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I. Summary

The reversible process of posttranslational histone modifications is an important
mechanism of epigenetic regulation in the control of gene expression and chromatin structure.
The acetylation of histone tails is catalyzed by the enzymatic activity of histone
acetyltransferases (HATs) and is correlated with transcriptionally active chromatin. Histone
deacetylases (HDACs) reversibly counteract HATSs, thereby balancing the chromatin
acetylation state. Deacetylated histones are therefore related with transcriptional gene
silencing and maintenance of heterochromatin. A large number of HDACs have been
identified in plants and other eukaryotes, and they were found to play crucial roles in plant
growth and development.

Genetic forward screens identified the RPD3-like histone deacetylase HDAG6 as the
sole enzyme responsible for the histone deacetylase step of RNA-directed DNA methylation
(RdADM), suggesting that HDA6 might have acquired specific functions for transcriptional
silencing processes mediated by small interfering RNAs (siRNAs). RdADM leads to de novo
methylation of cytosine residues in all sequence contexts within a region of sequence
homology to the siRNA trigger, causing transcriptional repression of a varity of transgenes
and endogenous loci. A current model proposes that DNA methylation and histone acetylation
are acting upstream of one another in a self-reinforcing pathway, thereby serving as control
points for switching between the silenced and active states. Given this functional relationship
between histone deacetylation and cytosine methylation during RdADM, the role of HDA6 in
RNA silencing and epigenetic phenotypes upon HDAG6 deficiency were investigated in this
study.

To this aim, a series of different allelic mutations in the Arabidopsis gene HDAG6
(rts1-3, rts1-4 and rts1-5), all encoding enzymatically inactive proteins, were characterized.
All alleles, including the previously described rzs1-1 null allele, exhibit no severe
developmental defect but showed a somewhat retarded growth phenotype and delayed
flowering. Furthermore, HDAG6 deficiency resulted in a drastic suppression of transcriptional
gene silencing at investigated transgenic and endogenous loci. This transcriptional
reactivation could be correlated with increased euchromatic acetylation marks (H3K9/14ac2)
and decreased heterochromatic methylation marks (H3K9me2; H3K27mel). Interestingly, the
release of silencing did not correlate with altered DNA methylation levels for all alleles at the
soloLTR and, for 2 out of 4 alleles, at the transgenic NOSpro:NPTII. Therefore, it seems
likely that DNA methylation is uncoupled from transcriptional silencing as well as from

histone deacetylation at some loci. The observed phenotypes (transcriptional reactivation,



increased histone acetylation and decreased histone K9 and K27 di- and monomethylation,
respectively) were all complemented in rzs1-1 mutant lines constitutively expressing a tagged
and functional HDAG6 allele. These results suggest that all observed effects are due to HDA6
deficiency and that HDAG is either acting downstream of cytosine methylation or in a parallel
silencing pathway. Furthermore, possible additive effects on transcription upon artificially
induced DNA demethylation were investigated in this study. A significantly increased
transcriptional reactivation compared to mock grown plants could be observed. Interestingly,
however, DNA methylation levels were only affected to a minor extent.

Lysine acetylation was shown to preferentially target protein complexes involved in
diverse cellular processes, including the DNA damage response. Since HDA6 mutants are
sensitive to zebularine, a DNA demethylating drug also known to induce DNA damage, rtsl-
1 sensitivity to different DNA damaging drugs was investigated in this study. An increased
hypersensitivity to genotoxic stress was observed, which could be complemented by the
expression of a tagged and functional HDAG allele. This suggests that HDAG6 has a dual role
as a guardian of both, epigenetic information and genomic stability.

Additionally, the influence of HDAG6 on the Arabidopsis transcriptome was
investigated using Affymetrix ATHI microarrays. HDA6 could be shown to be both a
transcriptional repressor and activator as both up- and downregulated genes were identified
upon HDAG deficiency. It remains to be determined, however, which of these transcriptional
changes are direct consequences of the loss of HDA6 function. The analysis of the
transcriptome profiling data further suggests diverse roles of HDA6 next to general
transcriptional regulation, for example the involvement in responses to abiotic and biotic

stresses.



I1. Zusammenfassung

Der reversible Prozess der posttranslationalen Histonmodifikationen ist ein wichtiger
Mechanismus in der Regulation von Genexpression und Chromatinstruktur. Die Acetylierung
der Histon ,,Tails wird durch die enzymatische Aktivitit der Histonacetyltransferasen
(HATS) katalysiert und korreliert mit transkriptionell aktivem Chromatin. Histondeacetylasen
(HDACGs) wirken der Acetylierung durch HATs reversibel entgegen und balancieren so den
Acetylierungsstatus des Chromatins. Deacetylierte Histone werden mit transkriptionaler
Genrepression und der Aufrechterhaltung von Heterochromatin assoziiert. In Pflanzen und
anderen Eukaryoten wurde eine Vielzahl von HDACs identfiziert, welche eine wichtige Rolle
im Pflanzenwachstum und der Pflanzenentwicklung haben.

Genetische Screens haben die RPD3-verwandte Histondeacetylase HDAG als einziges
Enzym identifiziert, welches flir den Deacetylierungschritt wiahrend der RNA-dirigierten
DNA Methylierung (RdADM) verantwortlich ist. Dies legt den Schluss nahe, das HDA6
spezifische Funktionen fiir den Prozess der Genrepression mittels ,,small interfering RNAs*
(siRNAs) erworben hat. RADM fiihrt zur de novo Methylierung von Cytosinen in allen
Sequenzkontexten innerhalb der zur siRNA homologen genomischen Sequenz. Diese
Methylierung fiihrt zur transkriptionellen Repression von Transgenen und endogenen
Zielregionen. In einem aktuellen Modell sind die DNA Methylierung und die
Histonacetylierung jeweils dem anderen vorgeschaltet, was zu einen ,,Feedback Loop* fiihrt.
Hier werden beide epigentischen Modifikationen als mogliche Kontrollpunkte in der
Regulation von aktivem und repressivem Chromatin gesehen. Bezugnehmend auf den
funktionalen Zusammenhang zwischen DNA Methylierung und Histondeacetylierung wurden
in dieser Arbeit die Funktion von HDA6 in der RNA-dirigierten Genrepression und die
epigenetisch korrelierenden Phenotypen in der Abwesenheit von HDAG6 analysiert.

Zu diesem Zweck wurde eine Serie von HDA6 Mutantenallelen (rzs1-3, rts1-4 und
rts1-5) charakterisiert, welche jeweils enzymatisch inaktive Proteine kodieren. Alle Allele,
inklusive dem bereits beschriebenen rzs1-1 Nullallel, zeigten keine schwerwiegenden
Entwicklungsdefekte, sondern nur einen etwas retardierten GroBenphenotyp gepaart mit einer
verspiteten Bliitezeit. Des Weiteren zeigten alle Mutanten eine drastische Reaktivierung des
getesteten Transgenes sowie einiger endogenen RADM Zielgene. Diese transkriptionelle
Reaktivierung korrelierte mit der Zunahme von euchromatischer Histonacetylierung
(H3K9/14ac2) sowie mit der Abnahme von repressiven Histonmethylierungen (H3K9me2,
H3K27mel). Interessanterweise wurde fiir keines der getesteten Allele eine Abnahme der

DNA Methylierung am soloLTR und, fiir 2 der 4 getesteten Allele, am transgenen



NOSpro:NPTII festgestellt. Folglich scheint bei einigen Zielgenen DNA Methylierung von
transkriptioneller Repression und von Histondeacetylierung unabhédngig zu sein. Die
beobachteten Phenotypen (transkriptionelle Reaktivierung, induzierte Histonacetylierung und
reduzierte Histon K9 und K27 Di- bzw. Monomethylierung) konnten mittels Uberexpression
eines funktionalen HDAG6 Alleles komplementiert werden. Daraus folgt, dass alle
beobachteten Effekte auf einer Defizienz von HDA6 beruhen und dass HDA6 entweder nach
der DNA Methylierung oder in einem parallelen Mechanismus agiert. Des Weiteren wurde
der additive Effekt von artifiziell induzierter DNA Demethylierung auf die Reaktivierung von
Zielgenen getestet. Es konnte eine bedeutsame Erhoéhung der Trankriptionslevel gezeigt
werden. Erstaunlicherweise wurde jedoch keine signifikante Verdnderung des DNA
Methylierungstatus beobachtet.

In einigen Studien konnte gezeigt werden, dass die Lysinacetylierung von
Proteinkomplexen eine wichtige Rolle in verschieden zelluliren Prozessen hat, wie z.B. im
Reparaturprozess von DNA Defekten. In dieser Arbeit wurde gezeigt, dass alle HDA6
Mutantenallele sensitiv auf Zebularin, einer Substanz die neben DNA Demethylierung auch
DNA Defekte auslost, reagieren. Daher wurde auch die Sensitivitdt des r£s1-1 Nullallels auf
weitere Substanzen, welche einen DNA Defekt induzieren, getestet. Tatséchlich konnte eine
erhohte Hypersensitivitit gegeniiber genotoxischem Stress beobachtet werden. Die
Uberexpression eines funktionalen HDA6 Alleles konnte diese Hypersensitivitit allerdings
komplementieren. Daraus kann geschlussfolgert werden, dass HDA6 eine Doppelfunktion als
»Wichter” von sowohl epigenetischer Information und der Genomstabilitit hat.

Zuséatzlich wurde der globale Effekt von HDAG6 auf das Arabidopsis Transkriptom
mittels Affymetrix ATHI Microarrays getestet. Hier konnte gezeigt werden, dass HDA6
sowohl als transkriptioneller Aktivator wie auch als Repressor fungiert, da sowohl induzierte
als auch unterdriickte Gene identifiziert wurden. Auch konnte gezeigt werden, dass HDA6
neben der Rolle als genereller transkriptioneller Regulator moglicherweise in weitere diverse

Prozesse involviert ist, wie z.B. in der Antwort auf abiotische und biotische Stresse.



1. Introduction
1.1 Epigenetic gene regulation

Epigenetic gene regulation mediates short term (mitotic) and long term (meiotic)
heritable, but dynamic control of gene expression without altering the primary DNA sequence
(Bird 2007). This epigenetic memory is achieved by covalent modifications which are
superimposed on the DNA sequence and chromatin to form a “second code” (Jenuwein and
Allis 2001). Such modifications allow not only the inheritance of gene expression patterns
(Ringrose and Paro 2004) but also chromosomal properties such as replication, cohesion,
condensation and kinetochore function (Karpen and Allshire 1997; Harvey et al. 2002;
McNairn and Gilbert 2003).

Chromatin is a DNA-protein complex consisting of repeating units of nucleosomes,
which are composed of two copies of each core histone (H2A, H2B, H3 and H4) encircled by
approximately 146 base pairs of DNA (Kornberg and Thomas 1974; Luger et al. 1997;
Kornberg and Lorch 1999) (Figure I1). Histone H1 binds to non-nucleosomal “linker” DNA
and contributes to DNA packaging by stabilizing the 30 nm chromatin fiber (Baldwin et al.
1975; Shaw et al. 1976; Thoma and Koller 1977). The core histones are subjected to different
posttranslational modifications such as acetylation, methylation, phosphorylation,
ubiquitination, glycosylation, ADP-ribosylation, carbonylation and sumoylation (Kouzarides
2007) (Figure I1). These modifications are introduced by multiple and highly specific
enzymes (Allis et al. 2007; Kouzarides 2007) and occur primarily at their N-terminal tails. As
nucleosomes are not static entities, but dedicated to sliding, destabilization or disassembly
(Aoyagi et al. 2003; Boeger et al. 2003; Ranjith et al. 2007), nucleosome density together with
posttranslational modifications affect the structure and packaging of the chromatin and the
DNA accessibility (Kornberg and Lorch 1999; Becker and Horz 2002). As a consequence, the
combinatorial set of histone modifications at a given genomic location can alter chromatin
conformation to dictate the transcriptional activity of a single loci or a whole chromosomal
region (Gaszner and Felsenfeld 2006; Talbert and Henikoftf 2006).

The “silent” or “closed” chromatin state is called heterochromatin, whereas the
“active” or “open” counterpart is called euchromatin (Grunstein et al. 1995). Euchromatin is
gene dense, transcripitonally active and contains only few repetitive elements. Constitutively
expressed genes in plants and other organsisms, for example, typically reside within
euchromatic regions and often have nucleosome free regions within their promoters (Rando
and Ahmad 2007; Zhang et al. 2007). Constitutive heterochromatin, in contrast, is rich in

repetitive DNA, such as transposons and other duplicated sequences, permanently condensed,



transcriptionally inert and capable of silencing genes within adjacent euchromatin by
spreading, a phenomenon that is called position effect variagation (PEV) (Karpen and Allshire
1997; Hennig 1999). In addition to repressive posttranslational modifications of the histone
tails, heterochromatic loci are enriched in DNA methylation (Zhang et al. 2006; Weber and
Schubeler 2007).
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Figure I1. Nucleosome structure and histone tail modifications. Chromatin is a DNA-protein complex
consisting of repeating units of nucleosomes, which are composed of two copies of each core histone H2A
(blue), H2B (green), H3 (yellow) and H4 (red) encircled by approximately 146 base pairs of DNA (black line).
The histone tails can be posttranslationally modified by specific enzymes. These modifications include
acetylation (green circles), methylation (yellow circles), and phosphorylation (red circles). Lysine residues
investigated in this study for their epigentic marks are highlighted in blue.

1.2 DNA methylation
DNA methylation is an important epigenetic mark involved in diverse biological
processes. DNA methylation refers to the addition of a methyl group to either the 5™ carbon
residue, the 4™ nitrogen of the cytosine pyrimidine ring or the 6™ nitrogen of the adenine
purine ring. DNA methylation is heritable and occurs in both prokaryotes and eukaryotes. In
eukaryotes, however, DNA methylation is exclusively found at cytosine residues. (Palmer and
Marinus 1994; Martienssen and Richards 1995; Pristas et al. 1998; Bird and Wolffe 1999;
Low et al. 2001; Hattman 2005). The DNA methylation landscapes vary between species.
Mammalian genomes, for example, exhibit global DNA methylation with the exception of
short unmethylated regions called “CpG islands” (Bird 1986; Bird 2002). Fungi and some
plants, in contrast, methylate their genome in a mosaic pattern, resulting in domains of heavily
methylated DNA that are interspersed with stretches of unmethylated DNA (Bird et al. 1979;
Tweedie et al. 1997). Among all eukaryotes, the highest levels of DNA methylation are
observed in plants, with up to 50% of cytosines being methylated in some species (Montero et
al. 1992). Unlike mammals, which predominantly methylate their genome in CG sequence
contexts, plants are able to modify CG, CHG and CHH sites (where H is either T, A or C)
(Chan et al. 2005; Henderson and Jacobsen 2007). Deep sequencing of the Arabidopsis
6



genome revealed that approximately 5 % of all cytosines are methylated, with 55% of that
methylation in CG, 23% in CHG and 22% in CHH contexts, respectively (Cokus et al. 2008;
Lister et al. 2008).

In plants, DNA methylation in all sequence contexts is predominantly established
through the RNA-directed DNA methylation pathway (see section 1.6) harnessing the
enzymatic activity of de novo DNA methyltransferases. The domains rearranged
methyltransferase (DRM) proteins DRM1 and DRM?2 are orthologs of the mammalian de
novo methyltransferase DNMT3, although the catalytic domains of the plant DRM proteins
are differentially arranged in a linear amino acid sequence (Cao et al. 2000). DRMI1 is
expressed at a much lower level than DRM2 and drm2 mutants recapitulate all tested
phenotypes of drm1 drm2 double mutants. Therefore, DRM2 seems to be the major de novo
methyltransferases involved in RADM (Cao and Jacobsen 2002).

In contrast to CHH cytosine methylation, CG and CHG methylation is maintained
throughout DNA replication even in the absence of a constant siRNA trigger (Jones et al.
2001; Aufsatz et al. 2002a) by the maintenance DNA methyltransferases MET1 and CMT3.
MET]1 is the Arabidopsis ortholog of the mammalian CG specific maintenance enzyme
DNMTI1 (Bestor et al. 1988), and like DNMTI1 controls CG methylation (Finnegan and
Dennis 1993; Finnegan et al. 1996; Ronemus et al. 1996; Kankel et al. 2003; Saze et al.
2003). Mutations in METI result in a genome wide loss of CG methylation from 55% in
wild-type plants to about 1% in some mutants (Lister et al. 2008) and transcriptional
reactivation of many transposons and pseudogenes (Zhang et al. 2006; To et al. 2011). CHG
methylation is maintained by CMT3, a member of the chromomethyltransferase class, which
is unique to the plant kingdom and characterized by the presence of a chromodomain
embedded within the catalytic domain (Henikoff and Comai 1998; Genger et al. 1999). CMT3
loss of function mutants show a reduction of global CHG methylation and more subtle and
locus specific effects on asymmetric CHH methylation, indicating that CMT3 also controls
CHH methylation at some loci (McCallum et al. 2000; Bartee et al. 2001; Lindroth et al.
2001; Papa et al. 2001; Cao and Jacobsen 2002).

Since epigenetic regulation is potentially reversible, mechanisms must exist to remove
cytosine methylation. The removal of DNA methylation can be accomplished either passively
or actively. Passive demethylation is achieved by replacing methylated cytosines with
unmethylated ones during DNA replication (Saze et al. 2003), whereas active demethylation
requires the enzymatic activity of DNA glycosylases followed by base excision repair. The

Arabidopsis genome encodes a small family of four known DNA glycosylases: ROS1, DME,



DML?2 and DML3 (Gong et al. 2002; Penterman et al. 2007; Zhu et al. 2007; Ortega-Galisteo
et al. 2008; Zhu 2009). Repressor of silencing (ROS1) is a DNA repair protein shown to
repress DNA methylation at numerous endogenous loci including many transposons (Gong et
al. 2002; Zhu et al. 2007; Penterman et al. 2007b). The DNA glycosylase Demeter (DME) is
preferentially expressed in the central cell of the female reproductive organ and is required for
genomic imprinting during female gametophyte development, in the fertilized egg cell and
during endosperm formation (Gehring et al. 2006; Morales-Ruiz et al. 2006; Hsieh et al.
2009). The two Demeter-like genes DML2 and DML3 are required for appropriate
distribution of DNA methylation marks within the genome (Penterman et al. 2007; Penterman

et al. 2007b; Ortega-Galisteo et al. 2008).

1.3 Histone methylation

Protein methylation is a covalent modification commonly occurring on carboxyl
groups of glutamate, leucine, and isoprenylated cysteine, or on the side-chain nitrogen atoms
of lysine, arginine and histidine residues (Clarke 1993). Histones, which have long been
known as subtrates for methylation, are, however, only methylated on lysines (K) or
arginines (R) (Murray 1964) (Figure 11). Histone methylation plays a fundamental role in
epigenetic regulation and chromatin formation and is one of the most important and complex
epigenetic marks, since it can occur at different degrees on a given residue (Bannister and
Kouzarides 2005).

Crucial roles of arginine methylation in transcriptional regulation, RNA processing,
nuclear transport, DNA damage response (DDR) and signal transduction are just emerging
(Bedford and Richard 2005). Histone arginine methylation can occur in the mono- (mel) or
dimethylated (me2) state, with the latter in symmetric or asymmetric configuration and
contributes to both active and repressive effects on chromatin function. Arginine methylation
is catalyzed by the PRMT (protein arginine methyltransferases) class of histone
methyltransferases and is typically found on histone 3 residues 2, 8, 17 and 26 (H3R2, H3RS,
H3R17 and H3R26) and residue 3 of histone H4 (H4R3) (Chen et al. 1999; Strahl et al. 2001;
Zhang and Reinberg 2001; Wysocka et al. 2006; Yu et al. 2006).

Histone lysine methylation is another important and complex epigenetic mark that can
also occur in multiple methylated states (mono-, di- and trimethylation). Depending on which
lysine residues are methylated and the degree of methylation, it can contribute to both
transcriptionally active and silent chromatin domains. In particular, repressive histone marks

such as H3K9, H3K27 and H4K20 are generally found in heterochromatin and silent regions,



whereas permissive marks like H3K4 and H3K36 are associated with active regions of
euchromatin (Grasser 2005; Berger 2007; Volkel and Angrand 2007; Zhou 2009). The
complexity of lysine methylation contributes to an expanded potential to encode epigenetic
information of different “flavor”. Defined methylation states, for example, can lead to
differing functional consequences, as effector proteins might only recognize specific
modification states while having comparatively little affinity to others (Shi et al. 2006;
Wysocka et al. 2006b; Shi et al. 2007). This specificity is also mirrored by the fact that
histone lysine methyltransferases (HKMTs) are capable of only catalyzing defined and
exclusive methylation states (Xiao et al. 2003). In plants, all known HKMTs have an
evolutionary conserved protein domain, the SET (Suppressor of variegation (Su(var)),
Enhancer of zeste (E(Z)) and Trithorax) domain (Baumbusch et al. 2001). The SET domain
constitutes the catalytic activity of the Set domain group (SDG) protein superfamily (Qian and
Zhou 2006; Gendler et al. 2008). The Arabidopsis genome encodes 49 putative SET domain
containing proteins (Baumbusch et al. 2001; Ng et al. 2007; Gendler et al. 2008), which are
classified into four categories: (I) SU(VAR)3-9 group, including SU(VAR)3-9 homologs
(SUVH) and SU(VAR)3-9 related proteins (SUVR), (I) E(Z) (enhancer of zeste) homologs,
(IIT) TRX (trithorax) group, including TRX homologs and TRX-related proteins, and (IV)
ASHI1 (absent, small, or homeotic discs 1) group with ASH1 homologs (ASHH) and ASH1-
related proteins (ASHR) (Baumbusch et al. 2001; Springer et al. 2003; Zhao and Shen 2004;
Ng et al. 2007). HKMTs belonging to the SU(VAR)3-9 group have, additional to the SET
domain, a pre-SET, a post-SET and a characteristic SRA domain which serves as a
methylcytosine-binding motif in both animals and plants, thus interconnecting DNA
methylation and histone methylation (Citterio et al. 2004; Unoki et al. 2004; Woo et al. 2007;
Kraft et al. 2008; Woo et al. 2008). Different studies on SUVHI1, SUVHS and SUVHG6
indicate that these proteins are H3K9 methyltransferases, raising the possibility that all SUVH
proteins methylate H3K9 (Ebbs et al. 2005; Naumann et al. 2005; Ebbs and Bender 2006) and
thereby regulate the activity of loci present both in euchromatic and heterochromatic regions
and telomere stability (Grafi et al. 2007). Arabidopsis HKMTs homologs of Enhancer of
Zeste E(Z) are Curly leaf (CLF), Medea (MEA) and Swinger (SWN) (Guitton and Berger
2005). They have H3K27 methyltransferase activity and are components of Arabidopsis
Polycomb Repressive Complex 2 (PRC2)-like complexes that function as transcriptional
regulator during plant development (Kohler et al. 2003; Makarevich et al. 2006; Jiang et al.
2008). The TRX group of HKMTs encodes homologs of Trithorax and are involved in
flowering time regulation (Alvarez-Venegas et al. 2003; Pien et al. 2008; Saleh et al. 2008;



Avramova 2009). Studies on ATX1 and ATX2 indicate that this class of HKMTs specifically
methylates H3K4, and potentially H3K36 (Pien et al. 2008; Saleh et al. 2008; Berr et al.
2009). HKMTs implicated in H3K36 methylation also belong to the ASHI1 group of histone
lysine methyltransferases. Proteins of this group were shown to be involved in flowering time
regulation, pollen and stamen development as well as fertility (Zhao et al. 2005; Cartagena et
al. 2008; Thorstensen et al. 2008).

Even though histone methylation was thought to be a permanent modification, it is
now known to be dynamically regulated by writers and erasers. Histone demethylases play
vital roles in regulating histone methylation homeostasis and are divided into two classes
habouring distinct mechanisms (Liu et al. 2010). The first histone demethylase discovered
was the lysine specific demethylase 1 (LSD1) (Shi et al. 2004; Metzger et al. 2005), also
known as AOF2 and KDM1. LSD1 belongs to the first group of histone demethylases, the
flavin adenine dinucleotide (FAD)-dependent enzyme family which only act on mono- and di-
methylated lysines. The second class of histone demethylases encompasses a large protein
family of Jumonji C (JmjC) domain containing proteins (Klose et al. 2006). The
demethylation reaction is carried out by JmjC domain, which is conserved from bacteria to
eukaryotes and belongs to the cupin superfamily of metalloenzymes (Clissold and Ponting
2001). These metalloenzymes allow the removal of mono-, di- and trimethylated lysines in the
presence of Fe(Il) and a-ketoglutarate as cofactors (Tsukada et al. 2006; Couture et al. 2007;
Ng et al. 2007b). JmjC proteins can also demethylate arginine residues (Chang et al. 2007),

and, at least in theory, other protein substrates or nucleotides.

1.4 Histone acetylation and deacetylation

The reversible posttranslational acetylation of core histones is a process involving
histone acetyltransferases (HATs) and histone deacetylases (HDACs) as co-regulators of
transcription (Brownell and Allis 1996; Kuo and Allis 1998; Roth et al. 2001). Histone
acetylation occurs through the action of HATs which transfer the acetyl moiety of acetyl-
coenzyme A (acetyl-CoA) to the e-amino group of lysine residues in all core histones, mainly
at the tails but also at a few residues within the globular domain (Berger 2007). This reaction

can be reversed by HDACs (Figure 12).
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Figure I2. Histone acetylation and deacetylation. Histone acetylation is a reversible posttranslational
modification catalyzed by the enzymatic activity of histone acetyltransferases (HATs). HATs transfer an acetyl
group to the e-amino group of lysine residues, predominantly within histone tails. The acetyl group can be
removed by the action of histone deacetylases (HDACs), which contribute to balancing the chromatin acetylation
state. Acetylated histones are associated with transcriptionally active chromatin whereas deacetylated histones
correlate with transcriptionally repressive chromatin.

1.4.1 Histone acetyltransferases (HATS)

HATSs are evolutionary conserved from yeast to mammals and generally exist as
multisubunit complexes. The functions of the catalytic subunit depend largely on the context
of the other complex subunits, the auxiliary proteins, which are required for enzymatic
activity and targeting (Lee and Workman 2007; MacDonald and Howe 2009). Based on their
cellular distribution and mechanism of catalysis, HATs are classified into two categories,
HAT A and HAT B (Brownell and Allis 1996; Roth et al. 2001).

Members of the HAT A family are found in the nucleus where they are responsible for
acetylation of nuclear histones after their incorporation into nucleosomes. Thus, HAT A
family members are directly involved in regulating chromatin assembly and gene
transcription. The type A HATs can further be divided into three subclasses, depending on
their homology with yeast proteins. Based on their catalytic domain, the GNAT (GcnS N-
acetyltransferase) and the MYST (MOZ, Ybf2/Sas3, Sas2 and Tip60) family was named
according to their founding members (Borrow et al. 1996; Reifsnyder et al. 1996; Neuwald
and Landsman 1997). The GNAT subclass is the best understood set of HATs, which have
been grouped together on the basis of their similarity in several homology regions and
acetylation related motifs (Roth et al. 2001). Four sequence motifs (C, D, A and B; in N- to C-

terminal order) define this family, even though their functions are not yet fully understood. Of
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particular note is motif A, which is the most highly conserved and is shared with the MYST
subclass of HATs (Sterner and Berger 2000). It contains an Arg/Gln-X-X-Gly-X-Gly/Ala
segment that is important for acetyl-CoA substrate recognition and binding (Dutnall et al.
1998; Wolf et al. 1998). The MYST subfamily members are defined by a distinct conserved
acetyltransferase domain. The MY ST domain contains a C;HC zinc finger and includes a part
of motif A of the GNAT superfamily (Neuwald and Landsman 1997; Sterner and Berger
2000; Sapountzi and Cote 2011). Furthermore, individual members of the MYST family
contain additional structural features, such as chromodomains, PHD (plant homeo domain)
and zinc fingers (Sapountzi and Cote 2011). Proteins belonging to the third subclass (“orphan
class”) possess intrinsic HAT activity, though without a true consensus HAT domain (Lee and
Workman 2007; Yang and Seto 2007). The “orphan class” includes proteins with orthologs in
many eukaryotes, including plants (e.g p300/CBR, TAF;250, Elp3, Hpa2) as well as HATs
specific to mammals, that lack orthologs in plants, fungi or other animals (e.g ACTR/SRCI).

The members of the HAT B family are cytoplasmic proteins that catalyze the
acetylation of free histones, pior to their deposition into newly replicated chromatin (Parthun
et al. 1996; Verreault et al. 1998). HAT1 is, up to date, the sole known example of a type B
histone acetyltransferases and is highly active on free histone substrates but has no detectable
activity on nucleosomal histones (Parthun et al. 1996). HAT1 has high specificity for histone
H4, where it modifies H4K5 and H4K12. This pattern of acetylation is found consistently on
newly synthesized histone H4 (Kleff et al. 1995; Parthun et al. 1996).

Since HAT complexes are composed of various subunits, each complex might have
exclusive features making it capable to perform specific and unique functions. One example
highlighting the dichotomy between overlapping substrates and specialized functions comes
from yeast. The SAGA complex preferentially modifies H3K9 and, to lesser extent H3K 14,
whereas the NuA3 complex preferentially modifies H3K14 (John et al. 2000). On the other
hand, SAGA and the Elongator complex have overlapping substrate specificity, but the
Elongator complex is thought to function in gene coding regions, rather than at promoters (as
the SAGA complex does) to acetylate nucleosomes during transcription (Wittschieben et al.
1999). HAT recruitment to the appropriate locations is also specific for each complex, and is
determined through distinct auxiliary proteins. These proteins might possess specific
chromatin binding domains that recognize modified histone tails, like bromo- and
chromodomains, WD40 repeats, Tudor domains and PHD fingers.

The Arabidopsis genome is predicted to encode 12 histone acetyltransferases, of

which five belong to the GNAT/MYST family (HAG1 to HAGS), and seven to the “orphan
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class” of HATs (HAC1, HAC2, HAC4, HACS5, HACI12 with similarities to CBP and HAF1
and HAF2 similar to the TAF;250 gene family) (Pandey et al. 2002). Within the
GNAT/MYST family, Arabidopsis appears to have the same representation of HATs as
animals, suggesting that the plant proteins may form complexes similar to those found in
yeast and animals (Ogryzko 2001). The Arabidopsis CBP and TAF;250 family, however,
seems expanded, as it harbors 5 and 2 predicted HATs proteins, respectively. Searches against
the complete C.elegans, D.melanogaster, S.pombe, S.cerevisiae and human genome identified
only one homolog of the TAF;250 family and one to two homologs of the CBP protein family
in each organism (Pandey et al. 2002).

1.4.2. Histone deacetylases (HDACs)

Histone deacetylases are the enzymatic counterpart of the HATs described above.
They remove acetyl groups from histone tail lysines, thereby contributing to balance the
chromatin acetylation state. Histone deacetylases constitute an ancient enzyme family, are
conserved from yeast to plants and animals and are also found in eubacteria and
archaebacteria (Leipe and Landsman 1997; Gregoretti et al. 2004). HDACs are central players
in the area of posttranslational modifications, and they themselves are regulated by covalent
modifications after translation. Depending on the type of posttranslational modifications,
HDAC: aquire different levels of enzymatic activity, shuffle between different complexes or
are targeted for degradation (Brandl et al. 2009). Known HDACs are grouped into five
classes, according to phylogenetic analyses and sequence homology to the corresponding
yeast proteins. Class I, II and III consist of enzymes homologous to yeast RPD3 (reduced
potassium dependency protein 3), H