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Zusammenfassung

Ino80-C ist ein Chromatin remodeling Komplex, der sowohl bei der Reparatur von
Doppelstrangbrichen als auch in Prozessen der transkriptionellen Kontrolle verschiedener
Gene eine wichtige Rolle spielt. Sind bestimmte Untereinheiten dieses Komplexes defekt
fhrt dies zu erhdhter basaler mMRNA Konzentration diverser Stressgene und auch zu deren
verlangerter Expression. Fehlt beispielsweise die Ino80-C Untereinheit Arp8, ist eine Vielzahl
von Stressgenen signifikant Uberexprimiert. Arp4 und Ino80 sind ebenfalls Untereinheiten
von Ino80-C. Nur wahrend der aktiven Transkription kénnen diese beiden Proteine in
Promoter Regionen und offenen Leserahmen von Stressgenen detektiert werden. Ist die
RNA Polymerase Il durch ein temperatursensitives Allel der Untereinheit Rpb1 (rpb1-1)
deaktiviert findet keine Assoziation von Ino80 und Arp4 mehr statt. Folglich ist Elongation ein
Signal fur die Rekrutierung des Ino80 Komplexes.

In dieser Arbeit wurde auch die Funktion von Ino80-C wéahrend der aktiven Transkription von
Stressgenen untersucht. Wahrend der Elongation ist die Dissoziationkinetik von
Nukleosomen im Wild Typ und bei Mutanten von Ino80-C gleich. Allerdings ist die
Reassoziation der Histone H3 und H4 am offenen Leserahmen des Stressgens STL1
signifikant verlangsamt.

Ino80-C wird beim Auftreten von Doppelstrangbriichen durch die Phosphorylierung von
Histon H2A (yH2A) rekrutiert. In dieser Arbeit konnte festgestellt werden, dass Ino80-C
wahrend der Transkription nicht durch yH2A zu den jeweiligen Loci rekrutiert wird.

Die Funktion von Ino80-C ist unabhangig von der Art des Stresses (osmotischer Stress,
Hitzestress, Kupferionen) und den Dbeteiligten Aktivatoren. Deshalb ist es sehr
wahrscheinlich, dass Ino80-C an der Repression stark exprimierter Gene beteiligt ist.
Mutanten des Histon Chaperones Asf1 und der Histon Methyltransferase Set2 weisen einen
ahnlichen Phanotyp auf wie Ino80-C Mutanten. Demnach kénnten diese drei Faktoren am
selben Prozess beteiligt sein.
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Abstract

The yeast chromatin remodeling complex Ino80-C is involved in transcription and DNA
double strand break (DSB) repair. We report here an Ino80-C function required for proper
regulation of stress induced genes. Mutants in Ino80-C subunits have increased basal and
sustained induced mRNA levels of several stress genes. Importantly, transcripts are globally
increased in an arp8A mutant after osmotic stress. Concomitant with induction of
transcription, Ino80 and Arp4 are recruited to the promoter and open reading frame regions
of stress genes. Active elongation by RNA Polymerase Il (RNA Pol 1l) is required for
association of Arp4 and Ino80 with the ORF regions. A conditional inactive allele of the
largest Pol Il subunit Rpb1 (rpb7-1) prevented Arp4 recruitment at the restrictive
temperature. Furthermore, cells lacking functional Arp4 have a greatly diminished
reappearance of histone H3 and H4 in the open reading frame of the STL1 gene during
stress induced transcription. However, stress induced nucleosome eviction is not affected.
Recruitement of INo80-C to stress genes is not dependent on a mechanism involving y-H2A
as for double strand break recruitment. Ino80-C function is required for down-regulation of
stress induced transcripts after different treatments such as high osmolarity (CTT1, STL1),
heat shock (HSP82, HSP12) and copper ions (CUPT), all involving different transcriptional
activators. Mutants of histone chaperone Asf1 and histone methyltransferase Set2 display a
similar phenotype as mutants of Ino80-C. Thus the three factors could possibly work in the
same process. Ino80-C has a role in the repression of highly transcribed genes, most
probably by re-installing a repressive chromatin structure.
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1. Introduction

All cells of an organism carry the same genetic information. The interpretation of this
information by regulated transcription leads to the establishment of different cell types and
phenotypes such as stress resistance. One major mechanism is the regulated initiation of
transcription of RNA Polymerase Il. All DNA of the nucleus is complexed with Histone
octameres forming chromatin a structure opposing transcription by Pol Il. The transcription
cycle of RNA polymerase |l (RNA Pol Il) has four stages defined by the phosphorylation state
of its C- terminal domain (CTD): initiation, promoter escape, elongation and termination. RNA
Pol Il and its associated basal transcriptional machinery is assisted by a variety of factors
that make chromatin more accessible: Several enzymes are able to modify N-termini of
histones covalently (e.g. histone acetyltransferases or methylases) to facilitate mobilization of
nucleosomes or support binding of other factors. ATP- dependent chromatin remodeling
factors are able to alter the nucleosome position and thereby enable exposition of DNA to
transcription (Workman and Kingston, 1998; Narlikar et al., 2002).

1.1. Transcription Initiation through the Nucleosome Barrier:

Initiation of transcription starts with the binding of activators upstream of the promoter leading
to recruitment of coactivator complexes which facilitate stronger binding of activators. These
coactivators are chromatin remodeling complexes (Swi/Snf), histone- modification enzymes
(Gen5, Esal) and the mediator complex making nucleosomal DNA elements more
accessible to general transcription factors. Moreover the histone- variant Htz1 flanks a 200bp
nucleosome free region at the silent promoter which marks the site for RNA Pol Il pre-
inititation complex (PIC) formation (Figure 11) (Kobor et al., 2004; Krogan et al., 2003a;
Mizuguchi et al., 2004; Zhang et al., 2005a). After positioning of the preinitiation complex,
limited melting of the DNA duplex (11-15bp) takes place resulting in a single stranded
template. The C- terminal domain (CTD) of the polymerase is phosphorylated on two serine
residues which leading to loss of association to the General Transcription Factors before
entering elongation. Depending on the phosphorylation status of Serine2 and Serine5 the
CTD is also a domain recruiting several factors enabling Pol Il elongation.

13
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Figure 11 Activity of chromatin remodellers and histone acetyl transferases lead to chromatin remodeling and histone eviction
which enables switch from silent to active chromatin (Adapted from Li et al. Cell 128, 707-719, February 23, 2007 22007
Elsevier Inc.) For more details see Appendix Figure A1.

1.2 Transcription Elongation through the Nucleosome Barrier

During elongation RNA Polymerase |l recruits several factors facilitating passage through the
nucleosome barrier. Among them are chromatin modifyers, chromatin remodeling complexes
and histone chaperones, all three groups having important and distinct functions.

The most prominent modifications on chromatin during elongation are acetylation of Histone
3 and 4, methylation of H3 at K4, K36 and K79 (Krogan et al., 2003a; Krogan et al., 2003b;
Ng et al., 2003) and ubiquitination of histone H2B K123 and K120 (see Table1). Histone H3
trimethylation on lysine 36 (K36) mediated by Set2 is an important landmark during
elongation (Li et al., 2003) and is globally correlated with transcription (Pokholok et al.,
2005).

The ATP- dependent chromatin remodeling complexes Swi/Snf and RSC, Mi-2(CHD), ISWI
and Ino80-C have a function for helping Pol Il pass through nucleosomes (Mellor, 2006;
Workman and Kingston, 1998). Analysis of their contribution to global transcription suggests
a largely distinct role for each of them during elongation (see section 1.5.).

Transcription removes (evicts) nucleosomes from transcribed regions (Schwabish and Struhl,
2004). Thus a third group of factors is recruited by elongating RNA Pol I, the so- called
histone chaperones. Histone chaperones support the rapid eviction of histones in front of
elongating RNA Pol Il (Belotserkovskaya et al., 2003; Mason and Struhl, 2003; Orphanides
et al.,, 1998; Orphanides et al., 1999; Reinberg and Sims, 2006) but are also involved in
reassembly. Asf1 was shown to evict and deposit H3 and H4 whereas FACT, a dimer of
Spt16 and Pob3/SSRP1 facilitates disassembly and reassembly of H2A/H2B dimers during
Pol 1l transcription. Additionally, Spt6 contributes maintaining normal chromatin structure
during elongation (Kaplan et al., 2003).

PAF, a multisubunit complex is one of the first factors associating with the phosphorylated
CTD of RNA Pol Il (reviewed in Rosonina and Manley, 2005). It is critical for the recruitment

14



of several chromatin modifyers like the H3K4 methyltransferase Set1 (function will be
discussed later) and facilitates H2B ubiquitination by Rad6/ Bre (see Figure 12). The
attraction of the histone chaperones Spt6 and FACT is also dependent on the function of
PAF. The activity of Set2 is independent of PAF. Set2 directly interacts with Ser2-
phosphorylated CTD, thus methylating H3K36 at the 3’ end of transcribed genes.
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Figure 12 The chromatin landscape during elongation is determined by the factors associated with different forms of Pol Il. PAF
facilitates the binding of FACT, COMPASS, and Rad6/Bre1 to the Ser5-phosphorylated CTD, which results in H2B ubiquitination
and accumulation of trimethylation of H3K4 at the 50 end of ORF. (Adapted from Li et al. Cell 128, 707—719, February 23, 2007
82007 Elsevier Inc.)

1.3. Histone Modifications and Transcription
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Figure 3 Distribution of modifications in coding regions and promoters. The histone variant Htz1 (H2A.Z ) is preferentially found
in the promoter region as well as acetylated H3 and H4. Trimethylated K36 on H3 is found more in the 3’ region of open reading
frames (Taken from Li et al. Cell 128, 707-719, February 23, 2007 22007 Elsevier Inc.)

Histones undergo a variety of modifications after translation such as acetylation,
phosphorylation, sumoylation, ubiquitination, methylation and ADP- ribosylation. Acetylation
as well as methylation of H3K4, H3K36 and H3K79 are characteristic for active transcription

and thus are euchromatin modifications whereas methylation of H3K9 and H3K27 are more
15



localized to inactive regions. The localization of these patterns is tightly regulated and also
highly conserved because of its dramatic effect on transcription (Figure 3). Chromatin
modifyers are the first class of factors described here involved in changing the chromatin
structure to make DNA more accessible.

Conserved Chromatin Modifications and corresponding Enzymes
Modification | Position Enzymes Recognition Functions in
Module(s) Transcription
S. S. Drosophila | Mammals
cerevisiae | pombe
LES PHD,
Methylation H3 K4 Set1 Set1 Trx, Ash1 Wil Chromo, WD- | Activation
Set9/7
40
ALR-1/2
ALR. Set1
H3 K36 Set2 Clr4 HyPB, CliEhilz Repression
Smyd2, (Eaf3)m,
NSD1 JMJD
H3 K79 Dot1 Dot1L Tudor Activation
Ubiquitinati res Rads, Radé Ubehe: COMPASS Activati
tivat
iquitination K120/ o a RNE ( ) ctivation
K123 20/40
Acetylation H4/K16 NuA4 dMOF hMOF Bromodomain | Activation
Hiz1/K14 | SAGA, Activation
NuA4

Table 1 Conserved histone modifications in S. cerevisiae, S. pombe, Drosophila melanogaster and Mammals. (Adapted from Li
et al. Cell 128, 707-719, 2007.) For more details see Appendix Table A1

1.3.1. Acetylation:

The best studied histone modification is acetylation of certain lysin residues. Acetylation is
thought to affect chromatin structure by changing the charge of the histone tails (positively
charged lysins) and thereby neutralizing the interaction with the (negatively charged) DNA.
Furthermore acetylation is a modification recognizable by several other (“secondary”) factors.
In general histone acetyltransferases (HATSs) like Esal (a subunit of NuA4) and Gcen5 (a
subunit of SAGA) acetylate lysine residues. Acetylation is a modification connected to active
transcription. Histone 3 and 4 are predominantly in an acetylated state when promoters are
active. Additionally the level of acetylation is proportional to the level of transcription
(Pokholok et al., 2005). However Lindstrom et al. (2006) showed that the activity of the HAT
NuA4 in combination with other factors can also have repressive effects on transcription.
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1.3.1.1. NuA4:

Yeast NuA4 complex contains 13 associated proteins (reviewed in Carozza et al., 2003;
Utley et al., 2003). Esal, the essential, catalytical subunit of NuA4 (Allard et al., 1999)
globally acetylates H4 and H2A. Esal and the subunit Arp4, a protein also present in the
chromatin remodeling complexes Swr-C and Ino80-C are also involved in repair of DNA
double-strand breaks (DSBs) in vivo (Bird et al., 2002). Eaf3 is a subunit also present in the
Histone- deacetylase Rpd3S. Absence of Eaf3 leads to globally changed acetylation patterns
(Reid et al., 2004). Over coding regions acetylation is dramatically increased
(hyperacetylation) whereas the promoter regions are hypoacetylated.

NuA4 has been reported to be mainly involved in active transcription of genes (Galarneau et
al.,2000) Nevertheless Lindstrom et al. (2006) demonstrated that NuA4 (together with ISWI
and Swr-C) plays a role in repression of stress induced genes.

1.3.1.2. SAGA:

SAGA contains the histone acetyltransferase subunit Gen5 which predominantly modifies
H2B and H3 (Zhang et al. 1998; Suka et al. 2001). The complex facilitates binding of TATA-
binding protein (TBP) to the promoter and is recruited by an activator that interacts with its
Tral subunit. At the Galactose- induced Gal1 promoter histone acetylation is observed
before formation of PIC (Bhaumik and Green, 2001) and in contrast to transcription factor 1D
(TFID, which binds to the core promoter) SAGA associates to upstream activating
sequences (UAS) (Larschan and Winston, ,2001; Bhaumik and Green, 2001). While TFIID is
involved in transcription of 90% of all yeast genes, SAGA is important for the remaining,
including stress genes (Huisinga and Pugh, 2004).

Gcen5 and Esal both play a role in the acetylation of histone variant Htz1 at K14. These
HATSs have overlapping functions (Millar et al. 2006).

1.3.2. Methylation

1.3.2.1 Methylation of H3K4

The Set1 complex (also referred to as COMPASS) methylates H3K4 residues on the entire
ORF region of actively transcribed genes. Whereas monomethylation patterns accumulate at
the 3’end, dimethylation is found to be more pronounced in the middle of the genes and
trimethylation is increased at the transcriptional start site. The “accumulation” of these
modifications is dependent on the frequency of transcription and its exact function is currently
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unknown. Studies indicate that H3K4 methylation is likely to work as a signal for factors
involved in initiation/repression of transcription that can specifically recognize this

modification.

1.3.2.2. Methylation of H3K36

Tri- and dimethylation by methylase Set2 are enriched in the 3° ORF region. H3K36
trimethylation leads to recruitment of Rpd3S histone deacetylase (HDAC) complex. The
chromodomain Eaf3 of Rpd3S is able to recognize H3K36 methylation and the deacetylase
removes acetyl- residues on H3 (Figure 14). Hyperacetylation within an ORF caused by
disruption of the Set2-Rpd3 pathway appears to enable the underlying DNA sequence to
become exposed to TFs, thus enabling cryptic promoter-like sequences within the ORF to
function as transcription start sites (Carrozza et al., 2005; Joshi and Struhl, 2005) which lead
to shortened aberrant transcripts.

(\/ HAT? \)
1
g de3 —— / J:J \
<E/;}§ \ e setz ) /A“ j“
K38me2 K36me: ~ta
—X— i

Figure 14 Histones are acetylated by a HAT. During elongation the Set2 methylase methylates K36 on Histone 3. This
modification is recognized by the chromodomain Eaf3 of the Histone- deacetylase Rpd3S. HDAC activity leads to
hypoacetylated environment. (Adapted from Li et al. Cell 128, 707-719, February 23, 2007 22007 Elsevier Inc.)

1.3.3. Ubiquitination of H2B

Ubiquitination of H2B is a stimulating signal for methylation of H3K4 and enhances the rate
of transcription elongation. The activity of Rad6, the enzyme that ubiquitinates histones, is
dependent on the activity of the PAF multisubunit complex and active transcription.
Ubiquitination stimulates di- and trimethylation of histone H3K4 by Set1 (COMPASS) (Dehe
et al., 2005; Shahbazian et al., 2005; Sun and Allis, 2002).

1.4. Histone Chaperones

To make sure that histones properly assemble into nucleosomes they are bound by histone
chaperones which generally exhibit preference for H2A/H2B or H3/H4 dimers. Histone
chaperones play a role in initiation but more importantly in elongation of transcription.

18



1.4.1. Asf1 (Anti- silencing factor 1)

Schwabish and Struhl, (2006) have shown that the histone chaperone Asf1 is not only
associated with promoter but also with coding regions of actively transcribed genes. Asf1 is a
multifunctional histone chaperone involved in initiation (as shown for the promoters of Pho5
and Pho8, Adkins et al 2004) and also in elongation interacting with the PAF1 elongation
complex. In asf1A mutants the actively transcribed (i.e induced) GAL710 and GAL1 genes,
have decreased levels of Pol Il and increased levels of H3. Thus Asf1 is likely to be involved
in eviction of H3 and H4 (as they are assembled in dimers) to facilitate travelling of Pol Il but
also helps reassembling of histone octameres (see Figure 15). In addition asf/A mutants
display increased transcription from cryptic promoters within open reading frames indicating
that regions with unassembled or poorly assembled nucleosomes allow Pol Il to
inappropriately initiate transcription. Because yeast asf{A mutant cells did not show any
dramatic changes in nucleosome density (Adkins and Tyler 2004) it was proposed that other
factors substitute in the reassembly process of histones.

1.4.2. Spt6

Spt6 interacts with H3 and assembles nucleosomes in vitro. Mutation of Spt6 leads to
initiation from cryptic promoters (Kaplan et al., 2003), suggesting that this chaperone is
involved in reassembling of nucleosomes behind traveling Polll. Promoter nucleosome
reassembly mediated by the histone chaperone Spt6 is required for transcriptional repression
of Pho5, Pho8, Adh2, Ady2 and Suc2. When Spt6 is inactivated by mutation, chromatin
reassembly at promoter regions is impaired and transcription initiation occurs independent of
transcriptional activators (Adkins et al. 2006). Furthermore, Spt6 is also responsible for
histone reassembly after transcriptional elongation in the ORF regions of Pho5. Mutants of
Spt6 show increased levels of RNA Pol Il on the ORF of Pho5.

1.4.3. FACT (facilitates chromatin transcription)

FACT is required by Pol Il to transcribe through chromatin and interacts, like Asf1, with the
elongation factor Pafi. However not every gene seems to be dependent on this histone
chaperone complex. Studies showed that FACT was capable of facilitating elongation
through some nucleosomes but not others. The requirement of FACT could be dependent on
the positioning of the nucleosomes and also on the strength of histone- DNA interaction.
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Figure 15 The histone chaperones FACT, Asf1 and Spt6 facilitate disassembly and reassembly of histones during passage of
elongating RNA Pol Il. (Adapted from Li et al. Cell 128, 707-719, February 23, 2007 22007 Elsevier Inc.)

1.5. Chromatin Remodeling Complexes
1.5.1. ATP-dependent Chromatin-Remodeling Complexes

Chromatin remodelling complexes are a class of factors implicated in changing chromatin
structure. ATP- dependent chromatin remodeling factors alter the contacts between
nucleosomes and DNA (Becker et al. 2002; Tsukiyama et al., 2002; Emerson et al. , 2002;
Narlikar et al., 2002; Katsani et al., 2003; Korber et al., W. Horz et al., 2004 Mizuguchi et al.,

2004) by several mechanisms:

nucleosome
sliding

’

B
remodeled
ATP ADP nucleosome
—
ﬁ
ATP-dependent C
chromatin remodeling
nucleosome core nucleosome
histones displacement
DNA
D

nucleosome
replacement

»

Figure 16 . Mechanisms of Chromatin remodeling complexes (from L. Mohrmann, C.P. Verrijzer / Biochimica et Biophysica Acta
1681 (2005) 60)

(A) Nucleosome sliding, meaning that the position of a nucleosome on the DNA strand
changes

(B) The creation of a state, where DNA becomes more accessible but histones remain bound
20



(C) The complete dissociation of DNA and histones

(D) Histone replacement with a variant histone

These mechanisms enable association of factors involved in initiation and elongation of
transcription. ATP-dependent remodeling complexes work together with other factors such
as histone chaperones and histone modifying enzymes such as histone acetylases (e.g.
NuA4) and methylases (Set2). In budding yeast the superfamily SF2 of DEAD/H-box nucleic
acid stimulated ATPases (Eisen et al., 1995) is the most prominent one. S. cerevisiae has
five subfamilies of SF2: Swi2/SNF2 types (SWI, RSC), ISWI types (Iswil, 2), CHD- types,
Ino80-C types (Swr-C, Ino80-C) and YFR038w- types (in plants: DDM1) (reviewed in van
Vugt, 2007).

1.5.1.1. Swi2/Snf2

ySWUSNF - non-essential for viability
- low abundance
- facilitates expression of several inducible genes
- involved in exit from mitosis through stimulation of expression of some mitotic genes
- implicated in transcriptional activation and repression

Table 2 (taken from L. Mohrmann, C.P. Verrijzer / Biochimica et Biophysica Acta 1681 (2005) 67)
The ySwi/Snf complex was the first described chromatin-remodeling complex, contains 12

subunits and is not essential for viability. Furthermore only 200 copies of the complex exist in
a cell making it not very abundant. Yeast cells contain two closely related Swi/Snf-type
remodeling complexes with distinct cellular functions, ySwi/Snf itself and RSC (remodel the
structure of chromatin).

Homologous complexes of the Swi/Snf family of remodelers have been identified in
Drosophila and mammals, thus these complexes are highly conserved. Swi/Snf is able to
cause a loss of H2A- DNA interaction and furthermore nucleosomes partially unwrap at
promoter regions because of Swi/Snf activity (Kassabov et al., 2003; Lorch et al. 2001; Flaus
et al., 2003). This activity facilitates efficient access of transcription factors (Schwabish and
Struhl, 2007).

1.5.1.2. RSC

RSC - essential for viability
= highly abundant
= target genes distinct from those of yYSWI/SNF
- involved in transcriptional activation and repression
- Sthi, Sfth1, Rsc3 and Rsc9 are essential for cell cycle progression thraugh G2/M
- involved in sister chromatid cohesion and segregation

Table 3 (taken from L. Mohrmann, C.P. Verrijzer / Biochimica et Biophysica Acta 1681 (2005) 67)
21



A yeast chromatin remodeling complex closely related to Swi/Snf is RSC (Remodel the
Structure of Chromatin) (Cairns et al., 1994; Cairns et al. 1999). Similar to Ino80-C, RSC
contains 17 subunits. In contrast to ySwi/Snf, RSC function is required for yeast viability.
Indicative of broader roles in chromatin dynamics, RSC is very abundant, while Swi/Snf is not
(10-fold). This notion is reflected by recent studies that have implicated RSC in sister
chromatid cohesion, transcription regulation (Angus-Hill, 2001), chromosome segregation
and DNA repair (Hsu et al., 2003; Baetz et al., 2004; Huang et al., 2004; Wong et al., 2002)
In the context of transcription RSC is suggested to collaborate with the histone chaperones
Spt6 and Nap1 in a reaction coupled to histone acetyltransferase activity (Carey et al., 2006).
A process stimulated by the HATs NuA4 and SAGA enables RSC to help RNA- Polll through
the nucleosome barrier indicating that histone acetylation recruits RSC (Carey et al., 2006).

1.5.1.3. ISWI

The budding yeast S. cerevisiae has two members of ISWI ATPases: Isw1 and Isw2
(Tsukiyama et al., 1999). The function of Isw2 is to slide nucleosomes to repress the
transcription of several classes of genes in parallel with the Sin3/ Rpd3 histone deacetylase
(Fazzio et al., 2001; Fazzio et al., 2003; Goldmark et al., 2000). Isw1 was shown to be
involved in repression of stress genes working together with Swr-C and NuA4 (Lindstrom et
al., 2006). Thus the three complexes have parallel activities for regulation of stress response
genes.

1.5.1.4. SWR-C
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Figure 17 Subunits of Swr-C (taken from Y. Bao, X. Shen, Ino80-C subfamily of chromatin remodeling complexes, Mutat. Res.:
Fundam.
Mol. Mech. Mutagen. (2007), 2)

The purified yeast Swr-C complex contains fourteen polypeptides which are partly shared
with Ino80-C. The Swr-C complex is capable of specifically exchanging histone H2A in
nucleosomes for its variant Htz1 and thus Swr-C and Htz1 share a common function in

transcription regulation. Swr1 is a Swi2/Snf2-related ATPase with a split conserved ATPase
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domain, characteristic of the core ATPases of the In080-C subfamily. Similar to the Ino80
complex, the Swr-C complex exhibits ATPase activity (Mizuguchi et al., 2004).

The major function of the Swr-C complex is to deposit the histone variant dimer Htz1— H2B
into nucleosomes by replacing the pre-existing H2A— H2B dimer. The substitution of core
histones with the corresponding histone variants can generate a structurally and functionally
distinct region in the chromatin (Henikoff et al., 2004; Chakravarthy et al., 2004). In contrast
to canonical core histones, histone variants are synthesized outside of S- phase and their
incorporation into the chromatin structure is independent on DNA replication. The histone
H2A variant, H2AZ (in yeast Htz1), is highly conserved from yeast to man. Depending on its
acetylation status Htz1 is found at inactive promoters (when not acetylated). The
depositioning is also dependent on the activation potential of the promoter (Guillemette et al.
2005; Li et al.2005; Zhang et al. 2005; Millar et al. 2006).

It was found that NuA4 and Swr-C mutants share similar phenotypes and that the complexes
interact genetically, suggesting important functional links between them (Kobor et al., 2004).
Similar to the Ino80-C complex the Swr-C complex may also play a role in DNA repair. The
Swr-C complex, and its associated H2AZ deposition activity, may be recruited to DSBs, in
the concert with NuA4 and/or Ino80-C complexes, to exchange y-H2AX (H2A phosphorylated
at Ser129) with Htz1, which may further alter the local chromatin structure and facilitate the
process of DNA repair.

1.5.1.5. The Chromatin Remodeling Complex 1no80
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Figure I8 Subunits of Ino80-C (taken from Y. Bao, X. Shen, INO80 subfamily of chromatin remodeling complexes, Mutat. Res.:
Fundam. Mol. Mech. Mutagen. (2007), 2)

The ATP- dependent Ino80 remodeling complex is a member of the SNF2 subfamilies
(Swi/Snf, ISWI, CHD, INO80 and YFRO038 types). Ino80-C is a highly conserved complex
containing 17 subunits, among them: Ino80, Rvb1, Rvb2 (Helicase activity), Arp4 (actin-
related protein 4), Arp5, Arp8, actin, Nhp10 (non histoneprotein 10), Anc1/Taf14, and several
Ino eighty subunits (les). The most prominent feature of the Ino80 ATPase domain is the
presence of a spacer.
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The Ino80 subunit is the core ATPase of the complex and also the main scaffold for the other
subunits. Actin and actin-related proteins (Arps) have been identified as subunits in many
chromatin modifying complexes (Boyer et al., 2000). Ino80-C contains conventional actin,
Arp4, Arp5 and Arp8. Arp5 and Arp8 have been found exclusively in Ino80-C (Shen et al.
2000). The phenotypes of arp5A and arp8A are similar to that of ino80A thus Arp5 and Arp8
seem to be important for the chromatin remodeling function of Ino80. Crucially Arp4 and Arp8
show association to histones in vitro (Arp4 to H3 and H4) which suggests that both proteins
could have some histone chaperone function.

Nhp10 has also been described as a subunit of Ino80-C. Ino80-C lacking Nhp10 has reduced
DNA binding activity but is still capable of mobilizing nucleosomes which suggests that
Nhp10 has, compared to the Arps, a less important role in chromatin remodeling.

Microarray data indicate that mutants of Ino80 display a 2-fold change in mRNA
levels of about 150 yeast genes. Further studies have shown that the Ino80 complex
regulates a specific set of genes both negatively and positively (van Attikum et al., 2004).
The phosphate regulated genes PHO5 and PHO84 act as models for studying the
mechanism of promoter regulation by Ino80-C. Ino80-C had a repressive effect on the PHO5
promoter and an activating effect on the PHO84 promoter. Furthermore, in vitro transcription
assays show a 10- fold increase in transcriptional activation of chromatin remodeled by
Ino80-C (Shen 2000 et al.). These data suggest the Ino80-C complex is involved in
regulation of the expression of several genes in different contexts with different roles.

The Ino80 complex is not only involved in transcriptional regulation but has also been
shown to be involved in DNA damage responses. Histone modifications and chromatin
remodeling are important for the repair of DNA lesions, such as double strand breaks
(DSBs). Phosphorylation of Serine 129 of H2A is crucial modification during the repair of
DSBs. Furthermore, H2AX deficiency results in genomic instability. Phosphorylated H2AX (y-
H2AX), is essential for the association of several DNA repair proteins (Downs et al., 2000). In
yeast, y-H2AX is also required for the recruitment of the chromatin remodeling complex Ino80
to DSBs. This feature established a connection between chromatin remodeling and repair of
DNA lesions (Downs et al., 2004, Morrison et al., 2007; van Attikum et al., 2004). y-H2AX is
necessary for association of Ino80-C to DSBs. The Nhp10 subunit of Ino80-C is most likely
responsible for the recruitment of the complex to the phosphorylated histone. Interestingly, in
the absence of actin, Arp4 and Arp8, the Ino80-arp8A-C mutant complex displayed
significantly higher levels of interaction with y-H2AX than that of the Ino80-nhp10A-C mutant
complex, in which Nhp10 and les3 are lost, suggesting that Nhp10 and les3 play a more
significant role in the interaction between Ino80-C and y-H2AX than the Arps (Shen et

al.2000).
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2. Aim of this Work

In 2003 Gorzer et al. described a phenotype of a mutant in the Actin related protein 4 gene

4°7¢"P) had increased levels of stress genes

(ARP4). This temperature sensitive mutant (arp
transcripts that were dependent on the transcription factors Msn2 and Msn4. Arp4 is an
functional essential subunit of the histone acetyltransferase NuA4 and the chromatin
remodeling complexes Swr-C and Ino80-C. Shen et al. (2000) identified the Ino80 complex
and using microarrays they found that Ino80 is involved in the repression of stress gene.
Therefore, we suspected that Ino80-C was the candidate activity responsible for the arp4
phenotype on stress gene mRNA levels.

In course of this work we investigated the cause of the arp4 phenotype and define a

role of Ino80-C in the repression of stress induced genes.
The primary questions addressed can be formulated as follows:

1) What is the cause of the arp4%''® phenotype of hyperinduced stress genes?

2) In which of the three complexes (NuA4, Swr-C, Ino80- C) Arp4 function is involved in
stress gene transcription?

3) What is the function and of the corresponding complex?

Phenotype

mRNA levels

Complex?

Function?

Figure AW1 mRNA levels of stress response genes are hyperinduced in arp4ts mutants. Arp4 (Actin related protein 4) is a

subunit of 3 complexes all involved in stress gene transcription.
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3. Results

3.1. Mutations in Arp4 and Arp8 confer sustained Stress Gene Expression.

Mutants compromising the function of the chromatin remodeling complex Ino80 such as Arp4
and Arp8, display enhanced levels of genes inducible by various types of environmental
stress (Gorzer et al., 2003; Shen et al., 2003b; van Attikum et al., 2004). A more detailed
analysis of the expression of two genes highly induced by hyperosmotic stress (CTT1,
HSP12) revealed increased and sustained mRNA levels in strains lacking Arp8 (arp8A) and
in mutants carrying a temperature sensitive allele of Arp4 (arp4°7¢'°) (Figure 1A). Arp4 is a
subunit also present in NuA4 and Swr-C complexes both implicated in increased expression
of stress regulated genes (Lindstrom et al., 2006). To determine the contribution of these
complexes to the observed increased transcription levels, we compared CTT1 and HSP12
expression in strains lacking specific subunits of all three Arp4-containing complexes such as
arp8A (Ino80), eafSA (NuA4) and swr1A (Swr-C). CTT1 and HSP12 mRNA levels were
determined during osmostress and heat stress in these mutants (Figure 1B). mRNA levels
from several experiments were quantified and normalized relative to highest wild type RNA
level with PPI1 as internal control. The resulting data demonstrate that among these mutants
the absence of the Ino80 specific subunit Arp8 causes the most dramatic changes of
transcript levels. The global contribution of Ino80 on stress induced transcription was
analyzed by microarray transcript profile analysis of osmostress (0.4M NaCl) treated wild
type and arp8A cells. After 30 minutes exposure to hyperosmolarity conditions, wild type and
arp8A cells had a very similar transcript profile. However, at the 60 minutes time point we
find globally increased transcript levels in the arp8A mutant of induced gene, whereas
repressed genes were approximately unchanged. Transcript levels of stressed (0.4M NaCl,
60 minutes) wild type and arp8A cells were also compared directly on microarrays. In the
arp8A mutant we find an approximately 1.5 fold mean increase of the RNA level of those
genes which are more than two fold induced in the wild type. These data suggest a global
function for Ino80 during stress induced transcription.
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Figure 1. Sustained transcript levels in arp8A and arp4°'®’ mutants. (A) mRNA levels of
CTT1 and HSP12 during osmostress (0.4M NaCl) are up regulated in arp8A and arp4°'¢'"
strains. Wild type (W303-1A) and mutant strains arp4°'°’° (LK100) and arp8A (LK236) were
grown in YPD at room temperature (RT) and stressed with 0.4M NaCl for the indicated times.
(B) Northern analysis of CTT1 and HSP12 mRNA levels during osmostress and heat stress
in arp8A, eafSA and swr1iA mutants (BY4713 derivatives). mRNA levels were quantified
relative to highest wild type level, loading was normalized to PPI1, values from several blots
were averaged. (C*) Global delay of down regulation of transcripts in osmostress treated
arp8A mutant cells. Microarray profile analysis of 0.4M NaCl treated wild type and arp8A
cells at 30 and 60 minutes.

*Microarrays were performed in collaboration with the FH-Biotech

3.2. Arp4 and Ino80 are recruited to the ORFs of Stress Genes

The HSP12 gene is hyperinduced in mutants of Arp4 and Arp8 compared to wild type. To
investigate whether Ino80-C is directly involved in the observed transcriptional changes we
tested the recruitment of Arp4 to highly induced stress gene HSP12 during heat stress by
chromatin immunoprecipitation (ChlP) followed by quantification by PCR. The location of the
PCR fragments of the analyzed genes is indicated in Figure 2A. The stress unresponsive
gene VCXT1 was used as internal control throughout. A shift from 25°C to 39°C resulted in
rapid recruitment of Arp4 to ORF and promoter region of HSP12 (Figure 2B). The signal
decreased rapidly after relieving stress conditions by shift to 25°C (Figure 2B) suggesting a
direct link between Arp4 recruitment and stress triggered transcription. To further investigate
this recruitment we analyzed the kinetics of Arp4 association during heat stress (shift from

25°C to 39°C) similar to the previous experiment. ChlIP precipitates obtained with Arp4
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antiserum were analyzed by PCR detecting promoter and ORF regions of CTT1, HSP12 and
DDR2 (Figure 2C left panels). Recruitment of Arp4 to the promoter of DDR2 was not
detected (data not shown) in contrast to a strong recruitment to the ORF of this gene. From
the same extracts Ino80-HA was precipitated using HA- antibodies. We found rapid
association (after 4 minutes detectable!) of Arp4 and Ino80 to the ORFs of CTT1, HSP12 and
DDR2 which was sustained for about twenty minutes (Figure 2C right panels). To determine
whether Arp4 and Ino80 recruitment occurs also under different stress conditions we tested
recruitment of both proteins after hyperosmolarity stress (0.4M NaCl). We included STL1
which is a gene exclusively induced by osmostress. Analysis of the obtained PCR fragments
showed increased signals of both Arp4 and Ino80-HA 6- 10 minutes after treatment.
Recruitment of Arp4 and Ino80-HA had almost identical characteristics and was more
pronounced to the ORFs of CTT1, STL1 and HSP12 compared to their promoter regions.
These data support a direct role of the Ino80 complex for stress gene transcription and
indicate a strong recruitment to the stress gene open reading frames.
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Figure 2. Arp4 and Ino80 recruitment to promoter and open reading frame regions of
activated stress genes. (A) Arp4 is transiently recruited to the HSP12 gene during heat
shock. W303-1A cells were was grown at 25°C, shifted to 39°C for 10 minutes and then
shifted back. Chromatin immunoprecipitation assays (ChlP) were performed with Arp4-
antibody. A region within the VCX1 ORF was used as an internal control, WCE - whole cell
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extract. (B) Kinetics of chromatin association of Arp4 and Ino80 after heat shock (25° to
39°C). Strain JW205 was grown at RT and shifted to 39°C for the indicated times. (C)
Kinetics of association of Arp4 and Ino80 upon osmostress (0.4 M NaCl). Strain JW205 was
grown at 25°C and exposed to osmotic stress (0.4M NaCl) and Ino80-HA chromatin
association was determined at the indicated times. (D) Location of the primers used for ChIP
experiments at HSP12, CTT1, STL1 and DDR2 loci.

Experiments in Figure 2 were performed together with Ludmila Paskova
3.3. Arp4 and Ino80 Association requires Function of Transcription Factors

Many of the stress genes up-regulated in the arp4°'®'® and arp8A mutants are dependent on
the general stress regulatory factors Msn2 and Msn4 (hereafter referred to as Msn2/4)
(Gorzer, 2003; van Attikum 2004). Consequently we examined whether Arp4 association to
stress gene ORFs and promoters requires function of transcription factor Msn2/4. Wild type
and msn2Amsn4A cells were exposed to osmotic stress (0.4M NaCl) and Arp4 recruitment to
CTT1, HSP12, and DDR2 ORFs and promoters was detected as described above. Crucially
no associated Arp4 could be discovered in the coding regions and promoters of these genes
in msn2Amsn4A cells (Figure 3A).To exclude a specific function (mediation of recruitment) of
Msn2/4 we investigated the recruitment of Arp4 to STL1, a gene independent of Msn2/4 and
under the control of the transcription factor Hot1. Whereas CTT71 and HSP12 are almost
entirely regulated by Msn2/4, STL1 is mainly regulated by Hot1. However all three gene
require the function of MAP- kinase Hog1 for induction by hyperosmolarity. We could
observe that the recruitment pattern of Arp4 to ORFs and promoters coincides with the
described activation pattern. Absence of Hot1 and Msn2/4 prevented recruitment of Arp4 to
STL1 and CTTH1, respectively. Importantly, Hog1 was required for Arp4 recruitment to both
CTT1 and STL1 (Figure 3B). To examine whether stress conditions per se are sufficient for
Arp4 and Ino80 recruitment we detected Arp4 and Ino80 association to ORF and promoter of
STL1. The STL1 locus coding for a glycerol/H" symporter is rapidly induced by osmotic
stress but not by heat stress. Following ChIP Arp4 and Ino80 could be found to be
associated to STL1 ORF and promoter after osmotic stress but not after heat shock (Figure
3C). These data indicate that stress gene induction but not a specific kind of stress or
transcription factor is important for Arp4 and Ino80 recruitment.

32



Fig.3

Csmotic Stress

W303 1P Arpd W303 menZimendAIPe Arpd wieE

S T B e e e e CTT! ORFZ

1.8 a 4 8 12 20 0 o 4 B 12 20 o min 0484 MaCl
WORF1
; O oRF2
OoRF3

FlATZ
HSF12 Pr
HEF12 ORF
WCX1

* min D.4M MaCl

12 W ORF
O Promaser

FldTZ

CTT1 ORFI
CTT1 Fr
DOR2 ORF
WCRT

min 0484 MaCl

12 W CTTT oRF2
[ C7T1 Promater
[JCoRz CRF

In the absence of transcription factors Msn2 and Msn4

Arp4 is not attracted

IP Anti- Arpd
W303 hogia hotia man2amanda . WCE

o " i o e CTT1 ORF

CTT1Pr
WCHT

 — —

- — . i 5 s i Bt hs e STLT ORFZ
o= B e A == e

. s STLT

& " g : . z 1
e — — e — — ik R — . e S ﬁ$1ggm:
- —_ WCXT

o 6 12 0 €& 112 0 & 12 0 & 12 min 0284 MaCl

The presence of activating transcription factors is

necessary for recruitment of Arp4

IF-Ant-Arps IP-Anti-HA | InoB0-HA
0.4 M MaCl 3g°C 0.4 M MaCl a°C WCE
. '?--—l--r—wl-'--l-l"-__- — e —— P'lﬂ?
== IR " 0"
Vi —— i S0 N S— P — M
= - — N —— ——— _— — A—— $$I1ORF1
a 5] [u] 4 2 0 i 0 4 2 minutes

33



Figure 3. Ino80 and Arp4 are recruited to activated stress genes. (A) ChIP assay for Arp4
recruitment in wild type and msn2Amsn4A strains after heat stress (25°C to 39°C. (B)
Osmostress induced recruitment of Arp4 to Hot1 and Msn2/4 regulated genes. Both STL1
and CTT1 require Hog1 for induction by osmotic stress. WT, hog1A, hot1A and msn2Amsn4A
strains were grown at 25°C and treated with 0.4 M NaCl for 6 and 12 minutes or left
untreated. (C) Ino80-HA and Arp4 recruitment to the STL7 gene during salt stress and heat
shock. In080-HA strain was grown at 25°C and treated with 0,4 M NaCl or heat shocked to
39°C for the indicated times. Arp4-Ab or Anti-HA (Ino80-HA) were used for ChIP.
Precipitated DNA was analyzed by PCR of fragments indicated in Figure 2D Experiments in
Figure 3 were performed together with Ludmila Paskova (A and C ) and Andriy Petrishyn (B)

3.4. Arp4 Association requires Elongation.

Arp4 and Ino80 recruitment could be a consequence of opening of the promoter chromatin of
activated stress genes. However, recruitment to the distal end of the ORF suggested an
involvement Pol Il. To test if elongation by Pol Il is required for Arp4 recruitment, we used a
conditional mutant (rpb7-1) of the largest subunit of RNA Pol Il (Nonet et al., 1987) which
rapidly inactivates Rpb1 function upon shift to the restrictive temperature (37°C). Wild type
(RPB1) and rpb1-1 mutant strains were grown at the permissive temperature (26°C) and
shifted to 37°C for 1 hour to inactivate the rpb7-1 allele and to adapt cells to higher
temperature. Both cultures were then exposed to hyperosmolarity stress (0.4 M NaCl). Arp4
recruitment measured after 6 and 12 minutes was not influenced by temperature in the wild
type (RPBT1). Similarly, we observe Arp4 recruitment at the permissive temperature in the
rpb1-1 mutant strain. However, inactivation of RNA Pol |l resulted in a significant decrease of
the association of Arp4 with the ORF of HSP12, CTT1 and prevented increase of recruitment
to the DDR2 ORF (Figure 4 A,B). Thus, it seems likely, that activity of RNA Pol Il is required
for recruitment of Arp4.
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Figure 4. Inhibition of RNA Pol Il prevents Arp4 recruitment. Wild type and rpb1-1 strains
were grown at the permissive temperature (26°C) one part shifted to 37°C for one hour to
inactivate Rpb1. Both were then treated with to 0.4 M NaCl for 6 and 12 minutes. ChIP
analysis of Arp4 recruitment to HSP12, DDR2 and CTT1 promoter and ORF regions. The
relative amount of Arp4 occupancy normalized to VCX1 is indicated. Experiments in Figure 4

were performed together with Ludmila Paskova

3.5. Recruitment of Ino80 to Stress Genes does not require Phosphorylation of
H2A

The above results raised the question how Ino80-C is attracted to ORF regions of activated
stress genes. One reported mechanism for recruitment of Ino80-C is during repair of double
strand breaks (DSB) which is dependent on phosphorylation of S129 of H2A by the kinases
Mec1 and Tel1 resulting in yH2A (van Attikum et al., 2004 Morrison et al., 2004 Papamichos-
Chronakis et al., 2006 van Attikum et al., 2007 Morrison et al., 2007). The Ino80-C subunit
Nhp10 is thought to interact directly with y-H2A (Morrison, 2004 et al.) to recruit Ino80-C to
DSBs. Thus we tested the effect of NHP10 deletion on expression of stress genes.
Interestingly, cells lacking Nhp10 show similar changes in HSP12, STL1 and CTT1
expression after hyperosmotic stress as mutants with compromised 1no80 function (arp8A,
arp4ts) (Figure 5A). This result could indicate that recruitment of Ino80 to stress genes is
mediated by a similar mechanism as during DSB repair. If this was the case interference with
histone H2A S129 phosphorylation would also interfere with 1no80 recruitment during
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expression of stress genes. Therefore we analyzed expression patterns of strains carrying
H2A S129A mutant alleles of the two genes coding for H2A (hta1S129Ahta2S129A) and
found that transript levels of CTT1, HSP12 and STL1 were not significantly increased after
hyperosmotic stress (Figure 5B). This result suggests that Ino80 recruitment does not require
YH2A. To demonstrate this directly we examined whether Ino80 could associate to stress
gene ORFs in the hta1S129Ahta2S129A mutant strain by ChIP analysis. Association of
Ino80-HA precipitated from salt- stressed wild type and hta1S129Ahta2S129A showed a
similar kinetics in both strains (Figure 5C). This result suggests that enhanced stress gene
expression in nhpA mutant is not based on a yH2A linked Ino80 recruitment defect and
suggest that phosphorylation of H2A serine 129 is not an essential signal for recruitment of
Ino80 to ORF regions of stress induced genes.
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Mutation of H2A phosphorylation site S129 does not
significantly affect expression of CTT1, STL1, HSP12 and
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CTT1 ORF and promoter

Figure 5. INO80 recruitment to stress gene ORFs does not require y-H2A. (A) Absence of
NHP10 subunit of INO8O increases of the mRNA level of HSP12, STL1 and CTT1. Wild type
and nhp10A strains were grown at 30°C and exposed to osmotic stress (0.4M NaCl).
Quantification of northern blots is shown. (C) Absence of phosphorylation in H2A S129A
mutants does not cause major changes of mMRNA levels of stress genes. Wild type and
sky2939 (hta1S129A hta2S5129A) strains were grown at 30°C and exposed to osmotic stress
(0.4M NaCl) for CTT1, HSP12, STL1 or treated with 100uM Cu®* for CUP1 for the indicated
times. (D) Absence of phosphorylation of H2A S129 is not required for recruitment of Ino80
to CTT1 and STL1 ORF regions. ChIP analysis at the indicated time points with a
chromosomal HA tagged Ino80 derivative.

3.6. Histone Deposition from STL7 and CTT1 is delayed in arp4°®’® mutant
Cells

Since Ino80-C has chromatin remodeling activity, we tested if it has a role for histone density
during stress gene induction. Loss of Ino80-C function was achieved by incubating arp4'¢’°
mutant cells for 2 hours at the restrictive temperature (37°C). Arp4 protein is largely
eliminated by this treatment (Goérzer et al., 2003). STLT and CTT1 ORF and promoter
regions were analyzed for histone H4 and H3 during hyperosmotic stress (Figure 6). Histone
H3 and H4 levels were determined by ChIP following quantitative PCR analysis.
Hyperosmotic stress resulted in rapid loss of H3 and H4 from ORF and promoter of STL1 in
both wild type and arp4°’6"® mutant strains. Reassembly of histone H3 back onto STL1 ORF
and promoter region was severely delayed in the arp4°’¢’® mutant. While H3 occupancy of
the STL1 promoter and ORF reaches levels of untreated cells within 30 minutes after stress

4G161D

induction, in the arp mutant only half of the pretreatment level was regained (Figure 6A,

6B). Histone H4 was evicted rapidly during stress from CTT71 and STL1 ORF and promoter

4G161D

regions. In the wild type deposition of H4 started immediately, while in arp mutant this
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process was delayed. The pattern of H2A occupancy was similar to H4 (data not shown).
These results indicate that Arp4 is required for efficient reassembly of H3 and H4 after

activation of transcription by osmotic stress.
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Figure 6. A) Histone H3 disappears from ORF and promoter of CTT1. Cells were stressed
with 0.4M NaCl for times indicated and ChIP was performed as described before B*)
Inhibition of Arp4 delays histone H3 and H4 reassembly. Wild type and arp4G161D strains
were grown in YDP shifted to non-permissive temperature (37°C, 2h 30 min) to inactivate the
arp4 ts allele and treated with 0.4M NaCl for the indicated times. Histone H3 and H4
occupancy at the promoter and coding regions of STL1 and H4 occupancy at the promoter
and coding regions of CTT1 was determined by ChlIP and quantitative PCR as described.

* Experiments in Figure 6B were performed by Glora Mas Cell signaling unit, Departament de
Ciéncies Experimentals i de la Salut, Universitat Pompeu Fabra (UPF), Parc de Recerca Biomédica
de Barcelona (PRBB), Barcelona, Spain.

3.7. Rapid Activation of Transcription attracts Ino80

Stress induced genes have sustained and increased levels when [Ino80-C function is
compromised. This raises the question in which regulatory context Ino80-C function
contributes to control of transcript levels. The CTT1, HSP12, and STL1 genes analyzed so
far are induced by heat and osmotic stress under the control of the transcription factors
Msn2/4 and Hot1, respectively. Next we tested if Ino80-C function is also required for proper
control of transcription mediated by other conditions and transcription factors. We found that
heat stress induction of the Hsf1 regulated gene HSP82 is enhanced and sustained in arp8A
mutant cells (Figure 7A). Rapid recruitment of Arp4 and INO80 to the HSP82 ORF suggests
a direct role of Ino80-C for attenuation of transcription (Figure 7B). Furthermore, we analyzed
copper stress as an entirely independent condition to the ones previously used. Cu®* ions
trigger rapid activation of the transcription factor Cup2 leading to the almost immediate
transcription of the CUP1 gene. We find increased levels of CUP1 transcript in arp4®'®'P
mutant cells and a concomitant recruitment of Ino80-C to the CUP1 ORF (Figure 7C, D).
Hyperosmotic, heat, and copper stress activate transcription of the respective target genes
within minutes and implicate Ino80-C function for proper control as shown above. In contrast,
induction of GAL10 transcript levels triggered by addition of galactose approach a high level
after 30 minutes and reach a constant level after approximately 60 minutes which was not
influenced by the absence of Arp8 as was the decline of GAL10 message after repression of
transcription by addition of glucose. These data suggest that compromised Ino80-C function
affects genes which are rapidly induced.
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Figure 7. INO8O0 functions generally during attenuation of stress gene transcription. (A)
HSP82 mRNA levels in wild type and arp8A mutant strain after shift to 39°C for the indicated
times. (B) Heat shock induced recruitment of Arp4 (IP anti-Arp4) and Ino80 (IP anti-HA) to
HSP82 promoter and ORF. (C) Expression of CUP1 following treatment with 100uM Cu®* in
wild type and arp8A mutant strain. (D) Recruitment of Ino80-HA to the CUP1 ORF during
induction by copper treatment. (E) Arp8 absence does not change mRNA level of GAL10.
WT and arp8A strains were grown in YP medium supplemented with Raffinose. Galactose
was added to induce GAL10 expression and after 60 minutes glucose was added to repress
GAL10 expression.

3.8. Mutants of Asf1 and Set2 show Hyperinduction of Stress Genes

From the previous experiments we learned that Ino80-C is involved in depositioning of
histones after osmotic stress (Figure 6). From microarray experiments of Zabaronick and
Tyler (2005) we knew that strains lacking Asfi (asfiA) displayed increased transcription
levels of environmentally induced genes. Therefore we wanted to check whether asf1A had
similar kinetics of stress gene induction as In080-C mutants. Furthermore the elongation
coupled histone H3 methylase Set2 is involved in repression of transcription by indirectly
activating the histone deacetylase Rpd3S. Thus we also wanted to test whether
compromised Set2 function would result in prolonged and increased expression of stress
genes. In the wild type strain HSP12 transcripts reach their maximum levels 30 minutes after
induction with 0.4 M NaCl and are nearly not detectable after 90 minutes. In the asf1A strain
MRNA levels decrease much slower compared to wt. After 90 minutes HSP12 mRNA is still
detectable in significantly higher amounts compared to wt. 60 minutes after stress induction
the set2A strain also displays increased transcript levels of HSP12 (Figure 8). These
phenotypes have a similar character as Ino80-C mutants. These results indicate that Asf1,
Set2 and Ino80-C might be involved in the same process.
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Figure 8 Strains lacking Asf1 and Set2 show prolonged expression of Hsp12. Cells were
stressed with 0.4M NaCl. Northern Blot was performed as described before. As “internal

standards” ribosomal RNA bands are indicated.
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4. Discussion

4.1. Overview

The results presented above give an insight into the role of the chromatin remodeling
complex Ino80 during transcription of stress induced genes. The main results can be

summarized as follows:

4G161D

e The phenotype of the arp mutant is a consequence of compromised Ino80-C

function and not of compromised NuA4 or Swr-C

e Mutants compromising Ino80-C (arp8A, arp4°'®'®, nhp10A) increase levels of stress gene
transcripts and in many cases also lead to sustained expression kinetics.

e Association of Ino80-C requires the function of active transcription factors and elongation
¢ Ino80-C is involved in reinstalling chromatin structure after/during passage of RNA Pol |

e Asfl and Set2 mutants display similar phenotypes as Ino80-C mutants. 1no80-C
recruitment is independent on phosphorylated yH2A.

4.2. The Role of Chromatin Remodeling and modifying Complexes for Stress
Gene Transcription

Environmental stress transiently induces the transcription of many genes (Gasch et al;
2000). Transcripts induced by cellular stress show a rapid increase but also a rather fast
decrease to avoid overproduction of protecting proteins and waste of resources. Thus many
stress genes are in a repressed state allowing quick transcriptional changes. The fast
conversion of a repressor to an activator allows fast association of coactivators like SAGA
and Swi/Snf to promoter regions. Stress genes, in contrast to house keeping genes, are
mostly dependent on the HAT activity of SAGA and the presence of TATA elements
(Basehoar et al. 2004; Huisinga and Pugh, 2004). Thus the control of gene expression is in
part dependent on the basic structure of their promoters. However, there are many factors
which contribute to regulation in the context of individual loci. These include the type, number
and spacing of transcription factor binding site, the location within the nucleus or the position
along the chromosome (Basehoar et al. 2004; Huisinga, 2004).

A certain level of general repression is established by chromatin structure (e.g.
nucleosome packing). Several reports have shown that expression of environmentally

regulated genes is connected with chromatin remodeling and thus with chromatin remodeling
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complexes and chromatin modifications. The chromatin remodeling complex RSC, for
example, has been shown to be involved in stress gene activation whereas ISWI, NuA4 and
Swr-C have an impact on repression. Strains lacking combinations of subunits of these three
complexes show increased mRNA- levels of genes regulated by environmental conditions
(Lindstrom et al. 2006). Furthermore, the absence of the histone chaperone Asf1 was also
shown to cause increased expression levels of stress genes (Ohkuni et al., 2003; Zabaronick
and Tyler, 2005).

4.3. The Function of Ino80-C: Reinstallation of Chromatin Structure

As already described above RNA polymerase Il and associated factors displace all
nucleosomes that form a barrier to elongation. All four histones are dynamically evicted and
reassembled upon passage of Pol Il through coding regions (Kristjuhan and Svejstrup, 2004;
Lee et al., 2004; Zhang et al., 2005; Zhao et al., 2005). Our experiments have shown that
histone eviction is not compromised by mutation of Ino80-C (to be more precise of the
subunit Arp4). Crucially, the reassembly of H3 and H4 is significantly delayed.

The process of histone eviction and repositioning of histones is currently not well
described but histone chaperones like Asf1, FACT (Mason and Struhl, 2003; Schwabish and
Struhl, 2007) and Spt6 (Kaplan et al., 2003) are recruited by elongating Pol Il to facilitate
passage through the nucleosome barrier. They are also required to re-establish the proper
chromatin structure behind travelling Pol Il. Strains lacking Asf1 show significantly prolonged
expression of stress genes (Zabaronick and Tyler, 2005 and Figure 8) similarly to Ino80-C
mutants. Thus Asf1 and Ino80 could function in the same process. Asf1 reassembles H3 and
H4 to establish repressed chromatin structure and Ino80-C may facilitate this process
upstream or downstream of Asfi1. Furthermore, Bao and Shen (2007) suggest a possible
histone chaperone function of Ino80-C. Ino80-C could work as a histone chaperone and thus
support function of Asf1 during transcription of very fast and highly transcribed genes. This
hypothesis is supported by the fact that Asf1 is also recruited to actively transcribed genes
(Schwabish and Struhl, 2006) similar to Ino80-C. Both factors could work together in
repopulation of regions devoid of histones and therefore chromatin structure.
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Figure D1 Possible function of Ino80-C during transcription of very fast expressed genes. Ino80-C could support function of
histone chaperone Asf1 (adapted from Li et al. Cell 128, 707—719, February 23, 2007 22007 Elsevier Inc.)

It is known that Ino80 has both ATPase and 3’-5’ helicase activity (displayed by the subunits
Rvb1 and Rvb2). In addition to its possible function as a histone chaperone during
transcription of highly active genes Ino80-C could also contribute to reestablishment of
repressive chromatin structure by nucleosome sliding, but the exact mechanism how this and
other chromatin remodeling complexes function is not completely clear. Current models for
nucleosome sliding and subunit replacement propose inter- and intranucleosomal DNA loop
formation (Flaus and Owen-Hughes, 2004; Zhang et al., 2006; Zofall et al., 2006).

It has been reported that the Set2- Rpd3S pathway is involved in repression of transcription.
The methylase Set2 is recruited by elongating Pol Il and methylates Lysine 36 (K36) on
Histone H3 (Trimethylation). This modification can be recognized by the Eaf3 chromodomain
of the HDAC Rpd3S. Rpd3S removes Acetyl- residues on the histone tails. Removement of
Acetylation leads to reestablishment of stable chromatin conformation. In case of
unfrequently transcribed genes, lacking of Set2 leads to formation of aberrant transcripts.
Deacetylation of histones but also redeposition of histones are required to maintain a stable
conformation within ORFs and hinder aberrant binding of transcription factors and formation
of PIC.

In stress gene transcription lacking of Set2 does not lead to cryptic transcript formation but to
prolonged transcription (Figure 8). The phenotype of set2A mutants is similar to asf1A cells
and mutants of Ino80-C. The kinetics of stress gene transcription is likely to be too fast to
allow formation of cryptic transcripts.

Although deposition of histones and the deacetylation of histones by the Set2- Rpd3S
pathway are actually both involved in establishment of a stable chromatin conformation, a
direct connection between the two mechanisms has not been established yet. Carrozza et al.
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(2005) propose that acetylation of histones could somehow facilitate interaction with histone
chaperones. The redeposited histones can have two origins:

1) The preexisting histones are redeposited. In this case Rpd3S removes acetylation that
occurred during elongation (RNA Pol Il is associated with a HAT!)

2) Free forms of nucleosomes from the nucleus are also available

Set2 methylation may mark the newly reassembled histones for deacetylation and histone
chaperones (possibly including Ino80-C) provide histones for the methylation by Set2 leading
to chromatin conformations described above.

Figure D2 Possible involvement of Ino80-C in repression of transcription. Asf1 histone chaperone function is facilitated or
supported by Ino80-C function (adapted from Li et al. Cell 128, 707—719, February 23, 2007 22007 Elsevier Inc.)

We propose that the Ino80 remodeling complex supports chromatin repopulation and thus
repressive chromatin structure both preventing reinitiation and inhibiting elongation of stress
genes. Ino80-C, as a relative abundant complex might be involved in a general surveillance
mechanism detecting nucleosome deprived regions and restoring chromatin density by either
sliding in nucleosomes from neighboring sequences or aiding deposition of new
nucleosomes via chaperones such as Asf1. Since INO80 has orthologues in Drosophila
(dINO80) and human (hINO80) (Cai et al., 2007; Jin et al., 2005; Klymenko et al., 2006) it will
be interesting to investigate their roles for stress regulated transcription. While covalent
modification might be decisive for recognition by proteins that influence chromatin dynamics
and function (Jenuwein and Allis, 2001), remodeling by complexes such as Ino80-C has its
role to reestablish the order of things.
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4.4. How is Ino80 recruited to Stress Gene ORFs and Promoters?

Evidence exist that Ino80-C is recruited together with NuA4 and SWR to double strand
breaks (van Attikum, 2004). The ATM- kinases Mec1/Tel are part of the first factors that are
recruited to newly formed double strand breaks (they follow the MRX complex and yKu) (see
Figure). The kinases are responsible for phosphorylation of Ser129 on histone 2A resulting in
y- H2A. This phosphorylated form of the histone is an attracting signal for Swr and 1no80
(van Attikum, 2004; Morrison, 2004).
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Figure D3 Function of Ino80-C in DSB repair. Ino80-C is attracted by phosphorylation of Ser129 of H2A

During this study we investiated whether Ino80 is attracted by a similar signal to stress
genes. Crucially Northern Blots and ChIP experiments (FigsB and C) showed that yH2A
does not play a role for the recruitment of Ino80. One important question is now what attracts
the Ino80 complex to ORFs and promoters of stress genes. One possibility is that another
histone modification such as methylation or ubiquitination is the signal for Ino80-C to attach
to histones. Alternatively, decreased nucleosome density due to elongating RNA-
Polymerase |l could represent a recruiting signal as well as the polymerase itself. These
models are to be addressed in the forthcoming work.
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5. Materials and Methods

5.1. Yeast Strains used in this Study

Strains Genotype Reference

W303-1A MATa ura3-1 leu2-3,112 his3-11,15 trp1-1 ade2-1 Nasmyth K. (Oxford)

W303-1B MATa isogenic to W303-1A Nasmyth K. (Oxford)

LK100 MATa arp4::arp4G161D (isogenic to W303-1A) this study

LK236 MATa arp8A::His3-MX6 (isogenic to W303-1A) this study

EK12 MATa INO80-9HA-KanMX4 (isogenic to W303-1A) this study

JW205 MATa INO80-9HA-KanMX4 (isogenic to W303-1A) this study

SKY2939 hta1S129A::hisBMX6 hta2S129A:: TRP1 (W303-1A) | {Downs, 2004}

BY4741 MATa; his341; leu240; met15A0; ura340 {Brachmann, 1998}

BYarp8A Y02397 YOR141c::kanMX4 (isogenic to BY4741) euroscarf

BYeaf5A Y00259 YELO18w::kanMX4 (isogenic to BY4741) euroscarf

BYswriA Y03693 YDR334w::kanMX4 (isogenic to BY4741) euroscarf

Y262 MATa ura3-52 his4-539 rpb1-1 {Nonet, 1987}

Y233 MATa ura3-52 his4-539 RPB1:: URA3 {Nonet, 1987}

BY nhp10A MATa YDL002C::kanMX4 (isogenic to BY4741) euroscarf

Sky 2939 In0o80- HA | hta1S129A::hisBMX6 hta2S129A:: TRP1 (W303-1A) this study
INO80-9HA-KanMX4

UG43 Matow hot1::KanMX4 (isogenic to W303-1B) Rep, 1999

K327 MATa hog1::Trp1 (isogenic to W303-1A) Rep, 1999

W303 msn2Amsn4A | MATa msn2::HIS3 msn4::TRP1 Gorner 2002

Table M1 Yeast strains used during this work

5.2. Methods

5.2.1. Northern Blotting

5.2.1.1. RNA Extraction (PCIl Extraction)

Yeast cultures were grown to logarithmic phase (OD~0.7), stressed and the harvested for 2

minutes, at 2500rpm. The pellets were frozen in liquid nitrogen. Frozen cell samples were

thawn on ice and resuspended in 200ul of RNA- extraction buffers. The samples were

vortexed and glass beads (2/3 of total volume) were added. After vortexing again the

samples were mixed with 200ul of phenol- chloroform- isoamylalcohol (PCI) solution. The

yeast cells were broken using a

“FastPrep”, two times for 10 seconds, speed 6 and
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afterwards centrifuged for fifteen minutes, full speed (4°C).The upper agueous phase was
taken off (180-190ul) and an equal amount of chloroform- isoamylalcohol (CI) solution was
added. The two phases were mixed by inverting and then separated by 10 minutes of
centrifugation at 4°C full speed.The procedure was repeated (130-140ul off upper layer,
equal amount of Cl) then 120ul were taken off and 1/20 volume of 4M Sodium Acetate and
two volumes of absolute ethanol were added. For precipitation the samples were put on -
20°C for up to one hour. Afterwards the tubes were centrifuged for 10 minutes, full speed in
the cold room and after removing the supernatant the RNA pellets were washed with 80%
ethanol (2 min. full speed, RT).The pellets were dried at 37°C for 20min and resuspended in
50-100pl of DEPC-water. The concentration was determined as follows:

RNA solutions were diluted 1:400 in water and measured at 0OD260/280 in
spectrophotometer (Hitachi U- 2000). The amount of RNA was calculated by the formula:
OD1 at 260= 40ug/ml. 15ug-20ug were loaded on 1.2% agarose gels.

5.2.1.2. Sample Preparation and Gel Electrophoresis:

Sample Preparation:

RNA and DEPC- water 4.5l (containing 15-20ug total RNA)

5x FGRB 2 ul

Formaldehyde (37%) 3.5ul
Formamide 10pl
sum 20ul

The samples were incubated on 62°C for 15 minutes followed by quick spin. 2ul of DEPC-
treated Loading buffer were added to each sample. The gels were run at max. 70V for five to

six hours.

5.2.1.3. Capillary Blotting:

Three Whatman papers were put into a blotting apparatur filled wth 20x SSC. The agarose

gel was put on the Whatman papers and the transfer membrane (Hybond™

.Amersham) was
added. The membrane was fixed with parafilm strips. And three Whatman papers incubated
in 20X SSC were put on the sandwich followed by a pack of paper towels and glass plates.

Glass bottles were used for reaching weight. (see Figure below)
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Figure M1 Composition of capillary blotting equipment

5.2.1.4. Crosslinking, Dying and Prehybridisation

The Nylon membranes were crosslinked with 150kJ on both sides and then incubated with
10% Acetic Acid for 15 minutes. After removing the solution 5% Acetic Acid with Methylen
Blue was added to dye ribosomal RNA and check for possible RNA degradation. The dye
was removed with water (up to a few hours). Afterwards the membranes were put into glass
bottles filled with 25ml of prehybridisation buffer and incubated on 63°C (in a hybridisation
oven) for minimum 2hrs up to 2 days.

5.2.1.5. Preparation of Probes and Hybridisation

Amplification of Northern Blot Probes by PCR:

PCR- Mix: 50ul: Tag- Polymerase 2ul
10x Buffer (Invitrogen) 5ul
50mM MgSO, 1.5ul
2mM dNTPs 5ul
Primer for (10pMol/ul) 2ul
Primer rev (10pMol/pl) 2ul
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Genomic DNA (W3031A) 2ul
H20 30.5pl

Program: Robocycler (Stratagene) 45 cycles

93°C 93°C 54°C 72°C 93°C
5min 1min 1min 1min 5min

PCR- products were checked on a 1% Agarose gel (Running Buffer 1xTAE) at 95-110V.
Correct bands were cut and eluted from the gel by using Elution kit from Qiagen™.

Labeling of the probes with alphaP32dATPs using Prime-it 2 labeling Kit (Stratagene):

17.5ul of water together with the template (400ng) were mixed with 7ul of random primer
9mer and incubated on 95°C for five minutes. After quick spin 7ul of 5xdATP mix, 1ul Klenow
polymerase and 2.5ul of alphaP32dATPs were added. The mixture was mixed by flicking (!)
and incubated for one hour at 37 °C.After 60ul of 1XTE were added the samples were loaded
on a self- made sephadex column (G25, 6ml/g) to remove unincorporated nucleotides
followed by centrifugation (2200rpm, 22sec).

Hybridisation, Washing and Detection:

The labelled probes were denaturated at 95°C for 2 minutes and 30 seconds, quickly
spinned down and the desired volume was added to the membranes. Hybridization was
performed over night. After removal of the hybridization buffer containing the radioactive
probes the membranes were washed four times: Two times at room temperature for 15
minutes with washing solution and two times for fifteen minutes on 63°C. The washed
membranes were wrapped into plastic bags and the signals were detected by X- ray at -80°C
or room temperature for a few hours or over night depending on strength of the signal.
Furthermore the membranes were also put into a Phospholmager cassette for quantification.

5.2.2. Chromatin Immunoprecipitation

5.2.2.1. Incubation of Dynabeads with Antibody

During growth of the cell culture Dynabeads (Invitrogen) were incubated with antibody. The
amount of beads and antibody were dependent on the characteristics of the antibody and

were optimized.
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Antibody Incubation time of Amount of Antibody | Amount of Dynabeads | Time of IP
Anti- HA ~ 6hrs 8ul 30ul 1.5hrs

Anti- Arp4 ~ 6hrs 4.5l 50ul over night
Anti- H2A over night 8ul 50ul over night
Anti-phospho- over night 8ul 50ul over night
Anti- H3 over night 8ul 50ul over night

Table M3: Used Antibodies, incubation time with beads and time of IP

Before adding the antibody the beads were washed three times with 1x PBS/BSA. Then the
beginning amount of PBS/ BSA was added. The washing step was repeated after incubation
time and the beads were incubated in the beginning volume.

5.2.2.2. Harvesting of Cells and Whole Cell Extract

Over night cultures, 50ml per sample were grown to early logarithmic phase (OD ~0,500).
After stress (heat shock, salt stress, copper) the cells were shaken with 1,4ml Formaldehyde
(end concentration 1%) for 10-20min (dependent on Antibody) for cross- linking. The flasks
were cooled down at 4°C for approximately 1hr or over night following incubation with 2,5ml
2,5MGlycin for 10 minutes to stop crosslinking reaction. The cells were centrifuged at 2500
for 2 minutes, the supernatant was discarded and the pellets were washed four times in
precooled falcon tubes with ice cold 1XTBS/PBS. The supernatant was removed completely
and the pellet was resuspended in 600ul Lysis Buffer and put into an Eppendorf tube.
Precooled glass beads were added (1/3 of liquid) and the tubes were vortexed for 7min, full
speed. To make sure that enough cells were broken up the lysate was checked under the
microscope.By using a needle a hole was made into the bottom of the sample tubes and they
were stuck on the top of a fresh tube. Then the tubes were put into ice-cooled 50ml Falcon
tubes and centrifuged for 2 minutes, 2200rpm. After sonification 4 times 15sec the samples
were spinned for 10 minutes full speed in the cold room and the supernatants containing
DNA were transferred to fresh tubes.10ul of the extract were saved as a control (whole cell
extract, input).

5.2.2.3. Immunoprecipitation, Reversal of Cross-linking

Immunoprecipitation:

Time of Immunoprecipitation was dependent on the antibody (see above)
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Washing of IP_and Elution:

Immunoprecipitations were washed two times with Lysis Buffer, two times with Lysis Buffer
500mM NacCl, one time with Wash Buffer and two times with 1xTE, one ml each.DNA was
eluted at 65°C with 50ul of 1xTE, 1%SDS, shaking hard for 10 min. Then 30ul of the
supernatant were taken off and put into a fresh Eppendorf tube. Another 20ul of TES were
added to the beads resulting in a total volume of 50ul again. The beads were again shaken
for 10 min. and 30ul were taken off and added to the fresh tube already containing 30ul of
eluate. To reach a total volume of 300ul, 240ul of 1XTES were added to the IPs (290 to
Inputs!). The samples were incubated on 65°C for minimum 6hrs or over night. The samples
were filled up to 600ul with 6ul of Glycogen, 15ul of Proteinase K (Merck) and 280ul of 1xTE.
The mixes were incubated on 37°C for 1-1.5hrs.

DNA — Isolation and PCR:

600ul of PCI (cold) were added, the two phases were vortexed vigorously and separated
again by 30 minutes of full speed centrifugation (cold room). The supernatant (570ul) was
taken off and again 600ul of PCI were added following 20 minutes of centrifugation. As a last
purification step 600ul of Cl were added and the samples were mixed by flicking.The tubes
were spinned full speed 5-10 min.In the meantime Eppendorf tubes were filled with 20yl of
5M NaCl. The upper aeqous phase was carefully taken off (500ul) brought together with the
5M NaCl and the DNA was precipitated by adding 600ul of Isopropanol. The solution was put
on -20°C for minimum 20 minutes. The precipitates were spinned down for 10-15min full
speed, the supernatant was taken off and the tubes were spinned down for another minute to
remove rests of liquid. The DNA pellet was eluted in 30ul of 1xTE and used for PCR.

Primer Sequences:

STL1prfor1 CTTTTCATTGGGGCATTCGTAA

STL1prrevi TAGTGTTCCTACCAAGTAGCGAGC

STL1ORF1for CTCTCTTCCTGCTTGCTTTCATG

STL1ORF1rev TAGTGTTCCTACCAAGTAGCGAGC

STL1ORF2for AGTTTGGAGGAAATCGACATCATC

STL1ORF2rev TAGGTGTCTTCTACTCTATCTTCACC

CTT1forP2 AGAACCTCCGTTATCTCCATTCC

CTT1revP2 CAATACGCAATTTCACCGCTTG

CTT10ORF1fw TGGTGGTTGTAGACTGGAGTTCG

CTT10ORF1rev AACAAGACCAGGACATTTGTAACC

CTT10ORF2fw AATCAGGCAAAGCTGTTCACTC

CTT10ORF2rev ACATTCTCCGTTAGGGTGATGG

CTT10ORF3fw GTTCATAACGTTGTTTGCCACG
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CTT10ORF3rev GGAACTCCCAAGCATTCTGCA
HSP12for2 CGCAAGCATTAATACAACCCA
HSP12rev2 AGAAAGACCTTTCAGATCAAGAGG
HSP120RFfor CAAGGATAACGCTGAAGGTCAAG
HSP120RFrev GACACGACCGGAATATTCG
DDR20ORFfor1 ACGCATCCAACACCACGAGTAAC
DDR20ORFrev1 CCAAAGCACCAACAGCAGCA
VCX1forCHIP TGCGTGTGCATCCCTACTGA
VCXrevCHIP AAGTGGTCTTCCTTGCCATGA
PMT20RF1fw GACATCGAGTATTTGAAGCCAGG
PMT20RF1rev GTCAATGTGTGCAACTTCTCAGG
HSP82 prom fw | CTGGTTCTTTCGAGTTTCGC
HSP82 prom GAAATGAGGAGGTCACAGATG
HSP820RFfw GGATGAAGACGACAAGAAACC
HSP820RFrev CAGATGGGTTTCTAGTCCAC

Table M4: Primers used for ChIP- PCR

ChIP PCR:

B 1ix |(C 1x D 1x E 1x H 1x
Ex-Tag 0,1 Ex-Tag 0,1 Ex-Tag 0,1 Ex-Tag |0,1 Ex-Tag |0,1
10xBuf 2 10xBuf 2 10xBuf 2 10xBuf |2 10xBuf |2

25 mMdNTP |2 2,5mM 2 25 mMdNTP |2 25mM |2 25mM |2
STL1 orf2 0.2 |HSP12 (2) 0.51 |CTT1 orf 1.15 |CUP1orf| 0.04 |HSP82 | 0.6
STL1P 1 HSP12 ORF | 0.3 [CTT1 P2 0.27 | VCX1 1.5 HSP82 | 0.5
STL1 orf1 0.68 | VCX1 1.2 |VCX1 0.6 DNA 25 VCX1 0.55
VCX1 0.35 | DNA 2 DNA 2 H.O 12.36 | DNA 2
DNA 2 H.O 12.1 |H,O 11.88 H.O 12.2
H.O 11.6

Table M5: ChIP- PCR mixes

PCR products were checked on 2.3% Agarose gel with 1XTBE as running buffer. Gels were

run at 55-70V.

5.2.3. Tagging Ino80 with Hemagglutinin (Ino80-HA)

5.2.3.1. PCR of Tagqging Cassette (kanMX)

Primers:

Ino80- tag- up: GCA AAA GCA TAA GTC AAG ATG GAA TTA AGG AAG CGG CAA GTG
CAT TGG CAT CCG GTT CTG CTG CTAGT

55




Ino80- tag- low: GAG GCA AGA AAC TCA ACC AAA AGC TGA AGC TAC CCA AGA CGA
TGATTT CGC CTC GAG GCC AGA AGA

Plasmid: GA 2255 (kanMX)

PCR program:

94°C |53°C |72°C

4min. | 1 min. | 1.5min. 1X

1 min. | 1 min. | 1.5min. 31x
1 min. | 1 min. | 7min. 1x
PCR- Mix:

Water 37l
Buffer (self made) 5l
dNTPs (10uM) 2ul
Template 2ul
Tag- Polymerase (self made) | 2yl
Primer for (1:10) 2ul
Primer rev (1:10) 2ul
Sum 52ul

PCR product was precipitated using 3M Sodium acetate and absolute ethanol

5.2.3.2. High Efficiency Yeast Transformation

An over night culture of S. cerevisiae was grown to logarithmic phase and spinned down at
2500rpm, 2 minutes. The culture was washed with 25ml of dH,O (another centrifugation
step) and the pellet was resuspended in 1ml of 100mM Lithium Acetate and transferred to a
fresh Eppendorf tube. After spinning at top speed for 5 seconds the supernatant was
removed and the pellet was again resuspended in 100mM Lithium Acetate (400ul). The
suspension was vortexed and the 50ul samples were pipetted. The samples were spinned
down again and the rests of the Lithium Acetate were removed. Every sample was
resuspended in the Transformation Mix:

- 240ul of Polyethylenglycol (50%)

- 36ul of 1M Lithium Acetate50ul of ss-DNA (10mg/ml); boiled for 5 min. and then

immediately put on ice
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- 25ul of disruption cassette (or 5ul of plasmid DNA and 20ul of water)

The pellet was vortexed vigorously for about one minute and then the cells were put on 30°C
for 30 min. (recovery) followed by 20 min. of heat shock on 42°C. The transformants were
spinned down, resuspended in 200-400ul of dH,O and plated on selective medium.

5.2.3.3. Identification of Positive Clones by Western Blotting

Protein Extraction (Yeast Protein TCA Extraction):

An over night culture with a volume of 4ml (in YPD) was harvested by centrifugation for 1
minute, 4000rpm (RT) (Alternatively 25ml of cells with OD1 could be used). The supernatant
was discarded and the rest of the liquid containing the cells was transferred to a 1.5ml
Eppendorf tube. The rest of the liquid was removed by spinning for one minute, full speed
(RT). The cells without supernatant were frozen in liquid nitrogen, thawn on ice and
resuspended in 100ul of 2M NaOH and 5% Mercaptoethanol (Stock can be stored at 4°C).
The mixture was incubated on ice for ten minutes to lyse cells following addition of 20ul of
50% Trichlor- acetic acid (TCA) and 30 seconds of vortexing. To precipitate the proteins the
lysates were again incubated on ice for 10 minutes.After centrifugation for 3 minutes, 13000
rom the pellet was washed with 1M Tris pH7.5 to neutralize TCA (3 min., 13000rpm). The
pellet was resuspended in 50ul of SDS sample buffer and boiled for 5 minutes at 95°C.
Afterwards another centrifugation step was performed and the supernatant containing the
proteins was transferred to a fresh tube.

Gel Electrophoresis:

Protein extracts were separated on 7% Acrylamide gels, run at 20mA/gel.

5.2.3.2. Blotting and Detection

Blotting was performed with a three transfer buffer system for two hours, 60mA, -20mV per

membrane.
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+
6 Whatman papers in Cathode buffer
Gel

Nitrocellulose membrane

3 Whatman papers in Anode 2 buffer

5 Whatman papers in Anode 1 buffer

The Blots were blocked for 1 hour or over night in 25% milk in TBST, washed three times 15
min. in 1x TBST. The primary antibody was Anti-HA 1:5000 in 1xXTBST, incubation was
performed over night or for one hour, the secondary antibody was Anti- mouse, incubation
time 1 hour. After washing three times in 1XTBST the signals were detected using ECL
Western Blotting Detection System (Amersham).

5.2.4. Microarray

5.2.4.1. RNA lIsolation

RNA was isolated as described for Northern Blotting (5.2.1.1.)

5.2.4.2. Direct labelling protocoll from the University Health Network Microarray Centre

Reverse Transcription

Reaction Mix:

5x First Strand reaction buffer 8yl
AncT primer (5" T20VN, 100pmol/pl) 1.5l
aNTP- dCTP (6.67mM each of dATP, dTTP, | 3ul
dGTP)

2mM dCTP 1l
1mM Cyanine 3 or Cyanine 5-dCTP (NEN) 1pl
0.1MDTT 4l
RNA (10-20ug total RNA)

Nuclease— free water to40 pl
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The two labelling reactions were incubated for 5min. at 65°C, spinned down and incubated
for another 5 min. on 42°C (saved from light!). Then 2ul of Reverse Transcriptase
(SuperScriptll, Invitrogen) were added and the mixtures were incubated for two hours at
42°C protected from light.

The reaction was briefly centrifuged and placed on ice. Then the reaction was stopped by
adding 4pl 50mM EDTA, (pH8) and 2ul 10N NaOH and incubation on 65°C for 20min.
Afterwards 4.5ul of 5M Acetic acid were added and the pH- value was calibrated (pH~ 7).
Labelled cDNA was purified using CyScribe ™ GFX™ (Amersham) Purification columns. The
resulting 60 ul volume was reduced to 5ul by using Speed Vac.

Hybridization:

To each 100ul DIG Easy Hyb solution (Roche) 10ul of transfer DNA (10mg/ml) were added
and the mixture was incubated on 65°C for 2 minutes and then cooled to room temperature.
The hybridization solution was mixed with the labelled cDNA and incubated at 65°C from
2minutes and cooled down to RT. Hybridized coverslips were put into hybridization chambers
containing a small amount of DIG Easy Hyb solution at the bottom. The lid was placed onto
the box and the box was wrapped with plastic wrap following incubation at 37 °C over night.

Washing:

The coverslip was removed by dipping the array in 1xSSC. The slide was placed into a
staining rack and placed into a staining dish with fresh 1xSSC. Each slide was washed for
15min. at 50°Cin clean slide staining boxes containing pre-warmed (50°C) 1x SSC/ 0.1%
SDS. After the washings were complete the slides were rinsed twice in RT 1xSSC and then
in 0.1x SSC. Spin slides dry at 600rpm for 5 minutes in a slide box lined with Whatman paper
(or in a Falcon tube, 500rpm, 5 min.).

Detection and Analyzation:

Axon 4000B scanner (Molecular Devices), and analyzed and normalized by using Gene Pix
Pro4.1 software (Axon).
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5.3. Buffers and Media
5.3.1. Buffers
5.3.1.1 Chromatin Immunoprecipitation

10x PBS (11): 8g NaCl
0.2g KClI
1.44g Na,HPO,
0.24g KH,PO,
1x TBS (11): 20ml 1MTris-HCI pH7.5
30ml 5M NaCl
ChlIP Lysis Buffer:

Lysis Buffer 1X
Hepes 250mM ml |1

5M NaCl ml 0,14
0,5M EDTA pH8 pl (10
Triton X100 pl 150
Sodium Deoxycholate g 0,005
0,1M PMSF pl 150
Complete Solution EDTA |ml |0,1
Benzamidine g 0,0015
Water ml |3,6435
sum ml |5

For 500mM Lysis Buffer 776l 5M NaCl per 10ml Lysis Buffer were added

ChIP Washing Buffer:

Washing Buffer 1X
1M Tris HCI pH8 pul 120
5M LiCl (in Tris-HCI pH8) [ml 0,1
0,5M EDTA pH8 |4
NP40 pl (10
Sodium Deoxycholate g 0,01
Water ml 1,856
sum ml |2

5.3.1.2. Northern Blot

RNA Extraction Buffer: 50mM Tris- HCI pH 7-7.4
130mM NacCl
5mM EDTA

5% SDS
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Phenol Chloroform Isoamylalcohol (PCl): 25:24:1 (Roti)
Chloroform Isoamylalcohol (Cl): 24:1
DEPC- water: 0.1% Diethylpyrocarbonate (autoclaved)
Northern Blot Prehybridisation Buffer: 0.5M Sodium phosphate buffer pH7.2
7% SDS
1imM EDTA pH8
Washing Buffer: 0.5x SSC
0.1%SDS
Stripping Buffer: 1mM Tris-Cl pH8
1imM EDTA pH8
0.1x Denhardt’s reagent
Dying solution: 5% Acetic Acid
Methylenblue

5.3.1.3. Western Blotting

Lysis Buffer (Protein Extraction): 2M NaOH
5% Beta- Mercaptoethanol
50% Trichlor- Acetic Acid
SDS-Running Buffer: (11) 10x: 144g Glycin
309 Tris Base
10g SDS
10x TBST (11): 12g Tris
88g NaCl
59 Tween 20 (5ml)
SDS sample buffer:

0,5M Tris-HCI pH 6,8 5ml
Glycerol 2,5ml
10% SDS 4ml
Beta-mercaptoethanol 2ml
0,05% bromophenol blue 0,2ml
dd H,O 9,5ml

4x Separation gel buffer: 1,5MTris-HCI pH8.8
4x Stacking gel buffer: 0,5MTris-HCI pH6.8
20% APS: 1g Ammoniumpersulfat in 5ml H,O stored at -20°C
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Anode1 buffer: 0,3M Tris
20% Methanol
pH 10,4
Anode?2 buffer: 2,5mM Tris
20% Methanol
Cathode buffer: 0,04M amino-caprionic acid
20% Methanol
0,01% SDS
Block solution: 25% milk powder in 1x TBST

5.3.1.4. High Efficiency Yeast Transformation

1M Lithium-Acetate:
50% 3350 Polyethylenglycole:
ssCarrier DNA: 10mg/ml

5.3.2. Media:

YPD: 1% Yeast Extract
2% Meat- peptone
for plates: 2% Agar
after autoclavation: 2% Glucose; for YPR: 2% Raffinose, for YPGal: 2% Galactose
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Figure A1 (Taken from Li et al. Cell 128, 707719, 2007) Two different models are suggested

for the sequence of histone eviction and association of the preinitiation complex (PIC). One

model proposes that Htz1 containing nucleosomes are directly lost after acetylation and

chromatin remodeling following association of the preinitiation complex (PIC) containing Polll,
TFI2D, TFII2A and TFII2B and TFIIH, the other model proposes that partial PIC is bound and
Htz1 is lost after association of Polll and TFIIH

Enzymes Recognition Functions in
Modifications Position S. cerevisiae S. pombe Drosophila  Mammals Module(s)* Transcription
Methylation H3 K4 Setl Set1 Trx, Ashi MLL, ALL-1, PHD, Activation
Set9/7, Chromo,
ALR-1/2, WD-40
ALR, Set1
K9 n/a Clrd Su(var)3-9, Suv39h, G9a, Chromo Repression,
Ash1 Eu-HMTasel, (HP1) activation
ESET, SETBD1
K27 E(Z) Ezh2, G9a Repression
K36 Set2 HYPB, Chromo(Eaf3), Recruiting the
Smyd2, JMJD Rpd3s to
NSD1 repress
internal
initiation
K79 Dot1 Dot1L Tudor Activation
H4 K20 Set9 PR-Set7, PR-Set7, Tudor Silencing
Ash1 SET8
Arg Methylation H3  R2 CARM1 Activation
R17 CARM1 Activation
R26 CARM1 Activation
H4 R3 PRMT1 (p300) Activation
Phosphorylation H3  S10 Snf1 (Genb) Activation
Ubiguitination H2B K120/123 RadB, Brel Rad6 UbcH8, (COMPASS) Activation
RNF20/40
H2A K119 hPRC1L Repression
Acetylation H3 K56 (Swi/Snf) Activation
H4 K16 Sas2, NuA4 dMOF hMOF Bromodomain Activation
Htz1 K14 NuAd4, SAGA Activation

“The proteins that are indicated within the parentheses are shown to recognize the corresponding modifications but specific

domains have yet to be determined.

Table A1 (from Li et al. Cell 128, 707-719, 2007) Description of conserved histone

modifications in S. cerevisiae, S. pombe. D. melanogaster and Mammals
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Arp
Asf1
ATP
BSA
ChIP

Cl
CTD
DEPC
DSB
FACT
HAT
HDAC
Htz1
les
ORF
PBS
PCI

7. Abbreviations

Actin related protein
Anti-silencing factor 1
Adenosin- triphosphate
Bovine serum albumine

Chromatin Immuno
Precipitation

Chloroform Isoamylalcohol
C- terminal domain
Diethylpyrocarbonate
Double strand break
Facilitates Transcription
Histone Acetyltransferase
Histone Deacteylase
Histone variant

Ino eighty subunit

Open reading frame
Phosphate buffered saline

Phenol- chloroform -
isoamylalcohol

PCR
PIC
Pr
Rpm
RT
SSC

TAE
TBE
TBP
TBS
TBST

TCA
TE
UAS

WT

Polymerase chain reaction
Preinitiation complex
Promoter

Rounds per minute

Room temperature

Sodium chloride/ Sodium
citrate

Tris- acetate EDTA
Tris- buffered EDTA
TATA- binding protein
Tris- buffered saline

Tris- buffered saline Tween
20

Trichlor acetic acid
Tris- EDTA

Upstream activating
sequence

Wild type
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