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Abstract

Expansions oCAG repeats, often cagg by errors in DNA replicatiomepair,and
recombinationcan cause neurodeyative diseased-dowever organisms can employ a
number of strategies in preventing genomic instability. Previous data in our lab suggests that
acetyhtion of lysine residues HK12 and H4K16 at CAG repeats is important in marking the
DNA for repair, but the exact molecular mechanism of boese modifications affectedpair
fidelity remained unknown This thesis explores the action of chromatin réethers,
hypothesized to be directly recruited to the acetylated residues throurgbrdmeodomain
protein motif. Our data support thacruitmentof the bromodomaircontainingremodeling
proteinsRsc2 and Bdfby the acetylation of H&K16 facilitates DNA repair through a post
replicative repair pathway vigapinducedsister chromatid recombination (SCR). Additional
evidence presented here identifies that this feature is unique to histone H4, and that CAG repeat
maintenance is not affected the acetyhtionstateof other histone residue®8y contributing
data from this thesis with previous work in our lab, a novel model of dynamaceétglation

leading to higHfidelity DNA repair at CAG repeats has been elucidated.



Introduction

For this project, theontribution of chromatin remodeling enzymes in prevention of
CAG-repeat expansions was studied. Furthermore, their contribution tecsisbenatid
recombination (SCR), a form of pasplicative repair (PRR), was characterized. Additional
studies for his project attempted to elucidate if specific residues on histeteenNnal tails were
contributing to repeat stability and PRR repair pathways, possibly through interaction with the
identified remodeling enzymes. From this data, a working model ofrppltative DNA repair
at a CAG repeat was developed, and additional experimental evidence to support this model was
gathered as part of this project. To provide a background on how this model was developed, this
introduction summarizes information omtrcleotide repeats, histones, chromatin modifications,
chromatin remodeling enzymes, PRR and SCR, and a novel model of chromatin dynamics

during DNA repair at CAG repeats.

1. Trinucleotide Repeats

A microsatelliteis a sequence of DNA with repeated notige subunits, ranging from 2
to 5 base pairs per repeat (Turnpenny Bhard 2005). The research in Dr. Catherine
Freudenreichés | aboratory focuses on the geno
including CAG trinucleotide repeats) ihe yeasBaccharomyces cerevisiabnderstanding the
mechanisms behind repeat expansions could potentially aid the development of therapeutics for

these diseases.



1.1 Trinucleotide Repeat Expansions contribute to disease

Microsatellite repeats oagive rise to different diseases when expanded (reviewed by
Mirkin 2007). The expanded regions can negatively affect DNA processing in replication, repair,
and recombination pathways. The repeats that give rise to these diseases may differ both in their
repeat subunit (number and composition of nucleotides per repeat) and the location of the repeat
with respect to transcriptional components. T
repeat expansions in coding regions), fragile X syndrome (expanss of CG8TR i n t he
region), different forms of myotonic dystrophies-tricleotide or tetramucleotide repeat
e X p an s i-OmRs and intror3)pprogressive myoclonic epilepsy 1(12bp repeat expansions in
t he promoter r egi AAreppeat&pansousiniintdns), eind aaricax i a ( G
spinocerebellar ataxias (most of which are caused by CAG expansions in coding regions, though
SCA 10 is caused by a ATTCT repeat expansion in an intron). All of these diseases show a

dominant inheritance patteand neurodegenerative symptoms (Mirkin 2007).

1.2 Trinucleotide Repeats form Stable Secondary Structures

The repetitive sequences can become kinetically trapped iB+12KA conformations,
which results in a structural basis for these diseases. Wbpesead as singlstranded DNA
during processes of replication, repair, or recombination, the repeats may form
thermodynamically stable secondary structures. These structures include hairpins, cruciforms,
triplex H-DNA, i-motifs, emotifs, and quadruplexéMcMurray 1999). The specific structure
that is formed is dependent on the repeat sequence itself; for examplehGEquence runs

can form quadruplexes, Afiich inverted repeats can form cruciforms, and Cié@eats (where



N is any nucleotide) can for hairpins (Mirkin 2007). A visual representation of these structures

is shown in Figure 1.
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Figure 1. Repetitive DNA can form stable, norB-DNA secondary structures
Repetitive DNA sequences can form alternative secondary structures in a sexpesifie
lengthdependent manner, such as a) hairpins, b) quadruplexes, c) slipged structures, d)
triplex DNA structures, or €) a DNAnwinding element (adapted from Figure 2 in Mirkin 2007).
Processing of DNA when a deleterious secondary structurfetmsd can lead to
expansions and contractions. These mutations occur through replication, repair, and
recombination pathways. All of these processes involve ssigdeded DNA, formed by
dissociation of the DNA duplex. Upon strand separation of tha Bidplex, the stable
secondary structures can form, leading to disruption of normal processing of DNA lesions,
subsequently resulting in expansions and contractions. Models for replidatien expansions
and contractions include strand slippage, enrof3kazaki fragment processing, and fork stalling

(Lenzmeier and Freudenreich 2003), as well as fork reversal and template switching, where the
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leading strand DNA polymerase loads onto the nascent lagging strand and continues synthesis
off this new templa. Upon synthesis of the full Okazaki fragment, a template switch back to
the leading strand could resultarpansionskim and Mirkin 2013).

In addition toforming secondary structures, an expanded repeat tract is also prone to
breakage, ochromosoral fragility. When expanded repeat tracts are processed, there is an
increased incidence of singsranded nicks and gaps in the DNA. These nicks and gaps, or
single stranded breaks (SSBs) may occur as a result of secondary structure formation
(Freudeneich 2007). With only a single strand of the DNA duplex fully intact at the location of
an SSB, breakage of the intact strand by DdN#naging agents or erroneous DNA processing
events can occur. This will convert the SSB into adalible stranded breaoSB). DSBs are
particularly harmful to the cell, as the genetic material may be exposed to further degradation by
nuclease activity, or erroneous recombination events can occur, leading to chromosome
inversions, translocations, or duplications via epmne processes such as #fmmologous

endjoining (NHEJ) (Freudenreich 2007).

2. DNA Processing in the Context of Chromatin

An important note to make about DNA processing of Gi&@eats in eukaryotes is that it
occurs in the context of chromatin. Irgstingly, CAGrepeats influence nucleosome
positioning; through biochemical analysis and electron microscopy, expandedepagts have
been found to be strong nucleosome assembly sites, which could interfere with transcription
(Wang et al. 1994). This ggests that expanded CA®peats could disrupt normal chromatin

assembly, and errors in chromatin assembly could contribute torépé€at instability.



2.1 Histone Modifications

In addition to positional or structural modifications of nucleosome<(idbes! in the next
section), individual histones can be chemically modified. Histone proteins contammihal or
C-terminal tails that protrude from the nucleosome, allowing histoodifying enzymes to
access the tails. These tails are typically niclysine, arginine, serine, and threonine residues,
giving the tails a strong polar character, typical in amino acids located on the outer portions of
the protein (Costelloe et al. 2006). The amine and hydroxy! functional groups of lysine and
serine, rgpectively, are of particular significance, as they are the chemical platforms where post
translational modifications (PTMS) can occur.

Histones can be chemically modified in a number of ways, including phosphorylation,
acetylation, ubiquitination, anaethylation. Histone acetyltransferas€slATs) are enzymes
that add acetyl groups to-tdrminal tail lysine residues (Millar and Grunstein 2006). The
acetylation event is thought to neutralize the positive charge of the lysine residues, thus
weakening th electrostatic interaction between histone proteins and DNA, promoting the more
accessible euchromatic state of chromatin.

Histone acetylation is carried out by two main acetylation complexes in yeast: NuA4,
which mainly targets histone H4, and the S/AGomplex, which mainly targets histone H3
(Durant and Pugh 2007). The NuA4 complex is of particular interest in this study, due to its
association with chromatin remodeler complexes such as SWR1 (Krogan et al. 2004). In fact,
acetylation of H4 and H2AybNuA4 stimulates SWR1 to exchange histone H2A for histone
variant H2A.Z (Altaf et al. 2010).

The acetyltransferase activity of NuA4 is carried out by the protein subunit Esal. This

subunit is essential for growth in yeast and deletion of the protethel ko the cell (Smith et al.
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1998). For this reason, studies of NuA4 and Esal have usddthalesalmutations; in this
study, we used amsall851allele that is catalytically dead, but still allows for viability. This
esall1851allele is a mutatin from cysteine to serine at amino acid 304, rendering it
catalyticallydead in their H4 acetylation and DSB repair functidedker et al. 2008 The loss
of H4 acetylation function in this allele was demonstrated by a western blot for acetytgted
hypersensitivity to DSBnducing agent MMS, and lethality at 37°Che cysteine at position
304, along with Glu338st hought t o-paoafgoi meahépi sagetylWwi t h an
intermediate during catalysis (Decker et al. 200)evious data in theréudenreich lab
indicated that Esal contributes to repeat stability. Using a yeast strain waatk851allele,
a significant increase in expansions was observed agadlidicrease over wildype (pvalue =
0.005, data collected by Jiahui Yang).

Outside of its Esal function, other components of the NuA4 complex could play a role in
repeat maintenance. The Yng2 subunit of the NuA4 complex has been found to play a role in the
DNA damage response duringpBase ang n g @letion mutants have been shown to be viable,
but deficient in H4 acetylation (Choy and Kron 2002). Yng2 also plays an indirect role in
localizing NuA4 to the histone for acetylation, by which it positions the active site of Esal to H4
and H2A Nterminal tails (Chittuluru et al. 2011). This suggests that the Yng2 protein is
necessary for the integrity of the NuA4 complex itself, and any Yng2 deletion should mirror the
esall1851in expansion phenotype.

Histone deacetylas€BIDACSs) are enzymes thaemove acetyl groups from the histone
N-terminal tails. Removal of acetyl groups promotes a heterochromatic state, meaning these
proteins are strongly associated with gene silencing (Wang et al. 2002). For example, the HDAC

Sir2 controls hypoacetylationages near telomere regions, where genes are rarely expressed
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(Kimura et al. 2002). The HDAC Hos2 binds to coding regions following gene activation,
deacetylating lysine residues in H3 and H4, thereby leadiaglisequent geneactivation

(Wang et al. 202). HDAC proteins have also been associated with DNA repair and genomic
instability. For example, Sir2, Rpd3, and Hstl appearhours after an H@ndonuclease

induced DSB, which coincides with a decrease in the acetylation state of chromatin flaeking t
break (Costelloe et al. 2006). Previous data collected by Dr. Jiahuiav@nQr. Nealia House

in the Freudenreich lab suggests that deletion of the HDAC proteins Hstl, Hos2, and Sir2 results
in increased CAG repeat expansions, suggesting these protaintain repeat stability

(unpublished). However, trinucleotide repeat expansions are found to be promoted by other
HDAC proteins; in one study, mutations in the proteins Rpd3 and Hdal suppressed up to 90% of
expansions in yeast with a (CTiract (Delacker et al. 2012).

The targeting of specific histone residues
marks the chromatin to stimulate certain cellular processes, such as transcription, histone
deposition during replication or orchestration of DNAaiegvan Attikum and Gasser 2005).

Specific histone acetylation marks in relation to DNA repair will be discussed later. A visual
representation of chemicallyjodifying histone enzymes and their relevantekninal tail lysine

residues is shown in Figuge
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Figure 2. Histone Nterminal tail lysine residues are targeted for chemical modification in
Saccharomyces cerevisiae

The lysine residues (numbers) on thedxminal tails (left black lines) of histones H2A, H2B,
H3, H4, and histone variant Htzlesshown. Possible chemical modifications include
acetylation by HATs (red), deacetylation by HDACs (green), methylation (blue), and
demethylation (yellow). Each chemicaltyodifying enzyme has one or multiple specific
residue targets (taken from FiguréenIMillar and Grunstein 2006).

2.2 Chromatin Remodeling Enzymes

In addition to transcription, chromatin influences DNA replication and repair. In order to
replicate or repair DNA, nucleosome assembly must be disrupted in order for the appropriate
enzyme to access DNA unbound from nucleosom@kromatin remodelerare enzymes that
carry out changes to nucleosome placement. These enzymes usgddRsis to slide or
evict nucleosomes, or participate in exchange of a histone subunit for another Vvastanie
protein (Seeber et al. 2013).

This study focuses on three main remodeling complexes: the RSC, SWR1, and SWI/SNF

remodeler complexes. The SWR1 complex functions at regions bordering heterochromatin and
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euchromatin and promoter regions, depositirgjone variant H2A.Z (or Htz1p, coded by the
HTZlgene i n yeast) at the 50 ends of euchromat:i
Htz1p at specific locations in the yeast genome has implied that SWR1 has specific roles in
transcriptional gea regulation (Mizuguchi et al. 2004). SWRL1 is driven by Adrolysis of

the protein subunit Swrl, and has been found to physically interact with the NuA4 complex
(Altaf et al. 2010). Yeast strains carrying mutationbliZz1, SWR1and various subunitsf the

NuA4 complex show defects in chromosome segregation (Krogan et al. 2004). These proteins
may also play a role outside of transcriptional regulation; followingreiMation, Htz1 plays a

role in promoting H3 acetylation by HAT Gcnb, subsequentlgiteato nucleotide excision

repair (Yu et al. 2013). Involvement of these proteins in DNA repair makes them candidates for
investigation for their contribution CA@peat stability.

Another subunit of the SWR1 complex, Bdfl, is also of interest for tinis/s Bdfl is a
bromodomaircontaining protein, found to interact with transcription factor Il D (TFIID) and the
SWR1 complex (Durant and Pugh 2007). Bdfl has also been shown to bind tightly to histones
when H4 residue K12 is acetylated, but is stromgfybited from binding when residue K16 is
acetylated (Millar et al. 2004). Since Bdfl has the potential to bind and release from acetylated
histones at different points in the repair process, a potential role irnf€p&at maintenance was
investigated fothis project.

The SWI/SNF complex is a chromatin remodeling complex important in regulating
transcription. The catalytic subunit of the complex, Snf2, is a bromodesnataining protein
that serves as the ATPase of the SWI/SNF complex (Chai et a). 28@8itional studies by

Chai et al. reveahat Snf2p is recruited to a DSB steadily over a 2 hour periodfoBt
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induction. For these reasons, the Snf2 protein subunit was an attractive candidate for study in
CAG repeat maintenance.

Of particular imprtance to this study is tiRemodeling th&ructure ofChromatin or
RSC complex. RSC has been shown to be necessary for cell viability, transcriptional regulation,
chromosome transmission, sistdromatid recombination, and was shown to play a role in
dissociation of the invading strand from the donor strand during thespioaptic stages of
homologous recombination (Chai et al. 2005; Oum et al. 2011). ChIP studies have also shown
that the RSC complex is present at replication forks in yeast (Niiedi 2012). Additionally,

RSC has been shown to physically interact with the exonuclease Mrell, further suggesting a role
in double strand break repair, as weltabesinioading at breaks, suggesting a role in
homologous recombination events (Costeéibal. 2006).

The RSC complex appears in yeast in two different isoforms, differentroitdy
bromodomaircontaining subunit: Rscl or Rsc2 (Chambers et al. 2012). These two subunits are
similar in structure (both contain two bromodomains), and delefi@ither subunit results in
cells defective in nomomologous engbining (Chai et al. 2005). However, multiple studies
have indicated that the two subunits have distinct roles with respect to other repair pathways.
For example, a Rsc2 mutant showegdrngensitivity to the DS#hducing agents MMS and CPT,
while a Rscl mutant did not show such a phenotype (Chambers et al. 2012). A deletion of the
RSC2gene resulted in reduced levels of PCNA ubiquitination, but this effect was not observed in
aRSCIlknodout (Niimi et al. 2012). Taken together, these results suggest that the isoform of
the RSC complex containing the Rscl subunit could have more of a role in double strand break
repair, whereas the isoform containing the Rsc2 subunit could have mor@efrapost

replicative repair pathways, which are signaled by PCNA ubiquitination (Niimi et al. 2012).
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2.3 Acetylated Histones can interact with chromatin remodelers through bromodomains

One protein motif common to many chromatin remodeling enzyntas isomodomain
The bromodomain is a highly conserved protein structural component, consisting of four left
handed, antiparallel alpHzelices stabilized by a hydropholmicre (Horn and Peterson 2001).
Proteins containing bromodomains are able to baedyéatedlysine residues, specifically lysine
residues located on the protruding@tminal tails of histone proteins. The acdygdine
epitopes are recognized within the hydrophobic cavity of the bromodomain, where the
acetylatedlysine can hydrogen ool with a conserved asparagine residue, anchoring it to the
protein substrate (Filippakopoulos and Knapp 2012).

Ligand specificity and affinity of bromodomagontaining protein complexes differs
between lysine residues along H3 and HeeNninal tails. tis thought that the residues
flanking either side of the fferminal lysine target could have specific interactions on the
bromodomain core that stabilize the binding of the adggyhe residue. For example, in
humans, the P/CAF acetyltransferase targesidue K50 on the tradastivation protein Tat,
which is stabilized by a downstream tyrosine interacting with Y802 and V763 on the P/CAF
bromodomain (Zeng and Zhou 2002).

Bromodomaincontaining proteins found i@accharomyces cerevisiaee listed inTable
1. It is important to note that the proteins Rscl, Rsc2 and Bdfl contabrawmdomains each.
The multiplicity has been studied in Rscl and Rsc2, with the finding that deletion of only the
second bromodomain showed inhibition of growth (ZengZmabl 2002). For the purpose of
this study, whole protein subunits were deleted for experiments. Chromatin remodeling subunits

containing bromdodomains used in this study were Snf2, Rscl, Rsc2, and Bdfl.
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Table 1. Proteins inSaccharomyces cerevisiagth bromodomains

A list of all bromodomaircontaining proteins in yeast is shown belofroteinswere found

using the SMART protein database, with descriptions and bromodomain presence confirmed
using the Saccharomyces Genome Database (created by Nealg PlR).

Protein Description

Bdf1 Bdfl is a bas_al transcription factor an_d SW_Rl sut_)unit. Bdfl is redunda_nt with
and not required for SWR1 complex integrity or histone exchange activity (Wu

(i) 2009).
HAT with lysine targets o H2B and H3. Gcnb5 is a subunit of the RSC complex

Gcenb a transcriptional regulator. It is also recruited to anifiiced DSB (Tamburini &
Tyler, 2005).

Snf2 The catalytic component of the SWI/SNF remodeling complex.

Spt7 A SAGA transcriptional regjation complex subunit that is required for comp
assembly.

Sthi Sthl is the ATPaseontaining subunit of the RSC complex. It is an essel
helicaserelated protein that is homologous to Snf2.

Rscl A component of the RSC remodeling complex thatréquired for nucleosom
sliding flanking a DSB (Chambers et al, 2012).

Rsc2 A component of the RSC remodeling complex that may be associated with
(Niimi et al, 2012).

Rsca A component of the RSC remodeling complex that recognizes and bin

acaylated H3. Rsc4 is acetylated by Genb.

3. DNA Repair in Yeast

The yeasBaccharomyceserevisiaehas a similar chromatin assembly to that of humans.

Since molecular mechanisms of chromatin, and DNA dynamics, are generally very similar across

eukarydes, this makeS. cerevisia@n ideal model organism to study DNA repair and other

molecular phenomena.

3.1 Repair of double strand breaks in the context of chromatin

Of the different DNA repair pathways, the one that has been most extensively studied
with respect to chromatin is double strand break repair (Seeber et al. 2013). The cascade of
events that occur after inducing DSBs by an-et@donuclease in yeast have been outlined by
van Attikum and Gasser (2005). First, proteins Mrell, Rad50, ancbkid2he DSB ends.

This MRX complex processes the broken ends

17
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overhangs. The chromatin remodeler complex INO80 has been shown to fatiitd
resection process by shifting nucleosomes away from thedd8BAtaian and Krebs 2006).
The MRX complex also serves to recruit the RSC complex via its association between RSC and
Mrell (Ataian and Krebs 2006). The action of RSC occurs mostly during later steps of
homologymediated repair of the DSB, includieghesinloading (Costelloe et al. 2006) as well
as dissociation of the invading strand from the template strand during recombination (Chai et al.
2005).

Next, H2A Gterminal tail residue serine 129 becomes phosphorylated by protein kinases
Tell and Mecl (hoologs to ATR kinases in humans). The dynamic enrichment of
phosphorylated residues extends up to 50kb from the DSB in yeast (Shroff et al. 2005), and has
been shown to extend up to 1Mb away from the break in humans (Lowndes and Toh 2005).
Proteins recrwed to phosphorylated H2A proteins include the remodeling complex INO80 and
SWR1, and the NuA4 acetylation complex, all of which share a common phosphehyZded
binding subunit, Arp4 (Ataian and Krebs 2006). The NuA4 complex acetylates histone H3 and
H4 residues in conjoction with chromatin remodeling by SWR1 and INO80. Following
acetylation, homologyne di at ed repair can take place via i
Once repair is complete, histone deacetylases, dephosphorylases, and chrorodgtersm
work to return the DNA to its native chromatin assembly. This process seems to mediated by the
protein factor CAFL and histone chaperone Asfl (Ataian and Krebs 2006). A visual overview

of chromatin dynamics duringarlyrepair of a double strarateaks is shown in Figure 3.
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Figure 3. Double Strand Breaks in the Context of Chromatin

Upon induction of a DSB by an H&ndonuclease (a), end processing is carried out by the
Mrell-Rad50Xrs2 (MRX) complex. Phosphorylation of H2A is carried out bykexl1 and

Tell kinases, recruiting the NuA4 histone acetyltransferase complex. Histone PTMs further
recruit chromatin remodeler complexes RSC, SWR1, and INO80, which facilitate DNA repair of
the DSB (adapted from Figure 2 in van Attikum and Gasser, 2005).

3.2 Postreplicative Repair Pathways include Sisténromatid Recombination

When the replisome encounters a barrier on the DNA template (such as a tightly bound
protein or a DNA hairpin), it may impair DNA synthesis leading to stalling of the replicatio
fork. Alternatively, the fork can use mechanisms to proceed past the damagwiorere
downstream of the damage, leaving it to be repaired byrpphtation repair (PRR, see below).
A stalled replication fork can become deleterious to the celt,amilead to fork collapse, a
double strand break, and other mutations if not remedied fast enough (van Attikum and Gasser

2005).
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Postreplicative repair(PRR) refers to DNA repair pathways that occur as the replisome
encounters a lesion or directly afteplication. An overview of PRR has been described in
eukaryotes by Andersen et al. (2008). In general, these PRR pathways can be grouped according
to mechanism. Upon DNA damage, the preferred-fidglity pathway in yeast is homologous
recombination Ataian and Krebs 2006). In yeast, meuoiquitination of residue K164 on the
PCNA sliding clamp by the RadRad18 heterodimer results in recruitment of translesion
synthesis (TLS) polymerases that can synthesize nucleotides over the lesion in-proegror
manner. Erroffree bypass is possible by polyubiquitination of PGKE64 by the Mms2
Ubcl3Rad5 complex, which results in homolemediated repair solutions: fork reversal or
templateswitch recombination (see Figure 4). This pathway promoteske®DNA repair by
synthesizing off of the sister strand in a transient template switch (Zhang and Lawrence 2005).
The Rad5 protein is thought to mediate a pathway ohtéidiated repair by a pooriynderstood
template switch (Gangavarapu et al. 2013).

Repairof DNA at CAGrepeats requires higfidelity repair pathways in order to prevent
repeat instability. An HRnediated repair pathway that has been implicated in repair near CAG
repeats isister chromatid recombinatiogf®CR)(Nag et al. 2004; Kerrest et @009). SCR is
dependentuporiite pr ot ei n Ra d 5Srvadingwmnbcieaptotein fdament and car3b@
induced by DSBs, or more commonly, by singleanded gaps formed at stalled replication forks
(Mozlin et al. 2008). Additional proteins involvéd SCR in yeast include the Rad51 paralogs
Rad55 and Rad5Thought to stabilize the invading nucleofilamead,well as Rad52, which

stimulates strand exchan(j€errestet al. 2009)
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Figure 4. PostReplicative Repair (PRR) Pathways

Upon encountering DNA lesion, the replisome machinery stalls. The cell employs various
strategies to overcome fork stalling, including efpoone translesion synthesis (left), fork
reversal (middle), or errefree synthesis off the sister strand (right) (adapted frowhefsen et al
2008).

4. A model for DNA repair at the CAGepeat through dynamic H4 acetylation

Repair of DNA in several different pathways in the context of chromatin has been
described in many scientific articles, with the most extensively descrdibd/ay being double
strand break repair (Seeber et al. 2013). However, the influence of chromatin state during the
repair of lesions at CAGepeatdasnot been extensively characterized. Therefore, the aim of
this study was to better characterize DNpaie and chromatin dynamics at CAG repeats. The
conclusions from this study allow us to present a novel model of chromatin dynamics during

postreplication DNA repair at the CAGepeat.

4.1 PreviouH4 AcetylationData Collected in the Freudenreich Lab

Prior to this study, data in the Freudenreich lab had pointed to specific HATs, HDACs,
and lysine residues that contribute to GA€peat maintenance. As summarized in Figure 5,
previous instability data collected by Jiahui Yang and Nealia House inditaic8sal

contributes most to repeat maintenance among HATs, and among the HDAC proteins, Hst1,
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Hos2, and Sir2 play the largest role in repeat maintenance. Together, this suggests a role of H4
acetylation in CAG repeat stability, since all of these pnsteverlap in their targeting of H4
residues. This hypothesis was further confirmgdtability data of H3 and H4k&rminal tail
mutations. Whilethe HBlae mut ant dphehotyp® df CAS lexpansions, Kto R
mutations (which inhibits acetylation) on the H4 tail showed significant increases in expansion

frequency, with the effect ost pronounced upon mutation of residues K12 and K16.
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Figure 5. HAT and HDAC instability indicate role of histone H4 in repeatmaintenance

Previous stability data indicates that-H4geting HAT Esal (A) and Htargeting HDACs Hstl,

Hos2, and Sir2 (B) nkae the most significant contribution to CAG repeat maintenance. H4

acetylation, specifically at lysine residues-K42 and H4K16, was also found to contribute to

CAG repeamaintenancewhile absence of H3 acetylation did not significantly increase repea

instability (C). An asterisk indicates expansion increase over wildtype-taaue < 0.05 using

Fi sherds exact test. (data by Jiahui Yang an
In addition to stability data, prior lab data also indicated @€&vntributing to repaiat

the CAG repeatMutart strains with deletions gdroteinsinvolved in PRR Rad52, Rad5, and

Rad57 were constructed iasat185landhstl a&eh o s 2 atrmin baékgeound and tested for

instability phenotypes (Figure 6). The double mutants all showed a suppression of expansions

compared to the HAT and HDAC backgrounds, indicating that in the absence of proper Esal

HAT and Hst1, Hos2, Sir2 HD@ activity, expansions were arising through processes dependent
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on Rad5, Rad52, and Rad57 (e.g. PRR). The specific suppression of expansions seen in double
mutants with Rad52, a protein involved in strand exchange (Kerrest et al., 2009), suggests that

the PRR pathway involved is sistehromatid recombination.

Expansions (%)

Figure 6. Expansions in HAT and HDAC mutants occurs during PRR processes

Suppression of expansions (indicated by an arrow) compared to HAT and HDAC mutants were
observed when deletions of Rad5dB3a, and Rad57 were made in these backgrounds. This
suggests that expansions in the absence of proper HAT and HDAC activity at the CAG repeat
arise through PRR processe&dtrainswere created by Yiahui Yang and Nealia Hoasd

stability assays were perimed by Jiahui Yang and Nealia House.

4.2 Dynamic H4 Acetylation Promotes Hifdelity DNA Repair at CAdRepeats

To integrate these previous findings, a model was developed by which dynamic histone
acetylation can lead to DNA repair of eggmous DNAésions (see Figure Yang, House,
Freudenreichsubmitted. Repair of such lesions, including gaps, nicks, or hairpins behind a

replication fork, begins with binding of the NuA4 complex to phosphorylated histone H2A at the
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CAG-repeat. The residue H416 is acetylated by NuA4 to mark the lesion. The acetylated
histones further recruit repair proteins employed in the sister chromatid recombination (SCR)
pathway. Upon completion of SCR, HDAC proteins are recruited to modify chromatin to its

prior deacetylted state, removing any chemical marks for DNA damage. This model suggests a
high-fidelity pathway of repair, resulting in maintenance of GAgpeatnumber. Withouthe
H4-acetylation events, the appropriate proteins are not recruited, leading to cosaor @A

repair and repeat expansions. On the other hand, in the absence of HDAC activity, a global H4
acetylation state results, which could resulinefficienttargeting of the acetydinding proteins,

and reduced resolution, thus contributing to GAgeat instability.
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Figure 7. Dynamic H4 Acetylation Occur During PRR at the CAG Repeat

DNA lesionsleft behind a replication fork trigger H4 acetylation by the NuA4 complex. Once
the histones are marked, hifjtielity pair takes place through sisteramatid recombination.
Removal of acetyl groups by HDAC proteins marks the end of repair, leading to maintained
repeat stability (left). Errors in this pathway, however, such as deletions of HAT (middle) and
HDAC (right) activity, lead to impairments the DNA repair process, and can lead to CAG
repeat instability (adapted from House et al, submitted).
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4.3 Goals of this thesis project

The model previously described indicates that acetylation éfH4dand H4K16 occurs
during PRR at the CAG repgand are important for highdelity repair. However, there was
still one big question remaining from these studies: how do these modifications impact repair
fidelity? From this main question, three more focused research questions were asked:

First, we hypothesized that upon these acetylation events, the modified histones could
bind one or more bromodomadaontaining proteins, and that the chromatin remodeling actions
of these proteins could facilitategherfidelity repair during PRR. To test thiggothesis,
various studies of bromodomagontaining remodeling proteins were carried out to see which, if
any, of these proteinmaintain repeat staliy. Furthermore, ifemodeling activity was found to
play a role ifrmaintainingCAG repeats, we expled whether or ndheir actionsareepistatic
with the HATs and HDACsuggested ithis model.

Additionally, we wanted tdurther characterize if the higirdelity repair events were
specifically initiatedoy Esal acetylation dfi4-K12 and H4K16, or if acetylation of other
histone proteins impacted repair fidelityTo test this, studies afiditionalhistone acetylation
targetswith respect to CAG repeat stabiliyere performed.The importance of Esal function to
H4 acetylation, and subsequent reapability and SCR, via the NuA4 subunit Yng2, was also
studied in the context of this model.

Finally, we asked whether or not the4d42 and H4K16 acetylation events specifically
contributed to sister chromatid recombinatigximore focused researeéxperiment involved
constructing strains lacking H{12 and H4K16 acetylation, which were subsequently studied

to see if rates of SCR decreasedmacetylatable point mutants
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Materials and Methods

Mutant Yeast Strain Construction

Mutant Saccharomges cerevisiastrains were created with deletions or mutations in the
proteins of interest, by twstep gene replacement. An overview of the strain construction
process is given in Figui while all strains createfdr the purpose of this study are didtin
Appendix B (Table B.1).

1. Creation of Knockout tt

pFA6a-TRP1

l

I I BDFI-TRPI Fragment | |
~1036bp Knockout
W\ )~ Cassette
40bp homology Y 40bp homology

to target gene “ng;p A"é ,”f:’ fgene 4 target gene
(BD[;[) ani an lﬂ\L_. [:_(.HL (BDF])

2. Collection of Knockout Cassette DNA and Gel Purification

Lithium A Tr ri
IXI
I

Bdf1 pFA For Primer: 20bp homology to the TRP 1
gene (black) and 40bp homology to BDF/ gene (red)

Bdf1l pFA Rev Primer: 20bp homology to the TRP
gene (black) and 40bp homology to BDFI gene (red)

TRP1

X

BDFI |

allow for homologous recombination with

40bp regions flanking BDF1-TRP! fragment
endogenous BDF [ gene

| papatrer |

Bdfl For (#1157) - 169bp

UPSITEAM ———y
Veriﬁ?atit)n | bdf1A::TRPI I 719bp PCR product w/ knockout
Reaction: No PCR product w/o knockout

—
3" Trpverif (#140)
About 550 bp downstream

Figure 8. Experimental Design of Strain Construction

Shows a visual representation of how the knockout strains were prepared. The representation
above uses thBDF1 gene knocked out withRP1from the pFAG6alRP1 plasmidemplate as

an example. A genomic DNA template was used in the construct®smritdeand H4 point

mutant SCR strains (not shown).
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1. Bacterial Plasmid MinPreps for Desired Knockout Markers
To obtain plasmidfor knockout cassette construction or plasshuffles bacterial

strains containing pFplasmids were cultured in an overnight process to harvest their plasmid
DNA. Bacteria from a glycerol stodtored at80°C wasgrownin 2mL of LB media with

10k g/ mL a rayeinight dt 37C. Rrom the 2mlculture, plasmid DNA was isolated using

the Zyppy Plasmid MinPr ep Kit by Zymo Research according

instructions.Plasmids used in this study are listed in Table 2 and Table 3.

Table 2. pFA Plasmids templates for knockout cassette @struction

Each plasmids a pFA backbone, and therefore thgstream and downstream sequemeéative

to a yeast selectable marlee identical Primers with homology to these sequences were used
in order to construct knockout cassettes in a$tap g¢ne replacement

Plasmid Name CF Plasmid / Marker Used for Desired PCR
Bacterial Stock Amplification Product Size
Number

pFA6aKanMX6 136 KanMX6 1560bp

pFA6aTRP1 137 TRP1 1037bp

pFA6aHisMX6 138 HIS3 1404bp

Table 3. Plasmids used in plasmid shuffleansformations

The plasmid shuffle transformation involves introducing a mutant allele of an essential gene via
aCENplasmid. The parent yeast strains useith@se transformatiorntain an endogenous
CENplasmid with a selectable marker different thiag plasmids listed below. Selection for the
mutant plasmid should cause the endogenous plasmid to be lost while retaining the introduced

(Ashuffledod) plasmid due to its different sel

Plasmid CF Plasmid / Plasmid Information Mutant Strain to

Name Bacterial Stock be Constructed

H3/H4 wild- | 319 pRS314 backbone witHHT2-HHF2 | H3/H4 wildtype

type insert in multiple cloning site SCR

H4-K12R 320 pRS314 backbone witHHT2-hhf2 | H4-K12R SCR
K12Rinsert in multiple cloning site

H4-K16R 321 pRS314 backbone witHHT2-hhf2 | H4-K16R SCR

K16Rinsert in multiple cloning site

pJH161 456 FB639 (pT52) derivative containing| H2A-N o ( GsA (

FB1550H2A- HTB1, htatp(-&l) andHIS3(from

N o Winston lab)

H4-K5,8,12Q | 470 pRS314 backbone witHHT2-hhf2 | H4-K5,8,12Q
K5,8,12Q(from Pillus lab) (CAG)gs
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2. Yeast Genomic DNA Miiireps for Desired Knockouts with Increased Gelmeoloqgy

Knockout cassettes used in yeast transformations for , H23gH4 wildtype SCR, H4
K12R SCR, and H&K16R SCR strais were constructed using genomic DNA template from
previously constructed strains that were not isogenic to the strains to the strains in this study (e.qg.
BY4741, Stanford Deletion Set) or had a different ttangth (e.g. CAG/0). Template strains
are Isted in Table 4. Genomic DNA was isolated following the Freudenreich lab protocol for
genomic DNA prep¢Seefi Y e a st D N A piddeduiie Pagefiora ©HF Lab Binder).
Template strains were grown to stationary phase in 5mL of YEPD media at32ellets
were resuspended in 8BO0eL 1X TE and stored at
Table 4. Yeast strains used as genomic DNA templates
These strains already contained the desired gene knockout of interest, but in different strain

background. Genomic DNA from these strains was istlatel used as a template (instead of a
plasmid) for knockout cassette construction in a BY4705 (GA&)ain background.

Template Strain CF Strain Genotype Information Mutant Strains to be
Number Constructed
swr 1lea: : KAN 1468 BY4742, from Stanford |s wr BY&705
DeletionSet (CAG)ss
H3/H4 wild-type 2051 hht 1hhf 1a: : HH3/H4 wildtype SCR

hht 2hhf 2 awithhl H4-K12R SCR
H3/H4 wildtype plasmid | H4-K16R SCR
(pRS314)

3. Creation of Knockout Cassettes:

In order to knockout specific genes of interest, PCR used to create DNA knockout
cassettefor preparation in the first step of tvaepgene replacement. PCR was performed
using the Roche Expand Highi del ity PCR kit protocol (See AE
from CHF Lab Binder). For template DNAc 2. adl50 dilution of the appropriate plasmadt
2L of a 1:100 dil uti on atorigwyhel.@ 4df Roghe 3®Uni ¢ DNA w

Expand enzyme per reaction. The final volume for this PCRwad50 p er FHomvar€&d t i o n .
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and reverse primers annealinghe plasmid were designed with 20bp homology to the plasmid
plus 40bp fAtailso corresponding t oonsoftheuences
gene of interest (see appendix Table)AXWhen the template DNA was from a genomic prep,
the forward and reverse primers used were between 50 to 300bp upstream or downstream of the
knockedout gene of interest (se@pendixTable A.2).

In order to isolate plasmittmplate PCR products from the plasmid template itself, a
PCR clearup step was requiredlhe products from the Expand PCR reaction were precipitated
and purified by adding a 1/f&olume of 3M potassium acetate and an equal volume of 100%
isopropanol. Products were mixed and centrifuged at 14,000 rpm for 30 minutes at 4°C. The
supernatanivas discarded and the DNA pellet was washed twice with 70% ethanol for one
minute. The DNA pellet was dried at room temperature for 10 minutes and then resuspended in
10e Lof 1X TE solution to be used for gel purification

PCR products made from a genomic DNA templagee collected in the same procedure
aspreviouslydescribed, except thayere resuspended in8Q1X TE; gel purification of these
products was not reged.

If the products came from a plasrbdsed template required gel purification step was
performed. Gel purification of the plasmitemplate PCR products began by loading the
products onto a 1.5% agarose gel, ethidium brossidied gel. Electrdmresis was carried out
at 95V for about 50 minutes and then visualized usingréfifation. DNA bands of the
appropriate size were excised from the gel and then gel purified using the Thermo Scientific

GeneJET Gel Extraction Kit, following the manufactur@ s i nst ructi ons.
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4. Lithium Acetate Transformations to Create Knockouts

In order to integrate the knockout cassette or mutant plasmid into yeast, transformations
were used to introduce the foreign DNA. The starting parent strains used in these
trandormations are listed in Table Sransformations were performed using a lithium acetate
protocol. A small inoculum of cells from patch was added to 2mL of eitheLdC(for YAC-
containing strains) or YEPD (no YAC strains) media and grown overnight atiB@ @ller
drum to stationary phase. The next day, 200t@400 of t he cul ture solutic
into 10mL of fresh media, and grown30°C, 220 rpm in a floor shaker. Cells were then
pelleted at 3000 rpm for 5 minutes, resuspended in 1minideid sterile HO, pelleted at
5000rpm for 1 minute, and resuspended in 1mL Transformation Solution & (80H 100¢L
1X TE, 100eL 1M |Iithium acetate). Cell s were pe
of Transformation StoHhetcdedlnl sA. 10Neelxtof 550X Ls aolfmc
in water for 5 minutes, cooled on ice for 1 m
fragment (or 5 to 8¢L of plasmid DNA for plas
Transformation SaomlodtyiedarhyB e(h24 @edlycod% 30elL 1X
acetate). The solution was mixed thoroughly and then placed@tir3@ roller drum for 30
minutes for recovery. The cells were then mixedwith15 of 100% DMSO and pl .
42°C water bath for 15 mutes. Cells were then pelleted at 8000rpm for 2 minutes and
resuspended in 1mL of YEPD media and transferred to a culture tube and incubated at 30°C in a
roller drum. Transformations usingf&Plor HIS3marker were grown for 1 hour, while
transformatios using th&kanMX6marker were grown for 2 hours.

After recovery, cells were pelleted at 5000 rpm for 2 minutes, washed once wi, diH

plated on selectable media, agrdwn at 30C for 3 to 5 days. Transformant colonies that grew
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were repatched onto &esh selective plate and grown at 30°C for an additional 2 days. This

added step ensured that any background growth would be excluded from further transformant
verification PCR and stability analysis.

Table 5. Starting strains for transformation

In orde to ensure consistency across each type of analysis (stability assays and SCR assays), the

same parent strains were used in the construction process to have mutants that were isogenic to
one another.

Parent Strain Name | Desired Mutant Strain Number Genotype
Strains
BY4705 wild-type rsclao, r sc/ CFY810 Mat U, ade2d
sni2 s
e :
yngz2am, ura3cp§)p, YACF
URAZ3, LEU2, ade2p,
(CAG)es
esall1851 Esal HAT and CFY2050 Same as CFY8l@&sat
chromatin remodeler 1851mutation = C304S;

KanMX6at end ofESA1

double mutants locus

(rsclm, rsc

snf)2o
hst1mhos2qTriple HDAC and CFY2656 Same as CFY810;
chromatin remodeler E st ; @: E' S |:\%/|§
mutants{ s ¢ 1 o, sioflﬂpﬁ:: an
rsc2om, bif o
Wildtype SCR y n g 2GR CFY2867 LSY15191 D; mat |
ndet::TRP1::aded-
Scel+/aatH; RAD5+,
ade2l trpl-1 his311,15
cant100 ura3l leu2
3,112
LSY1892 H3/H4 WT SCR, CFY3104 MAT U, -1this301,15
H4-K12R SCR cant100 lue23,112 adé2-
HA-K16R SCR’ n-URA3-ade2a RAD5
H4-K5,8R H4-K5,8,120Q CFY2757 BY4705, hhtlhhfl::His,
hht2hhf2::Kan, with H4
2KR plasmid (pRS314)
FY406 H2A-N o CF1328 Mat a, LEU2, TRP1, ura3

52, lys2m,
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5. Verification PCR using TagCol to Confirm Transformants

Successfltransformants had to be verified for correct integration of knockout cassettes
at the desired locus. Verification of transformant strains was obtained using a colony PCR (See
ATaq Colony PC-Rskhmkouhasodok pkmneceldur e pe)g &efr om C
program used was a ATac¢ Li@oUledSignzyongTagDMA  ut i | i z i
polymerase per reaction. The final reaction volume for this PCR was 1E&rward primers
were designed as 20bp oligonucleotides that anneal to a section upstream of where the forward
primer used to amplify the cassette wbhind (seeppendix Table A.3)This ensured the
primer annealed outside of the knockout cassette, while reverse checking primers were designed
as 20bp oligonucleotides annealing within the selective marker of the cassetiepedix
Table A.4. Resuis were visualized on an ethidium bromide stained, 1.5% agasbsencat

95V for about 1 hour.

Tract-Length PCRs and Stability Assays

In order to score each protein or histone lysine residue for its contribution to repeat
maintenance, mutant strains werlaced in a stability assay. The assay involves 6 to 8 cell
divisions of the cell, allowing for induction of expansions and contractions. An overview of this

assay, and a diagram of YAC CF1 as a template for Tract BQRgn in Figure 9
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Figure 9. Experimental design of stability assays

Verified mutant transformants were verified for correct (CA®&)pct length, grown for 6 to 8
generations tallow for genomic instability, then plated for single colonies. A second round of
Tract PCRs could thelme used to quantify the expansion and contraction frequency.

1. Verification of Traclengths in Single Colony Isolates

The tractlength of mutant strains had to be verified for the correct (GA®e before
beginning stability assaydfter verification of correct transformant cassette integration, two to
three separate transformant isolates were plated for single colonies to verify the correct CAG

tract length. A small amount of cells was picked using a sterile pipette tip and resuspended in
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10 L 4Di S¢rial dilutions to of this suspension were made t6“atfcentration and plated
onto YGLewUra agar plates. The cells were then grown &€30r 2-3 days.
Single colonies grown on these plates were then tested for correctr@&@engthusing
a colony PCR (See AColony PCR to amplify CAG
Polymerase (I D Labs) Kito page in CHF | ab bin
and CAGForRev) were designed to anneal upstream and downstream of theaCtAdh the
YAC. PCR products were run on an ethidium bromide stained, 2% MetaPhor agarose gel at 80V
for 1 hour and 30 minutes and visualized using UV radiation. The (¢&A@gt for strains used

in this paper, the correct traleingth was indicated byRCR product about 414bp in length.

2. Stability Assay Cultures and PCR Reactions

Colonies with the corre¢CAG)sstract length were then set up for stability assay cultures.
In most cases, two colonies from two separate transformant isolates eerasustarting
cultures (four cultures in total). Cultures were set up by inoculating colonies in 2mL-béYC
media to an initial Oy of 0.03 and grown at 30°C in a roller drum for 6 to 8 generations
(usually between 16 and 18 hours). This growtliogeallowed for the possibility of the CAG
tract to expand or contract during replication phases. Growth for 6 to 8 complete generations
was checked by measuring for a final dvalue between 2.0 and 5.0. Once sufficient growth
had occurred, 0L @f ctulh t ur e wa s ,Osadddseridl dilutions &éfeentadedoi H
100 ¢ L “tdilutioafactof This dilution was then plated on Y@&u-Ura and grown at 3C
for 2-3 days.

Approximately 26 colonies from each stability plate were then used folRGiRt

yielding about 100 reactions total per mutant. Tract PCRs were performed as described above
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(See AColony PCR to amplify CAG Tract on YAC
Labs) Kito in CHF |l ab binder) . be@edlforgraricgt ur es

of potential expansions and contractions.

3. Scoring of Expansions and Contractions

Successful reaction sets were scored using Adobe Phot@strégrmed by Nealia
House) A curved line was drawn corresponding to the normal migrgadtern of a (CAG)
PCR product through the gédands that were judged to be clearly above the correct (§sAG)
tract length, 414bp, were scored as expansions, while those below that size were scored as
contractions; bands on the line were termed ungddnand th@resencef no band indicated a
failed reaction and was not counted. For each gel photo, the total number of reactions,
expansions, and contractions were recorded. The percent of expansions and contractions out of
the total number of reactis was calculated. The percent fold over wylde expansions and
contractions was also calculated. The significan@ngincrease over wildype was quaified
usi ng Fi s h e-valuss baedow 8.85twere arssilered gignificantly different]endni

higher degree of significance was labeled to numbers witdyes below 0.01.

Other Procedures

Kar-Cross to Introduce YAC CF1

For theH2A-Naestrain, a kaicross needed to be performed to introduce the YAC for
stability assays. The parent strain, CFY1328, was strain background FY406, containing an
endogenous plasmid with #TA1-HTBlinsert marked by RA3 Additionally, the endogenous

HTAlamd HTB1genes were knocked out, thus leaving the only copy of the genes on the plasmid.
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Plasmid shuffle was first performed on this strain usik$3-marked plasmid with &TB1-
htal-N ansert (CF plasmid #456). Transformants of this reaction wepetohed onto YCGHis
and then FOA_eu plates. The patch onto ¥Yiis ensured that transformants indeed contained
theHIS3-marked plasmid. The second patch growth on A®@A ensured that these
transformants had truly lost théRA3marked plasmid endogenousparent strain CFY1328.

The first step in the kacross was to induce a mutation in th&N1gene of the H2ANae
strain. TheCAN1gene codes for arginine permease, and mutation to the gene confers resistance
to the drug canavanine (CanThis mutation is recessive, therefore allowing for selection against
diploid cells resulting from matingH2A-Naewas grown oernight at 30°C in 2mL of YEPD.

From the culture, 0L wa s p |-Arg+€AN andrgrownGor an additional 2 days3ar°C.

The mating step of the kaross relies on the mutakdrl-1 allele in the donor (YAE
containing) strain. Thiearl-1 allele is déicient in karyogamy, meaning two mating ceisnnot
fully fuse their nuclei, whiclallows for chromosomal transfer between the two cells without full
diploid fusion. In conjunction with the induction of canavanine resistance in the recipient strain,
hadoid cells containing a YAC can be selected for by dropping out Leu and Ura in media (two
auxotrophic markers on the YAC). An additional dropout of Trp was used, since the recipient
H2A-Neewas Trp+.A summary of genotype information of strains used in the matioss can
be found in Table .6
Table 6. Genotypes of two strains used in kacross experiment
Shows the genetic information of the dokarl-1 strain and recipient2A-N aased inthis kar
cross experiment. The use of X@u-Ura-Trp-Arg+CAN plates was determined from these

genotypes. This selection ensured the presence of the YAC as well as a selection against diploid
cells.

Strain Name (Number) | H2A-N geNo YAC (CFY3178) | karl-1 CAG-85 (#1564)

Mating Type Mat a Mat U

Genotype LEU2, TRP1, urad 2 , | Y karl-1, ADE2, trp1289, ura352,
hi s 3aao, leu23
plasmid =HIS3 YAC = URA3, LEU2, ade2p
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To carry out the kacross itself, a small amount BR2A-N agarf andkarl-1 cellswere
resuspended and mixed ine2Q  £Di Fhis aliquot was then spotted on a YEPD plate and
grown at 30C for 4 hours. Using a sterile woodstick, the patch was scraped completely and
resuspended in 260L  gDi A 1:10 dilution was also made, and boté diginal suspension
and the dilution were spread on separatel¢@-Ura-Trp-Arg+CAN plates. The cells were then
grown at 30C for 35 days. Colonies that grew werepatched onto fresh Y-Ceu-Ura-Trp-
Arg+CAN plates and grown at 30°C for an additiodalays.

Repatched strains oiC-Leu-Ura-Trp-Arg+CAN were further verified for successful
YAC transfer by performing tract PCR as described alBfvR. Strains with the correct tract
length were considered successfulksrsses, and two such transfornsawere saved as

glycerol and used for subsequent stability assay analysis.
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Results

1. Rscl, Rsc2, and Bdfl maintain repeadlsility in same pathway as Esal

The purpose afheseexperimerg was to study specific bromodomatontaining
chromatin remodeleés c o nt r i b wepaatanainténancel® Adxhis, candidate genes
were deleted in the yeast genqraed CAG instability evaluated in thikeletionstrain compared
to the wildtype (WT). In order to see if these remodelers were epistatic with the HAVitg
of NuA4 (and thus, likely recruited by acetylation of 442 or H4K16), or the HDAC
activities of Hst1, Hos2, or Sir2, remodeler knockouts were made in fdatadytically dead and
HDAC triple knockout backgroungdsespectively

Using the twestep gene replacement technique, remodeddetionstrains were
constructed in wildype (CFY810)esatl851(CFY2050) anch st 1 s&eh o CF#2656) 2
BY4705, (CAG)s backgrounds to be used for stability assays. An exaoifseccessful
knockout cassette PCR reactidoss n f 2 ae:andf R P RamVX6fragments, visualized by
gel electrophoresis, aslown in FigurelO. Verification of successful integration of the
knockout cassette carried out by TaqCol Verification PCR veassaiccessful for these strains

An example of the knockout verification reaction on f 2 ae:is shoRrPid Figurd 1.
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1.5kb

Figure 10. Knockout Cassete Construction fors n f 2 s: andsRWPf1l2 ae: : Kan MX6

Fragments

Using a plasmiebased template, knockout cassettes foiSINE2gene were constructed using
two different markers. Lanes 2 and 3 show PCR product fas the 2 aze: cas$eReR While
lanes 5 and 6how PCR product forthe n f 2 se: : dassetthl XCorrect PCR amplification is
confirmed by their proximity to 1kb and 1.5kb markers, respectively.

600bp

Figure 11. Verification PCR of s n f 2 ae: Trahdoiants

Colony PCR was performed to confirm tintegraton of the knockout cassette at the gene locus

of interest, which for this gel photo, is for tB&lF2locus. Primers used in this reaction were

Snf2 For (CF primer #1159) and 36Trpverif (CF
indicates a correct trangfoant. For this mutant, transformants 3 and 5 were saved and used for
subsequent stability analysis, and saved as strains CFY3086 and CFY3087, respectively.
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Tractlengths of successful transformants were verified using the previously described
TractLengh PCR method.Transformants were plated for single colnoies orMG-Ura
media until sufficiently sized to perform a colony PC&R1 example of a successful trdehgth

PCR fors n f (@A )gs strains is shown in Figure2l

snfZA TF #3 snfZA TF #5

400bp

Figure 12. Verification of (CAG)ss tract length in s n f ridutants

Tract PCR was performed on single colony isolates o$ thef traresformants. Colonies with

the correct (CAG tract length are indicated by a 414bp PCR product. For stability assays, two
colonies from each transfoemt were used. In the photo above, the four colonies used were
colonies 1 and 2 from transformant number 3 (CFY3086), and colonies 2 and 3 from
transformant number 5 (CFY3087).

Stability assays of successful transformants with the correct (&/4@jt were carried
out using the methods previously describatstability data for single remodeler knockouts are

given in Figure 13A summary ofaw stabilitydata can be found mppendix Table C.1.
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Figure 13. CAG-repeat maintenance by bromodomairncontaining chromatin remodelers
Instability of bromodomaktontaining single remodeler knockouts was quantified. Among the
remodelers, Bdfl, Rscl, and Rsc2 showed a significant increase in expansion frequency over
wildtype. Thersclzeandr s csPams were @nstructed by Nealia House; stability assays for
b df,d sec dnex s cwere performed by Nealia House.

In the single knockout remodeler mutants, significantly increased expansion frequencies
were observed in Bdfl, Rscl, andcRsbut not Snf2 This means Rscl, Rsc2, and Bdfl
contribute to CAGrepeat stability. If the remodelers act in the same pathway as Esal, the
knockout in theesat1851background would show the same phenotypesag1851
Otherwise, an increased or additive phenotype wouldoberged, since two separate repair
pathways would be inhibited. Tlesall 8 51 ,(le<h 1186 1 ,aslesdtde8 51 allsc 2 &
showed similar expansion phenotypssdappendix Figure C)1 suggesting that all three
proteins are epistatic with Esad.g. workig in the same pathwayBy extension, this could
mean the remoder complexes SWRL1 (of which Bdfl is a subunit) or either isoform of RSC is

recruited for repair of the CAG repeat.
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Prior lab data indicatesister chromatid recombinatioBCR) repair happening at the
CAG repeat, and since expansions in the esal matetdependent on Rad52 and Rad57, it
was hypothesized that they might be occurring during SCR. Assays perfosingd published
assay (Mozlin et al., 2008howed a decreasespontaneous and MMducedsister
chromatid recombination rates foothrad 5 aadesal1851strains, implying that both proteins
are involved in errcfree sister chromatid recombinati¢® House, CF Freudenreich,
unpublished data)Therefore theroles of Rsc1,Rsc2 and Bdfin spontaneous SCRere
determinedto see if they wie similar to Esa{appendix kgures D.2 and D)3 Suppression of
SCR was observed in the absewnf Rscl, Rsc2, and Bdfl, suggesting that these proteins are
required for SCR. Upon addition of MMS, omlsc2eandbdflaestrainsdisplayed a suppression
of recombination ratesimilar to theesat1851mutant Suppression of SCR in the preseof
MMS indicates contribution to gapduced SCR, wheredack of suppressiooould indicate
that this protein acts in a different pathway, or repadgferent kird of damage, such as a DSB.
Therefore, Rscl likely acts in a later stage of repair, such as DSBR, consistent with previous
findings by Chambers et al. (2012).

Similar expansion frequencies betweenhbtlah 0 s 2 asestraim ah@gemodeler
knockouts made in the same triple HDAC mutant would indicate that these proteins are epistatic
with one another. This pattern was shown in the Bdfl and Rsc2 proteins, but a suppression of
expansion frequency is seeninths t 1 s&eh o s 2 assuiamt @npablishedl Aslditionally,
ChIP analysis shows a signal for Rscl at a k&tex pointthan the Rsc2 signalThe Rsc2 signal
peals at 20 min. into S phasgmilar to that of H4K16acas shown byChlP (NH, JY and CHF,
datanot shown) Taken withthe SCR data, thisuggestshat the two isoforms of RSC

contribute to CAG repeamaintenancelifferentially; the Rsc2 isoform of RSC is likely recruited

42



to the repeat earlier for gapduced SCR, whereas conversion of gaps into ©&Batetime
pointsof damage would recruit the Rscl isoform of RSC to the repeat for repair in a different

pathway. Further experimentation is required to directly test these mechanisms.

2. Htz1 and Swrl do not contribute to CA@peat stability

Thepurpose of these experiments was to show if the deposition of Htz1 by the SWR1
complex (catalytic subunit Swrl) was required to maintain CAG repeat stability. The previous
section of results described that the bromodornaimaining proteins Rscl, Rschd Bdfl are
all involved in CAG repeat maintenance. This implies that two possible remodeling complexes
could be acting iprevention of CAGrepeats: the SWR1 or RSC complex.

The Htz1 protein, also known as H2A.Z, is exchanged for H2A in nucleosomeg duri
repair of DSBdy the Swrl chromatin remodekSeeber et al. 2013). Bdfl is a known subunit
of the SWR1 remodeler complex, amdr data indicates that Bdfl plays a role in repeat stability
(Fig. 13; Table C.1Figure C.). lIts role was further charamized as acting independently or
within the SWR1 compleky determining if awrlaeor htzlseknockout had the same phenotype
as thebdflzedeletion If the SWR1 complex contributes to CAG repeat maintenance through the
recruitment of Bdfl to acetylated histones, then the Swrl deletion would show the same
expansion phenotype as the Bd#letion. Similarly, if the action of SWR1 at the repeat
involves exchange of H2A and Htz1 for repeat maintenance, the Htz1 deletion would also show
the same phenotype as the Bdfl deletion.

Construction of thér t zahd®e w r rhugant strains was carrieditoin a wildtype
BY4705 (CAG)s backgroundas previously describedCompared to wildype expansion
frequencydeletion of Swrl and Htzdid notlead to an increase @xpansiorfrequency

indicating that neither the Swrl remodeling protein, nor thd Higtone variant protein likely
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play a role in maintaining repeat stability through the action of the SWR1 remodeling complex
(see Figure 14) This resulsuggestshat the Bdfl subunit acts independently of the SWR1
complex to maintain repeat stabilit{adfl is not actually required f@WR1 complex integrity
or histone exchange activity (Wu et al, 2009), and has several other functions in tfgisell.

observation is discussedéa in the Discussion section.
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Figure 14. The remodeling protein Swl and histone variant Htz1 do notsignificantly
contribute to repeat stability

Compared to wiledype expansion frequency, teew r dndh t zniutants did not show an
increased expansion phenotype. This indicates that the deposition of H2A.Z (Htz1p) by the
SWR1 complex is not involved in maintaining CAG repeats.
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3. Acetylation of histone H2A does not contribute to repeabdlity

In order to confirm that H4 is the relevant target for acetylation by NuA4 (see Figure 5C),
stability data for the H2A protein was collected. A strain containing a deletion of the H2A N
terminal tail was constructed to see if this deletion wéedd to an increase in CAG instability.
Previous data found that both histone H3 (see Figure 5C) stmhéivariant Htz1 (see Figure
14) do not contribute to CAGepeat maintenance. However, Esal targets lysine residue 7 of
histone H2Ain vivo (Millar and Grunstein 2006), and thus, Esal acetylatidtheoH2A N
terminuscould play aole in maintaining CAG repeats.

The H2AN astrain was constructed in two transformation steps. First, a strain
containing single copies 6fTAlandHTB1on a plasmid (CFY328) was plasmid shuffled with
a plasmid containing the gend3Bland h t a RBEN-terminal tail delete). Second, a kar
cross was performed to introduce the (CAAC into the strain.

Stability assays were performed and an expansion frequency &6 {pdalue= 1) was
calculated. Compared to wilype expansion frequency, this is not a significant increase in
expansion ratésee Figure 16 Thus, the Nlerminal tail of histone H2A likely does not play a
significant role in maintaining repeat stitlyi This finding further supports that NuA4

specifically targets H4 for repair of CAG repeats.
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Figure 15. Acetylation of the H2A N-terminal tail does not contribute to repeat stability

While loss of acetylation in HK12R and H4K16R (blue bars) leato a significant increase in
repeat expansions, the loss of acetylation on the H2ériinal tail does not lead to an
increased expansion frequency compared to wildtype (white bars). The-plagyhid wildtype
strain is included as an added control tauwtify baseline levels of expansion frequencies in
these strainsStability assays foH3/H4 wildtypeperformed by Jiahui Yang; stability assays for
H3-Nae H4-K12R, H4K16R and HTA%plasmid strains performed by Nealia House.

4. Deacetylation of H4 lysine residues 5, 8, and 12 is important for CAG repeat maintenance

In order to further support the idea that deacetylation on the-té&4minal tail is
important in contributing to CAG repeat stability, a strain was constructed with H4 lysine
residues 5, 8, and 12 substituted for glutamine. Gluta(@henimics the structurand charge

stateof acetyllysine, and thus mimics a constitutive H4 acetylati@bestThe mimicked
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acetylation state provided by a lysine to glutamine (K to Q) mutation would not result in a
significant increase in expansionshis is different than the previously described lysine to
arginine (K to R) mutations, where loss of acdigiawould presumably lead to a full increase
in expansions.Previous data in the lab showed that the expansion frequency eKa 642
mutant had an elevated expansion phenotype, indicating that deacetylation of this residue was
important for CAG repeat aintenancebut not statistically significanThe H4K5,8,12Q
mutant was constructed to assess whether or not the deacetyldtiesabfsine residues 5
would contibute to CAG repeat stability.

The H4K5,8,12Qmutant was constructed via plasmid shaufflansformation into strain
CFY2757 using plasmid (CF plasn#d 70 , courtesy of Pillus lab)Transformants were verified
by phenotype by rpatching on YCLeuw-Ura-Trp plates, to select for the new plasroahtaining
the Trpl markerand replicgplated mto YC-Met-Cys plates, to confirm the originRIET15
plasmid in strain CFY2757 was lost.

Compared to wildtype, both HK16Q and H4K5,8,12Q mutants shaadan elevated
repeat expansion frequen(see Figure 16 The elevated expansion rate indicates thainaic
constitutively acetylated H#il can induce expansions, and that removal of the acetyl groups by
HDACSs at H4 residues 5, 8, 12, and 16 is important in repeat stability mainteridnselata
provides independent confirmation of the conclusiondasethe HDAC mutants that

deaetylation of the histone H4 Xerminus is important for preventing CAG expansions.
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Figure 16. Deacetylation of H4 lysine residues 5, 8, and 12 is important foepeat

maintenance
While the acetylation events of H412 and HI-K16 are shown to contribute to repeat stability

(blue bars), the contribution caused by deacetylation of specific H4 residues was also quantified
in theacetytmimic H4-K16Q and H4K5,8,12Q strains. Data above indicates that deacetylation
of residues 58, 12, and 16 is important in maintaining repeat stability, but perhaps not to the
same extent as the acetylation of these resid8&sility assays fothe H3/H4 wildtypestrain
wereperformed by Jiahui Yang; stability assays f+K12R, H4K16R, H4-K5,8,12R,H4-
K5,8,12,16R andH4-K16Q strainswereperformed by Nealia House.

48



