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Abstract

Spt5 facilitates transcription through nucleosomes in vivo

Michael Jake Doody

The key proteins that function during eukaryotic transcription elongation are likely to
have all been identified, but in vitro reconstitution of this process remains incomplete.
Nucleosomes inhibit transcription elongation in vitro and in vivo. However, actively
transcribed genes in vivo remain nucleosomal. Thus, there must be some mechanism(s) that
overcomes the nucleosomal barrier to transcription elongation and subsequently restores
nucleosomes. Spt5 is a universally conserved transcription elongation factor thought to play a
role in this process. However, the in vivo relevance of Spt5 for transcription through

nucleosomes remains uncertain.

Here we present evidence that Spt5 facilitates transcription through nucleosomes in
vivo. Chapter 1 summarizes the literature and current gaps in our knowledge of transcription
elongation through chromatin. Chapter 2 presents a novel of class of histone H3 mutations
that suppress spt5-242, a transcription elongation defective mutation that genetically interacts
with chromatin regulators. These H3 mutations disrupt transcribed chromatin, and result in
reduced nucleosome density at the 3’ ends of genes. Single-molecule analysis of one of
these mutations revealed that nucleosomes predicted to be stable are selectively lost from
the body of PHO5 when it is actively transcribed. The selective loss of stable nucleosomes is
also observed genome wide. Furthermore, we describe spt5 mutations with chromatin
disruption phenotypes that cluster in a poorly conserved region of Spt5 that we name the
NGN-Proximal Region (NPR). AlphaFold predicts that the Spt5 NPR has structure in many
organisms. We propose that the NPR functions as a hinge to dynamically facilitate

transcription through nucleosomes.



Chapter 3 describes genetic suppressors of one of the h3 mutations described in
chapter 2. Loss of sgf73/hfil SAGA, ubp10, chdl, or spt5 function all suppress the
temperature sensitive growth defect of this histone mutation. We establish an epistatic
relationship between the h3 genetic suppressors and key enzymes that function during
transcription elongation: Rad6 and Gecnb. These results suggest that RSC chromatin
remodeler and/or Spt16 function work in collaboration with Spt5 to transcribe through

nucleosomal DNA.

The concluding Chapter 4 summarizes the main findings throughout this work and its

relation to the knowledge gaps identified in Chapter 1.
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Chapter 1

Introduction

Diversification and specialization of gene regulation is a common evolutionary
strategy in development. In general, an input (or condition) is interpreted by regulatory
macromolecules and an output is produced. This scheme is used at: the different stages of
RNA transcription, protein translation, post-transcriptional and post-translational events
during gene expression. Defective gene regulation can result in human pathologies and is
associated with many cancers. This thesis focuses on understanding the mechanisms of
Eukaryotic RNA transcription in S. cerevisiae (budding yeast) with an emphasis on RNA

transcription elongation.

General foundations of transcription, RNA polymerase, and gene structure

Eukaryotes express at least three different forms of RNA polymerase each of which
transcribes a distinct region of the genome. RNA polymerase | (pol I) transcribes 25S
ribosomal RNA, and RNA polymerase Il (pol Ill) transcribes tRNA genes. In contrast to pol |
and pol 1, which transcribe a small number of genes and RNA polymerase Il (pol II)
transcribes the many thousands of protein coding genes, as well as non-coding RNA

(ncRNA), and some small structural RNAs.

RNA transcription is generally regulated at three consecutive steps: initiation,

elongation, and termination.

Gene architecture dictates transcription regulation. A promoter functions to recruit
RNA pol and defines where transcription initiates. At the promoter, RNA polymerase
undergoes abortive transcription initiation and has repetitive rounds of short RNA synthesis
until a transcript of sufficient length is made and RNA pol clears the promoter. Once RNA pol

has escaped the promoter, it transitions into transcription elongation and normally continues



transcription until a transcription termination signal is encountered. Once the transcription
termination signal is encountered, the enzyme undergoes another transition into a termination

state and subsequently halts transcription.

Both transcription initiation and termination are regulated by DNA sequence. General
transcription factors recognize promoter elements through their DNA-binding-domains
(DBDs). This recognition of a nucleic acid sequence (cis) by a protein (trans) is referred to as
a cis/trans regulatory system. During transcription elongation the RNA polymerase will
transcribe a region of DNA that encodes a cis-element that is recognized in the transcribed
RNA — the poly-adenylation signal. The trans Cleavage and Polyadenylation Stimulating
factors (CPSF) recognizes this cis element. CPSF cleaves the nascent RNA chain, releasing
it from RNA pol Il and setting the stage for transcription termination. In contrast to initiation
and termination, transcription elongation is not known to be regulated by cis elements in

genes.

Spt5: a multi-domain transcription elongation factor

Spt5/NusG is the only known transcription elongation factor that is universally
conserved and essential for life. Phylogenetic comparisons show that the minimal form of
Spt5 contains an unstructured N-terminus, the NGN domain that binds over the large RNA
pol cleft (Fig. 1-1), and a Kyrpides, Ouzounis, Woese (KOW) domain (Kyrpides et al. 1996).
KOW domains have also been found in some ribosomal proteins and have been shown to
bind RNA. Whereas NusG functions as a monomer, eukaryotic and Archaeal Spt5 associate
with a small zinc-finger protein, Spt4 (Hartzog et al. 1998; Guo et al. 2008) eukaryotes Spt5
has expanded the number of KOW domains and has gained a post-translationally modifiable

carboxy terminal repeat (CTR) region (Fig 1-2).

Regulation of transcription elongation: rate and processivity



RNA polymerases must transcribe from the beginning to the end of a gene to make a
functional product. In budding yeast, RNA pol Il genes can vary from ~50-15,000 nucleotides
in length while the longest gene in humans, dystrophin, is ~1.7 million bp (Tennyson et al.
1995). There are at least two mechanisms by which transcription elongation is regulated:
alteration of transcription elongation rate or processivity. Transcription elongation rate
determines the time it takes to synthesize the RNA transcript and processivity refers to the
ability of the enzyme to transcribe from the site of transcription initiation to the correct site of

transcription termination.

Pol Il transcription elongation processivity may vary between organisms but
stabilizing RNA pol/DNA engagement appears to be conserved across evolution. There are
five core RNA pol Il subunits conserved across eubacteria, archaea, and eukaryotes. Six
additional subunits are present in eukaryotes/archaea and only eukaryotes have a seventh
additional subunit- Rpb9 (Barba-Aliaga et al. 2021). The catalytic center of pol Il is primarily
set by Rpo21 (Rpbl) and different rpo21 mutations have been found that can either increase
or decrease the transcription elongation rate (Viktorovskaya et al. 2013; Qiu et al. 2016), and
RNA pol transcription elongation rate can be allosterically regulated (Zumer et al. 2021).
RNA pol has a dedicated nucleotide funnel ‘below’ the polymerase that delivers nucleotides
to the active site. RNA pol that is transcriptionally engaged with DNA has a large ‘open cleft’
where the downstream DNA, unwound non-transcribed DNA, and recently rewound upstream
DNA is exposed and not covered by the polymerase (Fig. 1-1A). The NGN domain of
NusG/Spt5, Spt5 from here on out, binds RNA pol at the open cleft (Fig. 1-1B) and acts as a
processivity factor to keep the RNA pol engaged with actively transcribed genes. This protein

also engages with and stabilizes the upstream DNA duplex (Kang et al. 2018).

RNA pol transcription elongation states



Both transcription elongation rate and processivity depend upon the catalytic cycle of
RNA chain synthesis by RNA pol. The RNA pol can transition between a pre- and post-DNA
translocation state, depending on whether a rNTP has entered the active site, upon which,
nucleic acid synthesis can occur with the correct NTP and the cycle repeats until
transcription terminates, or the enzyme enters a non-productive ‘paused’ state (Fig. 1-3). The
paused state is a native state the enzyme can enter. Pausing can also be provoked by DNA
sequence transcribed or barriers to transcription such as nucleosomes or DNA lesions.
Paused polymerases are prone to backtracking. In this backtracked state the RNA pol moves
backwards, across the DNA sequence which it previously transcribed and single-stranded
RNA pokes out through the nucleotide funnel. In vitro studies suggest that RNA polymerase
is unable to recover from backtracking on its own. Rather, an accessory factor, TFIIS,
stimulates cleavage of the exposed RNA in the nucleotide funnel, resetting RNA pol in a

productive elongation state. This process conserved in evolution (Lisica et al. 2016).

Spt5 regulates transcription elongation by modulating RNA pol pausing and
promoting forward translocation. Bacterial Spt5 inhibits entry into the pre-DNA translocation
state from the post-DNA translocation state and entry into long-lived paused states (Herbert
et al. 2010). Human Spt5 also promotes transcription in vitro under limiting nucleotide
concentrations (Wada et al. 1998). This suggests that Spt5 can distinctly affect both the

processivity and elongation rate of RNA pol during transcription elongation.

Positive and negative transcription regulation by Spt5

Spt5 is essential for life. This limits in vivo analyses to examination of partial loss of
function mutations or the effects of acute depletion of Spt5. Depletion of Spt5 results in
decreased transcription elongation in many organisms (Shetty et al. 2017; Henriques et al.
2018; Uzun et al. 2021) and at candidate genes (Komori et al. 2009; Quan and Hartzog 2010;

Diamant et al. 2016; Kramer et al. 2016), consistent with a role in positively regulating



transcription elongation. Interestingly, Spt5 can also negatively regulate transcription

elongation.

Spt5 was originally identified as a mutation that genetically suppressed the
transcription defects associated with insertion of the Ty retrotransposon (suppressor of Ty;
SPT) at the HIS4 and LYS2 genes in budding yeast (Winston et al. 1984). In vitro
experiments showed that Spt5 and Spt4 is necessary for inhibition of transcription elongation
by 5,6-dichlor-1-B-D-ribofuranosylbenzimidazole (DRB), a compound which causes RNA pol
to pause and/or prematurely terminate transcription elongation, and was coined
DRBsensitivity-inducing factor (DSIF) (Wada et al. 1998). DRB inhibits a kinase, P-TEFD,
which phosphorylates the CTR of Spt5 (Kim and Sharp 2001; Yamada et al. 2006), the CTD
of RNA pol Il (Marshall et al. 1996), and the protein complex Negetive Elongation Factor
(NELF) (Fujinaga et al. 2004). NELF binding to RNA pol elongation complexes (EC) distorts
the EC and hinders rNTP binding and restrains RNA pol mobility by binding the trigger loop
and can contact the exiting transcribed RNA and Spt5 KOW domains (Vos et al. 2018).
Further, NELF prevents TFIIS from binding the EC in vitro (Vos et al. 2018). The CTR plays
an important role in metazoan RNA pol promoter proximal pausing. However, the CTR is not
essential for viability (Komori et al. 2009; Shetty et al. 2017) and PTEF-b can phosphorylate
the Linker-3 region of human Spt5 (Sanso et al. 2016). Consistent with this, NELF is not
universally conserved across eukaryotes nor present in prokaryotes and archaea. Further,
promoter-proximal pausing of RNA pol is not observed in every organism. Lastly, Spt5 has
been shown to suppress anti-sense transcription(Peters et al. 2012; Booth et al. 2016;

Henriques et al. 2018).

Temporal association of Spt5

Spt5 is proposed to function after transcription initiation. Under conditions in which

transcription initiation is inhibited in human cells, RNA pol Il is dynamically turned over at



gene promoters and Spt5 does not associate with these complexes (Erickson et al. 2018). In
vitro microscopy experiments with yeast nuclear extracts show that Spt5 associates with pol
Il when NTPs are added and transcription occurs (Rosen et al. 2020). In eukaryotes, the pol
Il binding site for general transcription factor TFIIE involved in formation of the pol Il initiation
complex overlaps that for Spt5. Similarly, in archaea, the TFIIE homolog TFE competes with
Spt5 for binding the clamp domain of archaea RNA pol (Grohmann et al. 2011). Genomic
studies also show a temporal transition of RNA pol complexes and association and
dissociation of the many proteins that function during transcription (Mayer et al. 2010). In
prokaryotes there is an observed correlation with Spt5 association and the length of the
bacterial transcription unit (Mooney et al. 2009). In Archaea and Eukaryotes, Spt5 associates
with RNA pol throughout the transcribed gene body (Rahl et al. 2010; Mayer et al. 2010;

Smollett et al. 2017).

Recruitment of Spt5

How Spt5 is recruited to RNA pol remains unclear. Some Prokaryotes have a Spt5
paralog, RfaH, which recognizes a short hairpin structure — ops — in the non-transcribed DNA
sequences at a subset of genes (Artsimovitch and Landick 2002; Kang et al. 2018). The ops
sequence is present just downstream the transcriptional start-site and induces RNA pol to
pause at this sequence, allowing RfaH recruitment. While the NGN of Spt5 does not
recognize the ops, it does contact the non-transcribed DNA strand (Meyer et al. 2015;
Crickard et al. 2016; Ehara et al. 2017; Bernecky et al. 2017). However, this does not appear

to be a universal Spt5 recruitment mechanism.

Physical interaction between Spt5 and RNA may be necessary for eukaryotic Spt5
recruitment. Spt5 binds more tightly to RNA pol when RNA is synthesized (Cheng and Price
2008; Bernecky et al. 2017), nascent RNA is required for yeast (Crickard et al. 2016) and fly

(Missra and Gilmour 2010) Spt5 to bind the elongation complex in vitro. While the KOW



domains adopt a similar structure, not all Spt5 KOW domains directly interact with nucleic
acids. One study showed that only KOW1-Linker1 region of yeast Spt5 interacts with nucleic
acids (Meyer et al. 2015), a different study showed that human KOW4 preferentially binds
single-stranded RNA (Zuber et al. 2018), and a final study showed that the conserved NGN
domain and Spt4 binding interface is sufficient for Spt5/RNA physical interaction (Blythe et al.

2016).

Both protein-protein and protein-RNA interactions appear to be necessary for Spts
recruitment. In different human cell lines, the MYC transcription factor physically interacts
with Spt5 through Spt5’s N-terminus and recruits Spt5 to promoters (Baluapuri et al. 2019).
Spt5 physically interacts with many different proteins that function at different stages of
transcription elongation (Krogan et al. 2002b; Lindstrom et al. 2003; Joo et al. 2019); Spt5
may be co-recruited with proteins that function during early transcription elongation. For
example, Spt5 associates with and stimulates the capping enzyme, which adds the 5’ cap to
MRNA transcripts as they emerge from pol Il (Rasmussen and Lis 1993; Chiu et al. 2002).
Spt5 also binds the Polymerase Associated Factor 1 complex (Paf1C), a large multi-protein
complex that associates with RNA pol Il and also functions as a transcription elongation
factor (Hou et al. 2019; Francette et al. 2021). Both the mRNA capping enzyme and Pafl1C,
are recruited to pol Il via its phosphorylated CTD (Squazzo et al. 2002; Lindstrom et al. 2003;
Kachaev et al. 2020; Francette et al. 2021). However, the Paf1C is not essential for viability in
yeast and in vitro time course experiments that block CTD phosphorylation show that Spt5 is
still recruited to pol Il (Joo et al. 2019). Spt5 makes multiple contacts with pol Il and
associated factors, it remains to be determined which of these mediates recruitment. Outside
of Spt4, a systematic study examining what proteins Spt5 physical interacts with when not

engaged with RNA pol Il has not been reported.

Two themes are consistent across studies from all domains of life with respect to

Spt5 recruitment to RNA pol.



I) RNA polymerase must shed transcription initiation factors before Spt5 association

As mentioned previously, TFIIE/TFE and Spt5 binding to RNA pol is mutually
exclusive. Similarly, the o general transcription factors in prokaryotes and Spt5 binding to

RNA is also mutually exclusive (Yang et al. 2021).

II) A physical/structural barrier to RNA pol transcription elongation.

Spt5 in archaea and eukaryotes binds to genes just after the promoter and is present
across the transcribed gene body(Rahl et al. 2010; Mayer et al. 2010; Smollett et al. 2017). In
contrast, Spt5 in prokaryotes appears to bind genes stochastically and is correlated with gene
length (Mooney et al. 2009). Difficult to transcribe DNA, structured hairpins in the non-
transcribed sequences, and nascent RNA folding can halt RNA transcription in prokaryotes
(Wang and Artsimovitch 2021). Nucleic acid sequence barriers can explain prokaryotic Spt5
recruitment. One clear example is the ops element that recruits RfaH (Kang et al. 2018). In E.
coli and B. subtilis there are consensus pausing motifs which cause RNA pol to pause
transcription (Larson et al. 2014; Yakhnin et al. 2020). Longer genes may be enriched with
pausing sequences compared to shorter genes, which can explain the correlation between
Spt5 gene association and gene length in prokaryotes. In yeasts there is some evidence for
nucleic acid mediated Spt5 function (Blythe et al. 2016; Shetty et al. 2017), but this does not
appear to be a genome-wide process or seen in other eukaryotes. However, protein barriers
to transcription elongation are present in both archaea and eukaryotes over gene bodies and
can provide a temporal window for Spt5 recruitment to paused RNA pol after transcription
initiation.

Histones and histone like proteins

Eukaryotes package DNA into a chromatin (DNA/protein) structure. The principal unit

of chromatin is the nucleosome: 147 bp of DNA wrapped around an octameric protein core.



Histones comprise this protein core and four histones are present in two copies each. There
is @ common structure to each histone: an acidic N-terminal tail, a histone-fold-domain. Each
histone is minimally bound as a dimer through a histone-fold-domain interface. Histone H3
dimerizes with histone H4 and histone H2A dimerizes with histone H2B. In the context of the
nucleosome, two histone H3-H4 dimers form a tetramer through the C-terminal alpha-helix of
histone H3 and two histone H2A-H2B dimers flank the H3-H4 tetramer which creates a

symmetrical dyad structure.

The principal chromatin system of archaea, prokaryotes, and viral vectors is largely
distinct. Archaea have a diverse set of proteins which can bind, bend, and package DNA
(Henneman et al. 2018; Laursen et al. 2021). Structural comparison of archael HMfB shows
the same histone-fold-domain interface seen in eukaryotic histones (Bailey et al. 2002). Most
archaea histone like proteins lack an acidic N-terminal tail (Laursen et al. 2021). Interestingly,
HMfB can form nucleosome like structures with three HMfB dimers wrapping around 90 bp of
DNA (Mattiroli et al. 2017). Prokaryotes employ Nucleoid-Associated Proteins (NAP) to
organize their genome. These proteins are small and have generally have a basic charge
(Dame and Tark-Dame 2016). One interesting NAP is the histone-like nucleoid structing (H-
NS) protein. H-NS has target nucleation sites in the E. coli genome, where it can spread and
form bridged filamentous structures (Kotlajich et al. 2015; Grainger 2016). Nuclear DNA
viruses can assemble their genomes into chromatin inside their host, but, do not have
nucleosome assembled DNA in their capsid (Lieberman 2008). Some nucleocytoplasmic
large DNA viruses contain histone-like proteins that have homologs of histone H4 fused to H3
and histone H2B fused to H2A and form nucleosome-like structures (Liu et al. 2021). Viral
encoded proteins have been coopted in dinoflagellates, a unicellular eukaryotic algae, and

may explain the dinoflagellates unique chromatin divergence (Irwin et al. 2018).

Nucleosomes are barriers to transcription elongation in vitro



RNA polymerase is capable of synthesizing transcripts from naked DNA under
appropriate reaction conditions, but the presence of nucleosomes inhibits RNA pol. A single
nucleosome is sufficient to block transcription elongation in vitro (Izban and Luse 1991). The
histone H3-H4 tetramer, which wraps the majority of the DNA in the nucleosome (Luger et al.
1997), is sufficient to provide a major barrier to transcribing RNA pol (Chang and Luse 1997).
Nucleosomes wrapped with different DNA sequences have different barrier strengths to
transcribing RNA pol (Bondarenko et al. 2006). Interestingly, the bacteriophage SP6 RNA
polymerase is not inhibited by nucleosomes in vivo (Bondarenko et al. 2006). This suggests
that nucleosomal inhibition to transcription elongation is not a general feature of RNA
polymerase. Interestingly, both archaea RNA pol elongation is inhibited by HTkB histone
isoforms (Sanders et al. 2019) and prokaryotic RNA pol elongation is inhibited by H-NS

(Kotlajich et al. 2015) in vitro.

Do nucleosomes inhibit transcription in vivo?

Most eukaryotic DNA is wrapped in nucleosomes and presents a repeating barrier
over the transcribed gene body. Unlike gene bodies, promoters are often depleted of
nucleosomes and are sometimes referred to as Nucleosome Depleted Regions (NDRs). DNA
sequence can facilitate NDR formation. Genome-wide nucleosome reconstitution
experiments in yeast show that in vitro NDRs are similar to in vivo nucleosome mapping
(Kaplan et al. 2009). Transcription activators can directly and indirectly form NDRs. A
systematic study in yeast has shown that transcription factors can have varying strengths in
displacing nucleosomes (Yan et al. 2018). While access to DNA wrapped around the
nucleosome is restricted, some transcription factors can directly interact with nucleosomal
DNA and structurally reorganize the complex (Morgunova and Taipale 2021). For
transcription factors that can’t bind to nucleosomal sequences or displace nucleosomes on
their own, transcriptional activators can recruit ATP-dependent chromatin remodelers.

Nucleosome formation is thermodynamically favorable (Mack et al. 2012). By expending ATP
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energy, these chromatin remodelers can overcome this energy barrier and either slide
nucleosomes away from transcription factor binding sites or physically disassemble the

nucleosome (Hirschhorn et al. 1992; Kwon et al. 1994; Boeger et al. 2004; Lorch et al. 2011).

The nucleosome is a general repressor of transcription in vivo. Depletion of histone
H4 in yeast can induce the expression of individual reporter genes (Han and Grunstein 1988),
and can either increase or decrease the expression of a subset of genes using microarrays
(Wyrick et al. 1999). An analogous study depleting histone H3 from yeast used modern
techniques (MNase-seq, RNA-seq) identified that ~2,500 genes become de-repressed and
that nucleosomes are more likely to be lost over promoters (Gossett and Lieb 2012). This is
consistent with in vitro experiments that show nucleosomes inhibit transcription initiation
(Knezetic and Luse 1986). Altering the expression levels of histones in vivo affects
transcription (Clark-Adams et al. 1988) and can lead to in-viability (Libuda and Winston

2006).

Direct disruption of nucleosome function can result in loss of gene repression. The
positively charged N-terminal histone tails help stabilize the nucleosome and aid in formation
of compacted higher-order nucleosome structures (lwasaki et al. 2013; Ghoneim et al. 2021,
Stormberg et al. 2021). Truncation of the histone H4 N-terminus decreases chromatin
compaction in yeast (Hsieh et al. 2015) while truncation of the histone H3 N-terminus can de-
repress genes and lead to transcription hyperactivation (Mann and Grunstein 1992). Both H3

and H4 N-termini are simultaneously essential for viability (Ling et al. 1996).

Mutagenic screens in yeast have identified several different classes of histone
mutations that function in gene repression. Mutant screens of histone H2B and H2A function
have been reported and a searchable histone mutant database exists (Huang et al. 2009).
However, this work focuses on histone H3 and H4. The Irs- class of mutations affect

telomeric, rDNA, and mating type locus silencing (Park et al. 2002). The sin- class of
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mutations bypasses the Swi/Snf chromatin remodeler function for transcription activation
(Kruger et al. 1995). The bur- class of mutations bypasses the need for up-stream activating
sequences that are targets for transcription activators (Prelich and Winston 1993). Screens
for general transcription (Duina and Winston 2004), cryptic transcription initiation (Cheung et
al. 2008), and transcription-couple nucleosome occupancy (Hainer and Martens 2011)

defects have also been reported.

Nucleosome fate during transcription

Nucleosome dynamics and occupancy is context specific in vivo. At active promoters
nucleosomes have high turnover rates (Dion et al. 2007; Rufiange et al. 2007). This suggests
that nucleosomes that are removed by chromatin remodelers at promoters are replaced with
new nucleosomes. When histones are not assembled into nucleosomes, they can form
insoluble aggregates in vitro. Histone chaperones can interact with histone dimers and
tetramers and increase histone solubility as well as facilitate both nucleosome assembly. In
contrast to promoter nucleosomes, only histone H2A/H2B dimers appear to exchange in the
ORF and the (H3-H4)2/nucleosome core appear ‘static’ and have limited turnover relative
(Dion et al. 2007; Rufiange et al. 2007). Even though nucleosomes are strong barriers to
transcription elongation in vitro and promote gene repression in vivo, actively transcribed
gene bodies remain associated with nucleosomes which are not evicted (Radman-Livaja et
al. 2011; Brown et al. 2013). pol Il must recruit auxiliary factors that aid in nucleosomal

bypass in vivo during transcription elongation.

There are two mechanisms for removal of the RNA pol nucleosomal barrier in vitro.
Histone chaperones can disassemble nucleosomes to decrease the nucleosome barrier to
transcription in vitro. FACT (Facilitates Chromatin Transactions) was identified as an in vitro
factor that allowed RNA polymerase to transcribe through nucleosomal DNA (Orphanides et

al. 1998). Interestingly, FACT also acts with p-TEFb to relieve DSIF’s negative transcription
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elongation function in a dose-dependent manner in vitro (Wada et al. 2000). RNA polymerase
can occasionally directly transcribe through nucleosomes in vitro. The spontaneous
unwrapping of DNA from the nucleosome core can facilitate access for RNA pol (Li et al.
2005) and nucleosomes can be either ejected from DNA or retrained (Lorch et al. 1987;

Kulaeva et al. 2009).

RNA polymerase transcription through the nucleosome alters the state of the
nucleosome. Histone H2A/H2B dimers often dissociate and a nucleosome ‘hexamer’
containing the (H3-H4)2 tetramer and one H2A-H2B dimer remain associated with the
transcribed DNA (Kireeva et al. 2002). Formation of the hexamer is critical for RNA
polymerase nucleosome retention through an upstream DNA-loop transfer mechanism
(Kulaeva et al. 2009). Transcription elongation rate alters the formation of hexamers. As the
RNA transcription elongation rate increases so does the generation of retained hexamers

(Bintu et al. 2011).

Nucleosome states alter transcription in vitro

The nucleosomal state affects mechanisms of RNA polymerase transcription through
the nucleosome. Removal of the proximal histone H2A-H2B dimer can stall transcription
through the nucleosome (Kulaeva et al. 2009). This proximal histone H2A-H2B dimer also the
first major nucleosomal barrier to RNA pol, followed by the histone (H3-H4)2 tetramer
(Bondarenko et al. 2006). The sin histone mutations that derepress promoter chromatin
increase the transcription rate though the nucleosome. Optical tweezer experiments show
that histone H3 and H4 sin alleles increase transcription through the nucleosome and
decrease nucleosomal RNA pol pausing (Bintu et al. 2012). Bulk in vitro analysis suggests
that the increased nucleosomal transcription in sin mutants leads to increased nucleosome
eviction, instead of the observed retention in the optical tweezer experiments (Hsieh et al.

2010; Bintu et al. 2012).
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Histones are targets for post-translational modification (PTM) during transcription.
Histone H2B is ubiquitinated (H2B-Ub) by the Rad6/Brel ubiquitin conjugation pathway
during transcription elongation (Wood et al. 2003; Xiao et al. 2005) and in part, H2B-Ub
functions in promotes FACT nucleosome reassembly in vivo (Fleming et al. 2008). Further,
the human Rad6/Brel homologs cooperate with FACT in promoting RNA pol transcription
through nucleosomes (Pavri et al. 2006) and FACT promotes nucleosome survival (Hsieh et
al. 2013) in vitro. Interestingly, H2B-Ub increases both the proximal H2A-H2B dimer and (H3-
H4)2 tetramer nucleosomal barrier to pol Il (Chen et al. 2019). While H2B-Ub increased the
time that RNA pol took to transcribe through the nucleosome, H2B-Ub also increases the
probability that RNA pol transcribes through the nucleosome when compared to unmodified

wild type nucleosomes (Chen et al. 2019)

Spt5 and the nucleosomal barrier

Spt5 can stimulate RNA pol 1l transcription into the nucleosomal barrier.
Recombinant Spt4/Spt5 and purified Spt4-TAP/Spt5 complexes from yeast specifically
decrease the (H3-H4)2 tetramer nucleosomal barrier to pol Il (Crickard et al. 2017). Recently
it has been shown that a region in the unstructured N-terminus of Spt5 has histone H3-H4
chaperone activity (Evrin et al. 2022). This may explain why Spt4/Spt5 does not decrease the
H2A-H2B dimer barrier. Spt4/Spt5 also affects DNA rewrapping around the nucleosome and
the strength of nucleosomal DNA association affects Spt4/Spt5 function (Crickard et al.

2017).

Spt4/Spt5 in collaboration with transcription elongation factors stimulates
nucleosomal transcription in vitro. EIfl is a small protein that was identified as being essential
for viability when tfiis is absent, and was shown to have chromatin phenotypes when mutated
(Prather et al. 2005). The addition of EIfl to Spt4/Spt5 in vitro transcription reactions greatly

stimulates nucleosomal transcription and decreases the H2A-H2B nucleosomal barrier
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(Ehara et al. 2019). Cryo-EM models show that EIfl resides below the NGN domain of Spt5,
suggesting that Spt4 and EIfl are stabilizing NGN association over the open pol Il cleft. And,
may be regulating interaction between the NGN and non-transcribed DNA sequence
(Crickard et al. 2016). With respect to the nucleosome and RNA pol Il, Spt4/Spt5/Elfl appear
to be decreasing non-productive ‘tight’ physical association that was previously observed
when the elongation factors were absent (Kujirai et al. 2018). A cryo-EM model of Spt4/Spt5
and FACT nucleosomal transcription has been solved as well. Consistent with the prior study,
the addition of FACT stimulates Spt4/Spt5 transcription through the nucleosome in vitro
(Farnung et al. 2021). In the structural model, DNA is unwrapped from the proximal H2A-H2B
and is instead bound by a C-terminal region of FACT and leads to retention of the proximal
H2A-H2B dimer. This is consistent with the prior in vitro work showing that retention of this

histone dimer is required for transcription through the nucleosome.

The structural models and mechanisms of Spt5-mediated nucleosomal transcription
remains incomplete. There are currently no models for the predicted nucleosome
bypass/disassembly intermediates, predicted nucleosome reassembly, and regions of Spt5
that are essential for viability (Evrin et al. 2022) are unresolved. Genetic tests that are
informed from the provided structural information can provide insight into these remaining

nucleosomal transcription elongation states and structures.
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Figure 1-1. Enclosure of transcribed DNA by NusG NGN domain

The minimal enclosure of transcribed DNA by prokaryotic RNA pol is shown (PDB: 6C6U).
Only the main RNA pol body (grey surface with transparency), DNA (yellow ribbon), RNA (red
ribbon with nucleotide rings), or NusG (pink surface) are represented.

A.) The large open cleft clearly shows the downstream DNA which is about to be transcribed.
B.) The conserved NGN domain of NusG sits atop the large cleft and encloses the
transcribed DNA with RNA pol.

16



17



Figure 2-2. Structural Domains of Spt5

Spt5 has four structural motifs. An unstructured N-terminus, the NGN domain, KOW domains,
linker regions between the KOW domains, and the C-terminal repeat (CTR). The minimal
form of Spt5 consists of N-terminus, NGN, and KOWL1. Eukaryotes have up to six KOW
domains, with budding yeast having five. The CTR across eukaryotes also contains varying
numbers of a post-translationally modifiable repeat sequence (CTR-phospho*). DNA is yellow
ribbon and RNA is red ribbon with nucleic acids shown. Protein is displayed as a surface
representation and described in the key. Linkers are abbreviated as L. PDB structure 6 TED.
A.) A direct view through the downstream DNA. The modifiable carboxy-terminal domain
(CTD) of Rpb2 can be viewed.

B.) A top-down view. Transcribed RNA can be seen.

C.) A lateral view of the right side of the RNA pol.
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Figure 1-3. adapted catalytic cycle of RNA pol

RNA pol can reversibly transition between three states: pre-DNA translocation, post-DNA
translocation, and NTP bindings. RNA chain synthesis (catalysis) and phosphate release are
irreversible steps. Phosphate release resets the catalytic cycle in the pre-DNA translocation
state. An additional state can be entered through the pre-DNA translocation state, the
elemental pause state (pause*). Additional, longer-lived pause/backtracked states can be
entered through the elemental pause state. Red arrows indicate transitions that NusG inhibits
in vitro. This figure has been adapted from Herbert et al. 2010.
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Chapter 2

A novel class of histone H3 mutations supports an in vivo role for Spt5 in promoting

transcription through nucleosomes.

Michael Doody, Araceli Ortiz, Tiffani Quan, Lourdes Valenzuela, Nancy Sanchez,

Robert Shelansky, Sol Katzman, Myra Gordon, Hinrich Boeger, Grant Hartzog

This chapter will be submitted as a manuscript to the Genetics journal. The above authors
contributed to different experiments described below. An original description of the histone
mutations can be found in Tiffani Quan’s thesis: Maintaining chromatin structure during
transcription elongation in Saccharomyces cerevisiae. Permission from Tiffani Quan has

been given for presenting any overlapping material.

Abstract

Nucleosomes present a strong repeating barrier to RNA polymerase Il during transcription
elongation. In vitro, transcription elongation factor Spt4/Spt5 reduces transcription pausing
and arrest and can increase the ability of RNA polymerase to transcribe into or through single
nucleosomes. However, the mechanisms underlying these activities and their relevance to
Spt4/Spt5’s in vivo functions remain to be determined. Previously, we identified a cold-
sensitive allele of SPT5 that decreases the rate of RNA polymerase Il elongation and causes
processivity defects in vivo. Here we report a genetic screen for alleles of histone H3 that
suppress this cold-sensitive spt5 allele. These histone H3 suppressor mutations alter amino
acids that cluster in four different structural regions of histone H3. Curiously, our H3
mutations are genetically distinct from previously described histone mutations that derepress
transcription or abolish gene silencing in yeast. Genetic assays, as well as genome-wide and
single molecule analysis of nucleosome positions of two of the histone mutants suggest that

these mutations disrupt chromatin over transcribed sequences. Thermodynamic predictions
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of nucleosome stabilities suggested that these histone mutations cause nucleosome loss at
DNA sequences that, on average, are predicted to form more stable nucleosomes. We
suggest that Spt5 promotes RNA polymerase Il transcription through stable nucleosomes that
would otherwise block its progress in vivo, and that the mutations that we describe here

preferentially affect nucleosomes at these positions.

Introduction

Nucleosomes, the fundamental subunit of chromatin, permit efficient packaging of
genomes, but at the price of repressing gene expression. In addition to blocking binding of
transcription factors at promoters, nucleosomes form a repeating barrier to transcribing RNA
polymerases. An average human gene can be assembled with ~60-90 nucleosomes — but a
single nucleosome acts as a protein barrier and strongly inhibits RNA polymerase
transcription in vitro (Izban and Luse 1991). However, actively transcribed genes remain
associated with nucleosomes, indicating that there must be mechanisms by which elongating
RNA polymerases can transcribe nucleosomal DNA without persistently disrupting or

removing nucleosomes (Dion et al. 2007; Radman-Livaja et al. 2011).

One factor that may assist in elongating RNA polymerase Il (pol Il) to overcome
nucleosomes is Spt5, the only known universally conserved transcription accessory factor.
Eukaryotic Spt5 exists as a dimer with Spt4 and associates with pol Il soon after transcription
initiation (Hartzog et al. 1998; Wada et al. 1998). Metazoan Spt4/Spt5, DSIF, is necessary for
the paused polymerases observed near the transcription start sites of many genes (Decker
2020) Furthermore, depletion of Spt5 in fission yeast abolishes transcription elongation and

leads to an accumulation of pol Il over the beginning of transcribed genes (Shetty et al.
2017), and in budding yeast Spt4/Spt5 may regulate RNA polymerase stalling between the

+1 and +2 nucleosome (Badjatia et al. 2021). Biochemical studies of Spt4/Spt5 and Spt5’s

bacterial homolog, NusG, show that it suppresses entry into long lived transcriptionally
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paused states, polymerase backtracking and transcription arrest (Herbert et al. 2010;
Crickard et al. 2016) Furthermore, in vitro studies have shown that nucleosomes can provoke
TFIIS dependent transcription arrest (Kireeva et al. 2005), and that Spt4/5 can facilitate pol Il
transcription into, but not completely through, nucleosomes in vitro (Crickard et al. 2017,
Ehara et al. 2019). Collectively, these data suggest a model in which Spt5 functions to protect

pol Il from transcription pausing or arrest events provoked by nucleosomes.

In previous studies, we characterized spt5-242, which causes a cold-sensitive (Cs-)
growth defect and decreases the rate of pol Il elongation and pol Il processivity in vivo
(Hartzog et al. 1998; Quan and Hartzog 2010). To further explore the function of Spt5, we
selected for genetic suppressors of the spt5-242 Cs- growth defect. In addition to mutations
in the catalytic core of pol Il, we identified suppressor mutations affecting members of the
Pafl complex, chromatin remodeling enzyme Chd1, histone methyltransferases Setl and
Set2, the Rpd3S histone deacetylase complex, as well as other chromatin-related factors
(Hartzog et al. 1998; Squazzo et al. 2002; Simic et al. 2003; Quan and Hartzog 2010). Each
of these factors is implicated in transcription elongation and maintenance of normal chromatin
structure over transcribed genes. We also showed that mutations that alter histone H3
residues lysine 4 and lysine 36, which are targeted by Setl and Set2, suppressed spt5-242
(Quan and Hartzog 2010). This final observation led us to ask in this study if mutations

altering other residues of histone H3 could also suppress the spt5-242 Cs- growth defect.

Here we present the identification of a new class of histone H3 mutations that
genetically suppress the cold-sensitive and transcription elongation defective spt5-242 allele.
Structurally, these mutations cluster to four distinct nucleosomal regions. In addition, all
display phenotypes that are typically seen when chromatin is disrupted. We focused our
studies on mutations that alter amino acids whose different identities in histones H3.1 and
H3.3 isoforms in many eukaryotes define their respective functions in replication-dependent

and replication-independent nucleosome assembly pathways (Ahmad and Henikoff 2002).

24



Genome-wide nucleosome mapping of this class of H3 mutants revealed a nucleosome
occupancy defect at the 3’ end of transcribed genes that scaled with gene length. Single
molecule analysis of the PHO5 gene demonstrates that decreased nucleosome occupancy
occurs over DNA sequences which are predicted to form more stable nucleosomes - which
we can also observe globally in our genome-wide data. In contrast to our genome-wide data,
single-molecule nucleosome occupancy defects can occur throughout the PHO5 gene and
not just at the 3’ end. Together, these data are consistent with a model where Spt5 facilitates

the pol Il elongation through nucleosomes that would otherwise impede or block transcription.

Results

Screening for histone mutations that suppress a cold-sensitive allele of SPT5

Given our prior observations that mutations that alter the histone H2 lysine 4 or 36
residues suppress spt5-242, we set out to identify additional histone H3 mutations that
suppress sptt5-242. We reasoned that these mutations would identify residues or
nucleosomal surfaces that genetically interact with Spt5 and thus, may function during
transcription elongation. They could potentially disrupt sites of post-translational
modifications, histone deposition pathways, nucleosome spacing, and/or overall nucleosome
stability. To identify such mutations, we PCR mutagenized a plasmid borne copy of HHT2
and then screened for mutations that suppressed the Cs- growth defect of spt5-242. In
addition, we screened histone H3 alleles that had previously been isolated by others and
generated additional mutations by site directed mutagenesis. We identified a large collection
of plasmids that conferred suppression of spt5-242. Following plasmid rescue and
sequencing we focused on a set 23 of these plasmids with mutations that altered at most two
amino acids in histone H3. This set of plasmids contained mutations in 25 out of the 135

residues in histone H3 (Table 1). Although mutations affecting several residues were
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repeatedly isolated, our screen was likely not saturated, as mutations of lysines 4 and 36

were not identified.

Mutations altering residues in four distinct regions of histone H3 suppress spt5-242

Mapping the hht2 suppressor (hht-supp) mutations onto the crystal structure of the
yeast nucleosome (1id3) revealed that they primarily alter amino acids in four distinct regions
of histone H3: (I) residues in the amino-terminal tail, (1) amino-acids in the N-terminal alpha
helix, (Ill) alterations in amino acid residues that map near super helical location 2.5 of the
nucleosome, and (IV) mutations in the C-terminal helix (White et al. 2001) (Fig. 1 and Table

1)

1 - Mutations that alter N-terminal tail of H3

We previously showed that mutation of H3K4 or K36 leads to suppression of the
spt5-242 phenotype. In addition, several double mutants altered residues in the H3 N-
terminal tail. One of these— H3K18E,K23E- alters residues targeted by the Gen5
acetyltransferase (Tse et al. 1998; Kuo and Andrews 2013). However, these two mutations
were not separated and thus, their individual influence on Spt5 function remains to be
determined. Finally, we found the mutation of H3 lysine 37 to glutamate suppressed spt5-
242. This residue has been reported to be a target for the Set7 histone methyltransferase in

Schizosacaromyces pombe (Shen et al. 2019).

2 - Mutations that alter the N-terminal alpha helix of H3

Three mutations altered the N-terminal alpha helix of H3. We obtained an H3-R49K
single mutation, as well as H3-A29G, -R53G and -H39R, S87F double mutations. The amino
acid changes in the double mutants were not separated, so the individual contributions of the

H3-A29G and -H39R mutations to suppression of spt5-242 are uncertain. However, it is
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interesting to note that the N-terminal alpha helix of H3 appears to make a number of
stabilizing interactions with the minor grooves of the DNA as it enters and exits the
nucleosome (superhelical location 6.5(SHL6.5)) Further, alterations in this helix, including at
amino acids 39 and 49 have been reported to alter nucleosome stability and susceptibility to
remodeling by the Chd1l or RSC chromatin remodeling enzymes (Somers and Owen-Hughes

2009).

3 - Mutations that disrupt residues in the vicinity of super-helical location (SHL) 2.5

The next class of mutations includes residues L60, 162, K64, L65, S87, G90, and
E94, which define a surface that occurs near SHL2.5. These residues appear to be solvent

accessible and, with the exception of K64 and L65, do not contact DNA (White et al. 2001).

4 - Mutations that alter residues near the C-terminal alpha helix of histone H3.

The last class of mutations altered residues involved at or near sites of histone-
histone contacts. This class included mutations that altered amino acid F104, which is found
at the histone H3-histone H4 dimer interface. Additionally, we found multiple mutations that
alter residues in the H3 C-terminal helix, which serves as an interface between the two H3-
H4 dimers. This suggests that mutations that disrupt overall nucleosome stability may lead to

suppression of the spt5 phenotype (Sinha et al. 2017; Armache et al. 2019).

Histone mutations exhibit growth, transcription, and potential DNA replication defects
We selected representative members of the four classes of hht-supp mutations for

further phenotypic analysis. Because yeast is sensitive to the dosage of histones (Clark-

Adams et al. 1988), we integrated these mutations at the endogenous HHT2 locus and

confirmed their ability to suppress spt5-242. The mutations were also carried through
backcrosses to ensure that the observed phenotypes co-segregated with the hht2 mutation.

In an otherwise wild type strain, a subset of the mutations showed general growth defects at
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15°C, 22°C, and 30°C (Fig. 2A). In addition, many of the mutations caused temperature
sensitivity at 37°C and 39°C. Several of the mutations also resulted in hydroxyurea sensitive

phenotypes, indicating potential DNA replication defects (Fig. 2B).

To determine if any of the mutations cause transcription defects, we screened for the
Spt- (Suppressor of Ty) phenotype. In Spt+ cells carrying the Ty delta insertion mutation lys2-
128d, LYS2 transcripts are truncated, resulting in a Lys- growth defect. In Spt- cells, the
LYS2 transcription initiation site shifts downstream, resulting in a functional transcript and
Lys+ phenotype (Swanson et al. 1991). We found that several of our mutations have

transcription defects, as evidenced by a Lys+/Spt- phenotype (Fig. 2C).

In addition to the Spt- phenotype, we tested our mutants for cryptic initiation defects.
Previous studies revealed that mutations which disrupt chromatin can cause aberrant
transcripts to initiate from within the body of transcribed genes. These mutations frequently
fall in histone genes or in genes encoding factors that regulate chromatin over transcribed
sequences (Cheung et al. 2008). To test for cryptic initiation, we transformed plasmids
carrying a subset of our histone suppressor mutations into a strain lacking chromosomal
copies of histones H3 and H4 and carrying previously characterized reporter of cryptic
initiation in which the GAL1 promoter drives expression of the FLO8 gene fused to HIS3
coding region. Transcription initiation from the normal GALL start site creates a transcript in
which HIS3 is out of frame. In contrast, initiation from the well-characterized cryptic promoter
in the interior of FLO8 produces a transcript that can be translated to produce His3 protein
and a His+ phenotype (Cheung et al. 2008). Using this reporter, we found that these mutants
displayed moderate to strong cryptic initiation defects (Fig. 3), and that several resulted in
cryptic initiation phenotypes stronger than that produced by H3K36R, which was previously
reported to cause a strong cryptic initiation phenotype (Quan and Hartzog 2010; Du and

Briggs 2010).

28



Histone mutations that suppress spt5-242 are distinct from Irs and sin/bur alleles of H3

Spt5-242 reduces the rate and processivity of RNA pol Il in vivo (Quan and Hartzog
2010). Given this, we considered the possibility that histone suppressors of spt5-242
derepress transcription. Several genetic screens have identified histone mutations with this
effect. Among these, sin/bur mutations suppress transcription defects associated with loss of
the Snf/Swi chromatin remodeler and deletion of the SUC2 UAS (Prelich and Winston 1993;
Kruger et al. 1995). In contrast, Irs mutations constitute a distinct set of histone H3 and H4
mutations that relieve silencing of RNA pol Il transcribed genes rDNA, telomeres and the

silent mating type loci (Park et al. 2002).

The H3 mutations that cause Sin/Bur or Lrs phenotypes alter amino acid residues
distinct from those that suppress spt5-242, suggesting that our suppressors interrupt a
function of H3 that is different from those altered by sin/bur and Irs mutations. Indeed, in a
prior study, we showed that a Irs mutation, H3K79A, enhances rather than suppresses the
spt5 phenotype (Quan and Hartzog 2010). To further test this idea, we asked if there is
phenotypic overlap between our spt5-242 suppressors and sin/bur or Irs mutations. To test a
sin/bur H3 allele for suppression of spt5-242, we integrated hht2-T118l into the second
genomic copy (HHT2) of histone H3 while maintaining the wild type HHT1 locus (H3T118l is
recessive lethal). This newly integrated allele displayed the same phenotypes as the original
hht1-T118l mutation (Prelich and Winston 1993). In genetic crosses between HHT1 hht2-
T118l and HHT1 HHT2 spt5-242 strains, we were only able to recover HHT1 hht2-T118I
spt5-242 double mutants when a wild type copy of histone H3 was provided on a URA3
plasmid. Furthermore, these strains were both 5FOA and cold-sensitive, showing that hht2-
T118I is an enhancer of spt5-242 phenotypes (Fig. 4). Thus, neither a Irs nor a sin/bur

mutation suppresses spt5-242, distinguishing them from our hht-supp mutations.
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Do H3 mutations that suppress spt5-242 cause Sin-/Bur- or Lrs- phenotypes? We
tested a panel of H3 suppressors of spt5-242 for an Lrs- phenotype, derepression of a URA3
reporter gene inserted in the subtelomeric region of chromosome VI, using a plasmid shuffle
assay. In contrast to the Lrs- H3K79A mutation and two other mutations previously shown to
disrupt telomeric silencing, H3K4R and H3K56G (Krogan et al. 2002a; Xu et al. 2007), the H3
suppressors of spt5-242 did not derepress expression of the reporter gene (Fig. S1).
Similarly, we found that, in contrast to Irs mutations, the histone H3 suppressors of spt5-242
do not cause mating defects, suggesting that they do not derepress the silent mating type loci
(Fig. S2A, B). We also crossed a representative panel of the H3 suppressors to a suc24UAS
strain to test for the Bur- phenotype and observed a variety of phenotypes in the resulting
double mutants. These ranged from no suppression of suc2DUAS (H3 K18E,K23E), to
moderate suppression, to strong suppression equivalent to that of H3T118l (Fig. S3). Thus,
the histone H3 suppressors of spt5-242 are distinct from the Irs and sin/bur classes of histone

H3 mutations.

A conserved H3.3-like function in budding yeast

Most eukaryotes express at least two non-centromeric variants of histone H3, H3.1
and H3.3, which, consistently, differ from each other at residues 31, 87, 89, and 90
(Elsaesser et al. 2010). Histone H3.1 is expressed and incorporated into chromatin during
DNA replication, whereas H3.3 is expressed throughout the cell cycle and can be
incorporated via both the replication and transcription-dependent pathways (Ahmad and
Henikoff 2002). S. cerevisiae is unusual in that it only expresses a single non-centromeric
form of H3. However, the histone chaperones that discriminate between H3.1 and H3.3 in
higher eukaryotes, Asf1-Cafl and Asfl-HirA, are conserved in yeast, suggesting
conservation of both assembly pathways (Elsaesser et al. 2010). Consistent with this
hypothesis, Cho and colleagues have found that human H3.3 is preferentially incorporated

into transcribed chromatin of S. cerevisiae cells that are arrested in the G1 phase of the cell
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cycle (Song et al. 2013). They found that this preference depends upon H3 residues 87, 89
and 90, as well as the Hir complex. Furthermore, replication independent incorporation of
yeast H3 was reduced to background levels when residues 89 and 90 were mutated.
Similarly, yeast H3 carrying mutations that increase its resemblance to metazoan H3.1 (189V,
G90M) increased incorporation relative to wild type yeast H3.3, whereas mutations that
increased the resemblance of yeast H3 to metazoan H3.1, reduced its incorporation to

background levels.

Interestingly, our third class of suppressor mutations, those that alter residues near
SHL2.5, includes mutations affecting residues 87 and 90 as well as other residues in their
general vicinity, suggesting that this class of mutation may alter histone incorporation. To test
this idea, we created versions of yeast H3 that resembled histone H3.1 (yH3.1; S31A, 189V,
G90M) or H3.3 (yH3.3; S87A) and integrated them into the HHTZ2 locus in a strain lacking
HHT1, so that they were the sole form of histone H3 in these strains. Both strains grew
indistinguishably from wild type cells. Interestingly however, the yH3.3 mutation caused a
cryptic initiation defect that was recessive to the wild type and yH3.1 forms of histone H3 (Fig.
5A, Fig. S4). Furthermore, genetic crosses revealed that yH3.3 suppresses the Cs-
phenotype of spt5-242, whereas yH3.1 spt5-242 double mutants are inviable (Figure 5B).
Combined with the earlier observations of Cho and colleagues, these observations suggested
that spt5-242 cells can be genetically suppressed by increased replication-independent
incorporation of histone H3 and are inviable when this incorporation pathway is absent. We
tested this hypothesis by combining spt5-242 with deletions of genes encoding subunits of
the Caf and Hir complexes as well as ASF1. When a spt5-242 mutant was crossed to strains
carrying deletions of any one of several different Hir complex subunits, the resulting double
mutants were inviable (Table 2), as predicted by our model. Furthermore, spt5-242 asf1D

double mutants were also inviable. In contrast, a spt5-242 strain lacking the Cacl subunit of
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the Cafl complex was viable, but still cold-sensitive. We conclude that spt5-242 sensitizes

cells to the efficiency of replication-independent histone incorporation.

Nucleosome occupancy at the 3’ end of yeast genes depends on a histone H3 surface

We reasoned that the spt5-242 suppressor mutations that alter H3 residues near
SHL2.5 alter nucleosome positioning or density in vivo. To test this, we sequenced mono-
nucleosomal DNA to determine nucleosome positioning and occupancy genome-wide in an
hht2-S87P, GO90R and a wild type control strain. When the genes were aligned by their 5’
transcriptional start site, the pattern of nucleosome densities observed in the hht2-S87P,
G90R strain was not clearly distinct from our wild type control (Fig. 6A). We also did not
observe any significant differences in nucleosome density or positions between wild type and
mutant cells when we stratified genes by expression rate, SAGA or TFIID dependency, or

length (data not shown).

In contrast, when we aligned genes by their poly-adenylation site (Park et al. 2014),
we observed a significant decrease in nucleosome occupancy in the histone mutant versus
wild type cells (Fig. 6B). Furthermore, the observed nucleosome occupancy defect at the 3’
end of genes scaled with gene length (Fig. 6B). More nucleosomes on average were lost at
the ends of the longest genes than were lost at shorter genes. Genome-wide nucleosome
positioning and occupancy has been measured in many different organisms and contexts. A
3’ end defect has been observed in FACT and H3-K56 single and double mutant cells, but an
occupancy defect that scaled with gene length was not reported (McCullough et al. 2019).
Interestingly, in a previous study of Chd1 function in nucleosome dynamics, we found that
histone exchange at the 3’ end of genes also scaled with gene length (Radman-Livaja et al.
2012). However, the previously reported pattern of nucleosome distribution in chd1 mutants

(Gkikopoulos et al. 2011; Ocampo et al. 2016) is clearly distinct from that we observe for
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hht2-S87P, GO0R, refuting the simple model that this mutation merely disrupts Chd1-

nucleosome binding or remodeling.

Predicted nucleosome thermodynamic stability affects nucleosome occupancy in vivo

We considered 3 models to explain the preferential loss of nucleosomes from the 3’
ends of genes in hht2-S87P, G90R cells. First, we considered the possibility that this
alteration was due to cryptic initiation events. This model is consistent with the observations
that cryptic initiation is associated with chromatin disruption and that the hht2-S87P, G90R
mutation causes a robust cryptic initiation phenotype (Fig. 3). Furthermore, assuming that
cryptic promoters are randomly distributed across the genome, longer genes should be more
likely to have cryptic promoters. However, when we removed from our analysis those genes
that have previously been annotated to have the potential to give rise to cryptic transcripts
(e.g., genes with Set2 repressed antisense transcripts (Venkatesh et al. 2016), stable
unannotated transcripts (Xu et al. 2009), cryptic unstable transcripts (Xu et al. 2009), or Xrn1-
dependent unstable transcripts (van Dijk et al. 2011), we still observed a length dependent 3’

end defect in nucleosome occupancy (Fig. S5).

In the second model, nucleosomes are lost specifically from the 3’ ends of genes and
replaced only slowly, if at all, leaving a gap at the 3’ end. In the third model, nucleosomes can
be lost from any location within a gene, with nucleosomes sliding in the 3’ to 5’ direction to fill
the gap (Fig. 7A). This third model had two interesting implications. First, as nucleosomes
slide 5’ to fill gaps caused by nucleosome loss, the gaps are propagated to the 3’ ends of
genes. Second, because longer genes have a greater number of nucleosomes, they will have
more frequent or more apparent gaps. Unfortunately, if nucleosome sliding is fast relative to
nucleosome loss, these two models cannot be easily distinguished by bulk analysis of
nucleosome positioning. That is, models two and three are both expected to give a picture of

an average nucleosome loss at the 3’ ends of genes.
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To distinguish between these models, we turned to single molecule analysis of
nucleosome positioning on the PHO5 gene (Brown et al. 2013). In contrast to MNase
analysis, which reports the average position of nucleosomes across a population of cells, this
method can show the locations of both nucleosomal and nucleosome-free DNA across
individual gene molecules. This approach allows a test of our models, which predict that gaps
will only occur at the 3’ end of genes (model two) or that nucleosome loss should be
observable throughout individual gene molecules (model three). That is, if the third model is
correct, nucleosome gaps should be observed throughout genes prior to or during gap

propagation to the 3’ end of the gene.

We analyzed single PHO5 gene molecules in two different gene expression
conditions - in the presence of the PHOS5 negative regulator PHO80 (PHO5 repressed) and in
its absence (pho804; PHO5 expressed) (Korber and Barbaric 2014). For these experiments,
we analyzed hht2-G90R, R128S, which behaves identically to hht2-S87P, GOOR in genetic

assays but appears to be less susceptible to suppressor mutations.

We first examined the average distribution of nucleosomes across PHO5. When
PHO5 was transcriptionally repressed, the hht2-G90R, R128S mutation did not alter the
distribution of PHO5 nucleosomes relative to that in wild type cells (Fig. 7B). In contrast,
when PHOS5 expression was activated, the hht2-G90R, R128S mutation resulted in a modest
decrease in nucleosome density over the 5’ and 3’ ends of the transcribed body of the gene

(Fig. 7B).

To test for nucleosome loss on individual copies of PHOS5, we extracted all
nucleosome free DNA sequences between 87 and 167 bp in length. These sequences are
large enough to accommodate pre-nucleosomes (Fei et al. 2015) or complete, but do not. In
the hht2-G90R, R128S mutant, nucleosome gaps occurred more frequently over the PHO5

promoter and at several discrete locations along the transcribed region of PHOS5 (Fig. 7C).
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These observations are not compatible with the model that nucleosome loss in hht2-G90R,
R128S cells is limited to the 3’ ends of genes. The observations are compatible with our

model that hht2-G90R, R128S can result in nucleosome loss throughout a gene body.

While ATP-dependent chromatin remodelers are thought to mediate nucleosome
assembly and disassembly at promoters, the mechanisms of nucleosome disassembly and
assembly over transcribed genes are less clear (Li et al. 2007; Venkatesh and Workman
2015). We hypothesized that the regions of elevated nucleosome loss may represent sites of
decreased nucleosome stability. We used a probabilistic model, previously shown to
accurately predict the position of nucleosomes in vivo, to predict the free energy of
nucleosome formation across the entire PHO5 gene sequence (Heijden et al. 2012). Sites
with lower free energy correspond to those locations that favor nucleosomes. Unexpectedly,
we found that the nucleosome gaps that we observed in htt2-G90R, R128S cells occurred at
positions where nucleosomes are predicted to be more stable, relative to adjacent flanking
sequences, over the transcribed gene body (Fig. 7C). Conversely, an increase in nucleosome
gaps was less apparent at PHO5 sequences that were predicted to be less favorable for
nucleosome formation. This suggests that relatively stable nucleosomes are specifically
disrupted by hht2-G90R, R128S and that RNA pol Il transcription through stable

nucleosomes is impaired in spt5-242 cells.

The data above can be explained by the model that Spt5 is required to overcome the
nucleosomal barrier to elongation. By destabilizing particularly stable nucleosomes, the hht-
supp mutations may permit transcription elongation even though Spt5 function is reduced.
This behavior is not limited to PHO5. When we examined our hht2-S87P, G90R genome-
wide nucleosome mapping data we observed that locations where nucleosomes were
predicted to form more stable nucleosomes displayed lower nucleosome occupancy in htt2-

S87P, GIOR cells (Fig. 8A).
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As an alternative test of this model, we manipulated histone tail acetylation in the
cells expressing H3-S87P, G90R. Histone tails can stabilize nucleosomes by promoting DNA
wrapping around the nucleosome core and aid in the formation of compact chromatin
structures, both of which can be regulated by post-translational modifications (PTM) of
histone tails (Annunziato and Hansen 2018; Ghoneim et al. 2021). Acetylation of histone H3,
a prominent PTM found over actively transcribed genes, keeps chromatin in an accessible
open state. One way tail acetylation opens chromatin is by neutralizing the electrostatic
interactions between the positively charged histone tail and the negatively charged DNA
(Fletcher and Hansen 1995; Bannister and Kouzarides 2011; Gebala et al. 2019). We
previously studied a form of histone H3 that cannot be post-translationally modified at 4
residues that are major acetylation targets- H3-K9, 14, 18, 23R. This form of H3, which is
predicted to form more stable nucleosomes, causes lethality when combined with spt5-242
(Quan and Hartzog 2010). We generated a form of histone H3 that contained both these
histone tail mutations and the SHL2.5 S87P, G90R mutations. The SHL2.5 mutations
rescued the synthetic lethal interaction between H3-K9, K14, K18, K23R and spt5-242, as

predicted by the model that hht2-S87P, GO0R disrupts stable nucleosomes Fig. 8B).

To further test of the idea that Spt5 promotes elongation through nucleosomes, we
examined published NET-Seq data for S.cerevisiae (Uzun et al. 2021) and S.pombe (Shetty
et al. 2017) strains in which Spt5 was depleted from the nucleus. NET-seq identifies the
sequences where transcribing RNA pol Il is located across the genome. When Spt5 was
depleted from the nucleus, RNA pol Il in these two studies accumulated at sites predicted to

form more stable nucleosomes (Fig. 9).

Spt5 and transcribed chromatin structure

During preparation of this manuscript a study was published that demonstrated that a

region in the Spt5 N-terminus of budding yeast can bind histone H3 and H4, is essential for
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viability, and results in decreased histone H3-K4-me3 at the 5’ end of transcribed genes that
was interpreted as a measure for nucleosome reassembly defects during transcription
elongation (Evrin et al. 2022). This is consistent with the reported spt5 FLO8-HIS3 cryptic
initiation phenotype (Cheung et al. 2008) and the nucleosome mediated repression of the
SER3 gene (Pruneski et al. 2011). The spt5-194 allele used in those studies is defective in
physical association with Spt4, and spt4A cells have a cryptic initiation and SER3 phenotype
(Cheung et al. 2008; Guo et al. 2008; Pruneski et al. 2011). This poses the question on
whether these chromatin phenotypes are due to loss of mechanistic functions of Spt5 or loss

of Spt4 function in context of the transcription elongation complex.

We performed a plasmid borne spt5 screen to identify regions of Spt5 that have a
cryptic initiation phenotype. The mutation locations predominantly occur in an NGN-proximal
region (NPR) (Fig. 9A). While we did not identify any mutations in the N-terminal histone H3-
H4 binding sequence of Spt5, this could be an artifact of our mutagenesis conditions or
because this region is important for viability. Interestingly, a charge reversal at a solvent
exposed location in KOW?2 (E546K), a charge introduction at the KOW3 Rpb4/Rpb7 stalk
interface (G587D), and a nonsense mutation at Q887 that removes the CTR were also
identified. Our genetic screen was not saturating. The residues of the spt5-242 allele (A268V)
and the spt5-194 allele (S324F) were not identified in our screen, suggesting that there may
be additional Spt5 residues important for maintaining chromatin structure during transcription

elongation.

The Spt5 NPR, when present in the Spt5 constructs used, is not visualized in
structural studies. AlphaFold is a machine learning computational program that predicts
protein structure and a publicly available database contains many protein structural
predictions across many organisms (Jumper et al. 2021; Varadi et al. 2022). We aligned the

yeast Spt5 AlphaFold structural prediction to a cryo-EM model of Spt5 bound RNA pol Il
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transcribing through a nucleosome (Fig. 10B). Only a portion of the acidic N-terminus through
KOWS3 of the AlphaFold Spt5 structure is displayed. Interestingly, the yeast Spt5 NPR is
predicted to be structured and may be capable of interacting with Spt4. While the NPR of
Spt5 is poorly conserved, this region of Spt5 is predicted to be structured in different
organisms and a cluster of conserved residues just before the NGN domain appear to have
the most structural similarity (Fig. S6). The acidic Spt5 residues which are required for Spt5
to interact with histone H3-H4 are capable of reaching upstream and downstream DNA
sequences. As noted in previous structural studies, the Spt5 N-terminus is well placed to
interact with the downstream DNA/histones and in one study electron density of the Spt5 N-
terminus contacting exposed histone H2A/H2B has been observed (Ehara et al. 2019;
Farnung et al. 2021). Loss of spt5 function at the adjacent NPR causes chromatin disruption
phenotypes. The Spt5 NPR may be the most immediate portion of Spt5 that can sense

transcription through a nucleosome to coordinate RNA pol Il transcription elongation.

Discussion

During transcription elongation in eukaryotes many molecular processes are coupled
or co-regulated on a spatial and temporal scale - e.g. pre-mRNA processing, chromatin
function, and transcription elongation rate and processivity. Genetic and biochemical
experiments implicate Spt5, the only universally conserved transcription regulatory factor, in
virtually all of these processes (Decker 2020). The molecular mechanism(s) by which Spt5
influences these processes are largely undetermined. In this work, we used a genetic

approach to investigate the connections between Spt5 and chromatin.

The Spt4/Spt5 complex is thought to promote transcription elongation through
chromatin (Hartzog and Fu 2013; Decker 2020). This model predicts that loss of function
mutations in SPT5 should be genetically suppressed by mutations that disrupt chromatin

structures that repress or interfere with transcription. We tested this prediction by comparing
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our hht-supp mutations to two classes of mutations known to relieve chromatin-mediated
repression of transcription. Sin/bur mutations relieve nucleosome-mediated repression of
gene promoters (Prelich and Winston 1993; Kruger et al. 1995) and Irs mutations disrupt
chromatin mediated repression of expression from rDNA, subtelomeric, and mating-type loci
(Park et al. 2002). The sin/bur, Irs histone and spt5-242 suppressor H3 mutations alter
distinct sets of amino acid residues and tend to form spatially distinct clusters on the
nucleosome structure (Fig. S6). While a subset of our hht-supp mutations do share
phenotypes with sin/bur and Irs H3, others do not. Furthermore, rather than suppressing spt5-
242 growth defects, the sin/bur and Irs histone mutations that we tested enhance or cause
synthetic lethality in combination with spt5-242. Thus, the hht-supp mutations appear to be
functionally distinct from previously described H3 alleles that disrupt chromatin. In addition,
neither the spt6-50 nor the spt16-197 histone chaperone mutations, both of which broadly
disrupt chromatin structure (Kaplan et al. 2003; Feng et al. 2016), suppress the spt5-242
mutation (unpublished). Thus, the growth defect imposed by spt5-242 is not generally

relieved by chromatin disruption.

What aspect of histone H3 function is disrupted by the hht-supp mutations? Spt5
associates with and regulates elongating RNA pol Il, suggesting that the hht-supp mutations
are likely to affect nucleosomes over transcribed regions. Several observations reported here
support this prediction: (i) the hht-supp mutations cause cryptic initiation (Fig. 3), suggesting
that chromatin is altered over gene bodies; (ii) they genetically interact with mutations
affecting several other transcription elongation factors (data not shown), (iii) they can alter
nucleosome positioning over transcribed genes genome-wide (Fig. 6A); and (iv) they cause
nucleosome loss over the PHO5 ORF when it is transcriptionally active, but not when it is
repressed (Fig. 7B). These observations can be explained by 2 models. In the first, the hht-
supp mutations alter nucleosomes, reducing their ability to block RNA pol Il transcription

elongation in spt5-242 strains. In the second, particularly stable nucleosomes are lost (as we
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observed in PHOS5, Fig. 7C), so that they are not present to interfere with transcription

elongation in spt5-242 cells.

The models presented above do not require that hht-supp mutations all act in the
same way. Indeed, it is possible that the different classes of hht-supp mutations suppress
spt5-242 through multiple mechanisms. For example, consistent with our prior work
demonstrating that loss of the Set2/Rpd3s histone deacetylase pathway genetically
suppresses spt5-242, we isolated a N-terminal hyperacetylated histone mimic H3-
K18E,K23E, as an hht-supp allele. We also isolated mutations affecting the N-terminal alpha
helix of H3 at the DNA entry/exit site of the nucleosome. Changes in this helix were

previously shown to modulate Chd1 and RSC chromatin remodeler activity (Somers and
Owen-Hughes 2009). Both remodelers are thought to function over transcribed chromatin

(Zentner et al. 2013; Spain et al. 2014) and we previously showed that chd1l mutations
suppress spt5-242. Another class of hht-supp mutations alter residues at the H3-H4 dimer
(F104L) or the (H3-H4)2 tetramer (1124L; R128G; L130l) interfaces. These mutations may
subtly destabilize nucleosome structure or stability, or alternatively, alter exchange of H3-H4
over transcribed sequences. The final class of hht-supp mutations, those altering residues
near SHL2.5, likely affect histone exchange or nucleosome assembly. Many eukaryotes have
histone H3 isoforms which are assembled in a replication-dependent (H3.1; Asf1l/CAF
complex) or a replication-independent (H3.3; Asf1/HIR complex) pathway that are
distinguished by the histone H3 residues occupying SHL2.5 and unique histone chaperones
complexes (Nakatani et al. 2004; Grover et al. 2018). Although S. cerevisiae only has a
single non-centromeric histone H3 isoform, Asfl, the CAF and HIR complexes are conserved
and mutations of SHL2.5 residues interfere with nucleosome assembly (Song et al. 2013).
We previously reported that the hht2-S87P, G90S mutation, which alters 2 of the residues
that distinguish H3.1 and H3.3 suppresses spt5-242 (Radman-Livaja et al. 2012). We

predicted that this mutation interfered with replication-independent histone exchange and
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showed that it leads to profound growth defects when combined with a deletion of the H3 N-

terminal tail, which is required for replication-dependent nucleosome assembly.

To gain greater insight into the defects caused by the hht-supp mutations affecting
the SHL2.5 region, we carried out bulk and single molecule analyses of chromatin. Genome-
wide mapping of mono-nucleosomes in a hht2-S87P,G90S strain showed decreased
nucleosome occupancy defect at the 3’ ends of genes that scales with gene length. The 3’
loss could not be clearly explained by cryptic initiation, as even genes that lack documented
cryptic promoters showed 3’ nucleosome loss in hht2-S87P, G90R cells (Fig S5). We
considered two other models that explain a 3’ nucleosome occupancy defect: the ‘direct
model’ simply states that the occupancy defect is specifically localized to the 3’ ends of genes
whereas a ‘treadmill model’ predicts that an occupancy defect can occur anywhere over the
RNA pol Il transcribed gene body but that nucleosomes migrate 3’ to 5’ to occupy the vacant
DNA, leaving the observed 3’ gap. Further, the ‘treadmill model’, and not the ‘direct model’, is
readily compatible with the correlation of gene length with the magnitude of the 3’ loss; longer
genes have more opportunities to lose nucleosomes across the entire gene body. In our
single molecule analysis, we observed that nucleosome sized gaps occur throughout PHO5
under transcriptionally active conditions, as predicted by the ‘treadmill model’. Strikingly these
gaps were most often observed at DNA sequences predicted to form more
thermodynamically stable nucleosomes. Similarly, in our genome-wide data, we observe that
the nucleosomes most likely to be lost in the hht-supp strains are those nucleosomes that are

predicted to form the most stable nucleosomes (Fig. 8B).

Why the SHL2.5 sub-class of hht-supp mutations predominantly affects nucleosomes
predicted to be thermodynamically stable remains less clear. We do not favor the model that
these mutations directly alter histone-DNA contacts and nucleosome stability. Few of the
residues altered by the hht-supp mutations contact DNA, and the effects of these mutations

are only apparent when transcription is active. A more intriguing idea is that these hht-supp
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mutations result in nucleosomes that are more susceptible to eviction. A recent study
demonstrated that while the yeast RSC chromatin remodeler mobilizes partially unwrapped
nucleosomes, it evicts nucleosomes over strong positioning sequences (Schlichter et al.
2020). SHL2.5 hht-supp mutations may make nucleosomes more susceptible to nucleosome
ejection by RSC, some other chromatin remodeler, or elongating RNA pol Il. Alternatively,
SHL2.5 hht-supp mutations may decrease the probability that a nucleosome is reassembled

at these stable sites following passage of elongating RNA pol II.

A recent study identified a histone H3-H4 binding region in the Spt5 N-terminus that
is essential for life. Surprisingly, spt5 mutation of this domain does not prevent RNA
polymerase Il from transcribing genes but does result in significant loss of nucleosomes from
transcribed genes (Evrin et al. 2022). When Spt5 is depleted from the nucleus in S.
cerevisiae and S. pombe, RNA pol Il accumulates at DNA sequences predicted to form more
stable nucleosomes. This is a key prediction of the model that Spt5 promotes RNA pol ||
transcription through nucleosomes in vivo (Fig. 8A). We have identified a region of Spt5, the
NPR, which is a predominant hotspot for mutations in spt5 that have a cryptic initiation

phenotype, contains the spt5-242 allele, and may be structured.

Further work will be needed to address how Spt5 is mechanistically coupled to
transcription elongation through nucleosomes. Some interesting questions are: (i) does Spt5
directly aid in disassembly of the downstream nucleosome and/or reassembly of the
upstream nucleosome? (ii) does the Spt5 NPR/N-terminus act as a platform to coordinate
histone chaperone activity of FACT and Spt6/Spn1? (iii) can the NPR/N-terminus act as a
toggle to control the binding of the Spt5 NGN domain to RNA pol Il to alter transcription
elongation rate? Based on this and prior work, we favor a model in which the Spt5 NPR/N-
terminus dynamically coordinates and stabilizes RNA pol Il as it encounters nucleosomes

during elongation.
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Table 2-1. Identification of single, or double plasmid borne spt5-242 hht-supp amino

acid changes isolated in our screen or acquired from the indicated source.
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Mutation class AA change source

|: Amino terminus K18E, K23E

A4-30 pRM430, Grunstein

Il: Histone-DNA interactions K37E Andrea Duina

R49K

A29G, R53G

I1l: Nucleosome surface L65I, E94G

L65S, E94V
S87P, G90S
162V, L65S
L60P, R131S
G90R, R128S
L60M
K64R
L65S
L65V
G90R

E94G

Q68R Andrea Duina

Q93R Andrea Duina

L60P, F84L Andrea Duina

1V: Histone-Histone interactions 1124L

R128G

L130I

F104L

44




Table 2-2. Genetic interactions of spt5-242 and the Hir and Caf complex.
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Growth at 30C

asfla caclAa hirlA hir24 hir34 hpc24

spt5-242 +/- - +/- - - - -
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Figure 2-1. Chimera figure showing locations on the nucleosome of amino acid
residues altered by hht2-supp mutations.
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Figure 2-2. hht2 spt5-242 suppressor mutations have pleiotropic phenotypes
Representative hht2 spt5-242 suppressor mutations were integrated at HHT2 with histones
H3 and H4 being solely expressed from the HHT2-HHF2 locus. The indicated genotypes
were serially diluted onto the indicated media and incubated at the given temperatures.

A.) hht2 mutants have different tolerances to decreased or increased constitutive growth
temperatures on YPD. From left to right plates were incubated for 5 days, 4 days, 1 day, 1
day, and 1 day at their respective temperature.

B.) hht2 mutants are sensitive to replication stress at elevated growth temperatures. YPD +
0.1 mM hydroxyurea (H.U.) plates were incubated for 4 days at 30C or 7 days at 37C.

C.) hht2 mutants that are outside of the H3 N-terminus tail have a modest spt- phenotype.
The sc-lys plate was incubated for 2 days.
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Figure 2-3. hht2 mutations that suppress spt5Cs- have a strong cryptic initiation
phenotype.

Histone H3 alleles were transformed into a histone shuffle strain with the FLO8-HIS3 reporter
gene and passed over 5FOA to remove a CEN3 URA3 HHT1-HHF1 plasmid. Strains were
serially diluted onto sc-trp, sc-his, and sc-his + gal. All plates were incubated for 3.5 days at
30C.
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Figure 2-4. spt5-242 hht1-T118I double mutants are inviable.

Strains with the indicated genotypes and carrying a CEN URA3 HHT1-HHF1 plasmid were
serially diluted onto SC-URA and 5FOA and incubated at 30° C for 3 days.

53



WG 00 & O €& &
spt5-242 519 © @& 2

HHT1 hht2-T118/ [ B N R L
spt5-242 HHT1 hht2-T118]

54



Figure 2-5. yH3.1 and yH3.3 genetic interactions.

A.) yH3.1 (hht2 - S31A, 189V, G90M) and yH3.3 (hht2 - S87A) are viable and display modest

transcriptional phenotypes. The indicated strains lack copy 1 of the H3-H4 locus, contain the

pGAL-FLO8-HIS3 reporter gene, and were serial diluted onto the respective media. YPD was
incubated for 2 days, sc-his + gal and sc-lys were incubated for 3 days.

B.) yH3.3 genetically suppresses spt5-242 growth defects while yH3.1 results in synthetic
lethality. The indicated strains contain a CEN URA3 SPT5 plasmid and were serially diluted
onto sc-ura or 5FOA and incubated at 30C for 2 days.
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Figure 2-6. Mapping mono-nucleosomes in hht2-S87P, GI90R cells

Chromatin from log-phase hht2-S87P, G90R cell cultures was digested by MNAse and mono-
nucleosome sized DNA fragments were gel purified and sequenced. 4,974 RNA pol Il
transcribed genes with both a mapped transcription start site (TSS) and poly-adenylation site
(pA) were selected for subsequent analysis.

A) Nucleosome density is decreased near the pA site of genes and are progressively
delocalised downstream the TSS. Metagene analysis with average mononucleosome
MNase-seq signal for hht2-S87P, GO0R (shades of green) and WT (purple) nucleosomes
with respect to the TSS or pA.

B) Decreased nucleosome density at the pA site scales with the length of the transcription
unit. The geneset with defined TSS and pA coordinates were parsed into quartiles based off
of the base pair distance between the TSS and pA sites.
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Figure 2-7. Testing models for 3’ nucleosome loss

A) Three models that predict 3’ end nucleosome loss. Model 1: internal transcription initiation
over transcribed gene bodies results in nucleosome loss. Model 2: nucleosome dynamics are
specifically affected at the 3’ ends of genes, the rate of nucleosome disassembly and/or
complete removal (K1) is greater than the rate of nucleosome reassembly and/or new
assembly (K2). Model 3: nucleosome can be disrupted at any location over the transcribed
gene body and the rate of retrograde nucleosome sliding (K3) is greater than the rate of
nucleosome assembly (K2) leading to apparent 3’ loss.

B) Single molecule analysis of nucleosome loss over PHOS5 in hht2-G90R, R128S cells
(showing repressed and de-reppressed PHOS data). Single molecule analysis demonstrates
that nucleosome occupancy decreases at the promoter, 5’ end, and 3’ end of the
constitutively activated PHO5 gene in htt2-G90R, R128S strains. 170 molecules of repressed
and 213 molecules of active PHO5 gene electron micrographs (EM) were digitized to give
base pair resolution of whether a DNA sequence is nucleosomal (bubble) or not (linear DNA).
Average nucleosome occupancy (R-value) is plotted for active (black line) and repressed (tan
space fill) gene molecules relative to the PHO5 TSS. Genomic locations are annotated from
left to right: RS-element, UAS1, UAS2, TATA box, TSS, 5 UTR, ORF, 3’ UTR, pA/TTS
region, LexA binding site.

C) Nucleosome sized gaps in PHOS5 occur at sites predicted to form less stable
nucleosomes. Frequency of pre-nucleosome to nucleosome sized free-DNA ‘gaps’ increases
in hht2-G90R, R128S strains at locations predicted to form relatively more stable
nucleosomes over the transcribed PHO5 gene. The frequency of linear DNA between 87 and
167 base pairs in length for wild type (grey space fill) [CB/HB] and hht2-G90R, R128S strains
(black line) as well as the predicted free energy of tetramer/DNA wrapping (purple line) are
plotted relative to the PHO5 TSS.
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Figure 2-8. hht2-S87P, G90R nucleosome occupancy

A) Genome-wide nucleosome loss in hht2-S87P, G90R cells is most common at sites
predicted to form more stable nucleosomes. 22,507 WT nucleosome dyads over the
transcription unit of genes at least 1,400 bp in length were oriented in the direction of
transcription and split into four quartiles determined by the ratio of mutant to WT MNase
signal at the WT dyad location (shown in the bottom set of panels with arbitrary units). The
top set of panels shows the average predicted free energy of nucleosome formation at these
locations.

B) hht2-S87P, GI0R rescues synthetic lethality caused by the inability to acetylate/post-
translationally modify H3-K9,14,18,23 in spt5-242 cells. Strains with the indicated SPT5
genotype, CEN TRP1 HHT?2 allele plasmid, and CEN URA3 HHTL1 plasmid were serially
diluted onto the indicated plates and temperatures for 2 days.
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Figure 2-9. Predicted average nucleosome stability relative to RNA pol Il active site
(net-seq) under Spt5 non-depletion (mock) and depletion conditions.

Only the S.cerevisiae net-seq data (Uzun et al. 2021) which overlaps with the 4,974 geneset
and S.pombe net-seq data (Shetty et al. 2017) which overlaps with the gene transcription unit
defined in (Eser et al. 2016) were used.
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Figure 2-10. spt5 cryptic initiation mutations predominantly occur in a novel Spt5
region

Plasmid born spt5 mutations that have a cryptic initiation phenotype were identified and
mapped relative to Spt5 structure.

A) Most spt5 cryptic initiation mutations occur in an NGN-proximal region (NPR). Mutations in
KOW?2, KOW3 and that truncate the CTR have also been identified. The spt5-242 allele is in
bold. The location of the three amino acids important for binding histone H3-H4 are noted
with *.

B) AlphaFold predicts that the Spt5 NPR is structured. PDB:6J4Y was used as a model to

align the AlphaFold predicted Spt5 structure. Amino acids identified in the spt5 cryptic
initiation screen and that function in binding histone H3-H4 are displayed as spheres.

66



acidic NGN  L1-structured CTR
| v o | KOW1 | KOW2-3 KOW4KOWS5 I

N

C

Key: structure

] Rpb1/Rpb2 (6J4Y)

] Spt5 surface (6J4Y)

[ Spt5 ribbon/sphere (AF)
[ spt4 (6J4Y)

I Eif1 (8J4Y)

] Nucleosome(6J4Y)

[C] DNA(8J4Y)

I RNA(6J4Y)

Key: spt5 mutants
O cryptic initation
@ Histone H3-H4 binding

67



Figure 2-S1. hht2 spt5Cs- suppressor mutations generally do not disrupt telomeric
silencing.
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Figure 2-S2. hht2 spt5-242 suppressor mutations do not disrupt silencing at the mating
type locus.

A.) hht2-supp mutations do not interfere with mating to wild type yeast cells. Histone shuffle
strains were transformed with a TRP1 CEN HHT2 plasmid that contains the indicated hht2
allele (except sir2D) and serially diluted onto YPD or a lawn of wild type cells of the opposite
mating type for one day of growth before replica plating to SD plates. YPD plates were
incubated for 3 days and SD plates were incubated for 2 days.

B.) Normal mating efficiency if observed in hht2-supp x hht2-supp crosses. hht2* corresponds
to histone H3 allele of the lawn or the indicated row of cells for the respective dilution spot.
The matings were replica plated to SD and incubated for 2 days.
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Figure 2-S3. Histone H3 mutations near SH2.5 have a bur phenotype.

All strains have copy 1 of the H3-H4 locus deleted and only SUC2 does not contain the
Suc2DUAS allele. The indicated strains were directly struck out to YP + sucrose + 1 mM
antimycin A for 2 days.
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Figure 2-S4. yH3.3 cryptic initiation is suppressed by yH3.1.

Diploids that were homozygous for H3-H4 copy 1 deletions and heterozygous for the
indicated HHT2 allele were serially diluted on the indicated media and growth conditions.
YPD plates were incubated for 2 days and sc-his + gal for 3 days.
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Figure 2-S5. 3’ Nucleosome loss is still observed in genes that have not been observed
to exhibit chromatin disruption phenotypes.

The 4,974 genes with mapped TSS and pA sites were split into two groups depending on
whether they have a reported chromatin disruption phenotype (‘has disruption’: cryptic
initiation, Set2 repressed anti-sense transcripts, stable unannotated transcripts, or cryptic
unstable transcripts), or have yet to be reported as being disrupted (‘no disruption’). These
groups were then split into two more subgroups based on whether the genes overlap with
other genomic features (e.g. ARS, tRNA genes, transposable elements, other genes) shown
below and parsed by transcribed gene length

A) Subgroup of genes with no overlapping yeast genomic features. The gene counts for each
panel are as follows (total, binl, bin2, bin3): either (2,827, 943, 942, 942), has disruption
(1,677, 599, 599, 599), no disruption (1,150, 384, 384, 384).

B) Subgroup of genes with overlapping yeast genomic features. The gene counts for each
panel are as follows (total, binl, bin2, bin3): either (2,146; 716, 715, 715), has disruption
(1,031; 344; 344; 343), no disruption (1,115; 372, 372, 371).
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Figure 2-S6. AlphaFold predictions of the Spt5 NPR from multiple species.

AlphaFold Spt5 predictions were aligned to PDB:6J4Y and Spt5 structure not part of the
NPR-NGN is hidden from view. Amino acids which are conserved across these species are
shown as spheres.
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Chapter 3

Epistatic relationships between transcription elongation factors and histone H3

Introduction

A wealth of knowledge exists for many genes and the in vivo molecular pathways in
which they function. The protein products of a subset of these genes have been
characterized in vitro to elucidate mechanistic details of how they may function in vivo. A
further limited subset have established biochemical systems to interrogate multi-step/multi-
protein mechanisms (Nagai et al. 2017; Yang et al. 2022). However, not all proteins are
amenable to biochemical studies, or in vitro conditions required for their function have yet to
be identified. Further, while advances in cryo-electron microscopy (cryo-EM) have led to a
boon in visualizing multi-protein complexes, critical unstructured regions of proteins in these
complexes remain unresolved. Genetic and biochemical methods have been a powerful
combination of experimental approaches and results from each technique can aid the other.
Mutant hunts remain an important tool to identify unknown relationships between genes and

to discover new gene properties (Winston and Koshland 2016).

We previously isolated a class of histone H3 alleles that suppress the cold-sensitive
and transcription elongation defective spt5-242 allele. Spt5 is a universally conserved, multi-
domain transcription elongation factor that is essential for life (Hartzog and Fu 2013). The
NGN domain of Spt5 binds over the large central cleft of RNA pol. Along with its protein
binding partner, Spt4, the Spt5 NGN domain functions as a processivity factor that keeps
RNA pol engaged with DNA. Nucleosomes inhibit both in vivo and in vitro transcription.
Addition of Spt4/Spt5 and chromatin factors that act on nucleosomes to transcription
reactions decreases the nucleosomal barrier to RNA pol in vitro transcription elongation. We
have previously established a working model that Spt5 helps RNA pol Il overcome the

chromatin barrier to transcription elongation: loss of ATP-dependent chromatin remodeler
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Chd1, the Rpd3S/Set2 histone deacetylase system, Setl histone H3-K4 methylation, or the
PAF1 complex function suppresses spt5-242 (Squazzo et al. 2002; Simic et al. 2003; Quan
and Hartzog 2010). Our hht2 suppressors of spt5-242 (hht2-supps) provide direct evidence
that nucleosomes oppose Spt5 function during transcription elongation in vivo. While we
demonstrated that the hht2-supps disrupt chromatin function over transcribed genes, and for
2 alleles examined, specifically affect the nucleosome occupancy over DNA sequences
predicted to form more thermodynamically stable nucleosomes — the mechanism of hht2

chromatin disruption is unknown.

Nucleosome structure is qualitatively described by the points of DNA/histone contact
(super helical location; SHL) and the histone composition of the nucleosome core (Luger et
al. 1997). One sub-class of our hht2 alleles that suppress spt5-242 alters amino acids located
near SHL2.5, a region that is solvent exposed and is structurally distinct between many
histone H3-isoforms. Histone chaperones can distinguish among histone H3-isoforms and
facilitate post-translational modifications to histones (Rando and Winston 2012; Martire and
Banaszynski 2020; Ray-Gallet and Almouzni 2021). Further, the Snf2 class of ATP-
dependent chromatin remodelers engage with the nucleosomal DNA at the SHL2 and can
make extensive contact with the nucleosome (Hauk and Bowman 2011; Nodelman and
Bowman 2021). Thus, many different types of proteins and protein complex act on this

nucleosome surface during transcription.

Do the SHL2.5 hht2 mutations disrupt a specific protein-protein interaction, do they
disrupt global SHL 2.5 function, or do the different SHL 2.5 alleles represent distinct and
allelic protein disruption that led to spt5-242 suppression? To better understand how this
class of hht2 alters chromatin function, we selected for and identified extra-genic suppressors
of the SHL2.5 hht2 temperature-sensitive phenotype. We identified mutations in the HFI and
UBP10 genes both of which encode components of the SAGA histone acetyl transferase

complex. We found that spt5-242 is a mutual suppressor of hht2 and that nucleosome
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assembly of Chd1 inhibits hht2 and spt5. Analysis hht2 suppressors suggest that hfil disrupts
a Sgf73 SAGA-independent function, Ubp10 has non-Rad6 ubiquitinated targets in vivo, hht2
suppressors don’t decrease the dependence on transcription elongation chaperone function
for viability in hht2, and that the SHL2.5 hht2 alleles are predicted to alter FACT and/or RSC

chromatin function in vivo.

Results

Identification of hht2-G90R, R128S genetic suppressors

The hht2-G90R, R128S mutation was previously isolated as a genetic suppressor of
spt5-242. Our prior analysis of this mutation (Chapter 2) indicates that it disrupts transcribed
chromatin. To further investigate this histone mutation, we took a genetic approach. In cells
with wild type Spt5, hht2-G90R, R128S causes several mutant phenotypes, including
temperature sensitive growth defect. We therefore selected for Ts+ revertants and identified 7
complementation groups that restore hht2 temperature-sensitive growth. Our main
assumption was that the suppressors of this histone mutation would alter transcribed
chromatin. However, that hht2-G90R, R128S has pleiotropic phenotypes, and it remains
possible that the genetic suppressors alter chromatin processes distinct from those relevant

to transcription elongation.

We subsequently identified the genes represented by 2 of these complementation
groups (Fig. 3-1A). One genetic suppressor from the screen is hfil-L305P, a helix-breaker
mutation in the histone-fold-domain of a SAGA structural integrity protein. The other genetic
suppressor from the screen is ubp10-270%", a nonsense mutation that truncates an a de-
ubiquitinase with multiple targets in vivo. We also identified several other suppressors of
hht2-G90R, R128S by taking a candidate approach (Fig. 3-1). Interestingly, the mutation
used to identify hht2-G90R, R128S — spt5-242 — is a genetic suppressor of the hht2-G90R,

R128S Ts- phenotype. Furthermore, deletion of ATP-dependent chromatin remodeler gene
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CHD1, also suppresses hht2-G90R, R128S. The hht2 genetic suppressors also suppress
replication stress (hydroxy urea), caffeine, and high-salt phenotypes of hht2-G90R, R128S
(Fig. 3-1B). The variability in genetic suppression of hht2 phenotypes (Fig. 3-1B) suggests
that hfi1l-L305P, ubp10-270%", chd1l4, and spt5-242 may suppress hht2-G90R, R128S by

distinct mechanisms.

Histone chaperones are essential in hht2-G90R, R128S

Glycine 90 of yeast histone H3 is located at the solvent exposed SHL2.5 in the
nucleosomal structure. In many eukaryotes, this histone H3 region is distinct between two
non-centromeric isoforms of histone H3 — H3.1 and H3.3. These H3 isoforms are each bound
by a distinct set of histone chaperone complexes that are used to form nucleosomes in a
replication-dependent (H3.1) or replication-independent (H3.3) process, respectively.
Although budding yeast only encode a single non-centromeric form of histone H3, they do
express the chaperones that distinguish H3.1 and H3.3 in other eukaryotes, and mutations
affecting these chaperones and the SHL2.5 region of yeast H3 can selectively interfere with
replication independent nucleosome assembly (Cho paper). Furthermore, we previously
demonstrated that the SHL2.5 region in yeast has a role in nucleosome assembly (Radman-
Livaja et al. 2012) and mutations that alter this region affect nucleosome occupancy over

transcribed genes (Chapter 2).

An appealing hypothesis is that SHL2.5 mutations interfere with the ability of one or
more histone chaperones to function in vivo. To test this hypothesis genetically, we first
conducted a 2u high-copy suppressor screen of hht2 with a yeast genomic tiling library
(Jones et al. 2008) but isolated no candidate plasmids. We then took a candidate approach to
identify histone chaperones that are necessary for viability in hht2. In yeast, histone
chaperone function is largely redundant, and loss of multiple histone chaperones functions

are required for synthetic lethality or strong phenotypes. When we generated double mutants
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between hht2-G90R, R128S and spt6-50, spt16-197, hirl, asfl or rtt106. All double mutants
were inviable in the absence of a wild type copy of histone H3 (i.e., either the chromosomal
HHT1 gene or a plasmid borne copy of HHT2). (Fig. 3-2A). These genetic interactions are not
allele specific, as we also observed synthetic lethality when a second histone H3 suppressor
of spt5-242, hht2-L65S, E94V, was combined with these histone chaperone mutations (data
not shown). In contrast, when we disrupted replication-dependent histone chaperone function
with cacl4, double mutant cells were viable in the absence of wild type histone H3 (Fig. 3-

2B).

Histone H3 acetylation regulates replication-coupled nucleosome assembly (Burgess
et al. 2010). Gen5 predominately acetylates the histone H3 tail, but does have non-histone
targets in vivo, while Rtt109 targets H3-K56 in globular domain of histone H3 (Park et al.
2008). Neither of these enzymes are essential for viability in hht2-S87P, GO0R (Fig. 3-2C).
Interestingly, Rtt106 is thought to specifically assemble nucleosomes that have histone H3-
K56 acetylation (Zunder et al. 2012; Fazly et al. 2012), which is achieved by Rtt109 (Park et
al. 2008; Zhang et al. 2018). The observation that hht2 double mutants with rtt1064 but not
rtt1094 are inviable suggests that either Rtt106 has a H3-K56 independent function or that
H3-K56 can be acetylated by other histone H3 HATs which has not been reported in the
literature. Overall, the hht2 mutants strongly interact with histone chaperones and loss of

transcription-coupled histone chaperone function is essential for viability.

We used the hht2 histone chaperone double mutants as a genetic tool to perform
epistasis tests with a subset of hht2 genetic suppressors. No hht2 genetic suppressor
strongly rescued the synthetic lethality between hht2 and spt16-197 (Fig. 3-2C). The
observed growth on 5-FOA is likely due to spontaneous genetic suppressors which is
frequently observed with our hht2 strains (data not shown). We also performed the same

epistasis tests with spt6-50, asfl4, and hirl4 and did not observe rescue of viability (data not
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shown). This suggests that the hht2 suppressors do not decrease the dependence of histone

chaperone function in hht2 cells.

Chd1l nucleosome assembly specifically affects transcription elongation

Chd1 is an ATP-dependent chromatin remodeler can functionally slide and assemble
nucleosomes in vitro (Torigoe et al. 2013; Nodelman and Bowman 2021). ChIP experiments
show that it is located at gene promoters, transcribed gene bodies, and sites of transcription
termination (Simic et al. 2003; Hauk and Bowman 2011). Loss of chd14 function has many
reported phenotypes across the entire gene unit. Similarly, our hht2 mutations have multiple
chromatin phenotypes at distinct gene locations. hht2 has a cryptic transcription initiation
phenotype over the transcribed gene body of the FLO8-HIS3 genetic reporter and sin/bur

phenotype at the suc2 promoter in transcription activator sequence reporters.

To address which genic location loss of chd1 function suppresses hht2 temperature-
sensitivity, we performed epistasis tests with enzymes that function at known gene locations
during transcription. The histone H3 methyltransferases Set1 and Dot1 function at the 5’ and
3’ end of transcribed gene bodies, respectively. Rad6 is a histone H2B E2-ubiquitin
conjunction enzyme that can ubiquitinate histone H2B across the entire gene. Further,
histone H2B ubiquitination is required for Set1 and Dot1 function in a ‘trans-histone’ crosstalk
mechanism (Chandrasekharan et al. 2010). Neither setlA, dotlA, nor rad64 suppress hht2 at
elevated temperatures (Fig. 3A). chd14 hht2 temperature-sensitivity suppression is epistatic
to setla and dotlA4, suggesting that neither Setl nor Dotl is required for the suppression of
hht2 by chdl (Fig. 3-3A). Interestingly, rad64 is epistatic to chd14 (Fig. 3-3A). We note that it
remains possible that set14 dot14 double mutant yeast could be epistatic to chd14, but a
histone H2B ubiquitination function is a more direct explanation. While Rad6 can ubiquitinate

histone H2B across the gene, our work with histone H2B de-ubiquitinases suggests that it is
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loss of rad6 function across the transcribed gene body and not the promoter that is necessary

for chd1A4 suppression (see below).

Chd1 has two functions, nucleosome sliding and nucleosome assembly. To
determine if loss of either of these could explain the hht suppression mechanism, we took
advantage of chd1-W932A. This form of Chd1 lacks the ability to slide nucleosomes in vitro,
but retains partial assembly activity(Torigoe et al. 2013). We generated a chd1-W932A
mutant and integrated it at the CHD1 chromosomal locus. Like chd14, the chd1-W932A
mutant has a cryptic initiation phenotype with the FLO8-HIS3 genetic reporter (Fig. 3-3C) and
partially suppresses the Ts- phenotype of htt2 (Fig. 3-3D) and Cs- phenotype of spt5-242, an
spt5 allele that impairs transcription elongation (Simic et al. 2003; Quan and Hartzog 2010)
(Fig. 3-3E). However, in each case, chd1-W932A was a weaker suppressor of these
phenotypes than was chdl14. Thus, loss of Chd1’s nucleosome sliding activity is not sufficient
to explain the observed interactions of chd14 with hht2 and spt5-242, nor its cryptic initiation

phenotype.

hht2 suppressors distinctly affect cryptic initiation

One prediction of the hht2 suppressors is that they restore disrupted chromatin
function over transcribed gene bodies. To test this hypothesis,we generated histone shuffle
strains that contain the cryptic initiation FLO8-HIS3 reporter and either hfil-L305P or ubp104
hht2 suppressor mutations. A variety of histone H3 mutations that we have previously shown
to activate the FLO8-HIS3 reporter were then introduced to these strains using the plasmid
shuffle strategy. In addition to hht2-G90R, R128S, we examined point mutations at post-
translationally modified histone residues and a representative set of hht2 mutations that

suppress spt5-242 (chapter 2).

Surprisingly, our two different hht2 suppressors had opposing effects in this assay,

hfi1-L305P reduced growth of these histone mutant strains on galactose -His plates while
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ubpl104 increased growth of most, but not all, of the histone mutants (Fig. 3-4). The apparent
enhancement of cryptic initiation by theubp104 mutation is consistent with a previous study
that demonstrated the same phenotype enhancement between ubp10 and spt16 or pob3

mutants (Nune et al. 2019).

SAGA is a transcriptional co-activator of galactose regulated genes (Bhaumik and
Green 2001; Larschan and Winston 2001) and the GAL1 promoter drives the FLO8-HIS3
reporter gene (Cheung et al. 2008). Therefore, decreased SAGA function in hf1-L305P cells
may explain the decrease in the observed cryptic initiation phenotypes observed in the hfl-
L305P hht2 strains. The relative strength of promoter transcription activation has been shown
to affect cryptic initiation phenotypes (Silva et al. 2012) and deletion of the histone H3 tail
hht2-44-30 which de-represses galactose genes (Mann and Grunstein 1992) has a
decreased cryptic initiation phenotype in hfil-L305P cells (Fig. 3-4). Further, hf1-L305P
genetically suppresses the sin/bur phenotype of hht2-G90R, R128S (data not shown). Like

known SAGA mutants, hfi1-L305P likely decreases promoter activation.

Ubp10 has multiple enzymatic targets in vivo that act on transcribed chromatin

The histone H2B deubiqgtuitinase Ubp10 was originally identified as a regulator of
telomeric and sub-telomeric gene repression (Kahana and Gottschling 1999; Gardner et al.
2005). Ubp10 physically interacts with Sir4 to mediate telomeric silencing and ubp10-270t"
creates a truncated ubpl10 protein that lacks catalytic activity but is predicted to physically
interact with Sir4 (Kahana and Gottschling 1999). A complementation test with previously
characterized ubp10 mutants demonstrates that it is the loss of general ubp10 enzymatic
activity and not Sir4 mediated catalytic activity which suppresses hht2 (Fig. 3-5B). The
catalytically inactive ubp10-C371S allele fails to complement both ubp104 and ubp10-270te"
while the defective Sir4 binding but catalytically active ubp10494-250 does complement ubp10

suppression of hht2 (Fig. 3-5B). Ubp8 is another histone H2B de-ubiquitinase and ubp84
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ubp104 double mutants have increased in vivo H2B-Ub than either single mutant (Gardner et
al. 2005). Interestingly, Ubp8 and Ubp10 have target H2B-Ub at different genomic locations
across the gene body (Schulze et al. 2011). In ubp104 and not ubp84 mutants there is
elevated H2B-Ub at the 3’ ends of gene bodies, a transcribed region where we observe
prominent hht2 nucleosome occupancy defects (Chapter 2). However, we do not observe
hht2 suppression in ubp84 cells nor enhanced genetic suppression in ubp84 ubp104 cells

(Fig. 3-5A, data not shown).

Recent work has demonstrated an expanded functional role for Ubp10 in vivo. Ubp10
physically associates with and de-ubiquitinate PCNA (Gallego-Sanchez et al. 2012) and
Rpal90 (Richardson et al. 2012), the largest subunit of RNA pol I. Like histone H2B
ubiquitination, PCNA ubiquitination requires Rad6 function (Gallego-Sanchez et al. 2012) and
a non-peer reviewed pre-print suggests that Rad6 plays a predominant role in Rpal90
ubiquitination (Ibars et al. 2021). Ubp10 also physically interacts with (Buszczak et al. 2009;
Richardson et al. 2012) and alters the abundance (Isasa et al. 2015) of many proteins that
function during transcription elongation. To determine if the Rad6 E2-ubiquitin conjugation
pathway is required for the ubp10 suppression mechanism we performed an epistasis test
between rad64 and ubp10-270t". We still observe Ts+ in hht2-G90R, R128S ubp10-270t"
rad6A cells, although, it is an intermediate phenotype when compared to hht2 ubp10 double

mutants (Fig. 3-5C).

The intermediate phenotype observed in hht2-G90R, R128S ubpl10-270%*" rad64 cells
could be attributed to: (i) negative genetic interactions between loss of the entire Rad6
pathway and hht2 ubp10, or (i) Ubp10 de-ubiquitinates different sets of proteins that are
targeted by distinct E2-ubiquitin conjugating enzymes. We transformed two versions of
histone H2B into different hht2 strains to test whether histone H2B-Ub, and thus the Rad6

pathway, has a role in the ubp10 suppression mechanism. Additional copies plasmid borne
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H2A-H2B leads to decreased growth in hht2 and hht2 ubp10 cells. Further, if the added
histone H2B cannot be ubiquitinated (htb1-K123R), the dominant negative interaction is
stronger (Fig. 3-S1). This suggests that the genetic suppression observed in hht2 ubp10 rad6
is due to increased ubiquitination in non-Rad6 E2-ubiquitin conjugating enzymes and the

intermediate phenotype is because of the loss of Rad6 histone H2B ubiquitination.

SAGA mediated Sgf73 function

SAGA is a large protein complex with multiple functions during gene expression. Hfil
is a structural integrity protein in SAGA and interacts with Taf12 through a histone-fold
domain (Sterner et al. 1999; Gangloff et al. 2000; Wu et al. 2004; Papai et al. 2020; Wang et
al. 2020). We hypothesized that hfi1-L305P disrupts a specific SAGA function, during cloning
of this allele it displayed less severe phenotypes than hfil4 and hfil4 does not suppress
hht2. We systematically examined most non-essential SAGA genes to identify loss of function
mutations in a specific SAGA functional module that phenocopies hfil-L305P hht2

suppression (Table 3-1).

hfi1-L305P suppression of the sin/bur and cryptic initiation phenotypes of hht2 can be
explained by decreased SAGA function in promoter activation. SAGA’s Spt3 and Spt8
subunits shuttle TBP to promoters where they recruit RNA pol Il. Decreased TBP shuttling
would reduce transcription at all RNA pol Il transcribed genes. However, neither spt34 or
spt84 suppress hht2. This suggests that hfil-L305P is not abolishing SAGA TBP shuttling.
The histone acetyl transferase (HAT) and histone H2B de-ubiquitinase (DUB) enzymatic
modules both function at gene promoters to activate transcription. However, we have showed

that loss of gcn54 or ubp84 function does not suppress hht2 (Fig. 2B, data not shown).

Gcenb, the catalytic subunit of the SAGA and the closely related ADA complex,
acetylate different lysine residues in the histone H3 N-terminal tail as well as non-histone

proteins. Loss of a specific sub-set of SAGA/ADA functions may be sufficient to suppress
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hht2. Deletion of the ADA-specific subunit Ahcl, abolishes this complex (Eberharter et al.
1999; Lee et al. 2011). However, an ahcl4 mutation did not suppress hht2 (Fig/Table). Gen5
HAT function is augmented by different HAT-module proteins. Ada3 allows Gcnb to acetylate
nucleosomal histones instead of just core histones and expands the selection of lysine’s in
the histone H3 N-terminal tail for Gen5 acetylation (Balasubramanian et al. 2002). Sgf29 has
a general function in Gen5 HAT function and contains a tandem Tudor domain that binds H3-

K4me3 which aids in SAGA recruitment to promoters (Bian et al. 2011). Neither loss of ada34

or sgf294 HAT-module sub-function suppresses hht2 (Fig.???7?).

Like Genb, Ubp8 could have SAGA-dependent and -independent enzymatic
activities, or there are DUB-module regulated functions that are not disrupted in ubp84 cells.
Loss of a sub-function and not global ubp8 function function could suppress hht2. The DUB-
module functions in MRNA export through Susl1 which is part of both the SAGA and TREX-2
MRNA export complexes (Rodriguez-Navarro et al. 2004). Sus1 also has a role in H2B de-
ubiquitination (Kohler et al. 2006) and formation of pre-initiation complexes at promoters
(Durairaj et al. 2014). Complete loss of sus14 function does not suppress hht2. Susl
depends on Sgfl1 for association with SAGA but not for association with TREX-2 (Kléckner
et al. 2009). Specific loss of SAGA Susl function in sgf114 does not genetically suppress
hht2. Further, Sgf11 contains a zinc finger domain that binds nucleosomal DNA and Sgf11
has a functional role is Ubp8 enzymatic activity (Samara et al. 2012; Koehler et al. 2014;
Morgan et al. 2016) and loss of these sgfl14 functions does not suppress hht2. Lastly -
Sgf73 anchors the DUB-module to the SAGA complex (Kéhler et al. 2008; Lee et al. 2009).
Surprisingly, loss of sgf734 function genetically suppressed hht2 and to a similar extent as

hfi1-L305P (Fig. 3-6A).

A key prediction of our systematic analysis in identifying non-essential saga gene

deletions which phenocopy hfi1-L305P is that hfil-L305P should have overlapping
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phenotypes with the saga gene deletion. The DUB-module regulates yeast replicative
lifespan (RLS) and sgf734 have the largest DUB-module extension of increased yeast RLS
(McCormick et al. 2014). We used the same method to measure yeast RLS between a wild
type and hfi1l-L305P strain and found that hfil-L305P strains do have an increased RLS (Fig.
3-6B). Mutations of sgf73 distinctly affect SAGA composition in mass-spec analysis (Han et

al. 2014; Durand et al. 2014).

To do/examine what, we purified Spt7-TAP SAGA complex from strains that
expressed HFI1 or thehfil-L305P hht2 suppressor, or that entirely lacked HFI1 (Fig. 6C).
These complexes were then analyzed by mass-spectrometry to identify their protein
constituents. We identified the protein composition of each Spt7-TAP purification and
normalized the SAGA protein abundances relative to Spt7-TAP to compare changes to
SAGA complex composition. Spt7-TAP SAGA purified from hfilA grossly disrupts the HAT-
module, DUB-module, Tral, Spt3, and as predicted — Tafl2 association (Table 3-2).This is
consistent with prior studying showing that SAGA is grossly disrupted in from hfilA strains
(Wu and Winston 2002; Lee et al. 2011) (Fig./Table???). In contrast, Spt7-TAP SAGA
purified from hfil-L305P has about 50% less HAT-module association, 60% less DUB-
module association, 75% less association of Tral and Spt3, little change in Spt8 association,
and a 40% decrease in hfil-L305P and 65% decrease in Hfil interaction partner Taf12 (Fig.
3-6C) (Table 3-2). While our mass-spec results cannot rule-out whether these relative protein
abundances in hfi1-L305P represent alterations to or formation of SAGA sub-complexes, our
data has similarity to SAGA purified from sgf7342A. Ignoring the abundance of Sgfll and
Susl which have low spectral averages, our mass-spec suggests that either 25% of all SAGA
complexes have a complete complex and in vivo SAGA function is globally reduced or there

are multiple mixed SAGA complex compositions that have distinctly altered in vivo function.
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What Sgf73 function is disrupted in hfil-L305P? We performed epistasis crosses to
generate hht2 sgf734 ubp84 and hht2 hfil-L305P ubp84 strains to test whether Sgf73-
indepdnent activity of Ubp8 or altered SAGA-independent activity of Ubp8 could explain hht2
suppression. Both strains suppress hht2 (Fig. 3-S2 & data not shown) and any potential
SAGA/Sgf73- independent activity of Ubp8 cannot explain the suppression mechanism.
While susl14 disrupts a SAGA/TREX-2 function it leaves TREX-2 SAGA-independent function
intact, and as mentioned previously, sgf734 disrupts the composition of the TREX-2 complex
(Kohler et al. 2008). To test whether disruption of TREX-2 could explain genetic suppression
of hht2 we crossed deletions of non-essential TREX-2 genes in hht2 strains. Both sac34 and
thpl4 are synthetic lethal with hht2. Further, hfi1-L305P/sgf734 rescues synthetic lethality
between TREX-2 gene deletions and hht2. These results are inconsistent with the simple
model that hfi1l-L305P/sgf734 selectively disrupts TREX-2 complex function. Consistent with
our mass-spec and hfil-L305P suppression of hht2 cryptic initiation and sin/bur phenotypes,
SAGA may have reduced global activity in gene expression. SAGA was originally proposed
to regulate ~10% of the yeast genome at stress-related genes (Huisinga and Pugh 2004).
With new experimental techniques that measured and compared nascent transcription,
SAGA function was shown to have a predominant function across the gene body and acts a
general cofactor for global RNA pol Il transcription (Bonnet et al. 2014; Baptista et al. 2017).
While a global decrease in SAGA activity in hfil-L305P/sgf734 can explain hht2 suppression,
SAGA function is still required. Loss of HAT function with ada34 or gcn54 and TBP
recruitment with spt34 eliminates hfi1l-L305P suppression of hht2, but this could be a
consequence of SAGA function being required for RNA pol Il and sgf734 gcn54/ada34 and

sgf734 spt34 have negative genetic interactions.

The remaining Sgf73 function is its role in stress-inducible transcript export from the

nucleus (Kim et al. 2019). Interestingly, the synthetic lethal interactions between TREX-2
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mutants and hht2 suggest that redundant TREX-2 function may be disrupted in hht2. In
addition to chromatin specific functions, histone H2B-Ub has a prominent role in the formation
of proper mRNA-protein (MRNP) complexes for nuclear export (Moehle et al. 2012; Vitaliano-
Prunier et al. 2012). Epistasis crosses with rad64 and hfil-L305P show that rad64 is epistatic
to hfil-L305P and is required for hht2 suppression (data not shown; should probably make
figure?). Interestingly, sgf734 and not other DUB-module deletions genetically suppress
MRNA export mutants (Kim et al. 2019), and Sgf73 but not other DUB-module proteins is
required for Hogl stress-response expression of the PAU genes in hypoxic conditions
(Hickman et al. 2011). Complementation tests with sgf7342A and sgf7344 alleles show that
SGF73 and sgf7344, complement sgf734 hht2 suppression and sgf7342A fails to
complement sgf734 at 30°C (Fig. 3-S3). Interestingly, at elevated temperatures sgf7342A
does complement sgf734 hht2 suppression. Taken together this suggest that loss of Sgf73
SAGA association is important for hht2 suppression and that Sgf73 may have a post-SAGA
independent function. The model proposed by Kim et al. proposes that Sgf73 can facilitate
canonical mMRNA export with proper loading of Yral onto RNA at gene promoters or activate
Mex67-mediated non-canonical mMRNA export which bypasses mRNA quality control. The
disrupted promoter and ORF phenotypes of hht2 may disrupt promoter and/or transcription-
coupled mRNP export complex formation and sgf73/hfil-L305P restores a disrupted balance

between disrupted mRNP export pathways.

Discussion

The hht2 alleles were originally identified as suppressers of the cold-sensitive
transcription elongation factor spt5-242. Thus, they are hypothesized to disrupt chromatin
structure/function over the transcribed gene body. In Chapter 2 we show that these hht2
mutations do decrease nucleosome occupancy and do alter chromatin function over gene

bodies. Comparison of the different structural classes of hht2 and the literature in Chapter 2
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suggests that there are multiple molecular pathways that hht2 disrupts during transcription
elongation, but they remained to be tested. We used the strong temperature-sensitive
phenotype of the SHL2.5 hht2 alleles as a genetic tool to identify extra-genic suppressor

mutations in molecular pathways that overlap with hht2.

There are several possible classes of hht2 suppressors that we could identify: (i)
restore direct physical interaction between hht2 and suppressor; (ii) break hht2 and
suppressor physical interaction; (iii) decrease the dependence of hht2 function; (iv) bypass

hht2 function; (v) indirect/act downstream of hht2 affected processes.

We have identified five extragenic suppressors of SHL2.5 hht2: spt5, chdl, ubpl0,
hfil, and sgf73 (Fig 1A). In aggregate, the hht2 suppressors function at promoters (Chd1l,
Hfi1l/Sgf73) and transcribed gene bodies (Spt5, Ubpl10, Chd1, Hfi1/Sgf73). Pairwise
permutations in hht2 double suppressor strains all have enhanced hht2 temperature-sensitive
suppression (data not shown) which suggests that each hht2 suppressor has a distinct
mechanism/pathway. However, they are all likely to restore some aspect of disrupted
chromatin function over transcribed genes. The Set2/Rpd3s pathway functions to restore
closed/un-acetylated ORF chromatin during transcription elongation and deletion of set24 in
hht2 suppressor double mutants decreases the strength of temperature-sensitive

suppression (data not shown).

The epistatic relationship between the hht2 suppressors and rad64 highlight the
various functional rolls that histone H2B ubiquitination has during transcription and provide
new insight into known protein function. One key function of histone H2B-Ub is FACT
mediated nucleosome reassembly during transcription elongation (Fleming et al. 2008). The
hht2 strains have a strong dependence on histone chaperone function for viability (Fig. 2A)
and presumed decreased FACT nucleosome reassembly in rad64 is consistent with the

increased sickness of hht2 rad64 cells (Fig. 3A). The chd1-W932A allele can assemble but
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not slide nucleosomes in vitro and has decreased hht2 suppression compared to chd14 (Fig.
3A). Chd1 has a known function in replication-independent nucleosome assembly of histone
H3.3 (Konev et al. 2007; Siggens et al. 2015; Zhang et al. 2016; Schoberleitner et al. 2021)
but also functions in inhibiting histone turnover in yeast (Radman-Livaja et al. 2012; Smolle et
al. 2012), possibly by promoting nucleosome reassembly. Interestingly, rad64 is epistatic to
chd14 in hht2 suppression (Fig. 3A). This suggests that Chd1l may negatively regulate FACT-
mediated nucleosome reassembly. Chd1 could function directly with FACT in nucleosome
reassembly dynamics or Chd1 could function in nucleosome reassembly mediated through
other histone chaperones. Recent work supports a model in which FACT directly associates
with chromatin during transcription elongation starting at the +1 nucleosome and spreads
throughout the gene body in a Chd1 dependent process (Jeronimo et al. 2021) that may be

mediated through the Chd1 N-terminus (Farnung et al. 2021).

Histone H2B-Ub levels are elevated in ubp104 strains. An argument has been made
that H2B-Ub contributes to nucleosome stability, there is more soluble histone H3 in NaCl
treated nuclei when histone H2B-Ub is absent than when histone H2B-Ub is elevated
(Chandrasekharan et al. 2009). Interestingly, we do see enhanced NaCl hht2 suppression by
ubpl10-270t" when compared to the other hht2 suppressors. However, we observe decreased
nucleosome occupancy at DNA sequences predicted to form more stable nucleosomes
(Chapter 2). More intriguing is recent work that demonstrates FACT mediated de-
ubiquitination activity of Ubp10 (Nune et al. 2019). The model proposed by Nune et al. states
that FACT destabilizes or binds to already destabilized nucleosomes which contain H2B-Ub
and that FACT assisted Ubp10 de-ubiquitinase activity serves as an assembly checkpoint for
activation of FACT nucleosome assembly. This model predicts that hht2 has decreased
FACT nucleosome association and that elevated histone H2B-Ub by ubp104 restores FACT
nucleosome binding at the expense of regulated nucleosome assembly activity. Interestingly,

rad64 is incompletely epistatic to ubp10 hht2 suppression, suggesting that in addition to
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Rad6 E2-ubiquitin conjugation there may be another E2-ubiquitin conjugation pathway that

Ubp10 targets which functions in a chromatin pathway.

An alternative model to histone H2B-Ub/FACT function is that elevated histone H2B-
Ub in ubp104 may be inhibiting RSC function over transcribed gene bodies. Histone H2B-Ub
opposes RSC function in fission yeast at the stell gene (Materne et al. 2016) and recent
RSC/nucleosome structures suggest that H2B-Ub should occlude or diminish RSC’s ability to
bind to the nucleosome (Ye et al. 2019; Patel et al. 2019). RSC in budding yeast has a sub-
complex that remodels accessible nucleosomes which can lead to RSC-mediated
nucleosome ejection over DNA sequences form more stable nucleosomes (Schlichter et al.
2020). The SHL2.5 hht2 mutants have decreased nucleosome occupancy at DNA sequences
predicted to form more thermodynamically stable nucleosomes and increased H2B-Ub in
ubp10D could stabilize hht2 occupancy by opposing RSC function on these nucleosomes.
Further, Ubp10 primarily targets H2B-Ub at the 3’ ends of long genes (Schulze et al. 2011)
and is consistent with the observed correlation between hht2 nucleosome occupancy defects

and gene length (Chapter 2).

The hfil/sgf73 suppressors can also explain a H2B-Ub independent decrease in RSC
activity. Histone H3 N-terminal acetylation increases RSC nucleosome binding (Ferreira et al.
2007; Chatterjee et al. 2011) and stimulates RSC'’s ability to remove the nucleosomal barrier
to RNA pol Il in vitro (Carey et al. 2006). The global SAGA complex reduction in hfil-L305P
and decreased HAT activity in sgf734 would lead to reduced RSC recruitment and decrease
the frequency of RSC nucleosome ejection in hht2. Rsc4 functions in a autoregulatory
mechanism — Rsc4 tandem bromodomains can bind to either itself when acetylated by Gen5b
or to acetylated histone H3-K14 when Rsc4 is not acetylated (Kasten et al. 2004; VanDemark
et al. 2007). This may explain the epistatic relationship between gcn5 and hfil-L305P hht2

suppression. Loss of gcn5 HAT-independent activity leads to stimulated RSC activity and
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functionally related histone H3 HATs supply histone H3 acetylation. Recently it has been
reported that histone acetylation has the ability to actually stabilize nucleosomes and inhibit
RSC function at +1 nucleosomes (Lorch et al. 2018). Un-acetylated nucleosomes are ejected
by RSC and transferred to the Napl histone chaperone. Histone acetylation prevents RSC
nucleosome transfer to Napl and increases RSC associated with the nucleosome. The
ada34 epistatic relationship with hfil-L305P hht2 suppression can be explained by this +1
nucleosome RSC function. Gen5 HAT-module function is decreased in ada34 which leads to
under-acetylated +1 nucleosomes that are ejected by RSC and causes unregulated pol Il
transcription activation. Consistent with this, gcn54 is epistatic to ubp10 hht2 suppression but
ada34 shows incomplete epistasis. Suggesting that increased H2B-Ub may compensate for

decreased SAGA HAT activity under this model.

Our saga complex purifications and analysis of sgf73 hht2 suppression suggests that
hf1-L305P has sgf734 phenotypes and can disrupt SAGA-mediated Sgf73 recruitment and
affect post-SAGA Sgf73 function. Like sgf734 (McCormick et al. 2014), hfil-L305P extends
yeast RSL (Fig. 3-6B) and purified hif1-L305P SAGA complexes have broad disruptions that
overlap with sgf7342A — an allele that prevents DUB-module association — SAGA complex
compositions (Han et al. 2014). Interestingly, sgf7342A complements sgf734 at elevated
temperatures and is consistent with a Sgf73 SAGA independent function previously reported
(Kim et al. 2019). Promoter bound Sgf73 is suggested to regulate whether canonical or non-
canonical mRNA export occurs from a given gene. Even though sgf7342A does not stably
associate with SAGA in vitro, transient associations in vivo may still be possible and restore
MRNA export regulation. Consistent with this, histone H2B-Ub has a prominent role in mRNP
regulation (Vitaliano-Prunier et al. 2012) and rad6A4 is epistatic to hfi1-L305P. Further work
will determine if hfi1-L305P and sgf734 are distinct hht2 suppressors or if in vivo hfil-L305P

disrupts Sgf73 SAGA-independent mMRNA export function. Interestingly, we previously shown
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that spt4 suppresses mRNA export mutants (Burckin et al. 2005). While previously tested
SAGA mutants are synthetic lethal or very sick when combined with spt5-242 (Quan and

Hartzog 2010), sgf734 is a weak genetic suppressor of spt5-242 (data not shown).

There is an interesting genetic relationship between spt5, hht2, and chd1. Both chdl
and hht2 were isolated as suppressors of transcription elongation defective spt5-242 (Simic
et al. 2003; Quan and Hartzog 2010). Here we show that spt5-242 and hht2 are mutual
genetic suppressors and that chd1 also suppresses hht2 (Fig. 3-1, Fig. 3-3). Recent work has
shown that yeast Spt5 has a histone H3-H4 binding domain in its N-terminus and this histone
binding region is essential for yeast viability. However, the spt5-242 mutation is not located in
this region (Chapter 2). Spt5 physically interacts with Chd1 (Simic et al. 2003) and the hht2
alleles may be acting as chdl1 bypass mutations which can explain why both chd1 and hht2
both suppress spt5-242. This cannot explain the chd1 hht2 suppression and enhanced
suppression in spt5-242 chdl hht2 cells (data not shown). The FACT subunit Spt16 may

provide the missing link in our genetic suppression analysis.

We have previously shown that Spt5 physically interacts with Spt16 (Lindstrom) and
Spt5 N-terminal fragments containing the histone binding region associate with FACT and
histones in vivo (ZZ). Cryo-EM models of Spt5/pol Il nucleosomal transcription with FACT or
Chd1 show that FACT and Chd1 mutually exclude each other for binding the downstream
nucleosome. chd1l alleles which have in vitro nucleosome assembly — but no nucleosome
sliding — activity show decreased spt5-242 and hht2 suppression. While no Chd1 nucleosome
disassembly activity has been reported that enzymatic activity remains formally possible and
the in vitro conditions and co-factors that remain to be identified — are present in vivo. The
above biochemical interactions and our genetic interactions suggest that Spt5 collaborates
with Spt16/Chd1 in nucleosome disassembly of the downstream nucleosome and

nucleosome reassembly in the wake of RNA pol Il. There is separation of function alleles of
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both pob3 and spt16 in yeast FACT that have allele specificity with different histone
mutations. The pob3-Q308K allele has hyper-active nucleosome reorganization activity but
increased nucleosome retention compared to POB3 in vitro. Mutations to histone H4 that
genetically suppress pob3-Q308K were identified and shown to decrease pob3-Q308K
nucleosome retention. Interestingly, hht2-L65I was isolated as the sole histone H3
suppressor of pob3-Q308K and this histone H3 allele overlaps with our SHL2.5 hht2 alleles
that suppress spt5-242. Further, hht2-L61W is an allele that has increased Spt16 chromatin
association and is synthetic lethal with spt5-242 (Duina, personal communication). This
implies that our hht2 suppressors of spt5-242 have decreased Sptl6 association and our
identification of ubpl0 as a genetic suppressor of hht2 is consistent with this interpretation.
Additionally, we have identified spt16 genetic suppressors of spt5-242 (Chapter 4) which is a
prediction of the above model. The primary transcription elongation defect of hht2 is
suggested to be FACT/nucleosome disruption and that spt5, chdl, ubpl10, hfil/sgf73 either

restore FACT/H3 co-function or decrease the dependence on proper FACT/H3 interactions.
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Figure 3-1 hht2 suppressors have different suppression phenotypes

Serial dilution different hht2 temperature-sensitive suppressors spotted different phenotype
growth medium

(A) The hht2 suppressors were originally identified based on the ability to restore growth at
elevated temperatures. Photos for both plates are after 2 days of growth.

(B) Hydroxy-urea (H.U.), caffeine, or NaCl were added at the indicated concentrations for
each respective plate. H.U. photos are after 2 days growth and both caffeine and NaCl are
after 5 days growth.
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Figure 3-2 hht2 depends on transcription elongation histone chaperone function for
viability

The indicated hht2 strains with the indicated histone chaperone, histone H3 HAT, and hht2
suppressors were generated from different yeast crosses in the presence of pDM9 (URA3

HHT1-HHF1 CEN) and spotted onto the indicated yeast media to supply wild type histone

(sc-ura; pDM9) or only genomic hht2 (5FOA) at the indicated growth temperature.

(A) Wild type histone H3 is essential for viability when mutant transcription elongation histone
chaperones are combined with hht2. Sc-ura represents 3 days growth and 5FOA represents
2 days growth.

(B) Wild type histone H3 is not essential for viability when the replication-dependent complex
cacla mutant or loss of replication-coupled histone H3 HATs gcn54 or rtt1094 are combined
with hht2. Sc-ura represents 2 days of growth and 5FOA represents 3 days of growth.

(C) The addition of hht2 suppressors does not strongly or reproducibly restore viability in hht2
spt16-197 strains when wild type histone H3 is absent. Sc-ura represents 2 days of growth
and 5FOA represents 3 days of growth.
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Figure 3-3 chd14is epistatic to rad64 and chd1 nucleosome assembly activity inhibits
chdl phenotypes.

Yeast crosses were performed to generate the indicated genotypes and serially diluted onto
the indicated growth media at the indicated temperatures.

(A) In the absence of wild type histone H3 (5FOA) chd14 is epistatic to rad64 in hht2
suppression. The epistatic relationship does not depend on loss of setl or dotl function
which act downstream of Rad6. Sc-ura represents 2 days growth and 5FOA represents 2
days of growth.

(B) Representation of chd1-W932A in vitro biochemical activity.

(C) The addition of nucleosome assembly activity decreases the strength of chd1-W932A
chromatin disruption. chd1-W932A was integrated into the yeast genome and crossed with a
strain carrying the cryptic initiation reporter. Sc-his + gal is growth conditions that measure
cryptic inhiation with this reporter and the photo represents 3 days of growth.

(D & E) Presumed Chd1 nucleosome assembly negatively regulates hht2 (D) and spt5 (E) in
vivo. The photo in (D) represents 2 days of growth and the photo in (E) represents 3 days of
growth.
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Figure 3-4 hfil decreases and ubp10 increases non-allelic hht2 cryptic initiation
phenotypes

Histone H3 shuffles strains (hht1-hhfl4 hht2-hhf24 pGAL-FLO8-HIS3 + pDM9) in wild type*,
hf1-L305P, or ubp10D background were generated and the indicated plasmid born hht2
mutant was transformed and wild type H3 (pDM9) was counter-selected against on 5FOA
media before dilution spotting onto sc-his + gal at the indicated temperature to measure
expression of the cryptic initiation reporter. hfil-L305P and ubp104 represents 3.5 days of
growth. * this data is from Chapter 2 and used as a point of reference for hht2 cryptic
initiation.
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Figure 3-5 Ubp10 has multiple enzymatic targets that act in chromatin regulation
Ubp10 and not Ubp8 enzymatic activity negatively regulates hht2 and Ubp10 has
ubiquitinated targets from non-Rad6 E2-ubiquitin conjugation. The indicated strains were
generated from yeast crosses or plasmid transformations and serially diluted, or replica
plated to the indicated media and temperatures.

(A) ubp10 and not ubp8 suppresses the hht2 temperature-sensitivity.

(B) Loss of catalytic ubp10 function and not the inability to physically interact with Sir4
suppresses hht2. Only the catalytically inactive ubp10-C371S fails to complement ubp10
hht2 suppression.

(C) Ubp10 has non-Rad6 ubiquitinated targets in vivo. Direct streak-outs of the indicated
genotypes were replica plated to elevated growth temperatures and hht2 ubp10 rad6 has an
intermediate phenotype.
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Figure 3-6 hfil disrupts SAGA integrity and Sgf73 function
hfil and sgf73 share similar phenotypes and SAGA complex disruptions, suggesting that hfil-
L305P functions as a sgf734 in vivo.

(A) sgf734 phenocopies hfi1l-L305P hht2 suppression. Strains were generated by crosses
and the indicated strains were serially diluted on growth media at the indicated temperature
for 3 days of growth.

(B) hfi1-L305P increases yeast replicative life span.

(C) SAGA complex composition is disrupted in hfil cells. Spt7-TAP was used to purify SAGA
and associated proteins and a fraction of purified protein was run out on an acrylamide
gradient gel and then stained with Coomassie brilliant blue before silver staining. General
locations of SAGA proteins in the gel are indicated.
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Table 3-1 Genetic characterization of SAGA functional domains
Double mutant strains between hht2 and saga single mutants were generated with crosses
and growth at 37°C is presented.

113



HAT DUB TBP core

FTATAT A a7 & AVAD
2 C PA {
© g"’o ® r,& A @Qeé r,@(\ » KL LK

hht2-G90R, R128S - - - - - - - - - SRS - -

114



Table 3-2 Relative SAGA complex protein abundances purified from hfil mutants
Spt7-TAP purified SAGA complexes in different hfil strains were purified and associated
protein abundance was determined with mass-spec. To qualitatively compare purified SAGA
spectral counts were normalized to the level of Spt7-TAP (*).
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Figure 3-S1 Histone h2b has dominant phenotypes in hht2

Additional copies of plasmid borne histone H2B appear to have a dominant negative
interaction with hht2 and loss of histone H2B ubiquitination in h2b-K123R is even more
severe. Dilution spots temperature growth conditions represent 2 days of growth.
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Figure 3-S2 Sgf73 has Ubp8 independent function that inhibits hht2 growth
The indicated yeast strains were generated with crosses and then serially diluted to growth
media at the indicated temperature for 2 days.
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Figure 3-S3 sgf73 that fails to associate with SAGA displays incomplete suppression
of hht2.

hht2 sgf734 strains were transformed with different plasmids that did or did not contain
previously characterized sgf73 alleles. The transformants were directly struck out to growth
media at 37°C for 2 days or 39°C for 4 days.
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Figure 3-S4 Epistatic relationships between the SAGA HAT-module and hht2

suppressors
The indicated genotypes were generated by yeast crosses and were directly struck out to the
indicated growth temperature (A) or subsequently replica plated to elevated temperatures (B)
after sufficient growth at 30°C.

(A) gcn5 is epistatic to both hfi1l-L305P and ubp10-270tin hht2 strains. The direct streak-out
represents 2 days growth.

(B) ada3 is epistatic to hfil-L305P and decreases but does not eliminate ubp10-270%" hht2
suppression. The replica-plating represents 2 days growth.
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Chapter 4

Concluding remarks

Spt5 aids transcription through nucleosomes in vitro (Crickard et al. 2017; Ehara et
al. 2019; Farnung et al. 2021) and binds to histone H3 and H4 in vivo (Evrin et al. 2022).
However, a role for Spt5 in facilitating nucleosomal transcription in vivo was uncertain. The
spt5-242 allele has a transcription elongation defect (Quan and Hartzog 2010), depends on
TFIIS for viability during constitutive growth (Hartzog et al. 1998), and interacts with
chromatin regulators (Squazzo et al. 2002; Lindstrom et al. 2003; Simic et al. 2003; Quan and
Hartzog 2010). In Chapter 2 we present a large body of work that supports a model for Spt5

promoting transcription through nucleosomes in vivo.

Nucleosomes that are predicted to be thermodynamically stable pose a specific
challenge to elongating RNA polymerase Il when spt5 is defective. When we mapped
nucleosomes genome wide in hht2-S87P, G90R mutant yeast, nucleosomes appeared to be
selectively lost at the 3’ ends of transcribed genes, and the extent of this loss was
proportional to gene length. A 3’ end nucleosome occupancy defect has been previously
reported in FACT complex mutants (McCullough et al. 2019), but the authors did not
comment on how gene length contributed to the reported phenotype. We considered three
models that could explain our genome wide 3’ occupancy defect. By restricting our analysis
of nucleosome loss to genes that do not display cryptic transcription when chromatin is
disrupted, we ruled out internal transcription at the 3’ ends of genes. Using single molecule
analysis of the PHOS5 gene, we asked if nucleosome loss in our hht2- is necessarily
restricted to the 3’ end of the gene. We found that nucleosomes can be lost throughout the
gene body of actively transcribed, but not repressed, full length PHO5 single gene molecules.
Analysis of the predicted free energy of nucleosome formation across the PHO5 gene

(Heijden et al. 2012) demonstrated that the positions of nucleosome loss over the transcribed
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PHO5 gene body correspond with positions of increased nucleosome stability. When we
applied this free energy of nucleosomes formation model genome wide, we observed that h3

nucleosomes occupancy was also lost at stable sequences.

Why does selective loss of stable nucleosomes suppress spt5-242? With respect to
nucleosomes being physical protein barriers to transcription elongation by RNA pol Il a
rational argument can be made. Stable nucleosomes take more energy to unwrap than less
stable nucleosomes and when Spt5 is defective, the energy penalty becomes too large to
overcome. However, it is not obvious why stable nucleosomes are selectively lost from hht2-
S87P, G90S. The mutated residues are solvent exposed and do not make direct contact with
DNA or other histones but may directly perturb nucleosome stability in a manner we have yet
to test. Interestingly, the nucleosome SHL2.5 functionally interacts with chromatin remodelers
(Zofall et al. 2006; Gangaraju et al. 2009; Hada et al. 2019) .Something about SHL2.5 and
Blaine Bartholomew’s working showing remodeler interactions at that location? Yeast have a
RSC chromatin remodeler subtype that selectively remodels partially unwrapped
nucleosomes (Schlichter et al. 2020). This RSC subtype also ejects nucleosomes when they
are slid over DNA sequences predicted to form more stable nucleosomes (Schlichter et al.
2020). Thus, it is possible that our mutations make nucleosomes more susceptible to ejection
by RSC. Among our histone h3 suppressors of spt5-242 are alleles that alter residues in the
N-terminal alpha-helix of histone H3. Mutations in this alpha-helix are predicted to disrupt
nucleosome wrapping and have been shown to increase the activity of several chromatin
remodelers and RSC (Somers and Owen-Hughes 2009; Chatterjee et al. 2011). Thus, it may
be that our h3 mutations create a more permissive environment for RSC chromatin
remodeling which leads to suppression of defective spt5 function during transcription

elongation.

Genetic analysis of the extragenic suppressors of the h3 temperature-sensitivity

phenotype is also consistent with h3 mutants altering RSC function. Gen5 is part of the HAT-
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module of SAGA and targets histone H3 for acetylation (Tse et al. 1998 ; Kuo and Andrews
2013). RSC has increased binding affinity to acetylated nucleosomes and Gcen5 also
acetylates and regulates RSC function (Kasten et al. 2004; Carey et al. 2006; VanDemark et
al. 2007). Interestingly, disruption of gcn5 or it's associated proteins ada3 and sgf29 is an
enhancer of h3 growth defects. This may be explained by loss of HAT-independent
acetylation (Kim et al. 2010; Downey et al. 2015; Rdssl et al. 2019). We identified a hfil allele
that disrupts global SAGA function and appears to be phenotypically like a sgf73 null.
Through decreased global SAGA activity in hfil or decreased HAT-module function in sgf734
(Shukla et al. 2006; Han et al. 2014) there would be decreased general RSC activity over
transcribed gene bodies in h3 cells. We also ubp10 as a genetic suppressor of h3. Curiously,
mutations of UBP8, which encodes a histone deubiquithase that associates with SAGA, did
not suppress the h3 mutation. Histone H2B ubiquitination (H2B-Ub) has been shown to
oppose RSC function over promoters in S. pombe (Materne et al. 2016) and H2B-Ub is
predicted to sterically clash with RSC in nucleosome bound RSC cryo-EM models (Ye et al.
2019; Patel et al. 2019). A detailed in vitro study on Rad6/Brel mediated H2B-Ub and RSC
function has yet to be reported, though. Interestingly, rad6é mutations are epistatic to hfil and
ubp10 in h3 genetic interactions. H2B-Ub has a documented role in FACT nucleosome
mediated reassembly (Fleming et al. 2008) and promoting in vitro nucleosomal transcription
elongation (Pavri et al. 2006). This suggests that the rad6 epistasis is due to the loss of FACT

function in h3 cells.

The h3 alleles that disrupt SHL2.5 depend upon the function of several histone
chaperones for viability. This suggests that these h3 alleles are disrupting nucleosome
dynamics in vivo. There is broad functional redundancy between histone chaperones, and we
have not systematically tested our h3 mutants for specific defects in H3-chaperone binding.
However, yeast histone ‘isoforms’ that look histone H3.3 (yH3.3) or H3.1 (yH3.1) are both

viable and display no growth defects. Interestingly, yH3.3 has a cryptic initiation phenotype
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and genetically suppresses spt5-242 while yH3.1 does not have a cryptic initiation phenotype
and is synthetic lethal with spt5-242. Consistent with this, hir complex mutations are also
synthetic lethal with spt5-242. We have yet to identify hir or asf1 mutations that may act to
phenocopy a replication-independent nucleosome assembly proficient yH3.3 (Song et al.
2013). This may be due to the observation that yeast Hpc2 would be predicted to discriminate
yH3.1/yH3.3 (Ricketts et al. 2015). Altered Asf1/Hir complex function in yH3.3 and yH3.1 cells

would be from physical interactions with Hpc2 and not the other associated complex proteins.

FACT directly interacts with all 4 core histones and can both disassemble and
reassemble nucleosomes (Kemble et al. 2015; McCullough et al. 2015, 2018; Valieva et al.
2016; Sivkina et al. 2022). Interestingly, spt16-197 has a strong chromatin disruption
phenotype does not genetically interact with spt5-242. Given that our chromatin suppressors
of spt5-242 have a chromatin disruption phenotype, this suggesting that there are specific
chromatin transactions that are defective in spt5-242. The h3-L61W allele was identified as a
cold-sensitive histone mutation and was demonstrated to increase the associate of Spt16, a
FACT subunit, with chromatin. This histone mutation when combined with spt5-242 leads to
synthetic lethality, suggesting Sptl6 chromatin association is defective in spt5-242. Histone
mutations that suppress fact phenotypes (McCullough et al. 2013), alter Spt2/Spt6/Sp16
genomic occupancies (Hainer and Martens 2016), and are defective in in transcription-
coupled nucleosome occupancy (Hainer and Martens 2011). Our histone mutations that
suppress spt5-242 (SHL2.5, N-terminal alpha helix) may be also disrupting FACT function.
The H3 L61 residue is adjacent to SHL2.5 and the N-terminal alpha helix and both fact and
h3 mutants have nucleosome occupancy defects that can scale with gene length (data not
shown). Nucleosomes are dynamic structures and artificially making the nucleosome more
rigid alters chromatin remodeling outcomes (Sinha et al. 2017). Further work will be needed

to determine if our h3 mutations disrupt the mechanics of FACT function. FACT does not
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require ATP to disrupt the nucleosome structure (Sivkina et al. 2022). It is interesting to

speculate that our SHL2.5 h3 alter FACT’s ability to unwrap or rewrap nucleosome DNA.

The poorly characterized N-terminus of Spt5 is likely to facilitate nucleosomal
transactions during transcription elongation. This region of the protein has yet to be
unambiguously imaged by cryo-EM or x-ray crystallography (Bernecky et al. 2017; Vos et al.
2018; Ehara et al. 2019; Farnung et al. 2021; Zumer et al. 2021). Recent work has
demonstrated that residues in the acidic Spt5 N-terminus bind histone H3 and H4 (Evrin et al.
2022), but are dispensable for transcription elongation through nucleosomes in vivo.
However, this Spt5 H3-H4 binding region is necessary for viability and mutations that disrupt
it cause nucleosome loss during transcription elongation. In chapter 2, we identified the
unstructured NGN-Proximal Region (NPR) of Spt5 that is sensitive to chromatin disruption
phenotypes and contains the spt5-242 allele. AlphaFold predicts that the NPR is structured in
many organisms. Further, we have independently identified the NPR as a region that harbors
intra-molecular spt5 suppressors of spt5-242. This region is likely to be dynamic and we
predict that Spt5-242 protein, which alters a single amino acid in the NPR, is delayed or stuck

in specific state(s) during nucleosomal transcription elongation.

Our previous work demonstrated that spt5-242 suppressors fall in two mechanistic
classes: mutations that decrease transcription elongation rate and mutations that alter
chromatin. By decreasing the transcription elongation rate, spt5-242 may not enter non-
productive structural states or it gives the transcription elongation apparatus time to rectify
any stalled complex. Analysis of our h3 suppressors of spt5-242 suggests that RSC and/or
FACT have defective function in spt5-242. Physical interaction between RSC and Spt5 has
not been reported, but RSC does function to remodel and promote transcription elongation
(Biernat et al. 2021). We have previously reported that Spt16 physically interacts with Spt5
(Lindstrom et al. 2003) and Spt5 H3-H4 interaction occurs with Spt16 (Evrin et al. 2022). The

work presented in this thesis suggests that Spt5 facilitates transcription through stable

129



nucleosomes via RSC and/or FACT. How Spt5 coordinates nucleosome reassembly and if
transcribed nucleosomes are treated the same remain important questions, which, we now

have identified key proteins for future study.
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Appendix -1

A genetic model for Spt5/Spt6/Spt16 nucleosomal transcription elongation

Results

One main prediction of the model that Spt5 mediates chromatin transactions is that
Spt5 has histone chaperone activity and/or collaborates with histone chaperones during
transcription elongation. A recent study has reported that a Spt5 N-terminal region can bind
histones H3 and H4 and is essential for viability in yeast. However, mutations to this region
that prevent spt5 histone binding does not prevent RNA pol Il transcription elongation. This
spt5 mutation does result in nucleosome loss over transcribed gene bodies, though. Spt5 has
an apparent function in nucleosome reassembly during transcription elongation and not
nucleosome disassembly ahead of RNA pol Il. Histone chaperones then must disassemble or
bypass the downstream nucleosomal barrier to RNA pol Il and Spt5 coordinates these

histone chaperones during nucleosome reassembly in the wake of RNA pol 1.

Which histone chaperones disassemble or bypass nucleosomes ahead of RNA pol
[I? Histone chaperone function is highly redundant in vivo, and more than one histone
chaperone may disassemble nucleosomes ahead of pol Il. In yeast the Hir, Spt16/Pob3/Nhp6
(FACT), Spt6/Spnl complexes and single the individual Nap1, Rtt106, Spt2, and Vps75

proteins are histone chaperones that function during transcription elongation.

Overexpression of Spt2 rescues spt5-242

In chapter 2 we reported that the yH3.1 histone isoform has a synthetic lethal
interaction with spt5-242. This allele is predicted to not physically interact with the Hir
complex which functions in replication-independent nucleosome assembly. Consistent with
this, single deletions of each hir complex member are also synthetic lethal with spt5-242.

Importantly, hirlA yH3.1 strains are viable. This suggests that yH3.1 is recognized by other
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histone chaperones in vivo. yH3.1 dominantly interacts with spt5-242. The presence of wild
type histone H3 in HHT1-HHF1 yH3.1 spt5-242 still results in synthetic lethality (Table Al-1).
This gave us an opportunity to take an unbiased approach to screen for 2u plasmid
suppressors from a genomic library. If yH3.1 is disrupting physical interactions between some
protein X and spt5-242, over-expression of that target protein may restore functional physical
interactions by mass-action, or we may identify proteins which bypass the need for spt5-242
to interact with protein X. As a control we first crossed yH3.1 spt5-242 to known suppressors
of spt5-242 to test whether it is possible to rescue yH3.1 spt5-242 synthetic lethality. From a
representative set of original spt5-242 suppressors we can rescue yH3.1 spt5-242 synthetic
lethality (Table Al1-1). We further crossed the yH3.1 spt5-242 set24 triple mutant to determine
if the set2 suppression is due to hyperacetylation of the present wild type histone H3 or not.
When just yH3.1 is present, set?2 still rescues synthetic lethality between yH3.1 and spt5-242
(Table Al-1). The less severe HHT1-HHf1 yH3.1 spt5-242 strain was used for the 2p plasmid

screen to increase the chance of identifying candidates.

Overexpression of SPT2 was the only identified and confirmed candidate that
rescued HHT1-HHf1 yH3.1 spt5-242 synthetic lethality. Spt2 is a HMG-like protein and spt24
genetically interacts with many transcription elongation factors (Nourani et al. 2006). Crystal
structures have been solved of a truncated human Spt2 that binds to the (H3-H4)2 histone
tetramer and alterations to this binding surface in yeast spt2 causes cryptic transcription and
increased histone turnover (Chen et al. 2015). Overexpression of SPT2 can suppress spt5-
242 cold-sensitive growth and suppress spt5-242 cryptic initiation (Fig A1-1). Interestingly,
increased levels of SPT2 on its own has a cryptic initiation phenotype. The mutual cryptic
initiation suppression in 2 SPT2 spt5-242 may be due to compensatory changes on

nucleosome reassembly or some other mechanism.
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SPT2 is not an essential gene and therefore cannot be the primary histone
chaperone that disassembles nucleosomes ahead of RNA pol Il during transcription
elongation. Spt2 physically interacts with Spt6 (Bhat et al. 2013). During transcription
elongation, disruption of spt6 function reduces Spt2 chromatin association and disruption of
spt2 function reduces Spt6 chromatin association (Nourani et al. 2006; Thebault et al. 2011).
Spt6 is essential for life in budding yeast and may be the missing link that connects
nucleosome disassembly ahead of RNA pol Il with Spt5 mediated nucleosome reassembly.
However, Spt6 is not essential for life in fission yeast (Kiely et al. 2011). Fission yeast with
spt6A are extremely sick and the decreased dependence on Spt6 function may be
organismal specific. Given this and our 2x SPT2 result, we went ahead and screened for spt6

suppressors of spt5-242.

Dominant SPT6 suppressors of spt5-242

First, we tested for genetic interactions between previously characterized spt6 alleles
and spt5-242. The different spt6 alleles are have overlapping and distinct phenotypes (Clark-
Adams and Winston 1987; Swanson and Winston 1992; Kaplan et al. 2005; Diebold et al.
2010b). The two alleles which are synthetic lethal in combination with spt5-242 (Table Al-2)
have distinct phenotypes in 3’ mRNA processing (spt6-14) or are predicted to greatly
decrease RNA pol Il binding (spt6-50). While spt6-140 does have chromatin disruption
phenotypes it has a neutral genetic interaction with spt5-242. As Spt6 is a large protein that
functions in many transcriptional processes, the region that positively interacts with spt5-242
likely not represented in the previously characterized spt6 alleles and a hew spt6 screen

should be done.

From our screen to identify spt6 suppressors of spt5-242 we found and characterized
six candidates. The bulk of the spt6 alleles fall within the acidic N-terminus of Spt6 and the

last candidate is an amino acid deletion between the HhH and DLD domain (Figure A1-2A).
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In the acidic N-terminus there is a small region that binds the histone chaperone Spnl
(Diebold et al. 2010a; McDonald et al. 2010). This region of Spt6 is critical for in vitro
nucleosome binding and the presence of Spnl inhibits Spt6/nucleosome binding (McDonald
et al. 2010). Interestingly, the spt6-YW allele disrupts Spt6/lws1 binding (Diebold et al.
2010a) and spt6-YW has been reported to suppress the cold-sensitive phenotype of spt5-242
(Viktorovskaya et al. 2021). This suggests that our spt6 alleles in this region may be behaving
similarly. Spt6 is heavily phosphorylated by the Casein Kinase 2 (CK2) complex at serine
residues in the acidic N-terminus (Gouot et al. 2018; Dronamraju et al. 2018). The
phosphorylation state affects both Spnl and Spt2 binding to Spt6 (Bhat et al. 2013;
Dronamraju et al. 2018). Dephosphorylated Spt6 associates with Spt2 in vitro and Spt6
phosphorylation by CK2 releases Spt6 (Bhat et al. 2013). When phosphorylated, Spt6
interaction with Spn1l is strongly stabilized and both spté phoshomimetic (S to E) and
hypomimetic (S to A) disrupt chromatin function (Gouot et al. 2018; Dronamraju et al. 2018).
As many of our spt6 alleles are predicted to disrupt Spnl binding, and one is a known CK2
target (S206) we determined if they also have a cryptic initiation phenotype. Surprisingly the
spt6 allele in the Spnl binding region failed to display a cryptic initiation phenotype, S206F
has a mild phenotype, and D10174 also has no phenotype (Fig. A1-2B). All our known
suppressors of spt5-242 have a cryptic initiation phenotype. Determining whether chromatin
disruption is necessary for suppression of spt5-242, if this reporter is not sensitive enough, or

we are observing gene-dependent effects will require future work.

During our initial characterization of our isolated spt6 mutations we noticed that many
were dominant suppressors of spt5-242. We performed a dominance test by expressing the
spt6 suppressors on a CEN marked plasmid over genomic SPT6 in spt5-242 strain with the
FLO8-HIS3 cryptic initiation reporter. Interestingly, the addition of an extra wild type SPT6
plasmid makes spt5-242 sicker (Fig. A1-3A). All spt6 mutants restore cold-sensitive growth

and D197H and D243N suppress the strongest. Surprisingly, most spt6 mutants also restore
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suppression of cryptic initiation that is un-correlated with cold-sensitive suppression and
D10174 enhances the spt5-242 cryptic initiation phenotype (Fig. A1-3B). It remains to be
tested whether the mutual suppression of the cryptic initiation phenotype in spt6 spt5 strains

is related to our Spt2 results.

If the observation that Spt6 is dispensable for viability in fission yeast is not a fission
yeast artifact, then a different histone chaperone is the main target for nucleosome
disassembly ahead of RNA pol Il during transcription elongation. It may be that the dominant
phenotype of the spt6 suppressors is bypassing some function of this to be determined
histone chaperon in spt5-242 cells. We have previously shown that Spt5 physically interacts
with both Spt6 and Spt16 (Lindstrom et al. 2003). In yeast Spt16 associates with Pob3 and
NHP6 to form FACT. FACT was originally identified for its biochemical activity to promote
RNA pol Il transcription through nucleosomes in vitro (Orphanides et al. 1998). Subsequent
work from many groups have established FACT’s ability to disassemble, reassemble, and
alter nucleosome states both in vitro and in vivo. Like Spt6, Spt16 is a modular protein and

the well-studied spt16-197 (G132D) allele has a neutral genetic interaction with spt5-242.

Genetic evidence for disrupted spt5/sptl16 function

We performed a plasmid spt16 mutagenesis screen to identify sptl6 alleles that
suppress spt5-242. All the candidates that we isolated were single mutations in the Mid
domain of Spt16 (Fig A1-4A). Crystal structures of the human FACT Mid-domain engaging
the histone (H3-H4): tetramer have been solved as well as a cryo-EM model of human FACT
engaging with the nucleosome (Tsunaka et al. 2016; Liu et al. 2020). A cryo-EM model has
been determined for FACT engagement with the nucleosome during transcription elongation
(Farnung et al. 2021). The spt16 suppressors of spt5-242 mostly cluster in a long alpha-helix
& unstructured region that can interact with the nucleosomal surface adjacent to SHL2.5 (Fig.

A1-4B). The potential physical overlap between hht2 alleles that suppress spt5-242 and the
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sptl6 alleles is apparent when looking at mapped mutations relative to the proximal histone
H3 in the engaged nucleosome (Fig. A1-4B). While the hht2 alleles in the distal histone H3

appear to not be engaging with Spt16, hht2-R49A can contact a region of Sptl6 (Fig. A1-4B).

The Mid-domain of Spt16 functions in transcription-coupled nucleosome occupancy
and Spt16 release from chromatin in vivo. hht2-L61W is a cold-sensitive mutation that
increase Sptl6 chromatin association (Duina and Winston 2004; Duina et al. 2007). spt16
mutations in the Mid-domain suppress hht2-L61W cold-sensitivity and decrease Sptl16
chromatin association (Duina et al. 2007; Myers et al. 2011). Transcription from the SRG1
promoter represses SER3 and defective transcription-coupled nucleosome assembly
activates SER3 (Martens et al. 2004; Thebault et al. 2011 p. 2; Hainer and Martens 2011,
Pruneski et al. 2011). A screen for sptl6 alleles that activated a SER3-HIS3 reporter
identified many mutations in the Mid-domain (Hainer et al. 2012). The spt16 hht2-L61W
suppressors are distinct from sptl6 SER3 alleles, no spt16 SER3 allele suppressed hht2-
L61W cold-sensitivity (Hainer et al. 2012). Interestingly, spt16-D787N and spt16-E790D

suppress hht2-L61W and were independently identified as spt5-242 suppressors.

spt5-252 and hht2-L61W have overlapping phenotypes and spt5-242 hht2-L61W

double mutants are inviable (Table A1-3). This suggests that Spt5 and histone H3 are making
independent physical interactions with Sptl6. Spt6 and Sptl6 have many overlapping and
collaborative chromatin functions in vivo (Jeronimo et al. 2015, 2019; McCullough et al. 2015;
Viktorovskaya et al. 2021). When spt5, h3, sptl6 is defective, presumed loss of spt6/pol II
association is synthetically lethal; when spt16 has chromatin association defects it can rescue
spt5 and h3 mutations (Table A1-4). The histone H3 residues that are distinct between yH3.1
and yH3.3 are in proximity to H3-L61 and may also be augmenting Spt16 function or

chromatin association (Fig. A1-5).

Intramolecular suppression of spt5-242
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Spt5 is a large multi-domain protein, and it remains possible that the different Spt5
domains cooperate in vivo. We tested the hypothesis that spt5 is stuck in a physical
conformation by screening for intramolecular (I.M.) suppressors of spt5-242 (A268V) cold-
sensitivity. Surprisingly, all the .M. suppressors are near A268V and not in the KOW domains
or the CTR, which would be predicted for locked long-range structural states (Fig. A1-6A). In
addition to cold-sensitive suppression, the I.M. suppressors restore repression of cryptic
initiation (Fig. A1-6B). This suggests that chromatin function is restored in spt5. TFIIS (PPR2)
promotes nucleosomal transcription in vitro and Hirl functions in replication-independent
nucleosome assembly. Both ppr24 and hirlA when combined with spt5-242 is synthetically
lethal. Consistent with restored chromatin function from .M. spt5, spt5 viability is largely

restored in ppr24 and hirlA strains.

We previously identified the NGN-Proximal Region (NPR) as a hot-spot for spt5
mutants that have a cryptic initiation phenotype. spt5-242 and the |.M. suppressors, except
for R313K, are in the NPR. Further, S261 and G271 residues were identified in both the
cryptic initiation and .M. suppression screens. To further characterize Spt5 structure/function
we generated new spt5 mutants that contained spt5-242 and kow double mutations. We
chose kow alleles that have (KOW2; E546K) and don’t have (KOWS5; kow54) a cryptic
initiation phenotype. Interestingly, spt5-A68V, kow54 double mutants behave as spt5-A268V
single mutants during normal growth conditions but spt5-A268V, E546K double mutants are
very sick (Fig. A1-S1A). Increased growth temperature restores spt5-A268V constitutive
growth but spt5-A268V, E546K remain sick and slow growing at 39°C (Fig. A1-S1B). This

suggests that Spt5 may have overlapping chromatin function at the NPR and KOW2 domain.

Genetic model of nucleosomal transcription elongation

We have identified several histone chaperone pathways which can genetically

suppress spt5-242. Overexpression of SPT2, point mutations to spt6 and yH3.3 are all
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dominant suppressors of spt5-242 cold-sensitive growth (Fig. A1-1, Fig. A1-3A, data not
shown). In addition, these dominant suppressors also can restore repression of cryptic
transcription from the FLO8-HIS3 reporter (Fig. Al-1, Fig. A1-3B, data not shown). The
repression of cryptic transcription is a mutual genetic interaction, suggesting that
Spt2/Spt6/yH3.3 and Spt5 have compensatory or opposing roles in nucleosome reassembly.
The sptl6 mutations that suppress spt5-242 cold-sensitive growth are recessive mutations
and some of our spt16 alleles were independently identified as suppressors of hht2-L61W
cold-sensitive growth (Fig. A1-4, Table Al1-4). Sptl16 has increased chromatin association in
hht2-L61W and the overlapping sptl16 alleles lead to decreased chromatin association. This
suggests that spt5-242 may also lead to increased Sptl6 chromatin association. The
dominant spt5-242 suppressors may be either bypassing Spt5/Sptl16 function or promote

Sptl6 chromatin release.

From this work, a model of eukaryotic nucleosomal transcription elongation can be
proposed (Fig. A1-7). Sptl16 disassembles the downstream nucleosome inhibiting RNA pol II
progression. In collaboration with Spt6, Spt16 reassembles the nucleosome at upstream DNA
sequence. Spt5 negatively regulates nucleosome reassembly through Sptl16. This ensures
that co-transcriptional nucleosomal modifications may occur and that pol Il does not engage
with another nucleosome before the currently engaged nucleosome is reassembled. Sptl6
disengagement with Spt5 may promote pol Il to engage the next downstream nucleosome
and/or Spt16 disengagement from pol Il signals complete nucleosome reassembly and
transcription elongation can continue. Histone replacement is compatible with this model and

Spt5, Spt6, or Spl6 could be targets for regulating this mechanism.

Sptl6 (FACT) functions in nucleosome reassembly during both DNA replication and
RNA transcription. Histone H3.1 and H3.3 isoforms may be augmenting the fidelity of
nucleosome reassembly by FACT in opposing ways. At the expense of the rate of FACT

nucleosome disassembly H3.1 would promote the retention of H3.1 marked with repressive

138



PTM during DNA replication and unregulated/inappropriate transcription elongation. In
contrast, H3.3 would increase the rate of FACT nucleosome disassembly which promotes
nucleosome loss. This would allow for increased nucleosome turnover during DNA replication
to titrate out H3.3 marked with activating PTM that are no longer needed during DNA
replication and increased transcription elongation rate and/or efficient removal of specific

nucleosomes at stalled pol Il complexes.
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Table Al1-1 spt5-242 yH3.1 genetically interacts with known spt5 suppressors

The indicated strains were crossed with known suppressors of spt5-242 in the presence of
pMS4 (URA3 SPT5 CEN) and tested for viability on 5FOA media. Results are shown in the
table (- no growth; +/- strong growth; -/+ weak growth; N.D. was not conducted).
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spt5-242 HHT1-HHF2 yH3.1
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Figure A1-1 Overexpression of Spt2 rescues spt5-242

spt5-242 is no longer cold-sensitive when Spt2 is overexpressed and overexpression of Spt2
in spt5-242 mutually suppresses the cryptic initiation phenotype. Open vector or SPT2
plasmids were transformed into wild type and spt5-242 strains bearing the FLO8-HIS3 cryptic
initiation reporter and then serially diluted onto the indicated plates at the indicated
temperatures for growth. Sc-trp 30C and 22C represents 2 or 3 days of growth, respectively.
Sc-trp + gal represents 2 days of growth and sc-trp, his + gal represents 4 days of growth.
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Table A1-2 Spt5 overlaps with Spt6 function

Spt5 overlaps with a sub-set of Spt6 function in vivo. Double mutants were generated from a
cross that unambiguously identified double mutants that were also covered with a UR3
marked SPT6 plasmid. 5FOA was used to test for double mutant viability.
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Figure A1-2 spt6 suppressors of spt5-242 mostly cluster in the acidic N-terminus and
disrupt chromatin function

Disruption of the Spn1l binding domain and adjacent residues in spt6 suppresses spt5-242
and most spt6 mutations have a cryptic initiation phenotype. The spt6-YW (Y255A, W257A)
was previously described in Viktorovskaya et al. 2021 and reported to suppress spt5-242.

(A) A schematic representation of the spt6 mutations relative to known Spt6 domains
described in Close et al. 2011. Most identified alleles are point mutations in or adjacent to the
Spnl binding region. One allele results in a residue deletion between the HhH and DLD
domains.

(B) Not all spt6 alleles have a cryptic initiation phenotype. The spt6 alleles were transformed
into a SPT6 shuffle strain that contained the cryptic initiation reporter, passed over 5FOA to
knockout the wild type SPT6 plasmid, and patched to YPD before replica platting to the
indicated media. No growth was observed on sc-his (data not shown). YPD, gal, and sc-his +
gal represent 2, 3, and 3 days of growth, respectively.

146



Spn1 binding
HtH

acidic

wild
type

D197H

D202N

S206F

P231F

D243N

D1017A

spt6

147

YqgF HhHDLD S1  tSH2

YPD

sc-his + gal



Figure A1-3 All spt6 alleles are dominant suppressors of spt5-242

SPT6 spt5-242 FLO8-HIS3 strains were transformed with the indicated pRS414 (TRP CEN)
plasmid and serially diluted to the indicated media and growth temperature.

(A) Adding an additional SPT6 copy makes spt5-242 sicker but the addition of all spt6 alleles
dominantly suppresses spt5-242 cold-sensitive growth. Growth at 30°C and 22°C represent 2
and 4 days, respectively.
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Figure Al1-4 sptl6 suppressors of spt5-242 cluster in the Spt16 Mid-domain.
(A) sptl6 alleles are mapped relative to known Spt16 domains from Kemble et al. 2013.

(B) The spt16 alleles physically cluster in a long alpha-helix and an adjacent unstructured
region that can engage with the nucleosome. D918N is located at a region that points back
towards RNA pol Il. PDB: 7NKY is the reference structure.

(C) The long alpha-helix and unstructured region structurally overlaps with the hht2 mutations
that suppress spt5-242. Overlap and/or physical interaction may be histone H3 dimer
specific. PDB: 7NKY is the reference structure.
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Figure A1-5 Proximity of h3 and spt16 alleles during transcription

Histone H3 residues that genetically interact with spt5-242 and Spt16 residues that
genetically interact with spt5-242 and/or hht2-L61W are displayed. PDB: 7NKY is the
reference structure.

152



key: structure

key: H3 residues

[JRpb1/Rpb2
[ spt5

[ spt4

[ spt16
[JPob3

[C] Nucleosome
[JDNA

H RNA

61
Il ss7

[l A89
[ Geo

key: Spt16 residues

B E790
[ClE794

153



Table A1-3 Functional redundancy between hht2-L61W and spt5-242
Summary of known phenotypes and genetic interactions from the literature. Abbreviations:

not determined (N.D.), no growth (-), some growth (-/+), modest growth (+/-), robust growth
(+), mycophenolic acid (MPA), 6-azauracil (6AU).
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15°C

15°C 30°C  37°c  * MPAI/GAU
hht2-L61W ’ -+ - -+
spt5-242 - +- + +-
spt5-242 hht2-L61W N.D. - N.D N.D
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Table Al-4 Genetic interactions between spt5, h3, spt16, spt6

Summary of pairwise genetic suppression or interaction phenotypes. Abbreviations: synthetic

lethal (S.L.), not determined (N.D.), modest phenotype suppression (+/-), no change (N.C.),
self (-).
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spt5-242
hht2-L61W
hht2-yH3.1
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Figure A1-6 Intramolecular suppressors of spt5-242 suppress many phenotypes
Intramolecular suppressors were generated by plasmid mutagenesis of plasmids bearing
spt5-242 (A268V) and selected for by restoration of cold-sensitive growth. Non-revertant
alleles were further characterized.

(A & B) The intramolecular spt5-242 suppressors restore cold-sensitive growth (A) and
suppress the cryptic initiation phenotype (B) of spt5-242. Indicated LEU2 CEN spt5 plasmids
were transformed into spt54 FLO8-HIS3 + pMS4 (URA3 CEN SPT5) and subsequently
passed over 5FOA to select against pMS4. The transformants were then serially diluted to
indicated plates and growth temperatures. (A) 30°C and 22°C represent 2 and 3 days of
growth, respectively. (B) sc-leu + gal and sc-leu, his + gal represent 2 and 4 days of growth,
respectively.

(C) Most intramolecular suppressors restore spt5-242 viability when TFIIS or Hir complex
function is absent. The same plasmids in A & B were transformed into spt54 ppr24 (URA3
CEN SPT5) or spt54 hirl4d (URA3 CEN SPT5) strains. Transformants were serially diluted
onto 5FOA to test for spt5 genetic interactions with the indicated gene deletions. ppr2
represents 4 days of growth and hirl represents 3 days of growth.
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Figure A1-7 Model for eukaryotic nucleosomal transcription elongation

The nucleosomal barrier to RNA pol Il during transcription elongation is overcome by Spt16
(FACT). After the nucleosome ahead of pol Il is disassembled, Spt6/Spt16/Spt5 facilitate
nucleosome reassembly in the wake of pol Il. Spt16 disengages from the nucleosome which
resets pol Il for progressive transcription elongation. yH3.3 and yH3.1 have opposing function
of Spt16 function. This could serve as a checkpoint/efficiency system in eukaryotic
transcription. Inhibition of Spt16 function by H3.1 decreases the frequency inappropriate
transcription and increases the probability of nucleosome reassembly if inappropriate
transcription proceeds. Promotion of Spt16 function by H3.3 facilitates efficient nucleosome
transactions in post-mitotic gene expression. Spt16 and/or Spt5 can then be targets for post-
translational modification (PTM) regulation of nucleosome reassembly. Spt5 delays
nucleosome reassembly. This allows time for transcription coupled histone PTM. Spt16
functions with Spt5 is delaying reassembly and functions with Spt6 in promoting reassembly.
Sptl6 release from Spt5 & the nucleosome signals the completion of nucleosome
reassembly and transcription elongation continues.
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Figure A1-S1 Functional overlap between Spt5 NPR and KOW2

spt5-A268V,E546K are very sick and growth is not restored at elevated temperatures. The
indicated spt5 plasmids (spt5 CEN LEU) were transformed into a spt54 shuffle strain and
passed over 5FOA. Candidates were directly struck out to plates and incubated at the
indicated growth temperatures. 30°C represents 3 days of growth and 39°C represents 2
days of growth.
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plasmid
pMS4

PAAD49

pGH336

pJH18-A032

pJH18-A023

pJH18-A029

pAAD41L

pAAD44

pGH327

pGH328

pGH329

pJH18-A019

pJH18-A020

Appendix — 2

List of Plasmids

genotype
SPT5 URA3 CEN AMP

AMP CEN TRP1 HHF2-hht2-49 (K37E)
TRP1 CEN Ampr HHF2 hht2-22-2 (H3
R49K)

TRP1 CEN hht2-A032 (162V L65S)
HHF2
TRP1 CEN hht2-AO23 (A24 SILENT,
L60R) HHF2
TRP1 CEN hht2-A029 (R17 SILENT,
E94G) HHF2
AMP CEN TRP1 HHF2-hht2-41 (Q68R)
AMP CEN TRP1 HHF2-hht2-44 (Q93R)
TRP1 CEN Ampr HHF2 hht2-3-1 (H3
1124L)

TRP1 CEN Ampr HHF2 hht2-8-4b (H3
R128G)

TRP1 CEN Ampr HHF2 hht2-10-1 (H3
L1301)

TRP1 CEN hht2-AO19 (E59 SILENT,
L60M) HHF2
TRP1 CEN hht2-A020 (G90R, L100

SILENT) HHF2
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source
Hartzog lab

Andrea Duina

Hartzog lab

Hartzog lab

Hartzog lab

Hartzog lab

Andrea Duina

Andrea Duina

Hartzog lab

Hartzog lab

Hartzog lab

Hartzog lab

Hartzog lab



pJH18-A033

pJH18-AO5

pJH18-A08
pGH359
pHHT2-

K9,14,18,23R

pMD73

pGH356

pMD7

pGH374

pM51.1
pM53.1

pM67.6

pSH17

pMD1
pMD2
pMD3
pMD4
Str4
Str4-1
Str4-5

pRS416

TRP1 CEN hht2-A0O33 (L65S, V117
SILENT) HHF2
TRP1 CEN hht2-ac5 (K64R) HHF2
TRP1 CEN hht2-ac8 (L65V) HHF2
CEN TRP1 hht2-T118I HHF2
TRP1 CEN Ampr HHF2 hht2-
K9,14,18,23R
TRP1 CEN Ampr HHF2 hht2-
K9,14,18,23R,S87P,G90S
CEN TRP1 hht2-S87A HHF2
Trp Cen Amp HHF2-hht2-S31A
AMP TRP1 CEN hht2-S31A-189V,
GooMm
pho5D::URA3 AMP
PHO5-LexA-RS AMP
pho80D::HIS3 AMP
TEF2p:LexA-TAP, GAL1p:R-
Recombinase (Z. rouxii), LEU2-RS
URA3 CEN HFI1 AmpR
Trp Cen Amp SuppE
Suppl LEU2 2um KanR
UBP10 LEU2 2micron KanR
AMP CEN TRP STR4 = UBP10
AMP CEN TRP STR4 = UBP10
AMP CEN TRP STR4 = UBP10

URA3 CEN Ampr
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Hartzog lab

Hartzog lab
Hartzog lab

Hartzog lab

LeeAnne Howe

Hartzog lab

Hartzog lab

Hartzog lab

Hartzog lab

Hinrich Boeger
Hinrich Boeger

Hinrich Boeger

Hinrich Boeger

Hartzog lab
Hartzog lab
Hartzog lab
Hartzog lab
Daniel Gottschling
Daniel Gottschling
Daniel Gottschling

Hartzog lab



pRS314-HTB1-

Flag
pRS314-
htb1K123R-
Flag
pRS414

pJH18

pDM9

pJH18-A014

pJH18-A035

pJH18-A06

pJH18-A01

pJH18-A018

pJH18-A038

PRM430
MBB257
MBB286

PWZ414-F13-

K79A

TRP1 CEN Amp HTB1-Flag

TRP1 CEN Amp -htb1K123R-Flag

TRP1 CEN Ampr

HHT2-HHF2 TRP1 CEN Ampr

HHT1-HHF1 URA3 CEN AMP

TRP1 CEN hht2-ac14 (K18E, K23E)
HHF2

TRP1 CEN hht2-A035 (L65S E94V)
HHF2

TRP1 CEN hht2-ac6 (S87P,G90S)
HHF2

TRP1 CEN hht2-ac1 (L60P,R131S)

HHF2

TRP1 CEN hht2-A018 (G90R, R128S,

R131 SILENT, G132 SILENT) HHF2
TRP1 CEN hht2-A0O38 (P30 SILENT,
F104L) HHF2
hht2A4-30 HHF2 TRP1 CEN Ampr
hht2K4R-HHF2 TRP1 CEN Ampr

hht2K36R-HHF2 TRP1 CEN Ampr

hht2-K79A HHF2 CEN TRP1 Amp
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Mary Ann Osley

Mary Ann Osley

Hartzog lab
Mary Bryk

Lisa

Laprade/Winston

Hartzog lab

Hartzog lab

Hartzog lab

Hartzog lab

Hartzog lab

Hartzog lab

Michael Grunstein

Mary Bryk

Mary Bryk

Kevin Struhl

2,3

2,3

2,3

2,3

2,3



pFX04-K56G TRP1 CEN hht2-K56G HHF2 Michael Grunstein 2,3
TRP1 CEN hht2-A030 (A29G, R53G)
pJH18-A030 Hartzog lab 2,3
HHF2
pMD10 CEN AMP LEU2 spt5-G257S Hartzog lab Al-1
pMD11 CEN AMP LEU2 spt5-E546K Hartzog lab Al-1
pMD12 CEN AMP LEU2 spt5-L278P Hartzog lab Al-1
pMD13 CEN AMP LEU2 spt5-E243K Hartzog lab Al-1
pMD14 CEN AMP LEU2 spt5-R265C Hartzog lab Al-1
pMD15 CEN AMP LEU2 spt5-G602S, S809F Hartzog lab Al-1
pMD16 CEN AMP LEU2 spt5-G271D Hartzog lab Al-1
pMD17 CEN AMP LEU2 spt5-R255H Hartzog lab Al-1
pMD18 CEN AMP LEUZ2 spt5-G587D Hartzog lab Al-1
pMD19 CEN AMP LEU2 spt5-Q788ter Hartzog lab Al-1
pMD20 CEN AMP LEU2 spt5-R255C Hartzog lab Al-1
pMD21 AMP CEN LEU2 chd1-W932A Hartzog lab Al-1
pMD22 CEN AMP LEU2 spt5-G257D Hartzog lab Al-1
pMD23 CEN AMP LEUZ2 spt5-A267T Hartzog lab Al-1
CEN AMP LEU2 spt5-A267T (G121
pMD24 Hartzog lab Al-1
silent)
pMD25 CEN AMP LEU2 spt5-R265C Hartzog lab Al-1
pMD26 CEN AMP LEU2 spt5-E244N Hartzog lab Al-1
pMD27 CEN AMP LEU2 spt5-S261P Hartzog lab Al-1
pMD28 CEN AMP LEUZ2 spt5-A249T Hartzog lab Al-1
pMD29 CEN AMP LEUZ2 spt5-A266T Hartzog lab Al-1
pMD30 CEN AMP LEU2 spt5-E504K Hartzog lab Al-1
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pMD33

pMD49
pMD50
pMD51
pMD52
pMD54
pMD55
pMD56
pMD57
pMD58
pMD59
pMD60
pMD61
pMD62
pMD63
pMD64

pMD65

pMD66

pMD67
pMD68
pMD69
pMD70
pMD71

pMD72

KANr 2u LEU2 [BURSG, tR(ACG)E,
YER160C, YER159C-A, SPT2]
TRP1 ampR 2u SPT2
TRP1 ampR CEN SPT6
TRP1 ampR CEN SPT16
URA3 ampR CEN suppE
TRP1 ampR CEN spt6-6 (S206F)
TRP1 ampR CEN spt6-8 (D1017del)
TRP1 ampR CEN spt6-9 (P231F)
TRP1 ampR CEN spt6-10 (P231F)
TRP1 ampR CEN spt6-12 (D202N)
TRP1 ampR CEN spt6-17 (R882C)
TRP1 ampR CEN spt6-18 (D197H)
TRP1 ampR CEN spt6-20 (D243N)
TRP1 ampR CEN spt16-2 (D918N)
TRP1 ampR CEN spt16-9 (D787N)
TRP1 ampR CEN spt16-8
TRP1 ampR CEN spt16-13 (E790D)
TRP1 ampR CEN spt16-16 (P334L,
G773D)

TRP1 ampR CEN spt16-18 (A802P)
TRP1 ampR CEN spt16-30 (E763K)
TRP1 ampR CEN spt16-35 (?)
TRP1 ampR CEN spt16-36 (E794K)
TRP1 ampR CEN spt16-42 (G774D)

TRP1 ampR CEN spt16-47 (A764T)
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Hartzog lab

Hartzog lab
Hartzog lab
Hartzog lab
Hartzog lab
Hartzog lab
Hartzog lab
Hartzog lab
Hartzog lab
Hartzog lab
Hartzog lab
Hartzog lab
Hartzog lab
Hartzog lab
Hartzog lab
Hartzog lab

Hartzog lab

Hartzog lab

Hartzog lab
Hartzog lab
Hartzog lab
Hartzog lab
Hartzog lab

Hartzog lab

Al-1

Al-1

Al-1

Al-1

Al-1

Al-1

Al-1

Al-1

Al-1

Al-1

Al-1

Al-1

Al-1

Al-1

Al-1

Al-1

Al-1

Al-1

Al-1

Al-1

Al-1

Al-1

Al-1

Al-1



pRS424
name #
oy 98
GHY 619
GHY 823
GHY 827
GHY 735
GHY 736
GHY 840
GHY 842

TRP1 2u Ampr Hartzog lab

Appendix — 3

List of strains

genotype

his3A200 lys2-1286 leu2A1 trp1A63 ura3-52

his3D200 lys2-128d leu2D0 ura3DO0 trp1D63

his3A200 lys2-1280 leu2A1 ura3-52 trp1A63

(hht1-hhf1)A::LEU2 (hht2-hhf2)A::HIS3 pDM9

his3A200 lys2-1280 leu2A1 ura3-52 trp1A63

Spt5-242

his3A200 lys2-1286 leu2A1 ura3-52 trp1A63
(hht1-hhf1)A::LEU2

his3A200 lys2-1280 leu2A1 ura3-52 trp1A63
(hht2-hhf2)A::HIS3

his3A200 lys2-1280 leu2A1 ura3-52 trp1A63

(hht1-hhf1)A::LEU2 (hht2-hhf2)A::HIS3 pDM9

his3A200 lys2-1286 leu2A1 ura3-52 trp1A63

spt5-242 (hhtl-hhf1)A::LEU2 (hht2-

hhf2)A::HIS3 pDM9
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source
FY603/Fred

Winston
Hartzog Lab
FY1716/Fred

Winston

Hartzog Lab

Hartzog Lab

Hartzog Lab

Hartzog Lab

Hartzog Lab

Al-1

ch



GHY

GHY

GHY

GHY

GHY

GHY

GHY

GHY

GHY

GHY

843

844

1779

1867

1868

1869

1870

1871

1872

1891

his3A200 lys2-1280 leu2A1 ura3-52 trp1A63
spt5-242 (hhtl-hhf1)A::LEU2 (hht2-
hhf2)A::HIS3 pDM9
his3A200 lys2-1285 leu2A1 ura3-52 trp1A63
spt5-242 (hhtl-hhf1)A::LEU2 pDM9
his3A200 lys2-1286 leu2A(0 or 1) ura3(-52 or
AQ) trp1A63 hht2A1::URA3
hisA200 lys2-128d leu2A(0or1) trp1A63 ura(-
52 or AO) (hht1-hhf1)A::LEU2 hht2-F104L
hisA200 lys2-128d leu2A(0or1) trp1A63 ura(-
52 or AO) (hhtl-hhf1)A::LEU2 hht2-F104L
hisA200 lys2-128d leu2A(0or1) trp1A63 ura(-
52 or AO) (hht1-hhf1)A::LEU2 hht2-
K18E,K23E
hisA200 lys2-128d leu2A(0or1) trp1A63 ura(-
52 or AO) (hhtl-hhf1)A::LEU2 hht2-
K18E,K23E
hisA200 lys2-128d leu2A(0or1) trp1A63 ura(-
52 or AO) (hht1-hhf1)A::LEU2 hht2-
L60P,R131S
hisA200 lys2-128d leu2A(0or1) trp1A63 ura(-
52 or AO) (hhtl-hhf1)A::LEU2 hht2-
L60P,R131S
his3A200 lys2-1280 leu2A(0 or 1) trp1A63
ura3(-52 or 0) (hht1-hhf1)A::LEU2 hht2-

A29G,R53G
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Hartzog Lab

Hartzog Lab

Hartzog Lab

Hartzog Lab

Hartzog Lab

Hartzog Lab

Hartzog Lab

Hartzog Lab

Hartzog Lab

Hartzog Lab



GHY

GHY

GHY

GHY

GHY

GHY

GHY

GHY

1892

1893

1894

1895

1896

1912

1913

2006

his3A200 lys2-1280 leu2A(0 or 1) trp1A63
ura3(-52 or 0) (hht1-hhf1)A::LEU2 hht2-
A29G,R53G
his3A200 lys2-1286 leu2A(0 or 1) trp1A63
ura3(-52 or 0) (hht1-hhf1)A::LEU2 hht2-
G90R,R128S pDM9
his3A200 lys2-1280 leu2A(0 or 1) trp1A63
ura3(-52 or 0) (hht1-hhf1)A::LEU2 hht2-
G90R,R128S pDM9
his3A200 lys2-1286 leu2A(0 or 1) trp1A63
ura3(-52 or 0) (hht1-hhf1)A::LEU2 hht2-
S87P,G90S
his3A200 lys2-1280 leu2A(0 or 1) trp1A63
ura3(-52 or 0) (hhtl-hhf1)A::LEU2 hht2-
S87P,G90S
his3A200 lys2-1286 trp1A63 ura3(-52or AO)
leu2A(1 or 0) (hht1-hhf1)A::LEU2 hht2-
L65S,E94V (pDM9=HHT1-HHF1 URA3)
his3A200 lys2-1286 trp1A63 ura3(-520r AQ)
leu2A(1 or 0) (hhtl-hhf1)A::LEU2 hht2-
L65S,E94V (pDM9=HHT1-HHF1 URA3)
his3A200 lys2-1286 leu2A1 ura3-52 trp1A63
(hht1-hhf1)A::LEU2 pGAL1-FLOS8-

HIS3::KANMX
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Hartzog Lab

Hartzog Lab

Hartzog Lab

Hartzog Lab

Hartzog Lab

Hartzog Lab

Hartzog Lab

Hartzog Lab



GHY

GHY

GHY

GHY

GHY

GHY

GHY

GHY

2007

2010

2244

2295

2296

2298

2792

2841

his3A200 lys2-12806 leu2A1 ura3-52 trp1A63
(hht1-hhf1)A::LEU2 pGAL1-FLOS-
HIS3::KANMX
his3A200 lys2-1285 leu2A1 ura3-52 trp1A63
(hht1-hhf1)A::LEU2 (hht2-hhf2)A::NAT
pPGAL1-FLO8-HIS3::KANMX [pDM9=URA3
CEN HHT1-HHF1]
his3D1 leu2D0 met15D0 ura3D0
sir2D0::KANMX
his3D200 lys2-128d leu2D(1 or 0) ura3(-52 or
DO) trp1D63 (hhtl-hhfl)D::LEU2 suc2DUAS(-
1900/-390) hht2-L60P,R131S [pDM9 = HHT1-
HHF1 URA3 CEN AMP]
his3D200 lys2-128d leu2D(1 or 0) ura3(-52 or
DO) trp1D63 (hhtl-hhfl)D::LEU2 suc2DUAS(-
1900/-390) hht2-A29G,R53G [pDM9 = HHT1-
HHF1 URA3 CEN AMP]
his3D200 lys2-128d leu2D(1 or 0) ura3(-52 or
DO0) trp1D63 (hhtl-hhfl)D::LEU2 suc2DUAS(-
1900/-390) hht2-S87P,G90S [pDM9 = HHT1-
HHF1 URA3 CEN AMP]
his3A200 lys2-12806 leu2A(0 or 1) trp1A63
ura3(-52 or 0) hht2-3.1 spt5-242 pMS4
his3A200 lys2-1286 leu2A(0 or 1) trp1A63
ura3(-52 or 0) (hht1-hhf1)A::LEU2 hht2-3.1

pPGAL1-FLO8-HIS3::KANMX
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Hartzog Lab

Hartzog Lab

Hartzog Lab

Hartzog Lab

Hartzog Lab

Hartzog Lab

Hartzog Lab

Hartzog Lab



GHY

GHY

GHY

GHY

GHY

GHY

GHY

GHY

GHY

GHY

2842

2853

2854

2862

2867

2868

2803

2807

3000

3001

his3A200 lys2-1280 leu2A(0 or 1) trp1A63
ura3(-52 or 0) (hhtl-hhf1)A::LEU2 hht2-3.1
pPGAL1-FLO8-HIS3::KANMX
his3A200 lys2-1286 leu2(A1 or 0) ura3(-52 or
AQ) trp1A63 (hhtl-hhf1)A::LEU2 hht2-3.3
pGAL1-FLO8-HIS3::KANMX
his3A200 lys2-1286 leu2(A1 or 0) ura3(-52 or
AQ) trp1A63 (hht1-hhf1)A::LEU2 hht2-3.3
pGAL1-FLO8-HIS3::KANMX
his3A200 lys2-1285 leu2A1 ura3-52 trp1A63
spt5-242 hht2-T118] pDM9
his3A200 lys2-1280 leu2A1 ura3-52 trp1A63
hht2-T118! pDM9
his3A200 lys2-1285 leu2A1 ura3-52 trp1A63
(hht1-hhf1)A::LEU2 hht2-T118] pDM9
his3A200 lys2-1280 leu2A(0 or 1) trp1A63
ura3(-52 or 0) (hht1-hhf1)A::LEU2 hht2-3.1
Spt5-242
his3A200 lys2-1286 leu2A(0 or 1) trp1A63
ura3(-52 or 0) (hht1l-hhf1)A::LEU2 hht2-3.3
spt5-242
his3D200 lys2-128d leu2D(1 or 0) ura3(-52 or
DO) trp1D63 suc2DUAS(-1900/-390) hht2-
T118I [pDM9 = HHT1-HHF1 URA3 CEN AMP]
his3D200 lys2-128d leu2D(1 or 0) ura3(-52 or

DO) trp1D63 (hht1-hhfl)D::LEU2 suc2DUAS(-
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Hartzog Lab

Hartzog Lab

Hartzog Lab

Hartzog Lab

Hartzog Lab

Hartzog Lab

Hartzog Lab

Hartzog Lab

Hartzog Lab

Hartzog Lab



GHY

GHY

GHY

GHY

oy

GHY

GHY

3003

3005

3006

3007

411

835

1945

b

1900/-390) hht2-L65S,E94V [pDM9 = HHT1-
HHF1 URA3 CEN AMP]
his3D200 lys2-128d leu2D(1 or 0) ura3(-52 or
DO) trp1D63 (hhtl-hhf1)D::LEU2 suc2DUAS(-
1900/-390) hht2-K18E,K23E [pDM9 = HHT1-
HHF1 URA3 CEN AMP]
his3D200 lys2-128d leu2D(1 or 0) ura3(-52 or
DO0) trp1D63 (hhtl-hhfl)D::LEU2 suc2DUAS(-
1900/-390) hht2-G90R,R128S [pDM9 =
HHT1-HHF1 URA3 CEN AMP]
his3D200 lys2-128d leu2D(1 or 0) ura3(-52 or
DO0) trp1D63 (hhtl-hhfl)D::LEU2 suc2DUAS(-
1900/-390) hht2-F104L [pDM9 = HHT1-HHF1
URA3 CEN AMP]
his3D200 lys2-128d leu2D1 ura3-52 trp1D63
(hht1-hhf1)D::LEU2 suc2DUAS(-1900/-390)
his3A200 leu2A1 lys2A0 met15A0 ura3-167
trp1A63 ade2::his (hht1-hhf1)A::NATMX
(hht2-hhf2)A::HYGMX RDN1::mURAS3/HIS3
RDN1::TY1-MET15 TELV::ADE2
[pPJP11=HHT1-HHF1 LYS2 CEN]
his3A200 lys2-1286 leu2A1 ura3-52 trp1A63
(hht1-hhf1)A::LEU2
his3A200 lys2-1286 leu2A(0or 1) trp1A63
ura3(-52 or 0) spt5-242 (hhtl-hhf1)A::LEU2

hht2-15R (15R=G90R,R128S)
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Hartzog Lab

Hartzog Lab

Hartzog Lab

Hartzog Lab

Jeff Boeke

Hartzog Lab

Hartzog Lab



GHY

GHY

GHY

GHY

GHY

GHY

GHY

2019

2180

2182

2565

2265

2286

2288

his3A200 lys2-12805 leu2A(0 or 1) trp1A63
ura3(-52 or 0) (hht1-hhf1)A::LEU2 hht2-15R
suppressor cand. E (pRS314= TRP1 CEN)
his3A(200 or 1) lys2(D1 or -128d) leu2A(0 or
1) ura3(-52 or AO) trp1A63 (hht1-
hhf1)A::LEU2 hht2-15R hfi1A::KAN pDM9
(=URA3 CEN HHT1-HHF1) pAO9-3 (=TRP1
CEN HFI1)
his3A200 leu2A(0 or 1 or D::PET56) ura3(-52
or AO) trp1A63 (hhtl-hhf1)A::LEU2 hht2-15R
gcn5A::KAN pDM9 (=URA3 CEN HHT1-
HHF1)
his3D(0 or 200) lys2-128d leu2D(0 or 1)
trp1D63 ura3(-52 or DO) (hhtl-hhf1)D::LEU2
hht2-15R ubp10DO0::HIS3 ubp8D0::KANMX
[pPDM9=HHT1-HHF1 URA3 CEN AMPR]
his3A200 lys2-1285 leu2A(0 or1) ura3(-52 or
A0) trp1A63 (hht1-hhf1)A:LEU2 hht2-15R
suppl
his3D200 lys2-128d leu2D(1 or 0) ura3-52
trp1D63 (hhtl-hht2)D::LEU2 (hht2-
hhf2)D::URA3 suppE [pDM9=URA3 CEN
H3/H4]
his3D200 lys2-128d leu2D(1 or 0) ura3-52

trp1D63 (hhtl-hht2)D::LEU2 (hht2-
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Hartzog Lab

Hartzog Lab

Hartzog Lab

Hartzog Lab

Hartzog Lab

Hartzog Lab

Hartzog Lab



GHY

GHY

GHY

GHY

GHY

GHY

GHY

2381

2386

2392

2394

2396

2401

2403

hhf2)D::HIS3 suppl [pDM9=URA3 CEN
H3/H4]
his3A200 leu2(A1 or Q) lys2-1286 ura3(-52
or AO) trp1A63 (hht1-hhf1)A::LEU2 hht2-15R
ubp10A::KanMX [pDM9=(HHT1-HHF1)URA3]
his3A200 leu2(A1 or Q) lys2-1286 ura3(-52
or A0) trp1A63 (hht1-hhf1)A::LEU2 hht2-15R
spt16-197 [pDM9=(HHT1-HHF1)URA3]
his3A200 leu2(A1 or0) lys2-1285 ura3(-52
or AO) trp1A63 (hht1-hhf1)A::LEU2 hht2-15R
spt16-197 suppl [pDM9=(HHT1-HHF1)URA3]
his3A200 leu2(A1 or 0) lys2-1286 ura3(-52
or AO) trp1A63 (hht1-hhf1)A::LEU2 hht2-15R
spt16-197 suppE [pDM9=(HHT1-HHF1)URA3]
his3A(200 or 0) leu2(A1 or 0) lys2-1286
ura3(-52 or A0) trp1A63 (hht1-hhf1)A::LEU2
hht2-15R ubp8A::KanMX [pDM9=(HHT1-
HHF1)URA3]
his3A200 leu2A(1 or O or ::PET56) lys2-1286
ura3(-52 or A0) trp1A63 (hht1-hhf1)A::LEU2
hht2-15R gcnb5A::KAN suppE
[PDM9=(HHT1-HHF1)URA3]
his3A200 leu2A(0 or 1 or ::PET56) ura3(-52 or
AO0) trp1A63 (hht1-hhf1)A::LEU2 hht2-15R
gcnb5A::KAN suppl  pDM9 (=URA3 CEN

HHT1-HHF1)
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Hartzog Lab

Hartzog Lab

Hartzog Lab

Hartzog Lab

Hartzog Lab

Hartzog Lab

Hartzog Lab



GHY

GHY

GHY

GHY

GHY

GHY

GHY

2405

2410

2420

2422

2425

2431

2437

his3A(200 or 1) lys2-1286 leu2A(0 or 1)
ura3(-52 or 0) (hht1-hhf1)A::LEU2
ada3A0::KanMX hht2-15R pDM9

his3A200 lys2-1286 leu2(A1 or 0) ura3(-52 or

AQ) trp1A63 (hht1-hhf1)A::LEU2 (hht2-
hhf2)A::NAT suppE pGAL1-FLO8-

HIS3::KANMX [pDM9=URA3 CEN HHT1-
HHF1]
his3A(1 or 200) lys2-128x% leu2A(0 or 1)
ura3(A0 or -52) (hht1-hhf1)A::LEU2 hht2-
15R asf1A0::KANMX trp1A63 [pDM9=HHT1-
HHF1 URA3 CEN]
his3A(1 or 200) lys2-(1285 or 0) leu2A(0 or 1)
ura3(A0 or -52) hht2-15R, rad6A0::KAN,
[PDM9=HHT1-HHF1 URA3 CEN]
his3A(1 or 200) leu2A(0or 1) ura3(A0 or -52)
trp1A63 cac1A::KANMX (hht1-hhf1)A::LEU2
hht2-15R [pDM9=HHT1-HHF1 URA3]
his3A200 lys2-1286 leu2(A1 or 0) ura3(-52 or

AQ) trp1A63 (hht1-hhf1)A::LEU2 (hht2-
hhf2)A::NAT suppl pGAL1-FLOS-

HIS3::KANMX [pDM9=URA3 CEN HHT1-
HHF1]
his3A(200 or 1) lys2-1286 leu2A(0 or 1) ura3(-

52 or AO) trp1A63 (hht1-hhf1)A::LEUZ2 hht2-
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Hartzog Lab

Hartzog Lab

Hartzog Lab

Hartzog Lab

Hartzog Lab

Hartzog Lab

Hartzog Lab



GHY

GHY

GHY

GHY

GHY

GHY

GHY

GHY

2440

2441

2453

2455

2457

2471

2491

2497

15R rtt106A0::KAN pDM9 (=URA3 CEN
HHT1-HHF1)
hisBA200 lys2-1286 leu2A1 ura3-52
trp1A63 chd1A::HIS3
(hht1-hhf1)A::LEU2 hht2-15R
his3A200 lys2-1280 leu2A(0 or 1) trp1A63
ura3(-52 or 0) (hht1-hhf1)A::LEU2 hht2-15R
spt6-50 pDM9
his3A200 lys2-1286 trp1A63 ura3(-520r AO)
leu2A(1 or 0) (hht1-hhf1)A::LEU2 hht2-15R
dot1A0::KAN (pDM9=HHT1-HHF1 URA3)
his3A200 lys2-1286 trp1A63 ura3(-520r AQ)
leu2A(1 or 0) (hht1-hhf1)A::LEU2 hht2-15R
set1A0::KAN (pDM9=HHT1-HHF1 URA3)
his3A200 lys2-1286 trp1A63 ura3(-52or AO)
leu2A(1 or 0) (hht1-hhf1)A::LEU2 hht2-15R
set2A0::KAN (pDM9=HHT1-HHF1 URAS3)
his3A200 lys2-1286 leu2A(0 or 1) trp1A63
ura3(-52 or 0) (hhtl-hhf1)A::LEU2 hht2-15R
rtt109A40::KAN pDM9
his3A(200 or 1) lys2-(1285 op 0) leu2A(1 or 0)
ura3(-52 or 0) trp1A63 (hht1-hhf1)A::LEU2
hht2-15R ahc1D::KANMX pDM9
his3A(200 or 1) lys2-1286 leu2A(1 or 0) ura3(-
52 or 0) trp1A63 (hht1-hhf1)A::LEU2 hht2-15R

hir1A0::KAN pDM9
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Hartzog Lab

Hartzog Lab

Hartzog Lab

Hartzog Lab

Hartzog Lab

Hartzog Lab

Hartzog Lab

Hartzog Lab



GHY

GHY

GHY

GHY

GHY

GHY

GHY

2573

2588

2591

2593

2599

2601

2603

his3A200 leu2(A1 or Q) lys2-1286 ura3(-52
or AO) trp1A63 (hht1-hhf1)A::LEU2 hht2-15R
sptl6-197 chd1A::HIS3 [pDM9=(HHT1-
HHF1)URA3]
his3A200 lys2-1280 leu2A(0 or 1 or A::PET56)
ura3(-52 or A0) trp1A63 (hht1-hhf1)A::LEU2
hht2-15R gcnbA::KAN chd1A::HIS3 pDM9
(=URA3 CEN HHT1-HHF1)
his3A(1 or 200) lys2-(1286 or 0) leu2A(0 or 1)
ura3(A0 or -52) hht2-15R rad6A0::KAN
chd1A::HIS3 [pDM9=HHT1-HHF1 URA3
CEN]
his3A(200 or 1) lys2-1285 leu2A(0 or 1)
ura3(-52 or A0) trp1A63 (hht1-hhf1)A::LEU2
ada3A0::KanMX chd1A::HIS3 hht2-15R
pDM9
his3A200 lys2-128d trp1A63 ura3(-52or AQ)
leu2A(1 or 0) (hht1-hhf1)A::LEU2 hht2-15R
dot1A0::KAN chd1A::HIS3 (pDM9=HHT1-
HHF1 URA3)
his3A200 lys2-128d trp1A63 ura3(-52or AO)
leu2A(1 or 0) (hht1-hhf1)A::LEU2 hht2-15R
set2A0::KAN chd1A::HIS3 (pDM9=HHT1-
HHF1 URAS3)
his3A200 lys2-128d trp1A63 ura3(-52or AQ)

leu2A(1 or 0) (hht1-hhf1)A=LEU2 hht2-15R
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GHY

GHY

GHY

GHY

GHY

GHY

GHY

GHY

2611

2687

2689

3059

3294

1998

2682

2740

set1A0::KAN chd1A::HIS3 (pDM9=HHT1-
HHF1 URA3)
his3A(1 or 200) lys2-128d leu2A(0 or 1)
ura3(A0 or -52) trp1A63 hpc2A0::KANMX
(hht1-hhf1)A::LEU2 hht2-15R pDM9(=HHT1-
HHF1 URA3 CEN)
his3A200 lys2-1288? leu2A1 ura3-52
met15D07? (hhtl-hhf1)A::LEU2 hht2-15R
sgfA73::KanMX pDM9
his3A200 lys2-1286? leu2A1 ura3-52
met15D0? (hhtl-hhf1)A::LEU2 hht2-15R
sgfA29::KanMX pDM9
his3A200 lys2-1280 leu2A(0 or 1) trp1A63?
ura3(-52 or 0) (hhtl-hhf1)A::LEU2
ubp8A::KanMX sgf73A::NatMX hht2-15R
his3A200 lys2-1285 leu2A(0 or1) ura3(-52 or
AO0) trp1A63 (hht1-hhf1)A::LEU2 hht2-15R
SuppE::NatMX rad6A0::KanMX
his3A200 lys2-1286 leu2A1 ura3-52
chd1A::HIS3 pGAL1-FLO8-HIS3::KANMX
his3A200 lys2-1285 leu2A1 ura3-52 trp1A63
chd1A::chd1W932A pGAL1-FLO8-
HIS3::KANMX
his3A200 lys2-1286 leu2A1 ura3-52 trp1A63
spt5A4::TRP1 pGAL1-FLO8-HIS3::KANMX

[PMS4]
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GHY

GHY

GHY

GHY

GHY

GHY

GHY

GHY

GHY

3277

3182

3187

3188

3009

3011

3013

3296

3180

his3A200 lys2-1285 leu2A(0 or1) ura3(-52 or
AQ) trp1A63 (hht1-hhf1)A::LEU2 hht2-15R
suppE::NatMX sac3A0::KanMX
his3D1 leu2DO0 ura3DO0 hfilD::KANMX
sac3A::NatMX [pmD1=URA3 CEN HFI1]
his3D1 lys2-1286 leu2(D0 or 1) ura3DO0 suppE
sac3A::NatMX
his3A200 lys2-1280 leu2A(0 or 1) trp1A63
ura3(-52 or 0) (hhtl-hhf1)A::LEU2 hht2-15R
sac3A::KanMX pDM9
HA-SPT7-TAP::TRP1 ura3A0 leu2A1 trp1A63
his3A200 ada1A::HIS3 lys2-173R2 his4-9175
pMD1
HA-SPT7-TAP::TRP1 ura3A0 leu2A1 trp1A63
his3A200 ada1A::HIS3 lys2-173R2 his4-9175
pMD52
HA-SPT7-TAP::TRP1 ura3A0 leu2A1 trp1A63
his3A200 ada1A::HIS3 lys2-173R2 his4-9176
pRS416
his3A200 lys2-1286 leu2A1 ura3-52
trp1A63 spt5-242 pGAL1-FLOS-
HIS3::NatMX
his4-912d lys2-128d leu2d1 ura3-52 trp1d63

spt6::LEU2 spt5-242::NAT (pCC11)
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his4-9126 lys2-1280 trp1A63 ura3-52 leu2A1
GHY 3265 b sptl6D::KanMX spt5-242::NAT
(pcch8)
his3D(1 or 200) lys2-128d leu2D(0 or 1)
GHY 2730 b ura3(DO or -52) trp1D63 spt5D4:: TRP1
ppr2D0::KAN [pMS4=SPT5 URA3 CEN]
his3A200 lys2-12806 leu2A1 ura3-52 trp1A63

GHY 2875 a
sptbA4::TRP1 hir1 A::KANMX [pMS4]
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Appendix - 4

Materials and Methods

Media and yeast genetic methods

All yeast media used is made as described previously (rose) and all strain construction
methods were standard methods (rose). S. Cerevisiae strains used in this study are isogenic

to S288C and are GAL2+(winston) and are listed in supporting information Table S1.

To integrate hht2 mutants a 5-FOA/URA3 counterselection strategy was used. The HHT2
ORF in GHY-619 was recombined out in a high-efficiency transformation protocol and
replaced with a PCR product that amplified the URA3 sequence from pRS404 with flanking
homology arms to DNA upstream (OGH-672) and downstream (OGH-673) the HHT2 ORF.
Transformants were plated on SC-URA and then screened via PCR for successful
integration. This GHY-619 hht2D1::URA3 intermediate strain was crossed to GHY-836 to
generate the master histone H3 hht2 integration strain GHY-1779. All histone H3 hht2
mutants generated in this study are derivatives of plasmid pJH18 and selected mutants for
integration were digested with either Bael and Sall or Eagl and Sall to generate a hht2
dropout fragment for URA3 replacement by replica plating to 5-FOA. PCR verified hht2
integrants were crossed with GHY-823 and sequenced to ensure no new histone H3 or any

histone H4 mutations were introduced during transformation.
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Yeast strains GHY-2625 and GHY-2630 were generated by a series of homologous
recombination events via high-efficiency transformation and a meiotic cross. First PHO5 was
replaced with URA3 by transforming GHY-836 with Notl digested plasmid pM51.1 and plated
to SC-URA. A Ura+ pho5D::URA3 recombinant was identified by PCR and subsequently
transformed with Notl digested plasmid pM53.1 containing the PHO5-GC cassette.
Transformants that had replaced pho5D::URA3 with PHO5-GC were selected on 5-FOA and
verified by PCR. This intermediate strain was crossed with the below intermediate strain. The
LEU2 marker in GHY-1893 was switched to NatMX by transformation with (hht1-
hhf1)D::NatMX PCR product amplified from OY410 genomic DNA. Leu- and Nat+ cells were
transformed with EcoRI digested plasmid pM67.6 and plated to SC-HIS to replace PHO80

with HIS3.

Isolation of spt5 cryptic initiation mutants and spt6 or sptl6 mutants that genetically suppress

spt5-242 was done with hydroxylamine mutagenized plasmids (rose).

Plasmids

A detailed list of the plasmids used in this study is listed in supporting information Table S2.
To generate mutagenized histone H3 containing plasmids a recombination based approach
was used. Plasmid pJH18 (HHT2-HHF2 CEN TRP1) was digested with Sall and BamHI to
create a gapped plasmid backbone lacking HHT2. Separately, HHT2 was PCR amplified from
pJH18 under mutagenic conditions (Taq polymerase, 125 uM MnCI2, 40 cycles: 94°C for 45
seconds, 55°C for 30 seconds, and 72°C for 2 minutes) using primer pair OGH587/OGH588
amplified. The pJH18 PCR mutagenesis template was digested with Mfel and Sacl to
prevent intact pJH18 from being transformed into yeast in subsequent steps. The
mutagenized hht2 amplicons contained ~200 bp of DNA overhangs homologous to the
Sall/BamH1 gapped pJH18. Equal masses of gapped pJH18 and mutagenized hht2 DNA

were co-transformed into yeast strains GHY842 and GHY843 and plated on SC-TRP
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media. Candidate hht2 suppressors were identified by replica plating to 15°C for growth at
the restrictive temperature (both before and after plating to 5FOA). Colonies that grew at
15°C were purified, retested, and plasmids were rescued, and re-transformed to GHY842 or
GHY843 to confirm that the Cs- suppression was plasmid linked. DNA sequencing was
performed to identify the H3 mutations and confirm that the H4 gene on these plasmids still

carried the wildtype sequence.

Plasmids pGH327, pGH328 and pGH329 were generated by a PCR mutagenesis, using

oligonucleotides that randomized one codon at a time.

Plasmid pMD73 was generated by digesting plasmids pJH18-A06 and pHHT2-K9,14,18,23R
with Bcll and BamHI to drop out a 206 bp fragment containing 21 bp of HHT2 promoter DNA
up HHT2-L61 sequence. The large plasmid backbone from the pJH18-A06 containing hht2-

S87P, G90S sequence was ligated with the 206 bp dropout from pHHT2-K19,14,18,23R

containing the histone tail mutations and successful ligations were verified by sequencing.

Plasmids pGH356 (hht2-S87A; yH3.3), pGH359 (hht2-T118l), and pMD7 (hht2-S31A) were
generated by site directed mutagenesis of pJH18. Plasmid pGH374 (hht2-S31A,189V,G90M;

yH3.1) was generated by site directed mutagenesis of plasmid pMD7.

Mono-nucleosome preparation

Yeast strains GHY835 and GHY1895 were grown overnight to mid log phase (2 — 2.3 x 107
cells/ml) in 200 ml of YPD, cross-linked at room temperature for 15 minutes by adding
formaldehyde to a final concentration of 1%, and quenched with 0.125 M glycine for 5-10

minutes. Cells were washed twice with ice cold PBS and stored at -800C.

MNase titrations and recovery of digested DNA were carried out as previously described by
Yuan et. al. 2005, with few modifications. Briefly, spheroplasts were prepared by first re-

suspending defrosted cell pellets in Zymolyase Buffer (1 M Sorbitol, 50 mM Tris-HCI pH 7.4,
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10 mM b-mercaptoethanol), then Zymolyase 100T was added to a final concentration of 0.25
mg/ml and cells were incubated at 300C with 200 rpm shaking for 20-40 min. Spheroplasted
cells were monitored until their measured ODsoonm (30 ul cell-reaction in 1 ml of 1% SDS) was
10-20% of the initial reading. Spheroplasts were washed with Zymolyase Buffer, re-
suspended in NP-buffer (1 M Sorbitol, 50 mM NacCl, 10 mM Tris-HCI pH 7.4, 5 mM MgClz, 1
mM CaClz ; 0.075% NP- 40, 1 mM b-mercaptoethanol, and 0.5 mM spermidine added fresh)
and split into five equal aliquots for titrated MNase digestions. MNase (S7 nuclease Roche),
previously dissolved and stored in Dilution Buffer (50 mM Tris-HCI pH 7.4, 50 mM NacCl, 10
mM MgCI2, 50% glycerol), was added at amounts ranging from 10U to 25U. Digestions were
carried out at 370C for 20 minutes and stopped with the addition of 50 mM EDTA and
5%SDS (10 mM EDTA and 1% SDS final concentration). To isolate MNase digested DNA
fragments, 3 ul of 20 mg/ml proteinase K were added and proteins digested for 1 h at 550C in
a water bath, followed by an overnight incubation at 650C to reverse formaldehyde cross-
linking. DNA was phenol-chloroform-isoamyl alcohol (25:24:1) extracted, washed with
chloroform and ethanol precipitated. Resuspended DNA was treated with DNase-free RNase
at 370C for 30 min, phenol-chloroform extracted, washed with chloroform, precipitated with

ethanol, re-suspended in 50 ul of MQ water and stored at -800C.

Mononucleosomal DNA was obtained by gel-purification using a modified protocol described
in Shivaswamy et. al. 2008. In brief, MNase digested DNA samples were examined by gel
electrophoresis and titrations which generated 80-90% mononucleosome sized DNA were
chosen to be resolved on a 1.8% Low Range Ultra Pure Agarose gel in TAE buffer, alongside
a 100 bp ladder, for 2 hr at 100 V. The 150-200 bp mononucleosomal size band was excised
under long UV wavelength, transferred to a LoBind microcentrifuge tube and processed
following the NucleoSpin Gel Extraction and PCR Clean-up kit (Macherey-Nagel) with the
following modifications: NT1 buffer was added at a ratio of 4X volume to 1X volume of the gel

slice and incubations were at room temperature for 30-45 min.
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Genome-wide mapping of mono-nucleosomes

Mononucleosome sized DNA fragments were prepared for paired-end Illlumina Sequencing,
with the adapter ligated library going through 14 rounds of PCR amplification. Briefly, 150-200
ng purified mononucleosomal DNA were end repaired with 4.5U T4 DNA Polymerase, 2.5U
Klenow Fragment and 25U T4 PNK at 200C for 30 min and purified with a NucleoSpin
column. End-repaired DNA was A-tailed with 15 units of Klenow exo- at 370C for 30 min,
NucleoSpin column purified, and then ligated at 250C for 15 min with lllumina adapters and
Quick T4 DNA ligase. Reactions were purified with a NucleoSpin column and resolved in a
1.8% Low Range Ultra Pure Agarose gel. A ~280 bp band corresponding to the ligated
mononucleosomal DNA fragments was cut out of the gel, purified using a NucleoSpin Gel
Extraction Kit with the modifications previously described, and stored at -800C until needed.
To amplify the mononucleosomal DNA library, 1U of Pfx enzyme (invitrogen) and empirically
determined diluted template that amplifies within the linear PCR range for 14 cycles were
used. Amplified libraries were purified with a NucleoSpin column, visualized with a
BioAnalyzer and quantified by qPCR before subjecting them to lllumina sequencing at the

UCSC Berkeley Sequencing Facility.

Nucleosomes were mapped using DANPOS2 with standard settings.

Software and bioinformatic analysis

Simple bedtools commands were used to generate annotated genesets or identify
nucleosome dyads over the transcription unit. A simplified python script from Heijden T. van
der et al. was used to calculate the predicted kT of nucleosome formation across the yeast
genome with the following parameters set: w = 147, p = 10.1, and b = 0.2. DANPOS2 was
used to calculate the MNase or kT average for the displayed data. R-studio and ggplot2 were
used to generate MNase and predicted KT of nucleosome formation figures. Chimera was

used for protein structure figures.
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PHOS single molecule analysis

Chromatin ring purification, trimethylpsoralen crosslinking and denaturation, and electron

microscopy were performed as previously described (Brown et al. 2013, 2015).

Briefly: The PHO5 gene was engineered to have flanking DNA recombination sequences
(RS) and an internal bacterial LexA DNA binding domain. Chromatinized PHOS5 genes were
recombined out of the genome in vivo by galactose-controlled RS recombinase expression
and then affinity purified with a LexA-TAP tagged protein. The purified PHO5 chromatin was
incubated with psoralen and UV-light irradiated, to crosslink DNA which is not wrapped
around nucleosomes. Following deproteinization and DNA denaturation, the PHO5 gene
DNA is observed by electron microscopy and appears as a contiguous series of single
stranded DNA ‘bubbles’ (DNA that is wrapped around nucleosomes) and double stranded
DNA ‘linear segments (psoralen/UV crosslinked DNA not wrapped around nucleosomes).
Pretreatment of purified psoralen UV-crosslinked DNA with a restriction enzyme that cuts in
the RS gives a stereotyped structure at the 3’ end of the PHO5 gene and allows for a position

specific record of nucleosomal or non-nucleosomal DNA on an electron micrograph

To test for nucleosome loss on individual copies of PHO5, we examined each molecule and
extracted all ‘linear’ DNA that has a base pair length between 87 and 167 nucleotides in our

single molecule datasets.

Custom python scripts were used to convert the hand-traced ImageJ files into a directional
sequence of contiguous nucleosomal or non-nucleosomal associated DNA segments from
the promoter to the pA site of the PHO5 gene for computational analysis or data plotting data

in figures 7B and 7C.

Purification of SAGA complexes
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SAGA was purified as previously described (Wu and Winston 2002). Strain GHY-3009 was
used to purify wild type HFI1 complexes, strain GHY-3011 was used to purify hfil-L305P

complexes, and strain GHY-3013 was used to purify hfil4 complexes.

A gradient acrylamide gel was used with standard silver staining procedures. Mass-spec

analysis was performed in collaboration with the John R Yates Il lab.
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