studies in yeast and
Drosophila, where Spt6 helps recruit individual PAF complex subunits to actively
transcribed regions (Ardehali et al., 2009; Kaplan et al., 2005). The association of Spt5
with RNAPII was also decreased in spt6-1004 (Figure 3.4B). A recent structure of the
transcription elongation complex shows Spt6 covering a portion of Spt5 while binding to
RNAPII (Figure 1.1) (Vos et al., 2018). Thus, Spt6 might be required to prevent the
dissociation of Spt5 from RNAPII during transcription elongation. Interestingly, we also
identified the mRNA cap methyltransferase Abd1 as a protein enriched in wild-type
cells, although the two other capping enzymes, Cet1 and Ceg1, were not enriched
(Figure 3.4B). In summary, our results suggest that Spt6 regulates the association of a
number of transcription factors to RNAPII.
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To independently test for differential association of some of these proteins with
RNAPII in wild-type and spt6-1004 cells, we purified Rpb3 from uncrosslinked cells and
tested for co-immunoprecipitation of differential interactors. The coimmunoprecipitations were done from cells harvested both before (30oC) and after the
temperature shift (37oC). This helped to determine if the altered association of any
factor might be primarily due to a specific defect in the spt6-1004 mutant (30oC) or
depletion of Spt6 protein (37oC). We observed that the association of Spt5 with Rpb3
was unchanged in spt6-1004 cells at 30oC, but decreased at 37oC as compared to wildtype cells (Figure 3.5). This suggests that Spt5 association with RNAPII is dependent on
Spt6 protein levels. A similar observation was also made for Spn1 (Figure 3.5), although
Spn1 protein levels were also decreased in spt6-1004 cells at 37oC, indicating that the
reduced association of Spn1 with Rpb3 in spt6-1004 is due to reduced Spn1 protein
levels. The association of the H3K36 methyltransferase Set2 with Rpb3 was also
decreased in spt6-1004 cells at both temperatures, more so at 37oC, where Set2 protein
levels were also decreased (Figure 3.5). This is in line with our ChIP-Seq data (Chapter
2) where we see a modest decrease in Set2 recruitment to chromatin in spt6-1004 cells
at 30oC.
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Figure 3.5. Interactions of transcription elongation factors with Rpb3 in wild-type and
spt6-1004 cells.
Co-immunoprecipitation of the indicated proteins with FLAG-tagged Rpb3 in wild-type (+) and
spt6-1004 (-) cells before and after a shift to the non-permissive temperature (37oC). The
asterisk (*) indicates the detection of the IgG heavy chain. The images shown here are
representative of three independent biological replicates.

162

A novel finding from our mass spectrometry data and also observed by our coimmunoprecipitation results, is the reduced association of Abd1 with Rpb3 in spt6-1004
cells, even though global Abd1 protein levels remained unaffected across all conditions
tested (Figure 3.5). Since Spt5 is involved in recruiting Abd1 to chromatin in S.
cerevisiae (Lidschreiber et al., 2013), the observed differences in Abd1 binding could be
due to decreased binding of Spt5 to RNAPII in spt6-1004. However, we saw that Abd1
association with Rpb3 was decreased in spt6-1004 even at 30oC where the association
of Spt5 with Rpb3 was unaffected, suggesting that Spt6 might regulate the Abd1RNAPII interaction independent of Spt5. The association of a different capping enzyme
Ceg1 with Rpb3 was unaffected in spt6-1004 cells (Figure 3.5), indicating that the
altered binding to Rpb3 was specific to Abd1 and a not a general property of capping
enzymes. Thus, our data reveals a previously unknown role for Spt6 in regulating the
recruitment of Abd1 to RNAPII.
We also tested for co-immunoprecipitation of proteins enriched in spt6-1004.
However, we were unable to reproduce the results obtained by mass spectrometry and
western blots indicated that the bulk protein levels of some of these proteins were
decreased in spt6-1004 cells following a temperature shift (data not shown, see
Discussion).

Genetic interactions of capping enzyme mutants with spt6-1004
Given our observation of decreased association of Abd1 with RNAPII in spt61004, we reasoned that abd1 mutations might strengthen some of the mutant
phenotypes observed in spt6-1004 strains. To test this idea, we constructed abd1 spt6-
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1004 double mutants, testing two different abd1 mutations. Both mutations, abd1-5 and
abd1-8, are temperature sensitive alleles of ABD1 that cause defects in mRNA capping
and transcription in vivo (Schroeder et al., 2004; Schwer et al., 2000). Our results show
that both abd1-5 and abd1-8 caused inviability at 30oC when combined with spt6-1004
(Figure 3.6A), suggesting that functional ABD1 is required when SPT6 is mutated. To
test if this is a general feature of capping enzyme mutants, we also combined spt6-1004
with cet1 and ceg1 mutations. The mutations tested were cet1-401, cet1-438, ceg1-3,
and ceg1-13, all of which are temperature sensitive and display defects in mRNA
capping (Schwer et al., 1998; Takase et al., 2000). We observed that cet1-438 and
cet1-401 are viable when combined with spt6-1004 (Figure 3.6B). On the other hand,
ceg1-3 spt6-1004 was inviable, and ceg1-13 spt6-1004 grew poorly at 30oC (Figure
3.6B, C). This shows that the tolerance for defective capping is decreased in spt6-1004
mutants, and that the genetic interaction is not specific for abd1 mutants. The greatly
increased number of new transcription initiation sites in spt6-1004 (Doris et al., 2018)
might make the cells less tolerant of impaired capping activity.
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Figure 3.6. Genetic interactions of capping enzyme mutants with spt6-1004
(A) Growth of wild-type and spt6-1004 cells expressing the indicated ABD1 allele.
abd1Δ or spt6-1004 abd1Δ strains expressing wild-type ABD1 on a URA3 plasmid were
transformed with the indicated ABD1 allele on a TRP1 plasmid. Individual transformants
were replica plated on SC-Trp or 5-FOA medium and grown for 3 days. (B,C) Similar
growth assays were conducted for CET1 (B) and CEG1 (C) alleles expressed on HIS3
and TRP1 plasmids respectively.
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Genome-wide localization of Abd1 and Spt5 in spt6-1004
Previous studies have indicated the requirement of RNAPII and Spt5 for the
recruitment of Abd1 during transcription elongation (Lidschreiber et al., 2013; Pei and
Shuman, 2002; Schroeder et al., 2000). Our results suggest that Spt6 is also required
for the recruitment of Abd1 to chromatin, either directly or possibly via decreased
recruitment of RNAPII or Spt5. To test these ideas, we performed ChIP-Seq for Abd1HA, Rpb1, and Spt5-V5 in wild-type and spt6-1004 cells. The cells for this experiment
were grown at 30oC, where we observed defective Rpb3-Abd1 co-immunoprecipitation
in spt6-1004, despite unaltered Spt6 protein levels. To permit quantitative comparison of
factor recruitment between different samples, we used chromatin from S. pombe for
spike-in normalization (Figure 3.7A). Each experiment was done in triplicate and the
replicates correlated well with one another (Figure 3.7B).
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Figure 3.7. Quality control analysis of ChIP-Seq data
(A) Correlation heatmaps for all 24 samples that were processed for ChIP-Seq. The
numbers represent the Pearson correlation coefficient of coverage over 20 bp bins tiling
the entire genome. (B) Bargraphs showing the proportion of reads in each library
mapped to the S. cerevisiae or S. pombe (spike-in control) genome.
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ChIP-Seq of Abd1, Spt5, and RNAPII in wild-type cells showed the expected
patterns of occupancy based on previous studies. Abd1 levels peaked at the 5’ ends of
genes at ~160 bp downstream of the TSS (Figure 3.8A). Abd1 occupancy at lower
levels is observed throughout the gene body. These results are consistent with a
previous study (Lidschreiber et al., 2013). Abd1 occupancy shows a sharp decrease
following the cleavage and polyadenylation sequence, suggesting that its association
with gene bodies is transcription-dependent. In support of its dependence on
transcription, we also observe that Abd1 levels over gene bodies correlate with gene
expression levels (Figure 3.8D). The pattern of Spt5 occupancy over gene bodies
mirrored that of RNAPII (Figure 3.8B, C, E, F) (Mayer et al., 2010). This is consistent
with its association with RNAPII early in transcription and requirement for productive
elongation (Andrulis et al., 2000; Endoh et al., 2004; Vos et al., 2018). As expected, the
levels of Spt5 and RNAPII occupancy over genes also correlated with their expression
level (Figure 3.8E, F).
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Figure 3.8. Genome-wide recruitment of Abd1, Spt5 and RNAPII to transcribed
regions in wild-type cells.
(A-C) Metagene plots of Abd1-HA (A), Spt5-V5 (B), and Rpb1 (C) occupancy
normalized to input for 3522 non-overlapping protein-coding genes in wild-type cells.
The purple trace indicates the median occupancy at a given position. The shaded area
represents the interquartile range. (D-F) Heatmaps of Abd1-HA (D), Spt5-V5 (E), and
Rpb1 (F) occupancy normalized to input for 3522 non-overlapping protein-coding genes
in wild-type cells. All values that had a log fold change of below -2 or above 2 are set to
-2 and 2 respectively. The genes are arranged in decreasing order of expression level
as determined from RNA-Seq of wild-type cells (Reim and Winston, unpublished data).

170

Figure 3.8 (continued)
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Our data also provide new insights into the role of Spt6 in regulating the
association of Abd1 and Spt5 over transcribed regions. First, as expected, we see a
global decrease in RNAPII occupancy in spt6-1004, consistent with our results from
Chapter 2 (Figure 3.9C, F). Second, we also observed a global decrease in both Abd1
and Spt5 ChIP-seq levels (Figure 3.9 A, B, D, E). These are likely caused, at least in
part, by the decreased levels of RNAPII in spt6-1004, as recruitment of both factors to
chromatin is dependent on RNAPII (Andrulis et al., 2000; Schroeder et al., 2000; Vos et
al., 2018). Interestingly, although RNAPII levels are decreased uniformly over
transcribed regions in spt6-1004 (Figure 3.9C), the levels of Abd1 and Spt5 do not
follow the same trend. Abd1 levels show a greater decrease over the 5’ ends of genes
as compared to the decrease over gene bodies (Figure 3.9A, D). In contrast, the levels
of Spt5 are more affected over the gene bodies as compared to the 5’ ends of genes
(Figure 3.9B, E). This suggests that Spt6 is required for maintaining the levels of Abd1
over the 5’ ends of genes and of Spt5, after its recruitment to the transcription
elongation complex. Finally, the loss of Abd1 occupancy in spt6-1004 was more
prominent at highly expressed genes (Figure 3.9D-F), suggesting a greater dependence
on Spt6 for Abd1 recruitment in these cases. Example occupancy levels of Abd1, Spt5,
and RNAPII at the highly transcribed ACT1 gene are shown in Figure 3.9G. In
summary, our results suggest that Spt6 regulates Abd1 and Spt5 levels over transcribed
regions. However, it remains to be determined if Spt6 plays a direct role in recruitment
of either of those factors.
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Figure 3.9. Comparison of genome-wide occupancies of Abd1, Spt5 and RNAPII in
wild-type and spt6-1004
(A-C) Metagene plots of fold change in Abd1-HA (A), Spt5-V5 (B), and Rpb1 (C)
occupancy in spt6-1004 as compared to wild-type cells for 3522 non-overlapping
protein-coding genes. The occupancy in each genotype has been normalized to their
respective inputs. The purple trace indicates the median value at a given position. The
shaded area represents the interquartile range. (D-F) Heatmaps of fold change in Abd1HA (D), Spt5-V5 (E), and Rpb1 (F) occupancy in spt6-1004 as compared to wild-type
cells for 3522 non-overlapping protein-coding genes. The occupancy in each genotype
has been normalized to their respective inputs. All values that had a log fold change of
below -1 or above 1 are set to -1 and 1 respectively. The genes are arranged in
decreasing order of expression level as determined from RNA-Seq of wild-type cells
(Reim and Winston, unpublished data). (G) Representative traces of Abd1-HA, Spt5-V5
and Rpb1 occupancy in wild-type and spt6-1004 cells at the highly transcribed ACT1
gene.
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Figure 3.9 (continued)
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Discussion
We have identified a role for Spt6 in maintaining the association of transcription
elongation factors with RNAPII. The RNAPII interacting proteins we identified in wildtype cells are similar to those identified in previous studies (Mosley et al., 2013; Tardiff
et al., 2007), indicating that BioTAP-XL can be used to successfully purify protein
complexes in yeast. Of the RNAPII-interacting proteins detected, we identify 58 that
were specifically enriched for RNAPII interactions in either a wild-type strain or in an
spt6-1004 mutant. These included factors previously known to interact with Spt6 (such
as Spt5 and Spn1) as well as factors whose relationship with Spt6 was previously
unknown (such as Abd1 and TFIIH subunits). Our results suggest that the altered
accumulation of some of these factors is due to their reduced protein levels in spt61004, which may either be due to changes in gene expression or protein stability. We
followed up on one of the proteins whose steady-state level remained unchanged in
spt6-1004 – the mRNA cap methyltransferase Abd1. We investigated the requirement of
Spt6 to recruit Abd1 and Spt5 to transcribed regions. The occupancy of Abd1, Spt5, and
RNAPII on chromatin in spt6-1004 is decreased genome-wide, revealing a global
requirement for Spt6 in regulating transcriptional processes.
From our mass spectrometry data, we observed that higher levels of factors
involved in RNA processing and export were associated with RNAPII in spt6-1004
(Table 3.4). However, three of these factors that we tested, Dbp2, Yra1, and Yra2, had
decreased steady state protein levels in spt6-1004 (<50% of wild-type) following a
temperature shift (data not shown), making it unlikely that their association with RNAPII
was increased in the same conditions. Co-immunoprecipitation assays were also unable
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to verify the increased association of Dpb2 with RNAPII in spt6-1004 cells. It is possible
for these factors that despite loss of total protein levels, a higher proportion of the
remaining protein binds to RNAPII transiently, which can be captured only in the
presence of cross-linking.
Using ChIP-Seq, we observed that RNAPII and Spt5 occupancy is decreased
over transcribed regions genome-wide in spt6-1004. Our previous data also showed a
global decrease in RNAPII ChIP-seq signal in spt6-1004 (Chapter 2), although to a
lesser extent. The higher magnitude observed in this chapter might be due to the
presence of the V5 tag on Spt5 in the same strain, leading to genetic interactions
between SPT5 and spt6-1004 that impair transcription. However, we do not observe
any effect of SPT5-V5 on the temperature sensitivity or Spt- phenotypes of spt6-1004.
While RNAPII levels show a uniform decrease over gene bodies, the levels of Spt5
decrease more at the 3’ ends of genes as compared to the 5’ ends, indicating that Spt6
might be required for continued association of Spt5 with RNAPII during transcription
elongation. This is in line with the structure of the transcription elongation complex,
where part of Spt5 is sandwiched between RNAPII and Spt6 (Figure 1.1) (Vos et al.,
2018). Loss of Spt6 might allow dissociation of Spt5, leading to the lower levels of
RNAPII observed genome-wide in spt6-1004.
We showed that the levels of Abd1 are most decreased at the 5’ ends of genes in
spt6-1004. Three possible models can explain this observation. In the first model, the
Abd1 defect at 5’ ends is due to reduced Spt5 occupancy. Other factors independent of
Spt5 might be involved in mediating its recruitment over gene bodies, which could
explain why the Abd1 recruitment defect is lower over gene bodies in spt6-1004. In the
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second model, Abd1 occupancy depends on Spt5 levels throughout the gene and Spt6
plays a role in recruiting Abd1 at the 5’ end. This would explain why we see a greater
defect in Abd1 recruitment at the 5’ end even when the Spt5 recruitment defect is lowest
in this region. A third possibility is that levels of Ser-5 phosphorylated CTD, which is
required for normal recruitment of Abd1 (Schroeder et al., 2000), might be decreased in
spt6-1004. In support of this hypothesis, we also observe decreased RNAPII
association of components of the TFIIH complex, which contains the Kin28 kinase that
phosphorylates the Ser-5 residue of the CTD. Hence, although required for Abd1
recruitment, the role of Spt6 in this process might be through an indirect effect on
transcription.
The decreased association of Abd1 over transcribed regions in spt6-1004 likely
has functional consequences. First, it can affect mRNA capping, possibly leading to the
production of transcripts that have non-methylated mRNA caps. Such incompletely
capped mRNAs are observed even in wild-type cells under stress conditions and the
exonucleases Rai1 and Dxo1 are involved in the recognition and degradation of these
transcripts (Chang et al., 2012; Jiao et al., 2013; Jiao et al., 2010). This indicates that
inefficient mRNA capping can occur under physiological conditions and that the cell has
developed quality control mechanisms to prevent the accumulation of aberrantly capped
transcripts. Second, the decreased association of Abd1 over gene bodies can affect
transcription. Abd1 has been previously observed to positively promote transcription in
yeast as well as in humans (Schroeder et al., 2004; Varshney et al., 2018). Future
experiments will help determine if the reduced interaction of Abd1 with RNAPII may be
contributing to some of the phenotypes observed in spt6-1004.
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Chapter 4:
Summary and perspectives
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This dissertation has focused on the diverse functions of Spt6 in regulating
H3K36 methylation and intragenic transcription, and recruiting factors involved in
transcription. While providing new insights into Spt6 function, our results also raise new
questions about its relationship with other transcription elongation factors, particularly
Set2 and Abd1. In this section, I summarize key results from this dissertation, discuss
some of the open questions that remain to be addressed, and suggest possible
experiments towards answering them.

4.1 Classification of intragenic transcripts on the basis of their regulation by
H3K36 methylation
In chapter 2, we show that SET2sup mutations rescue H3K36me2 in spt6-1004 to
levels greater than in wild-type, and also partially rescue H3K36me3. A question that
remains unanswered from our studies is – To what extent do SET2sup mutations
suppress intragenic transcription caused by an spt6-1004 mutation? Evidence from
previous studies suggests that the restoration of H3K36 methylation by SET2sup
mutations does not suppress all intragenic TSSs in spt6-1004. First, it is likely that not
all intragenic transcription in an spt6-1004 mutant is caused by the loss of H3K36
methylation. This is suggested by the finding that widespread intragenic transcription
occurs in a different spt6 mutant where levels of H3K36me3 are not affected. This
mutant has intragenic initiation from many of the same TSSs used in spt6-1004
(Viktorovskaya and Winston, unpublished data). Consistent with this, previous studies
have shown more widespread intragenic transcription in spt6-1004 compared to set2Δ
(Cheung et al., 2008; Doris et al., 2018; Li et al., 2007; Uwimana et al., 2017; Venkatesh
et al., 2016). Second, preliminary experiments have identified a gene where intragenic
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transcription in spt6-1004 occurs independently of H3K36 methylation. Northern blots
have shown that intragenic transcription at the DSK2 gene in spt6-1004 is not
suppressed by SET2Δ3 (Doris and Winston, unpublished data). In agreement with this
result, DSK2 does not express intragenic transcripts in set2Δ (Venkatesh et al., 2016),
demonstrating that DSK2 intragenic transcription is independent of H3K36 methylation.
Additionally, suppression of H3K36 methylation dependent intragenic transcripts by
SET2sup mutations might also be incomplete due to only partial restoration of
H3K36me3 in spt6-1004 SET2sup strains.
To assay the degree of suppression of intragenic initiation by SET2sup mutations,
we would use transcription start site sequencing (TSS-seq), a technique for quantitative
mapping of the 5’ ends of capped mRNA transcripts genome-wide (Arribere and Gilbert,
2013; Doris et al., 2018; Malabat et al., 2015). TSS-seq would be conducted on wildtype, spt6-1004, spt6-1004 SET2sup, and set2Δ strains to directly measure SET2sup
suppression as well as the dependency of intragenic transcripts on H3K36 methylation
for their expression. Since spt6-1004 cells express both H3K36 methylation dependent
and independent intragenic transcripts, the intragenic TSSs expressed in set2Δ would
be a subset of those expressed in spt6-1004. Intragenic TSSs that are expressed in
spt6-1004 and not in set2Δ would be the ones regulated independently of H3K36
methylation. The identification of such intragenic transcripts would help study the
alternate mechanisms for their regulation (see section 4.4). By comparing the signal of
H3K36 methylation dependent intragenic TSSs (those expressed in set2Δ) in spt6-1004
and spt6-1004 SET2sup mutants, we can determine the extent to which partial
restoration of H3K36me3 can suppress intragenic transcription.
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4.2 Determining the mechanism of Set2 autoinhibition
Our experiments in Chapter 2 characterize point mutations in SET2 that impair its
autoinhibitory domain. However, we do not know the mechanism of autoinhibition. We
made three attempts to detect Set2 intra- and inter-molecular interactions to address
this question. First, attempts to detecting interacting partners of the Set2 autoinhibitory
domain using yeast two-hybrid assays were unsuccessful. Second, we co-expressed
different Set2 fragments and tested for interactions between the autoinhibitory and
SET/SRI domains using co-immunoprecipitation assays. We were unable to detect any
interactions. Third, in an attempt to understand the structural basis of autoinhibition, we
attempted to obtain crystals of the Set2 autoinhibitory domain, either by itself or in
conjunction with the catalytic SET domain. We have not yet been successful in
obtaining protein crystals.
Previous structural studies of autoinhibitory domains in histone
methyltransferases have helped to gain insights into the mechanisms of autoinhibition
(An et al., 2011; Antonysamy et al., 2013; Iglesias et al., 2018; Jiao and Liu, 2015; Qiao
et al., 2011; Zheng et al., 2012). A common mechanism of autoinhibition is to prevent
the catalytic site of the enzyme from accessing its histone substrate. In the case of the
S. pombe H3K9 methyltransferase Clr4, the autoinhibitory region folds back into the
catalytic SET domain, preventing it from interacting with the H3 tail (Iglesias et al.,
2018). Auto-methylation of this region promotes a change in its conformation, allowing
access to the substrate. Related mechanisms exist for the mammalian H3K36
methyltransferases SETD2, NSD1, and ASH1L where, in each case, a region of the
post-SET domain forms an autoinhibitory loop that folds back on the SET domain
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preventing substrate access (An et al., 2011; Qiao et al., 2011; Zheng et al., 2012). It
has been hypothesized that binding to nucleosomes can trigger conformational changes
allowing histone methylation to take place (Li et al., 2009; Qiao et al., 2011). Similar to
Clr4, SETD2 can also methylate itself, however the functional significance of automethylation is not known (Sun et al., 2005). It remains to be determined if automethylation is also observed in Set2 and if it is involved in the regulation of
autoinhibition.
Autoinhibition in Set2 may occur by a previously uncharacterized mechanism as
the autoinhibitory central region of Set2 is predicted to consist of four alpha helices,
unlike the autoinhibitory loops found in the human H3K36 methyltransferases (An et al.,
2011; Qiao et al., 2011; Zheng et al., 2012). While the structure of the SRI domain of
Set2 has been solved (Vojnic et al., 2006), the structure of the rest of Set2 has not been
determined. Structural studies of the full-length Set2 protein will be critical in elucidating
the mechanism of autoinhibition.
A genetic approach may also be taken to help to discern the mechanism of
autoinhibition. PCR mutagenesis of the SET2 gene would be conducted to isolate
mutations that revert the ability of SET2sup mutations to rescue H3K36 methylation in
spt6-1004. Candidates would be screened for those that are still able to methylate
H3K36 in wild-type SPT6 cells to ensure that they are not merely set2 loss-of-function
mutations. Such intragenic suppressors of SET2sup mutations would potentially identify
regions of the Set2 protein that interact with the autoinhibitory region. If successful, such
a genetic screen would provide valuable new SET2 alleles to help understand its
function.
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4.3 Determining the nature of the Spt6 dependence of Set2 activity
Previous studies have shown that Spt6 is necessary for stimulating Set2 activity
in vivo (Cheung et al., 2008; Chu et al., 2006; Youdell et al., 2008). However, the
mechanism by which Spt6 stimulates Set2 activity is not known. The reason for loss of
H3K36me2/3 in spt6-1004 mutant cells could either be because Spt6 is required to
stimulate Set2 activity through direct interactions with Set2 and/or nucleosomes during
histone methylation or because of secondary effects in mutant cells such as an altered
chromatin state or altered gene expression of other factors involved in stimulating Set2
activity. A previous study conducted in vitro assays testing the ability of recombinant
Set2 to methylate sonicated chromatin substrates from wild-type or spt6-1004 cells
(Youdell et al., 2008). Set2 was able to di-methylate but not tri-methylate chromatin
isolated from spt6-1004 cells, suggesting that these cells have an altered chromatin
configuration that is unfavorable for H3K36me3. However, the requirement of Spt6 in
directly stimulating Set2 activity has not been tested.
We would conduct two sets of experiments to test the necessity and sufficiency
of Spt6 for stimulating Set2 activity. In the first experiment, we would test the ability of
soluble whole cell lysates (not containing chromatin) to stimulate Set2 activity in vitro.
Soluble fractions of whole cell lysates from set2Δ cells would be incubated with
recombinant Set2 and nucleosomes, and H3K36me2/3 levels would be assayed by
western blotting. If increased H3K36me2/3 is observed, it would indicate the presence
of proteins in the whole cell extract that are able to promote Set2 activity in vitro. We
would then test if cell extracts immunodepleted of Spt6 are still able to stimulate Set2
activity. If we observe loss of stimulation, it would indicate that Spt6 is necessary for
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promoting Set2 activity, independent of its effects on chromatin or gene expression of
other transcription elongation factors. In the second experiment, we would test if purified
Spt6 protein can stimulate Set2 activity on nucleosomes in vitro. If we observe
increased H3K36me2/3 in the presence of Spt6, it would demonstrate that Spt6 is
sufficient for promoting Set2 activity.

4.4 Identification of additional suppressors of intragenic transcription in spt61004
Our genetic selection for suppressors of intragenic transcription in spt6-1004
identified dominant mutations in a single gene, SET2, which was already known to
regulate intragenic transcription. It would be useful to identify additional factors whose
roles in regulating intragenic transcription have not been as well studied. Two lines of
evidence suggest that additional suppressors remain to be identified. First, as stated
previously, intragenic transcription can occur independently of H3K36 methylation.
Second, a previous study identified htz1Δ as a weak suppressor of intragenic
transcription (Jeronimo et al., 2015). As we did not identify any htz1 mutations in our
experiments, this suggests that our genetic selection was not saturated.
Our selection may have missed suppressors such as htz1 mutations due to the
highly stringent selection conditions that were used. Therefore, the genetic selection
could be repeated using less stringent conditions, including lower concentrations of the
selective agents, 5-FOA and canavanine. This would permit the isolation of more
mutants, including ones that might weakly suppress intragenic transcription. Weak
suppressors of intragenic transcription would likely provide new information. For
instance, if an activator of intragenic transcription was essential for viability, only
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mutations that partially affect its function could be isolated. Such mutations might only
weakly suppress intragenic transcription, but still enable identification of a previously
unknown regulator. Identification of novel suppressors of intragenic transcription would
help us to gain a better understanding of the diverse mechanisms involved in its
regulation.
Additional suppressors of intragenic transcription could also be identified using a
different genetic background or reporter system for intragenic transcription. For
example, conducting the selection in a set2Δ spt6-1004 double mutant would prevent
the isolation of the class of SET2 suppressors that we have already identified.
Alternatively, reporters could be constructed at intragenic TSSs that are expressed
independently of H3K36 methylation, such as DSK2. Conducting a genetic selection
with such a reporter system should yield suppressor mutations in genes other than
SET2.

4.5 Characterizing the requirement for Abd1 during transcription
Our ChIP-seq results from Chapter 3 show that Abd1 is recruited primarily at the
5’ ends of genes, but remains associated throughout the gene bodies in wild-type cells.
This raises the question: What is the function of Abd1 during transcription elongation?
Previous experiments in yeast have shown that Abd1 is required for normal levels of
transcription at a few highly transcribed genes (Schroeder et al., 2004). Similarly,
studies in humans have shown that RNMT (the Abd1 ortholog) interacts with nascent
RNAs during transcription elongation and promotes both mRNA synthesis and RNAPII
occupancy genome-wide (Varshney et al., 2018). The genome-wide requirement for
Abd1 in transcription has not been studied in yeast.
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As Abd1 is essential for viability, the requirement for Abd1 in transcription could
be assayed after conditional depletion using the AID degron (Nishimura et al., 2009) or
nuclear depletion using the anchor-away system (Haruki et al., 2008). This would be
advantageous compared to the use of temperature-sensitive abd1 alleles, which might
accumulate secondary effects such as changes in gene expression of other factors
regulating transcription that might contribute to the phenotype. Native elongating
transcript sequencing (NET-seq), which maps the 3’ ends of nascent mRNA transcripts
at single-nucleotide resolution (Churchman and Weissman, 2011), could be used to
compare the occupancy of transcriptionally active RNAPII before and after depletion of
Abd1. The results from such an experiment would provide new insights into the
requirement of Abd1 for normal transcription. Similar assays could be conducted after
depleting Abd1, but while expressing a catalytically dead abd1 mutant, to determine if
the transcriptional defects observed are dependent on its mRNA cap methylation
activity.

4.6 Functional implications of the reduced association of Abd1 with RNAPII in
spt6-1004
Given the known function of Abd1, its reduced association with RNAPII in spt61004 likely affects mRNA capping. The level of capped and uncapped transcripts in
spt6-1004 could be quantified by conducting immunoprecipitation of 7mG-capped
mRNAs followed by RT-qPCR for specific genes, comparing the levels from the
immunoprecipitated sample to total RNA levels (Jiao et al., 2010; Munns et al., 1982).
The exonucleases Rai1 and Dxo1 are involved in the degradation of incompletely
capped mRNA transcripts produced under physiological conditions (Chang et al., 2012;
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Jiao et al., 2013; Jiao et al., 2010). Hence, the cap immunoprecipitations would be done
in a condition where Rai1 and Dxo1 are depleted to enable detection of uncapped
transcripts.
We also observed that abd1 mutants are synthetically lethal with spt6-1004.
Since Abd1 association with RNAPII is already decreased in spt6-1004, it is possible
that further reducing Abd1 function in an spt6-1004 background causes inviability.
However, this result was not specific for abd1 mutants, as one ceg1 mutant was also
synthetically lethal with spt6-1004, even though the association of Ceg1 with RNAPII
was mostly unaffected in spt6-1004. Hence, further genetic characterization needs to be
done to determine the specificity of the ABD1-SPT6 genetic interaction.
If decreased Abd1 association with RNAPII is the cause of any spt6-1004
phenotypes, then abd1 mutants might have similar phenotypes as an spt6-1004 mutant,
something that has not yet been tested. Furthermore, overexpression of ABD1 might
rescue spt6-1004 mutant phenotypes. The temperature sensitivity of abd1-5 and abd1-8
can be rescued by overexpressing SAM1, which encodes an S-adenosyl methionine
(SAM) synthetase or CDC34, which encodes an E2 ubiquitin ligase; or by providing a
higher concentration of SAM in the growth media (Schwer et al., 2000). It would be
intriguing to test if those conditions suppress spt6-1004 mutant phenotypes as well,
which would further support the hypothesis of impaired Abd1 function leading to spt61004 mutant phenotypes.
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Appendix 1:
A computational pipeline for identifying genomic variants from whole genome
sequencing data
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Introduction
The budding yeast, Saccharomyces cerevisiae, is a well-established model
organism for conducting genetic analyses. Genetic selections and screens in yeast are
used to identify genes required for a particular function or process (Forsburg, 2001).
Such screens and selections begin with the isolation of mutants that exhibit a desired
phenotype. This is followed by the identification of candidates for causal mutations. With
the advent of next-generation sequencing, whole genome sequencing, sometimes
paired with bulk-segregant analysis, has emerged as a powerful approach to identify
mutations (Birkeland et al., 2010; Brauer et al., 2006; Wenger et al., 2010).
Whole genome sequencing is a technique used to determine the entire DNA
sequence of an organism in a single experiment (Ng and Kirkness, 2010). To use the
Illumina platform, whole genome sequencing involves the isolation of genomic DNA and
shearing the DNA to obtain smaller fragments of approximately 100-500 basepairs.
These DNA fragments are then end repaired and ligated to sequencing adapters, which
contain the DNA sequence complementary to the sequencing primer as well as to the
DNA sequences required for binding to the sequencing flow cell. The adapter-ligated
DNA fragments are amplified by PCR and sequenced. The resulting DNA sequences
are then aligned to a reference genome. The steps involved in building a DNA library for
whole genome sequencing are illustrated in Fig. A1.1. Given the well assembled and
annotated S. cerevisiae reference genome (Cherry et al., 1997; Cherry et al., 2012),
single-nucleotide polymorphisms (SNPs) and small insertions/deletions (indels)
(collectively referred to as variants) can be identified easily using computational tools.
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Figure A1.1. Schematic depicting the steps involved in constructing DNA libraries
for whole genome sequencing.
Genomic DNA isolated from yeast cells is sheared by sonication. The sonicated DNA is
end repaired to generate blunt ends. A single deoxyadenosine nucleotide is added to
the 3' ends of the end repaired DNA to create a 3' A overhang. The A-tailed DNA is then
ligated to Y-adapters that have a complementary 5' T overhang. The adapter ligated
DNA is amplified using PCR primers that add sequences necessary for binding to the
Illumina flow cell. The PCR amplified DNA is sequenced in an Illumina machine.
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Figure A1.1 (continued)
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Given the small size of the S. cerevisiae genome, approximately 12.5 Mb, it is possible
to sequence the genomes of several different strains together (a process known as
multiplexing), with the number of strains depending upon the capacity of the sequencer.
Multiplexing is carried out by including a barcode sequence specific to each sample in
the sequencing adapters (Meyer et al., 2007; Wong et al., 2013).
Here, we describe a bioinformatic pipeline for the identification of genomic
variants from whole genome sequencing data. This pipeline can be used to identify
variants from data generated by directly sequencing mutants without putting them
through additional genetic crosses or from data obtained following bulk-segregant
analysis. The pipeline can be used for processing sequencing data from S. cerevisiae
and S. pombe. It can also be adapted to identify variants in any other yeast that has a
well-assembled and annotated genome.

Overview of pipeline
There are multiple tools and packages available for analysis of sequencing data
and identification of genomic variants (Sandmann et al., 2017). We have developed a
custom workflow using Snakemake (Koster and Rahmann, 2012) for analysis of whole
genome sequencing data that uses GATK (DePristo et al., 2011; McKenna et al., 2010;
Van der Auwera et al., 2013) for variant calling and filtering. This pipeline is available at
https://github.com/winston-lab/wgs-pipeline. The basic steps involved in the pipeline are
listed below.
1. Demultiplex the FASTQ files and perform quality trimming of reads. The reads from
the sequenced fastq file are demultiplexed according to the inline barcode
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sequences using the fastq-multx command (Aronesty, 2011). Each demultiplexed
fastq file is then subjected to quality trimming using cutadapt (Martin, 2010).
2. Align reads to the reference genome. The sequenced reads are aligned to the
reference genome using Bowtie2 using default parameters (Langmead and
Salzberg, 2012). Other alignment tools such as bwa (Li and Durbin, 2009) can also
be used for this step.
3. Remove multiple aligners and add read groups. Reads that map to more than one
location are removed using samtools (Li et al., 2009). Read groups are added to the
BAM file using picard (http://broadinstitute.github.io/picard/). This is required to get
the data in the right format for GATK to call variants.
4. Call and filter variants. Variant calling is done using the HaplotypeCaller command
as part of the GATK suite of tools. This is followed separating indels and SNPs, and
filtering each set of variants according to standard recommended settings (Van der
Auwera et al., 2013).
5. Remove variants present in the parent sample. The variants identified so far are with
respect to the reference genome. The variants that are present in the mutant
samples as well as the parental strains are identified and filtered out. These are not
likely to be causal variants.
6. Annotate the variants. Using an annotation file derived from SGD
(https://www.yeastgenome.org/; for S. cerevisiae) or from Pombase
(https://www.pombase.org/; for S. pombe), the variants are annotated as being
intergenic or within the coding regions of genes.
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The final output of the pipeline is a list of SNPs that are ordered according to the
quality score of the variant call generated by GATK. This gives a short list of candidate
variants that can be tested for causality by reconstructing the mutation in the parental
strain. A recent study that conducted bulk segregant analysis reported the probability of
finding a non-causal variant with an allele frequency greater than or equal to 0.67 in the
mutant pool to be 5% (Coelho et al., 2019), which can be used as a threshold to further
shortlist candidates. This number may vary based on the strain background, number of
spores pooled and sample preparation methods.
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