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Hepiinyn

H N-dA@a-teAikn aketvAimon glval pio amd Tig MO KOWES CUVTNPNUEVES TPOTOTO|GELS
TPOTEIVOV GE ELVKOPLOTIKA KVTTOPQ, M omoio epgoviCeton emiong kol o€ 1GTOVEC.
Awokpivetor amd T VTOAOUTEG TPOTOTOMGELS KOOMG eviomiletat otnv N-GA@a-oputvopdado
TOV TPMTOL VTOAEIULOTOS OVTL TNV TAEVPIKT 0AVGida TV apvocéwv. H N-adea-tehikn
akeTVAMmon g wotdévne (N-acH4) katalvetor and v N-TEMKN 0KETLAOTPAVGPEPEOT|
(Nat4). IMapd 10 yeyovog Ot €xovv MOM e&axpiPwbel Proroyikoi porot tng Nat4d oto
Copopdxknra (Saccharomyces cerevisiae) KoO®G Kol 6TOV AvOp®MTO, 1 LOPLOKT AElTOLPYia
tov N-acH4 dev &yt mponyovpévag peketndel. v mapovoa HeAETT) amodEKVOOLUE OTL T
N-acH4 eivor évag véog pvBuotg g pebviimong g apywivng 3 omv wotdévny 4 H4
KaBdg Kol TG omosudaNong g xpopativng oto {upopdknta. H onupovtikdommro tov
amoTeEAeoUATOV pog emPefaidveTor amd To yeyovog 0Tl delyvoupe Yoo TpdT Qopd OTL 1
ouvepyloTiky emkowvovio petaéd N-acH4 kot g ecmtepikng axeTuAimong 16TOVNG o€
Avoiveg 5, 8 katl 12 gvioyvel évtova v evamodbeon tng acOUUETPNG dtpeBvAiwong TG
apywivne (H4R3me2a) kabmg kot v amosudrnomn tov piocwpkod DNA (rDNA). Qg ek
TOVTOV HELMVETAL CNUAVTIKA 1 avarTuén Tov {upopdknta, n omoio pmopel vo dacmbel
petaAdldocovtog v apywivn 3 tpog Avsivn (H4R3K), yeyovog 1o omoio kotadeikviel 0T
N avOUaAN evamdBeon HaG EVIOING TPOTOTOINGNG 16TOVNG Umopel va £xel enidpacn otnv
KutTopkn ovamtuén. AkolovBwg, amodeifape OtL M emkowmvia peta&d N-acH4 kot
H4R3me2a ot poBuion g oamocwonnong tov rDNA  mpokodeitor vad ocvvOnkeg
Bepdicod mepropiopod (CR). Tlpokeyévov va mpoodopiotel av n Natd pvBuiler v
ékppoon tov yovidiov ektdc omd 10 pocouikd DNA mpaypoatomomoope RNA-
OAANAOVYIOT], KOl EVIOTIGOUE [0 OPLAd YOVISI®V TTOV 1 EKQPOCT) TOVG £Vl CIULOVTIKA
av&ovopevn otav 1 dpactnprotnta g Natd ydveratl. Eivar evdiagépov 6t1, Kdmowo amd
avtd ta yovidtw cvpPdiovv otov petafolopd, kot kdmowo yovidin cvoyetilovror pe
ouvOnKkeg otpeg mov emdyovtal toyvpd vmod ocvvinkeg CR. To amotéhecpo ovtod
vrodekviet 6Tt 1 EAdewyn Natd pupeitor cuvOnkeg CR. Baowlopevol og peléteg ynipavong,
yvopilovue 6Tt oe cuvOnkeg CR 1 ddpketo {ong tov Lupopvknta avéavetat. Emopévag,
0élape va mpoasdlopicovpe av 1 amovsio ¢ Natd emiong avéaver T pokpolwia (RLS)
tov Qupopvknta. Ta arotedéopata pag vrootnpilovv 6Tt 1 anmAewn ¢ Natd enexteivel
v pokpolmio og Tapdpota enineda pe v CR kot 1 dwypaer| tng Natd 6e cuvovacud pe
CR dev €&yer xapio mpdobetn emidpaocn ot pokpolmic, LVTOVODVING M0 EMICTATIKY|
entdpaon. Emmdéov, n eméktaon g Sdpkewng {ong katd tnv OSaypagn T Natd

dwpecorafeitor amd v anwAelo g H4 N-telikng akeTudlimong, kabdg 1 amdAE QDTN



MG Tpomomoinong petaAldoocovtag v oepivn 1 oty 10tovr H4 oe aomaptikd o&y
(H4S1D) odmyel oe mapdtaon ¢ pokpolmiag. Xouewvor pe avtd, deiyvovue OtL 1
apywivn 3 eni wtoévng H4 (H4R3) amouteiton yioo v enéktoon g pokpolwiog otov
Copopdknra kabmg emiong kot v v Natd pecolofovpevn poduion g yovidlokng
éxppoong. Eivor oa&loonueioto 011 to omoTEAESHOTO OO TNV TOPOVLGH  UEAETY|
amokaAvyov Eva véo polo ¢ Natd otn phopuon TG0 e ETEPOYPOUOTIVIKAG OGO KOl TNG

EVYPOUATIVIKNG EKQPAOTG YOVIOI®V 6TO Yovidimpa Tov {upopdknra.

Vi



Abstract

N-alpha-terminal acetylation is one of the most common and conserved post-translational
modifications in eukaryotes, occurring on 60-70% of proteins. This modification also
exists on histone proteins but is distinct from the numerous other histone modifications
identified so far because it is deposited on the N-alpha amino group of the first residue
instead of the side-chain of amino acids. The enzyme catalyzing histone N-alpha terminal
acetylation was first identified in yeast and was named N-terminal acetyltransferase 4
(Nat4). Although other groups have provided insight about the biological role of yeast
Nat4 and its human ortholog (Naa40), the molecular function of histone N-terminal
acetylation has not been studied before. Our results suggest that N-terminal acetylation of
histone H4 (N-acH4) is a novel regulator of histone arginine methylation and chromatin
silencing in Saccharomyces cerevisiae. Importantly, we show that synergistic
communication between N-acH4 and internal histone acetylation at lysines 5, 8 and 12
strongly enhances the deposition of asymmetric arginine dimethylation (H4R3me2a) and
ribosomal DNA silencing. This leads to a severe growth defect that is remarkably rescued
by mutating arginine 3 to lysine (H4R3K), pointing out that abnormal deposition of a
single histone modification can have an effect on cell growth. Notably, we reveal that the
cross-talk between N-acH4 and H4R3me2a in regulating rDNA silencing is induced under
calorie restriction (CR) conditions. In order to determine whether Nat4 regulates gene
expression beyond the ribosomal DNA locus, we performed RNA-sequencing (RNA-seq)
and have identified a group of genes that are significantly upregulated when Nat4 activity
is lost. Interestingly, these are metabolic and stress response genes that are highly induced
under CR conditions. This result suggests that lack of Nat4 mimics CR and consistent with
this we found that loss of Nat4 extends replicative lifespan (RLS) in yeast to similar levels
as CR. Additionally, deletion of Nat4 in combination with CR does not have an additive
effect on longevity implying an epistatic relationship between Nat4 and CR. This is further
indicated by the fact that Nat4 expression and its activity are strongly repressed under CR.
Accordingly, the extension in longevity upon Nat4 deletion is mediated by loss of H4 N-
terminal acetylation since loss of this modification by mutating histone H4 serine 1 to
aspartate (H4S1D) results in an extension in lifespan. Furthermore, we show that arginine
3 on histone H4 (H4R3) is required for the extension of RLS as well as for the Nat4-
mediated regulation of gene expression. Collectively, the findings within this study reveal
a novel role of Nat4 in regulating both heterochromatic and euchromatic gene expression

in the yeast genome.

Vi
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CHAPTER 1
INTRODUCTION



Chapter 1.Introduction

1.1Epigenetics

The genomic DNA of eukaryotes was once thought to be the ultimate template of
inheritance. This view was challenged in the early 1950s when Conrad Waddington
introduced the term “epigenetics” and defined it as* the branch of biology which studies
the causal interactions between genes and their products which bring the phenotype into
being’’ (Holliday, 1987, Dupont et al., 2009). Over the following years, the meaning of the
word changed and today the field of epigenetics is defined and accepted as ‘‘the study of
changes in gene function that are mitotically and/or meiotically heritable and that do not
entail a change in DNA sequence” (Wu et al., 2001). Within the immense field of
epigenetics, we are looking into different processes of epigenetic modifications and into

the underlying mechanisms of how they work together to regulate gene expression.

Epigenetic processes are characterized by DNA methylation, post-translational
histone modifications and non-coding RNAs (ncRNAs) (Peschansky and Wabhlestedt,
2014). Such epigenetic mechanisms can govern the regulation of DNA-based processes
such as transcription, DNA repair and replication as well as cell growth and disease
development (Berger et al., 2007; Suganuma and Workman, 2008, Lee et al., 2010). The
first epigenetic mechanism to be identified was DNA methylation (Holliday, and Pugh,
1975), which involves the addition of a methyl group (-CH3) to the cytosine DNA
nucleotides, occuring mostly at CpG islands. In mammals, DNA methyltransferases
(DNMT) are responsible for ensuring the mitotic inheritance of methylated DNA bases
(DNMT1), as well as the de novo methylation of unmethylated sites (DNMT3A and
DNMT3B) (Okano et al., 1999). The importance of the role of DNA methylation has been
established and is considered to be one of the key steps in epigenetic regulation during

normal development (Plongthongkum et al., 2014)

Besides DNA methylation, histone post-translational modification (PTM) is
another epigenetic mechanism, which has been implicated in the organization of chromatin
structure as well as the regulation of gene transcription. Histone modifications involve the
addition or removal of various chemical groups such as methyl or acetyl groups on several
amino-acid residues on the main histones H1, H2A, H2B, H3 and H4 (see section 1.3) as
well as on their variants (Berger et al., 2007; Kouzarides, 2007; Suganuma and Workman,

2008, Lee et al., 2010). Unlike DNA methylation, which is primarily linked to gene



silencing, histone modifications can direct gene expression towards activation or

repression.

Prior to the sequencing of the human genome, a major part of non-protein coding
DNA was considered to be junk DNA. Ongoing research has led researchers to reveal that
part of this non-protein coding genome is transcribed and produces RNA without any
coding potential. These RNA molecules are reffered to in general as noncoding RNAs
(ncRNAs). Increasing emphasis has been placed on the ability of ncRNAs to modulate
gene expression and on their role as epigenetic modifiers, since they interact with histone
modifying complexes and DNA methyltransferases (Peschansky and Wahlestedt, 2014). In
recent years, it has become apparent that epigenetic modifications do not function alone,
but work together in various combinations, and cross- regulate each other in a manner that
diversifies their functional states (Suganuma and Workman, 2008; Lee et al., 2010;
Bannister and Kouzarides, 2011; Molina et al., 2013; Zhang et al., 2015). Moreover,
patterns of epigenetic modifications act as markers for certain gene activities and occur at
different sites in the genome attaining regulatory roles (Liu et al., 2015). Epigenetic
modifications control gene expression by establishing and maintaining different chromatin

states (Lee et al., 2010).

1.2 Chromatin

Chromatin is a complex higher-order macromolecular structure, whose basic architecture is
formed by the nucleosome. The nucleosome is comprised of 147 base pairs of DNA
wrapped in 1.7 superhelical turns around an octamer of histone proteins, which contains
two copies of each of the four core histones H2A, H2B, H3 and H4 (Figure 1.1). The
packaging of chromatin involves a series of steps illustrated in Figure 1.2. The first level of
chromatin organization involves the wrapping of DNA around the histone octamer to form
a “beads-on-a-string” fibre with a diameter of 11-nm in width. Further condensation of
nucleosomes into a chromatin fiber is achieved through the locking of linker histone H1 at
the nucleosome base near the DNA entry and exit sites (Woodcock and Ghosh, 2010).
Nucleosome arrays are then organized into a more condensed 30-nm chromatin fibre,
which packs the nucleosomes more closely together. During interphase, “scaffold” proteins
fold the 30 nm fibers into a more condensed structure in order to fit into the nucleus and
chromatin is packed to form the chromosome (Figure 1.2) (Felsenfeld and Groudine, 2003,

Li and Reinberg, 2011).



Eukaryotic genomes can be divided into two structurally and functionally geographically
different environments (Bannister and Kouzarides, 2011). The first is a relaxed
environment, characterized by a loosely packed and ‘open’ state of chromatin, which is
less condensed, gene-rich, transcriptionally active or inactive; known as euchromatin. The
second is a more condensed environment, characterized by a ‘compact’ state, gene-poor
known as heterochromatin, which contains mostly inactive genes (Figure 1.1, 1.3).
Chromatin shows a dynamic modulation between the transcriptionally active and inactive
states in order to regulate gene expression (Lee et al., 2010). Additionally, the two
environments of chromatin can be distinguished in a cytological manner. Under the
microscope, euchromatin resembles light colored bands while heterochromatin is dark
colored (Figure 1.3). A key role in chromatin regulation in eukaryotes is played by
histones, which undergo a variety of post-translational modifications (PTMs) (Suganuma
and Workman, 2008; Lee et al., 2010; Bannister and Kouzarides, 2011; Molina et al.,
2013; Rothbart and Strahl, 2014; Huang et al., 2014; Zhang et al., 2015).

Euchromatin Heterochromatin

Nucleosome

Histones

Histone —— Histone tail

protein

Figure 1.1. Chromatin environments and the nucleosome. Euchromatin is characterized by a loosely
packed and open state of chromatin that is transcriptional active, whereas heterochromatin is a more
condensed environment containing mostly inactive genes. The nucleosome is the building block of chromatin
that encompasses two copies of histones H2, H2B, H3 and H4. The tails of the histones protrude from the
nucleosome and their residues are modified by different chemical modifications.
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Figure 1.2. Chromatin organization. The nucleosome is the first step in which DNA wraps around a
histooctamer. Nucleosomes are connected to one another by short stretches of linker DNA forming a “beads
on a string” fibre. At the next level, the string of nucleosomes is folded into a 30 nm chromatin fibre and
these fibres are then further folded into higher-order structures (adapted from Feisenfeld and Groudine,
2003).

Figure 1.3. Histology of heterochromatin and euchromatin. Heterochromatin appears as dark- stained
irregular particles spread throughout the nucleus or close to the nuclear envelope abundant mostly in cells
that are less or not at all active in the transcription of many their genes. Euchromatin is dispersed and not
stainable and is mostly predominant in cells that are active in the transcription of many of their genes
(adapted from http://medcell.med.yale.edu/histology/cell lab/euchromatin_and_heterochromatin.php).



1.3 Histone Post-Translational Modifications

Post-translational modifications (PTMs), which decorate several amino-acid residues on
histones, are key regulators of chromatin structure and function (Murr, 2010). Located
mostly on the terminal tails of histones, and to a lesser extent within their core domain,
PTMs are covalent modifications that can dictate chromatin dynamics, orchestrate
recruitment of enzyme complexes onto DNA and regulate gene transcription (Kouzarides,
2007). The study of PTMs goes back to 1964, when histone acetylation was the first to be
discovered (Allfrey et al., 1964). Different types of PTMs have been identified since then,
including methylation of lysines (K) and arginines (R), citrullination of arginines (R),
phosphorylation of serines (S), threonines (T), tyrosines (Y) and histidines (H) (Lee et al.,
2010; Rothbart and Strahl, 2014, Huang et al., 2014; Zhang et al., 2015). Over the last ten
years, advances in technology have established mass spectrometry (MS) as a powerful tool
for discovering histone modification sites and studying the interplay among them (Soldi et
al., 2013). Numerous studies have used MS technology and focused on providing maps of
PTMs for the core histones H3 and H4 due to their perceived importance in controlling

gene expression and their involvement in cancer (Wang et al., 2010).

How do PTMs work towards chromatin dynamics? First, they can disrupt contacts
between histones and DNA or between nearby nucleosomes by changing the overall
charge of histones. One example is histone lysine acetylation which neutralizes the positive
charge of lysine and weakens the affinity between histone and DNA, thus creating an
‘open’, transcriptionally permissive chromatin structure. Second, a single PTM or a
combination of PTMs may work together to recruit effector proteins or protein complexes
that can “read” the PTMs and convert them into functional chromatin states (Suganuma
and Workman, 2008; Lee et al.,, 2010; Izzo and Schneider, 2011; Bannister and
Kouzarides, 2011; Molina et al., 2013). For example in yeast, asymmetric dimethylation of
arginine 2 on histone H3 (H3R2me2a) contributes to transcriptional repression by
inhibiting the deposition of trimethylation of lysine 4 on histone H3 (H3K4me3) (see
section 1.3.1.2) (Kirmizis et al., 2007; Kirmizis et al., 2009).

Histone modifications are established through a dynamic interplay between
“writers”, “erasers” and “readers”, and are associated with distinct transcriptional states.
Depending on the residue that is modified and the enzyme that adds (“writers”) or removes
(“erasers”) the modification, different complexes can recognize the modification
(“readers”) and lead to a certain outcome (Suganuma and Workman, 2008; Izzo and

Schneider, 2011; Lee et al., 2010; Bannister and Kouzarides, 2011; Molina et al., 2013;



Zhang et al., 2015). For example, K can be acetylated by lysine acetyltransferases (KATs)
or deacetylated by histone deacetylases (KDAs). In addition, K and R can also be
methylated by the lysine methyltansferases (KMTs) and protein arginine
methyltransferases (PRMTs) respectively.

Notably, histone modifications can be read by various complexes. Lysine
modfiications can be read by bromodomains/PHD/GenSp and SWI/SNF complexes
(Bannister and Kouzarides, 2011), whereas Tudor domains are the “primary” readers of
methylarginine marks (Gayatri and Bedford, 2015). The recognition of PTMs by readers
recruits a number of components of the nuclear signaling network to chromatin, mediating
processes such as gene transcription, DNA replication and chromatin remodeling.
Chromatin-associating complexes may contain several readers within one or numerous
subunits that show specificities for distinct PTMs. Importantly the coordinated binding to
several PTMs can offer a lock-and- key—type mechanism for targeting specific sites and
ensuring certain biological outcomes. Reader-PTM interactions have attracted a lot of
scientific research interest due to the finding that misregulation of epigenetic pathways has
been implicated in many diseases such as cancer and mental disorders (Musselman et al.,

2012).

1.3.1 Histone Arginine Methylation

One histone modification that is of great scientific research is histone arginine
methylation. This is mainly due to the identification of the family of enzymes that target
arginine and lay down this modification as well as their involvement in cellular processes
and various diseases (Bedford and Richard, 2005). Arginine has the longest side chain of
the 20 amino acids and bears a positive charge at the end of the side chain, making it a
good anchor for protein-protein interactions. It has a guanidine group that has five
hydrogen bond donors, used to stabilize interactions with DNA, RNA and proteins
(Bedford and Calrke, 2009). Arginine methylation emerges when nitrogens of arginine are
post translationally modified by methyl groups (Figure 1.4). Such methylation may change
the shape of the molecule but does not change the charge. However, it removes hydrogen
bond donors, which would potentially inhibit possible interactions (Bedford et al., 2000).
Three distinct types of methylated arginine residues occur in mammalian cells (Figure 1.4).
The most abundant type is asymmetric omega-N°, NC-dimethylarginine. This PTM

involves the addition of two methyl groups, on one of the two guanidino groups of arginine



residues resulting in an asymmetrically dimethylated state (Rme2a). The other two
methylation states occur at levels less than 50% of Rme2a. These include the
symmetrically dimethylated arginine, where one methyl group is placed on each of the
terminal guanidine nitrogens (omega-N°, N°-dimethylarginine, referred to as Rme2s) and
the monomethylated derivative with a single methyl group on the terminal nitrogen atom
(omega-N“-monomethylarginine; commonly referred to as Rmel) (Molina et al., 2013,
Gayatri and Bedford 2014). These three methylation states of arginine methylation, are
catalyzed by a family of nine AdoMet-dependent enzymes called the protein arginine
methyltransferases (PRMTs) (Figure 1.4). Whether a demethylase exists that can remove
this modification from arginine residues is still unknown. An earlier report identified the
JmjC-domain-containing protein JMJD6 as an arginine demethylase (Chang et al., 2007;
Liu et al., 2013), but more recently this enzyme was shown to be a hydroxylase (Webby et
al, 2009).

The histone tails as well as the histone core contain arginine residues that are
methylated. Many sites have been characterized, however their existence still needs to be
confirmed by in vitro methylation assays and by specific antibodies (Gayatri and Bedford
2014). Notably, the dynamic interplay between the different types of arginine methylation
is revealed by type-specific antibodies and amino acid analysis, showing that when the
levels of a certain state of arginine methylation changes, this leads to major changes in the
levels of the other two methylation states (Dhar et al., 2013). The importance of this
competition for the different arginine methylation states on the same substrates is
highlighted, because control of one type of arginine methylation by protein arginine
methyltransferase (PRMT) knockouts, small molecule inhibition or overexpression, may
affect the presence of other types of arginine methylation (Kirmizis et al., 2009; Dhar et
al., 2013, Gayatri and Bedford 2014). In addition, arginine methylation is a master
regulator of protein function as it regulates a number of cellular processes including RNA

processing, signal transduction, transcriptional regulation and DNA repair (Bedford and

Richard, 2005).



1.3.1.1 Protein Arginine Methyltransferases

Histone arginine methylation, is catalyzed by the family of protein arginine
methyltransferases (PRMTs) (Figure 1.4). Classification of PRMTs is based on the type of
the methylation state they can catalyze. Types I, II and III are able to deposit one methyl
group to the guanidino groups of arginine residues resulting in the monomethylated
(Rmel) state. Type I enzymes (PRMT1, PRMT2, PRMT3, PRMT4/CARM1, PRMT6, and
PRMTS) can also perform a second methylation step and form the asymmetrically
dimethylated mark (Rme2a). Type II enzyme (PRMTS) produces the symmetrically
dimethylated (Rme2s) state while type III enzyme (PRMT7) generates only a
monomethylated mark (Gayatri and Beford, 2014). Histone arginine methylation is related
to both active and repressed chromatin states depending on the residue involved and the
state of methylation (Kirmizis et al., 2007; Kirmizis et al., 2009; Molina-Serrano et al.,
2013). Arginine 3 on histone 4 (H4R3) is one of the residues that can exist in any one of
the three methylation states. Specifically, the asymmetrically dimethylated mark
(H4Rme2a), catalyzed by PRMTT1 is related with active transcription in mammals (Strahl
et al., 2001;Wang et al., 2001). The yeast homolog of PRMT1, known as Hmtl, catalyzes
H4R3me2a in vitro (Lacoste et al., 2002) and is related to transcriptional repression.
Additionally, Hmt1 and H4R3me2a play a role in the establishment of silent chromatin at
yeast heterochromatin-like loci, including the rDNA repeat region (Yu et al., 2006).

Moreover, PRMTs are involved in a number of biological processes such as
regulation of chromatin structure through transcriptional repression or activation as well as
cell cycle and DNA repair (Jahan and Davie, 2015). Finally, aberrant expression of
PRMTs is involved in several diseases in addition to their involvement in the proliferation
and differentiation of various cancer cell lines. This makes these proteins promising

candidates for cancer therapeutic targets (Cha and Jho, 2012).



Rme0O Rmel Rme2a
HN  + NH HN + HN@ HN * N
2 N 2 2 SN 2 \\-C«/@
| PRMTs | PRMTs |
||\1H Type I,II,III; Il\IH Type | : ||\|H
(CH,); ((|:H2)3 (CH,);
R R R
Protein Protein Protein
Py
73
NG
/
@ d Rme2s
* PRMT2
+
— { PRMT3 @N"L__,/HN
el » C
+ PRMT4 |
{_PRMTG | 'TIH
PRMTS8
PRMTs IEZTYIEN (CH,)5
Type Il =4 PRMT5 |
R
Type Il or|
1] @ Protein
? =4 PRMT9

Figure 1.4. Protein arginine methylation is catalyzed by protein arginine methyltransferases (PRMTs).
The three types (I, II and III) of mammalian PRMTs are shown, each consisting of different members. Type
I, IT and III can monomethylate Rme0 on one of the terminal guanidino nitrogen atoms (Rmel). Type I
PRMTs generate asymmetric Rme2a, while type II PRMTs generate symmetric Rme2s (Molina-Serrano et
al., 2013).
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1.3.1.2 Crosstalk between Histone Arginine Methylation and other Epigenetic
Modifications

A number of histone modifications have being identified to communicate among
themselves by influencing the presence of each other or by collaborating to bring about a
functional outcome. These communications, known as cross-talks, happen in a context-
dependent manner (Lee et al., 2010, Molina et al., 2013). Cross-talks can occur on the
same histone (cis) or between different histones (¢rans), and it has been proposed that trans
mechanisms could even involve more than one nucleosome (Lee et al., 2010, Musselman
et al., 2012). The study of these cross-talks has received great attention because the
combinatorial reading of these modifications influences gene expression (Murr, 2010;
Molina-Serrano et al., 2013; Zhang et al., 2015), and misinterpretation of these cross-talks
by readers may trigger various diseases, including cancer (Dawson et al., 2012, Sharma et

al., 2012, Yang et al., 2013).

Cross-talks between modifications can take place through different mechanisms.
These mechanisms can be divided into two major categories, each comprising of two
subcategories. The first category includes histone modifications that take part in a
sequential cross-talk, during which one modification either promotes (sequential positive)
or inhibits (sequential negative) the deposition of another modification (Figure 1.5A and
Figure 1.5B respectively). The second category of mechanisms comprises modifications
that function in a combinatorial manner during which two or more modifications existing
simultaneously regulate together the binding of effector molecules. These epigenetic
modifications can work synergistically, for example by recruiting together a specific reader
(Figure 1.5C), or antagonistically, where one modification blocks the binding of a reader to
the other modification (Figure 1.5D). These two general mechanisms appear to apply for
all modification cross-talks regardless of whether they occur within the same histone (cis)

or between histones (trans) (Molina-Serrano et al., 2013).

Histone arginine methylation is involved in a number of cross-talks. One of the
most studied cross-talks is between H3R2me2a and H3K4me3. H3R2me2a regulates the
activity of the methyltransferase Setl by modulating the binding of the COMPASS subunit
Sppl. Sppl regulates H3K4me3 through its PHD (plant homeodomain) only when
H3R2me2a is absent in order to stimulate H3K4me3 by Setl (Kirmizis et al., 2007;
Kirmizis et al., 2009). Another example comes from in vitro and in vivo studies that have
shown that H4R3me2a by PRMTI1 facilitates p300-mediated histone H4 acetylation,
leading to nuclear-receptor-dependent transcription (Strahl et al., 2001; Wang et al., 2001).

1"



Further validation of this cross-talk came from another study that showed that recruitment
of PRMT1, p300 and PRMT4 by the tumour-suppressor gene p53 activates transcription in
a stepwise manner. During this p53- mediated activation, H4R3me?2a is initially deposited
and then stimulates the acetylase activity of p300 towards K residues on H4 (K5, K8, K12)
(An et al., 2004). Moreover, studies have also shown that H4R3me2a is also involved in
arginine methylation trans-histone cross-talk. Loss of H4R3me2a by PRMT1 knockdown
leads to localized induction of H3K9me2 and global increase of H3K27me3 over the [3-
globin locus. (Huang et al., 2005). H4R3 methylation also communicates with DNA
methylation. One study showed that PRMT7-mediated deposition of H4R3me2s at the ICR
(imprinting control region) of the Igf2/HI19 locus was necessary for subsequent DNA
methylation (Jelinic et al., 2006).

IA. Sequential cross-talk: Positive interaction (Mod1 -> Mod2)
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Figure 1.5. Mechanisms of cross-talk involving arginine methylation (A) A sequential positive
interaction, where a lysine methyltransferase (KMT) binds the histone tail through recognition of the Rme2s
mark, and deposits a second PTM (Kme3). (B) A sequential negative interaction, where the same KMT
cannot bind to the histone tail because of the Rme2a mark, thus blocking downstream PTM deposition. (C) A
combinatorial synergistic cross-talk, where after the deposition of both PTMs by their respective enzymes, a
reader can bind to the histone tail to exert its function. (D) A combinatorial antagonistic mechanism where a
reader can recognize one PTM on the histone tail, but the deposition of a second mark (Rme2a) impairs this
recognition (Molina et al., 2013).
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1.3.2 Protein N” terminal Acetylation

N-alpha-terminal acetylation (N*-terminal acetylation) of proteins is an enzymatic
process that is characterized by the transfer of an acetyl moiety (Ac) from acetyl coenzyme
(Ac-CoA) to the a-amino group of the first amino acid residue of a protein (Figure 1.6).
The enzymes that are involved in the catalysis of N*-terminal acetylation are known as N-
terminal acetyltransferases (NATs) and are members of the GNAT family protein (GCNS5-
related N-acetyltransferase). So far six different NATs have been identified denoted as
NatA-NatE. N®-terminal acetylation is considered to be an irreversible process, as no N-
terminal deacetylase has been identified to date (Arnesen, 2011; Starheim et al., 2012,
Varland et al., 2015).

N“terminal acetylation is an abundant protein modification that is present in all
kingdoms of life. It has a high level of evolutionary conservation as the same system of
N“%terminal acetylation may operate in all species, such as in Saccharomyces cerevisiae,
Caenorhabditis elegans, Drosophila melanogaster, Arabidopsis thaliana, Xenopus laevis,
Mus musculus, and Homo sapiens (Polevoda and Sherman 2003; Starheim et al., 2012). It
is present in 84% of mammalian cytosolic proteins and 57% of yeast proteins, reflecting
small differences in enzymatic properties and alterations in sequence distribution between
the two species (Brown et al., 1976; Arnesen et al., 2009). In bacteria, however, a small
number of proteins are known to be N*-terminal acetylated (Polevoda and Sherman, 2003)

while in archaea 15% of proteins are N*-terminal acetylated (Falb et al., 2006).

For quite some time, the functional role N®-terminal acetylation remained a
mystery. Over the past five years, astonishing progress has been made in the research field
of N%terminal acetylation regarding the understanding of the existence of this
modification, as well as the mechanisms involved. This is due to the development of
powerful proteomic tools for studying in vivo global N®-terminal acetylation (Starheim et
al., 2012). N*terminal acetylation functions in various fundamental cellular processes like
protein degradation, regulation of cell survival pathways, endoplasmic rediculum

translocation and cellular metabolism (Starheim et al., 2012).
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Figure 1.6. N’-terminal acetylation. NAT transfers an acetyl group from Ac-CoA to the a-amino group of
the first amino acid residue of a polypeptide. The positive charge of the N-terminal amino group is removed
by the acetylation, changing in this way the chemical properties of the N-terminus of the polypeptide

1.3.2.1 N-alpha Terminal Acetyltransferases (NATS)

The eukaryotic NAT-machinery involves a group of NATSs that perform most N
terminal acetylation. These NATs differ between them not only in subunit composition but
also in substrate specificity. They acetylate subsets of proteins according to their N-
terminal amino acid sequence and each enzyme consists of one or more different subunits
(Polevoda and Sherman, 2003; Starheim et al., 2012). Proteins with methionine, alanine or
serine are the ones that are mostly acetylated, with the latter two being acetylated in more
than 74% of all N"-acetylated proteins in Saccharomyces cerevisiae (Polevoda and

Sherman 2003).

The NatA-E enzymes and their substrate specificities are conserved from yeast to
humans whereas NatF is mostly found in higher eukaryotes (Table 1) (VanDamme et al.,
2011). Insight into the function of N"-terminal acetylation comes from studies done on
NATs in S.cerevisiae. NatA accounts for acetylation of the majority of N®-acetylated
proteins in humans and yeast, and acetylates proteins with alanine or serine, and
occasionally with glycine, threonine, valine or cysteine N-termini (Mullen et al., 1989;
Polevoda et al., 1999; Starheim et al., 2012; Varland et al., 2015). NatA is composed of the
catalytic subunit NaalO (Ardl) and the auxiliary subunit Naal5 (Natl). In the absence of
Naal$5, the substrate specificity profile of NaalO changes and acetylates proteins with
aspartic acid and glutamic acid N termini (Van Damme et al., 2011;Varland et al., 2015)
(Table 1). In yeast, deletion of either Ardl and Natl subunits generates phenotypes of
reduced sporulation, failure to enter G, phase under certain conditions, decreased survival
after heat shock and sensitivity to various chemical stressors (Polevoda et al., 2003). The

NatB complex is composed of the catalytic Naa20 (Nat3) and the auxiliary subunit Naa25
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(Mdm20) and acts on the N-terminal methionine when the second residue is glutamic acid,
aspartate, asparagine or glutamine (Van Damme et al., 2012). Deletion mutants of the
subunits in yeast leads to slow growh, defects in vacuolar and mitochondrial inheritance
and inability to form functional actin cables (Polevoda et al., 2003). The NatC complex
consists of the catalytic Naa30 (Mak3) and the auxiliary subunits Naa38 (Mak10) and
Naa35 (Mak31); and acetylates substrates starting with methionine and are followed by
isoleucine, leucine, tryptophan or phenylalanine (Polevoda and Sherman 2003; Varland et
al., 2015). Mutations of NatC complex subunits gives similar phenotypes to NatA and
NatB deletions (Starheim et al., 2012). NatD, also known as Nat4 consists only a catalytic
unit (Naa40) and the only two substrates known to date in both yeast and humans are
histones H2A and H4 (Song et al., 2003; Hole et al., 2011). Nat4 is described further in the
next section. Moreover, NatE is composed of catalytic Naa50 (Nat5) as well as the NatA
subunits NaalO and Naal5; and acetylates methionine-starting N-termini. Depletion of
Naa50 in human studies showed that it increases regrowth of microtubules (Chu et al.,
2001) whereas in yeast, no phenotype has been observed in the absence of NaaS50
(Gautschi et al., 2003; Starheim et al., 2012). NatF is defined by Naa60 and is found only
in higher eukaryotes. NatF acetylates substrates starting with methionine and are followed
by leucine, phenylalanine, isoleucine and tryptophan (Van Damme et al., 2011). The only
NATSs, whose structures and biochemical activitites have been characterized, are NatA,
NatE (Liszczak et al., 2011; 2013) and just recently, Nat4 (Magin et al., 2015). All in all,
the different NATs differ in subunit composition, substrate specificity (Table 1) and
phenotypes (Varland et al., 2015).

Yeast NAT Human NAT ortholog Substrate Specificit
(' subunit composition) (subunit composition) 3 y
. . Met-Asp-, Met-Glu-Ala-,Cys-, Gly-Ser-,Thr-,
cat aux cat, aux
NatA ( Ard1¢, Nat]2wx) NatA (Naal0 Naal52w) Val-, Asp-, Glu-
NatB (Nat3c, Mdm202x) NatB ( Naa20°*, Naa25%) Met-Asn-, Met-Asp, Met-Gln-, Met-Glu-

NatC ( Mak3¢a, Mak102x, Mak312) | NatC (Naa30°, Naa35**Naa38) Met-Ile-, Met-Leu-, Met-PhE-, Met-Trp-

NatD (Nat4ea) NatD ( Naa40<at) Ser-Gly-Arg-Gly-, Ser-Gly-Gly-Lys

Met-Ala-,Met-Leu-, Met-Lys-, Met-Phe-, Met-

cat cat’
NatE (Nat5:) NatE (Naa50%) Ser-, Met-Thr-, Met-Tyr-, Met-Val-

Met-Ala-, Met-Gln-, Met-Gly-, Met-Ile-, Met-
NatF ( Naa60<at) Leu-, Met-Lys-, Met-Met-, Met-Ser-, Met-Thr-,
Met-Tyr-, Met-Val-

Table 1. NATs in yeast along with their human ortholog and substrate specificity.
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The biological significance of N®-terminal acetylation has been studied in different
organisms and the lack of N%-terminal acetylation as well as abnormal acetylation can
result in various defects and can prevent normal protein function (Starheim et al., 2012;
Van Damme et al., 2012). Moreover, N%-terminal acetylation has been implicated in the
pathophysiology of the Ogden syndrome known to be caused by a Ser37Pro in NAA10
resulting in diminished enzymatic activity and NatA complex formation (Van Damme et
al., 2014; Myklebust et al., 2015; Varland et al., 2015). Furthermore, whole-exome
sequencing studies identified de novo missense variants in the NAA4/0 gene suggesting a
genotype-phenotype correlation in two cases of global developmental delay (Popp et al.,
2015). Several studies have also connected the aberrant activity of NATS, particularly

NatA, making them attractive targets for drug development (Kalvik and Arnesen, 2013).

1.3.2.2 Nat4 and Histone N-terminal Acetylation

As mentioned above, N"-terminal acetylation is also present on histones H2A and
H4 and the only known enzyme responsible for this is N-alpha terminal acetyltransferase 4
(Nat4 also known as NatD or yNaa40), originally identified in Saccharomyces cerevisiae
(Song et al., 2003), and in humans is known as hNaa40 (Patt1, hNatD or Natl1) (Liu et al.,
2009; Hole et al., 2011). Both human and yeast Nat4 are associated with ribosomal
fractions from whole cell lysates. In addition, hNaa40 localizes to both the nucleus and the
cytoplasm, suggesting that it may act both post and co-translationally (Polevoda et al.,
2009; Hole et al., 2011). Recently, Magin et al, reported the crystal structure of Nat4
which explains its high substrate selectivity. The authors observed unique structural
requirements for the first four residues of its substrate, emphasizing the importance of Ser-

Gly-Arg-Gly recognition sequence for histone-specific acetylation (Magin et al., 2015).

Earlier studies have provided some insight into the physiological role of human
and yeast Nat4. In yeast, a strain deletion of NA74 has shown growth sensitivity to-
aminotriazole (3- AT), an inhibitor of transcription. This growth sensitivity was stronger in
a yeast strain that contains a NAT4 deletion combined with mutations in histone H4 where
lysines 5, 8 and 12 have been replaced by arginines (K5,K8,K12R) (Polevoda et al., 2009).
In humans, hNaa40 is highly expressed in the liver and is downregulated in hepatocellular
carcinoma. In addition, overexpression of hNaa40 in hepatoma cells drives them towards
apoptosis (Liu et al., 2009). Moreover, hNaa40 liver specific knock out (LKO) mice are

protected from age associated hepatic steatosis, suggesting a role for hNaa40 in hepatic
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lipid metabolism and age-dependent associated disseases (Liu et al., 2012). These studies
have identified phenotypes that provide clues on the physiological role of yeast and human
Nat4. They have not, however, explored the underlying molecular mechanisms and

especially, the function of Nat4-mediated histone N-terminal acetylation.

1.4 Saccharomyces cerevisiae as a Model Organism

Numerous studies have used the budding yeast S. cerevisiae as a model organism in
order to uncover a number of histone PTMs involved in the control of gene expression and
silencing. Such studies have been crucial to our current understanding of epigenetic
regulation. S. cerevisiae is a single-cell eukaryotic organism with a genome size of about
14 megabases pairs of genomic DNA divided among 16 chromosomes ranging in size from
200 to 2200 kb. There are approximately 6000 genes in the yeast genome, packed along
chromosomal arms with less than 2 kb spacing between them (Grunstein and Gasser,
2013). Budding yeast has a generation time of approximately 90 minutes, with colonies
being produced after two days of growth (Sherman, 2002). Moreover, budding yeast
allows the alteration of any chosen chromosomal sequence through the highly efficient
system of homologous recombination (Grunstein and Gasser, 2013). As a model organism,
yeast has a key advantage in the genetic analysis of histones. In contrast to mammalian
cells, which contain around 60-70 copies of the core histone coding genes (H2A, H2B, H3,
and H4), yeast has only two copies of each of these genes. Due to the fact that the two
copies are functionally redundant, it has enabled researchers to produce yeast strains that
contain single histone gene copies. The ease of creating mutations or deletions of certain
residues on histones has uncovered their role in heterochromatin and other cellular
functions. Furthermore, the power of yeast genetics makes it easier to connect genotype to
phenotype. Thus, systematic mutagenesis of most amino acids on the core histones has led
to the identification of proteins that interact with the histone residues being mutated

(Huang et al., 2009).

S.cerevisiae grows through mitotic division in either a haploid or diploid state, by
producing a bud that expands and eventually separates from the mother cell (Figure 1.8).
Haploid yeast cells have two mating types; mating type a, (Mat a) and mating type o (Mat
a), each producing a distinct pheromone that attracts the cells of the opposite mating type:
a cells produce a 13 amino acid peptide (a factor) that binds to the a-factor receptor on the

surface of the a cells and a cells produce a peptide of 12 amino acids (a factor), which
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binds to a membrane spanning a-factor receptor on the surface of an a cell. These
interactions result in the arrest of the cells in mid to late G phase of the cell cycle. Arrested
cells can efficiently fuse at their tips to form an a/a diploid. This diploid cell contains the
16 chromosomes of each of the original haploid cell. Thus it has two copies of each gene
and is unable to mate with either a or a haploid cells, but can either divide by mitotic
division or under nutritional starvation conditions (carbon and nitrogen limitation) can
undergo meiosis to result in the formation of an ascus containing four spores, two of each
mating type. Given sufficient nutrients, germination occurs and the wall of the ascus
breaks allowing the release of the four spores which can grow into cells capable of mating,
starting the life cycle over again (Figure 1.8) (Herskowitz, 1988; Grunstein and Gasser,

2013).
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Figure 1.7. The life cycle of budding yeast. Haploid yeast cells mate and yield a diploid and meiosis of a
diploid yields haploid cells. Sporulation is induced in a diploid by starvation, whereas mating occurs
spontaneously by pheromone secretion when haploids of opposite mating type are close to each other.
Haploid a/a cells produce an ascus, which contains four spores. These spores through the process of
germination grow on nutrient media (Modified from Herskowitz, 1988).
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1.4.1 Sllencing in S.cerevisiae

The budding yeast provides a well-studied and ideal model for heritable silent
chromatin. Similar to higher eukaryotic organisms silent chromatin in S.cerevisiae shares
features such as inaccessibility of DNA, hypoacetylation of nucleosomes and late
replication (Loo and Rine 1994; Lustig 1998). In yeast, there are distinct heterochromatin-
like regions adjacent to all 32 telomeres, the two silent mating type loci on chromosome II1
(HML and HMR) as well as the ribosomal DNA locus. Transcriptional silencing at the
rDNA locus, telomeres and the HML, HMR can spread into adjacent DNA, essential for
maintaining a mating state (Grunstein and Gasser, 2013). In S.cerevisiae, at the end of all
yeast chromosomes, there are C1-3A/TG]-3 repeats. A phenomenon called telomere
position effect (TPE) occurs adjacent to these repeats and is similar to the Position Effect
Variegation (PEV) studied in Drosophila melanogaster, when the white gene is used to
screen for mutations that suppress or increase white variegation (Elgin and Reuter, 2013).
TPE involves a phenomenon in which the addition of a gene near a telomere causes
repression of transcription. Genes under the influence of TPE, switch between an inactive
repressed state to a transcrptionally active state (Sandell et al., 1994). An assay that has
been widely used for the study of TPE involves the URA3 reporter genes (2.13). In
addition to genetic approaches, yeast are also involved in various biochemical and
molecular techniques such as Chromatin Immunoprecipitation (ChIP), transcriptomics as

well as proteomic approaches to map protein networks.

1.4.1.1 The ribosomal DNA Locus

Protein synthesis is carried out by ribosomes, which are large ribonucleoprotein
particles in a eukaryotic cell, present in large numbers. Ribosomal proteins account for
50% of the total protein and ribosomal RNA (rRNA) represents approximately 80% of the
total RNA in the cell (Warner, 1999; Kobayashi, 2011). In order to meet the biosynthetic
demand, eukaryotic cells contain more than 100 copies of rRNA organized in clusters of

ribosomal deoxyribonucleic acid (rDNA) (Kobayashi et al., 2011).

In the nucleolus, the ribosomal rRNA genes of S.cerevisiae are organized as an
rDNA cluster, making up about two-thirds of chromosome XII. The rDNA is organized in
a single tandem array consisting of approximately 150 copies of a 9.1-kilobase repeating

unit (Warner, 1999; Venema and Tollervey, 1999; Woolford and Basega, 2013). The
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repeating unit is arranged as shown in Figure 1.8. Each repeat encodes a 5S rRNA,
transcribed by polymerase III and a 35S precursor RNA transcribed by RNA polymerase I
that is subsequently processed to form the 18S, which is found in the 40S ribosomal
subunit and the 5.8S and 25S RNAs, which are found in the 60S subunit (Warner, 1999;
Venema and Tollervey, 1999; Woolford and Basega, 2013). The 35S coding regions are
separated by nontranscribed spacers, NTS1 and NTS2 (Smith and Boeke 1997, Venema
and Tollervey, 1999; Woolford and Basega, 2013). The internal transcribed spacers are
found on either side of the RDN5S8 gene and are described as ITS1 and ITS2 (Woolford
and Basega, 2013). Notably, around half of the rDNA repeats are active at a given time

point, whereas the other half are transcriptionally silent (Warner 1999).

The repetitive nature of the rDNA region makes it very recombinogenic and
susceptible to loss of copies after deleterious recombination events among the repeats
(Kobayashi, 2011). Budding yeast has a well-studied gene amplification system that
responds to the recombination-mediated loss of rDNA copies. During the S phase of the
cell cycle, replication is inititated at replication origin (rARS) and is inhibited at the
replication fork barrier (RFB) (Figure 1.8) by the function of the fork blocking protein
Fob1 inducing amplifcation for copy number recovery (Kobayashi, 2003). Amplification is
regulated by a bidirectional promoter, E-pro, which is located beside RFB within the NTS1
region. In situations where the copy number is normal, rDNA silencing is mediated by
histone deacetylase Sir2, which keeps the E-pro off and the copy number remains stable.
When the rDNA copy number is reduced, Sir2 is repressed and E-pro starts transcription to
activate the rDNA amplifation system. When it reaches physiological copy numbers, Sir2

levels are increased and repress E-pro (Kobayashi, 2011).

~ 150 copies
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Figure 1.8. Schematic representation of the rDNA locus on chromosome XII in Saccharomyces
cerevisiae. The yeast IDNA unit consists of the RDN5 gene, which encodes for the 5S rRNA and the RDN37
gene, which encodes for 35S rRNA. Between the two genes there are two nontranscribed spacers, NTS1 and
NTS2. The rDNA origin of replication (rARS) lies within the NTS2 region. Within the NTS1 region, there is
a bidirectional noncoding promoter, E-pro as well as the replication fork binding site (RFB). The 35S pre-
rRNA precursor contains the 18S, 5.8S and 25S rRNAs, separated by two internal transcribed spacers ITS1
and ITS2, and flanked at either end by two external transcribed spacers, ETS1 and ETS2.
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1.4.2 Ageing in S.cerevisiae

In addition to its use in silencing studies, budding yeast is also one of the most
important model organisms to be used in ageing research with immense contributions to
the understanding of longevity in mammalian and invertebrate models (Longo et al., 2012)
Ageing is a complex process accompanied by damaging changes that eventually lead to
death (Choi et al., 2011). The main advantage of budding yeast over other systems in
studying ageing is the ease and speed with which longevity can be quantified (Kaebrerlein,
2010). In addition, yeast has a short lifespan as a unicellular organism with metabolic and
regulatory mechanisms being conserved in higher eukaryotes (Kaeberlein, 2010). Ageing
in the budding yeast is accompanied by morphological changes including an increase in
cell size, sterility by expression of the mating type (HM) loci and enrlargement and
fragmentation of the nucleolus (Sinclair et al., 1997). In addition genetic alterations
resulting in a decrease in lifespan have been identified; such as deletion of SGS/ (a RecQ-
like DNA helicase) which is the yeast homolog of the human WRN gene (Sinclair et al.,
1997). In humans, defects in WRN cause Werner syndrome, a premature-ageing disease
(Yu et al., 1997). Thus, yeast is also used as a model to unravel ageing-related human
diseases. Furthermore, apart from changes in the nucleus, age-associated changes occur in
the cell organelles such as the mitochondria, vacuoles, endoplasmic rediculum and

cytoplasm (Lippuner et al., 2014).

1.4.2.1 Replicative and Chronological Lifespan

The two well-known ageing models that exist in yeast are replicative and
chronological lifespan (Figure 1.9). Firstly, replicative lifespan (RLS) relies on the mitotic
division that yields distinct mother and daughter cells and is defined by the number of
daughter cells that are produced by a particular mother cell prior to senescence (Mortimer
and Johnston, 1959; Steffen et al., 2009). The “gold standard” method to study RLS, which
is also the method used in this project, is the separation of mother and daughter cells by
manual microdissection after every division (see section 2.21). This technique, however, is
tedious and constrained by the small number of cells it can analyze, making it difficult to

be used for high-throughput studies (Lippuner et al., 2014).

Recently, advances in the development of techniques to study RLS have emerged.

One technique is the Mother Enrichment Program (MEP), which involves the use of strains
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that enable the genetic selection against newborn daughter cells, thus preventing them to
divide (Lindstrom and Gottschling, 2009). This allows mother cells to achieve a normal
RLS and leads to a linear dilution of mothers in a population of arrested daughters
(Lippuner et al., 2014). Therefore, MEP cultures permit the comparison of RLS between
different yeast strains and since they are not subject to nutrient limitation, single-step
affinity purification of aged cells can be achieved at any point during their life span
(Lindstrom and Gottschling, 2009). Another recent technique to study RLS is the use of
microfluidic devices (Lee et al., 2012; Xie et al., 2012; Jo et al, 2015). This technique
involves continuous and high-resolution microscopic time-lapsed imaging of the entire
lifespan of yeast cells. A microfluidic chamber retains mother cells, while daughter cells
are flushed away throughout the lifespan of the mother cells. This technique allows the
simultaneous study of lifespan, cell division dynamics and morphological cell and
organelle changes in a large number of individual cells; as well as the characterization of

cellular and molecular phenotypes of ageing cells.

Secondly, chronological lifespan (CLS) involves the length of time that a mother
yeast cell can survive in a non-dividing, quiescence-like state (Kaeberlein, 2006; Fabrizio
and Longo, 2007) and acts as a model for post-mitotic cells (Kaeberlein, 2010). CLS is
measured by growing cells in liquid media, in which cells enter a non-dividing state when
the carbon source in the media is exhausted. The ability of cells to resume mitotic growth
is then measured by viability over time (Nagarajan et al., 2014). RLS is considered to be
similar to ageing phenomena observed in stem cells in humans, while CLS is akin to the
ageing of non-dividing cells such as neurons (Longo et al., 2012). Both RLS and CLS
make budding yeast a powerful system to study ageing as the two models can be measured
independently allowing comparisons to be made between the gene regulating lifespan in

dividing and non dividing cells (Smith et al., 2006).

Importantly, changes in ageing and development of age-associated diseases are due
to certain damages that occur in cells. In the RLS model, age-associated damage is
inherited from the mother to the daughter cells. In the CLS model, however, damage
develops over time within a non-dividing cell reaching a point at which the cell can no
longer enter the cell cycle (Kaeberlein et al. 2010). Despite these differences, it is evident
that nutrient availability plays a role in both ageing models. When cells undergo starvation
during prolonged periods as in CLS, then RLS is reduced when they re-enter the cell cycle
(Ashrafi et al., 1999).
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Figure 1.9. Schematic diagram for Replicative lifespan (RLS) and Chronological Lifespan (CLS). RLS
accounts for the number of daughter cells produced by a mother cell before senescence (-). CLS is defined by
the survival time of a cell in a non-dividing state in a stationary phase culture.

1.4.2.2 Calorie Restriction

Environmental cues can play a vital role in longevity determination. One of the
most important laboratory tools for studying the effects of energy intake is the intervention
by limiting the nutrient availability, known as calorie restriction (CR). Throughout
eukaryotic evolution, a conserved survival strategy has developed. This is to adjust
metabolism in low-nutrient conditions in order to enable a more efficient use of the energy
available (Vaquero and Reinberg, 2009). As already mentioned, yeast has proven to be a
valuable research model due to its shorter lifespan than most other models. In S. cerevisiae,
CR can be modeled by reducing the levels of carbon source such as glucose in growth
media from 2% to 0.5% or below. Recent studies demonstrate that yeast cells grown under
CR show many hallmarks associated with yeast grown to stationary phase, such as the

accumulation of reserve carbohydrates (Boender et al., 2011).
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1.4.2.3 Reserve Carbohydrates

In a natural habitat, S. cerevisiae copes with variations in environmental conditions,
by adapting its metabolism to such conditions, with cell division being coordinated at the
G1 phase of the cell cycle (Thomas and Hall, 1997). When yeast cells are grown in rich
media containing glucose as the carbon source, they metabolize glucose through
glycolysis, releasing ethanol in the medium. As soon as glucose is diminished, cells exit
the mitotic cycle and enter a diauxic shift that involves slower growth rate and a switch
from glycolysis to aerobic utilization of ethanol, preparing for survival in stationary phase
(Galdieri et al., 2010; Li et al., 2013). Stationary phase is defined as a component of the
culture cycle of organisms when there is no further net increase in cell number (Werner-
Washburne et al., 1999). During this phase, a reduction of the glycolytic flux occurs (Lillie
and Prignle, 1980) and stationary phase cells undergo changes that resemble those
occuring in cells that stimulate a stress response. Such alterations involve induction of the
expression of heat shock and stress proteins (Parrou et al., 1999) as well as accumulation
of glycogen and treahalose in the cytoplasm (Gray et al., 2004) and an induction of
autophagy (Noda and Ohsumi, 1998). Although glycogen accumulation occurs before
glucose is exhausted completely, trehalose accumulates just after the diauxic shift (Lilie

and Pringle, 1980) and protects cells against stress.

Accumulation of glycogen and trehalose, also known as “reserve carbohydrates” or
storage carbohydrates, occurs in cells during a transition period from the end of the
exponential phase of growth to the entrance into the diauxic shift (Lillie and Pringle, 1980;
Parrou et al., 1999), when one of the essential nutrients is limited (Parrou et al., 1997).
Initially, reserve carbohydrates were believed to act as storage factors but during the last
decade it is evident that they are also implicated in other roles such as stress protectants
(Sillje et al., 1999; Hazelwood et al. 2009). A schematic view of the biosynthesis and

degradation of reserve carbohydrates is shown in Figure 1.10.
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Figure 1.10. Schematic representation of the biosynthesis and degradation of reserve carbohydrate
genes, glycogen and trehalose. Key genes involved in the accumulation of glycogen and trehalose are
shown in red. For their biosynthesis two compounds participate, glucose-6-P and UDP-glucose. UDP glucose
is formed from glucose-1-P and UTP through the action of UDP-glucose pyrophosphorylase (UGPase);
encoded by UGPI. During biosynthesis of glycogen, glycogen synthase genes (GSYI, GSY2) and the
glycogen branching gene (GLC3) are needed for maximum accumulation of glycogen (Thon et al., 1992).
Glycogen phosphorylase (GPHI) and a debranching enzyme are responsible for degradation of glycogen to
glucose-1-P. Moreover, trehalose is synthesized in yeast from UDP-glucose and glucose-6-P via trehalose-6-
P. The enzymes that catalyze the reaction are encoded by the genes trehalose-6-P synthase (7PS/) and
trehlaose-6-phosphatase (7PS2). Hydrolysis of trehalose to glucose is carried out by trehalase NTH].

1.4.3 Calorie Restriction and Longevity

As a response to diminishing glucose levels, yeast has shown an increase in both
RLS and CLS (Tahara et al., 2013). In 1935 McCay and colleagues published the first
paper showing that CR without malnutrition extends lifespan in rats (McCay et al., 1935).
Our understanding of how CR extends lifespan is far from complete, possibly because it
affects different features of the ageing process in parallel. During the last decades, CR has
been reported to extend the lifespan of a broad range of organisms, including yeast, worms,
flies, rats and monkeys (Huberts et al., 2014). This evolutionary conserved effect of CR led
to intense research of the underlying molecular mechanisms. CR can mediate cellular
adaptation to changes in metabolism through the control of gene expression (up-regulation
of certain genes and down-regulation of others) (Vaquero and Reinberg, 2009). In addition
to CR, there are certain mutations that mimic low nutrient availability and extend lifespan.
Such mutations include deletion of hexokinase 2 (HXK2), which catalyzes the entry of
glucose into the glycolytic pathway (Lin et al., 2000) as well as deletion of nutrient-
sensing kinases (tori4, tPK1/2/34 and Sch94) (Toda et al., 1988; Lin et al., 2000; Fabrizio
et al., 2001; Kaebelein et al., 2005; Powers et al., 2006).
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1.4.3.1 The Role of rDNA in Calorie Restriction-Induced Replicative Lifespan

In replicative lifespan, the most characterized type of damage that emerges and
results in nucleolar fragments in old yeast cells (Sinclair and Guarente, 1997) is the
accumulation of self-replicating extra-chromosomal ribosomal DNA circles (ERCs). As
mentioned earlier (1.4.1.3) the yeast rDNA consists of 100 to 150 copies containing
information to code for rRNA. Due to the highly repetitive nature, rDNA array is unstable
and fragile, thus an easy target for homologous recombination (Ha and Huh, 2011). A
primary cause of ageing in yeast is homologous recombination between rDNA repeats,
which leads to the formation of ERCs that accumulate in toxic levels in mother yeast cells

and can be quantified in a sorted population of ageing cells (Sinclair and Guarente, 1997).

Under normal conditions, rDNA repeats remain stable as rDNA recombination is
negatively regulated through rDNA silencing (Ha and Huh, 2011). An important player in
this process is silent information regulator 2 (Sir2), whose role is to repress E-pro in order
to obtain a wild-type rDNA copy number; and forestall the appearance of the first IDNA
circle that accumulates in mother cells by creating a silenced chromatin (Kobayashi and
Gangley, 2005). Deletion of SIR2 increases rDNA recombination and ERC formation
(Kaeberlein et al., 1999) and shortens lifespan by approximately 50% (Kennedy et al.,
1995). In addition, artificial introduction of ERCs into young cells decreases replicative
lifespan while reducing their generation leads to an extension in lifespan (Sinclair &

Guarente, 1997; Defossez et al., 1999; Lin et al., 2000; Lin et al., 2002)

Furthermore, the idea that an extension in RLS is a result of a reduction in ERC
formation is also supported by a recent study that suggests that under nitrogen starvation
and rapamycin treatment, inhibition of a nutrient-responsive phosphatidylinositol kinase
(Torl) occurs and this stabilizes rDNA locus by increasing association of Sir2 with the
rDNA repeats. This leads to increased transcriptional silencing at the rDNA locus, which
represses ERC formation by inhibiting rDNA recombination and leads to RLS extension
(Ha and Huh, 2010). These studies support that CR may promote longevity, through Sir2-
dependent silencing at the rDNA locus.

The idea, however, that Sir2 solely modulates RLS in yeast by repressing ERC
formation is not well supported as evidenced by the incomplete suppression of lifespan in
sir24 when the rDNA replication fork barrier protein Fobl is also deleted (sir24 foblA)
(Defossez et al. 1999). Moreover, the model proposed above has been questioned by

others, who showed that CR and Sir2 act in different genetic pathways to promote

26



longevity (Kaeberlein et al., 2004). In addition, combining CR and SIR2 overexpression
results in an additive lifespan extension, implying their action in parallel pathways.
Furthermore, the ability of CR to extend longevity in a sir24 strain demonstrates the
existence of a Sir2-independent ageing pathway in response to CR (Kaeberlein et al.,
2004). In addition, an increase in lifespan was observed in fobi4 under CR conditions
(Kaeberlein et al., 2005). These results suggest that CR may function through a pathway
parallel to Sir2 and Fobl to regulate longevity.

1.4.3.2 The Role of TOR in Calorie Restriction- Induced Replicative Lifespan

The target of rapamycin (TOR) is a nutrient-responsive phosphatidylinositol kinase
that is conserved in eukaryotes (Ha and Huh, 2011). In budding yeast, TOR kinases are
encoded by TORI and TOR2 and exist in two complexes, TORC1 and TORC2. Both
kinases control cell growth by regulating transcription, ribosome biogenesis, nutrient
transport and autophagy (Martin and Hall, 2005). In yeast inhibition of TOR signalling by
the drug rapamycin leads to a change in the activity of hexose transporters, which lead to a
conversion from fermentation to respiration (Hardwick et al., 1999). Although the
mechanisms by which TOR is activated are different from one species to another, what is
common is that in all species TOR responds to nutrient levels (McCormick et al., 2011).
Studies in S. cerevisiae, Caenorhabditis elegans and Drosophila melanogaster have shown
that inhibition of TOR signalling leads to an extension in lifespan (Vellai et al., 2003;
Kaeberlein et al., 2005; Kapahi et al., 2004) similar to an extension induced by CR (Wei et
al., 2008).

A remaining question is how inhibition of TORCI signalling extends lifespan. The
mechanism involved is still poorly understood but it has been proposed by several studies
using different models that it may involve changes in ribosome assembly, translation and
response to stress (Kaeberlein et al., 2005; Syntichaki et al., 2006; Medredik et al., 2007;
Dang et al., 2014). A random screen of 565 yeast strains, each lacking a single non-
essential gene, identified TOR as a regulator of lifespan (Kaeberlein et al., 2005). Yeast
strains with deleted genes involved in the TOR signalling pathway, such as deletions of
TORI and SCHY, were identified to be long-lived as well as strains with ribosomal protein
(RP) deletions RPL314 and RPL6B (Kaeberlein et al., 2005). This observation suggested
that CR might slow RLS by a decrease in RP production through downregulation of TOR
and Sch9 activity. In C.elegans, knockdown of a number of 40S and 60S subunit RP genes
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have also been reported to extend lifespan (Chen et al., 2007; Curran and Ruvkun, 2007;
Hansen et al., 2007). Moreover, epistasis experiments in yeast showed that a decrease of
60S ribosomal subunits leads to enhanced Gen4 translation, proposing that an extension of
lifespan is a result of a decrease in ribosome biogenesis (Steffen et al., 2008; Dang et al.,
2014). Moreover, rapamycin specifically inhibits TORC1 and leads to a rapid decrease in
the expression of rRNAs, including 35S rRNA, ribosomal proteins and 5S rRNA
(Zaragoza et al., 1998; Powers and Walter, 1999).

A study has shown that deletion of TOR1 extends lifespan but it has no effect on
Sir2 activity (Kaeberlein et al., 2005). On the contrary, other studies proposed that TORC1
inhibition by rapamycin increases the Sir2 activity and stabilizes the rDNA locus
(Medvedik et al., 2007; Ha and Huh, 2011). Medvedik et al/ have shown that TOR
inhibition by rapamycin extends lifespan by the same mechanism as CR, by promoting
Sir2 activity and stabilizing the rDNA. In addition the same group observed a
relocalisation of transcription factors Msn2 and Msn4 from the cytoplasm to the nucleus,
where they trigger expression of the longevity gene pyrazinamidase / nicotinamidase 1
PNC1, which stimulates Sir2 (Medvedik et al., 2007; Anderson et al., 2003). Furthermore,
another study proposed that TORC1 signalling inhibition supports transcriptional silencing
at the rDNA and reduces homologous recombination between rDNA repeats (Ha and Huh,
2011). In addition, TORCI inhibition stimulates deacetylation of histones at rDNA, and
Pncl and Netl are required for enhancement of association of Sir2 with rDNA. Thus, the
above results propose a model in which TORCI inhibition stabilizes the rDNA locus by
enhancing Sir2 binding to rDNA and thus extends lifespan in yeast (Ha and Huh, 2011).

1.4.3.3 Collective model of Calorie Restriction-Induced Replicative Lifespan

Studies mentioned above led to a collective model, which links different pathways
that extend RLS in CR conditions. One pathway is the Sir2-mediated longevity pathway,
which under conditions of nutrient deficiency, Sir2 is activated to silence rDNA associated
chromatin in order to prevent recombination events and the generation of ERCs (Kennedy
et al., 1995; Kaeberlein et al., 1999; Kaeberlein et al., 2004). The nutrient responsive
pathway mediated by kinases Torl, Sch9 and PKA is inhibited under nutrient deprivation
conditions or under the presence of the drug rapamycin. Tor signalling is known to
promote a stress response as well as the synthesis of ribosomal proteins. Thus, when it is

inhibited, ribosome biogenesis is downregulated, inducing Gen4 activity and leading to an
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extension in lifespan (Steffen et al., 2008; Dang et al., 2014). In addition, in the absence of
stress, Msn2/4 exist in the cytoplasm and are inactivated by protein kinase A (PKA) (Beck
and Hall, 1999). However, following yeast exposure to CR, these proteins translocate to
the nucleus where they promote the transcription of stress induced genes such as the
induction of PNCI nicotinamidase, enhancing the activity of Sir2 to inhibit formation of

ERCs and thus extend lifespan (Medvedik et al., 2007).
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Figure 1.11. Yeast replicative lifespan regulation by CR. CR inhibits the TOR signaling pathway, which
can also be inhibited by the drug rapamycin. When TOR is inhibited, a stess response is induced and this
leads to an extension in longevity. In addition, ribosomal proteins are formed, blocking ribosome biogenesis,
increasing Gen4 activity and leading to an increase in longevity. CR and TOR signaling regulate the nuclear
localization of transcription factors Msn2/Msn4 and promote the transcription of the nicotinamidase PNCI.
PNC1 increases the activity of Sir2 and prevents accumulation of ERCs, increasing longevity. CR has also
been proposed to extend longevity independently of the TOR pathway, by activating the Sir2-mediated
pathway through rDNA stability and preventing the formation of ERCs.
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1.5 Scientific Hypothesis and Aims

For the purpose of this project, we hypothesized that the N"-terminal
acetyltransferase Nat4 and its associated histone modification would have a regulatory role
within the cell and specifically be involved in the control of gene expression. This

hypothesis is supported by the following facts:

a) Nat4 acetylates specifically histones H2A and H4, and histone modifications

in general are involved in gene regulation.

b) A Global Proteomic Screen analysis (GPS) showed that Nat4 is a regulator of

H4R3me2a, which is a modification implicated in gene repression.
c) Nat4 deletion shows sensitivity to 3-AT, which is an inhibitor of transcription.

d) Transcriptomic analysis shows deregulation of several metabolic and stress-

induced genes in the absence of Nat4.
To examine the above hypothesis, we investigated the following two specific aims.

Specific aim 1: Investigate the role of Nat4 in H4R3me2a regulation and

heterochromatin silencing

H4R3me2a was previously shown to be involved in the formation of silent
chromatin at yeast heterochromatin-like loci (rDNA, HML, HMR and telomeres) (Yu et al.,
2006). Hmtl catalyzes H4R3me2a in vitro and relates to transcriptional repression
(Lacoste et al., 2002). During a global proteomic screen we identified Nat4 as a regulator
of H4R3me2a and hence we hypothesize that histone N-alpha-terminal acetylation by Nat4
would be involved in a mechanism with H4R3me2a to regulate silencing at these genomic

loci.

Specific aim 2: Investigate the role of Nat4 in regulating the expression of

euchromatic genes

Preliminary results from a transcriptome analysis using RNA-sequencing showed
that deletion of Nat4 significantly deregulates the expression of several euchromatic genes.
We hypothesize that Nat4 and histone N-terminal acetylation would regulate the

expression of these genes to control specific cellular processes.
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Chapter 2.Methodology

2.1 Growth of yeast strains

Glycerol stocks of Saccharomyces cerevisiae strains (Table 2) were taken from -
80°C and with a loop, cells were streaked on solid media (plates) and were left for 2-3 days
in 30°C incubators. Yeast can be grown either in a liquid medium or on the surface of a
solid agar plate. For their growth, either rich or minimal media is used. Yeast cells grow
normally in rich medium of yeast extract, peptone and dextrose (YPD). YPD is a liquid
medium and with the addition of agar, a solid medium (plates) is made (YPAD). It
provides an excess of amino acids, vitamins and metabolites needed for optimal cell
growth and within these conditions, yeast cells divide approximately every 90 minutes
(Sherman, 2002).

Minimal media, known as synthetic defined (SD) or synthetic complete (SC) allows
growing of yeast on synthetic defined medium containing the minimal amount of
nutritional supplements necessary for yeast division. It consists of a mixture of salts,
vitamins and yeast nitrogen base and dextrose. SD/SC medium supports the growth of
S.cerevisiae strains with a doubling time of approximately 140 minutes. Minimal media is
mostly used to select for plasmids carrying TRP or URA auxotrophic markers (SC-TRP,
SC-URA), by not adding these amino acids to the media used for the selection. In addition,
minimal media is used when yeast is grown under specific nutritional conditions such as
calorie restriction (SD). Notably, depending on the composition of the strain, the amino
acids that the strain lacks must be added in the medium in order for yeast to grow. For
sterilization of yeast media, autoclaving is necessary. Temperature sensitive compounds
such as 5-FOA and antibiotics are added to the autoclaved medium after it has cooled to
~50 °C from a sterile, filtered stock solution. All the media used for this project are shown

in table 2.
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Table 2. Composition of Media

Liquid Media

Media

Materials

YPAD

10 g Yeast Extract20 g Peptone

0.1 g Adenine Hemisulphate
ddH,0 up to final volume of 900ml
Autoclave for 25 min

100 ml 20% Glucose (prior to use)
Stored at RT

SD

1.7g Yeast Nitrogen base w/o a.a and ammonium sulfate
5g Ammonium sulfate

2ml 10mg/ml Histidine

6ml 10mg/ml Leucine

Iml 20mg/ml Methionine

20ml 0.2% Uracil

Make up to 900ml with ddH,O

Autoclave for 25 min

100 ml 20% Glucose prior to use

SC

1.7g Yeast Nitrogen base w/o a.a and ammonium sulfate
5g Ammonium sulfate

0.6g Amino Acid mix

2ml 10mg/ml Histidine

6ml 10mg/ml Leucine

2ml 10mg/ml Tryptophan

2ml 10mg/ml Lysine

10ml 0.4% Adenine Sulfate
20ml 0.2% Uracil

Make up to 900ml with ddH,O
Autoclave for 25 min

100 ml 20% Glucose prior to use

Solid Media (plates)

YPAD

900 ml YPAD media
20 g agar

100 ml 20% Glucose
Stored at 4 °C

YPAD+ G418

Same as YPAD
200mg/ml G418

SC

Same as liquid SC
Add 20g Bacto Agar

SC-TRP

Same as SC
No addition of TRP

SC -URA

Same as SC
No addition of URA

SC+FOA

Same as SC
1g/L FOA
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2.1.1 Measurement of cell density

From the streaked plates, a single colony was added into 5ml liquid media and the
culture was placed in 30°C shakers at 200 rpm for overnight growth. The next day, the
approximate number of cells in the culture was determined with a spectrophotometer
(Nanodrop 2000, Thermo scientific) by measuring the optical density (OD) at 600 nm.
Cultures were diluted such that the reading (ODg() for the overnight culture was <0.1

(3x107 cells/ml). Early log phase of yeast growth is the period in which cell densities are <
107 cells/ml, mid-log phase involves densities between 1-5x10 cells/ml and late log phase
occurs when cell densities are between 5x10 and 2x10° cells/ml (Sherman, 1991). For
experiments performed within this project, overnight cultures were diluted to OD 0.1 and
were left to grow to mid-logarithmic phase (OD 0.8). Cells were then centrifuged at 3000
rpm for 3 minutes, the pellet was collected and either processed immediately in

downstream applications or stored at -20°C for future use.

2.2 Plasmid transformation and construction of yeast strains

Point mutations in H4 (pMR206) and H2A (pJD150) were generated in plasmids
pMR206 (Kirmizis et al., 2007) and pJD150 (Harvey et al., 2005) respectively, by PCR
mutagenesis using the QuickChange (Stratagene) site directed mutagenesis kit. The
mutation was introduced in a single PCR with one pair of complementary 50mer primers
containing the mutations of interest. For oligo design, http://bioinformatics.org/primerx
was used and a T, of at least 78 °C was chosen with the mutation centered in the middle.
The mix included: 0.5 ul forward primer (2.5 pmoles/ul), 0.5 ul reverse primer (2.5
pmoles/ul), 0.25 ul 40 um dNTP mix (10 mM each), 1.25 ul 10x PfuUltra buffer (contains
Mg™), 1 ul template DNA (2 ng/ul), 0.25 ul PfuUltra Hotstart (Stratagene) and 8.75 ul
sterile H20 (12.5 ul total). The PCR program included 5 minutes at 95 °C and then 18
cycles of: 50 seconds at 95 °C, 50 seconds at 60 °C and 1 min +1 min/1 kb template at 68
°C, followed by 7 minutes at 68 °C. 2.5 ul of the reaction was then loaded on an agarose
gel and a band was observed corresponding to the amplification product. 0.25 ul Dpnl (20
U/ul, New England BioLabs) was then added to the reaction to digest the product and then
incubated at 37 °C for 1 hour. The final product was then transformed into competent
bacteria (1 ul into 50 ul of XL-10 Gold). Finally, a colony was picked and miniprep was
performed to isolate the corresponding plasmid. The plasmid was sent for sequencing to
verify the mutation of interest and to ensure that no other PCR errors were introduced. H4
mutant strains were constructed as follows: the pMR206 (TRP1-HHT2-HHF2) plasmid

bearing the appropriate point mutations on histone H4 (HHF2) was used to transform the
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NAT4 and nat4A JHY6 strains. Initial selection was performed on SC-Trp plates, so that
the transformed cells can keep the pMS333 (URA3-HHT2-HHF2) plasmid encoding wild-
type H4 in order to minimize the appearance of suppressing mutations. Then, the pMS333
plasmid was shuffled out by counterselection on SC-Trp plates containing 5-fluoroorotic
acid. The counterselection step was repeated twice and the final strains were tested on
YPAD, SC-Ura, SC-Trp and SC+FOA. Using a similar methodology, we constructed the
strains AK224 and AK226 from the parental strain UCC1188. NAT4 catalytic mutants
were generated as follows: the entire NA74 ORF and the first 200bp of its 3'-UTR were
cloned into pCR2.1 TOPO plasmid (Invitrogen), and a C-terminal HA-tag was introduced
by PCR on this template. HA-tagged NAT4 was then used as template to introduce point
mutations by PCR in motif A (rnat4cmA-HA), motif B (nat4cmB-HA), both (nat4cmAB-
HA) or nat4E186A. To integrate the NAT4-HA wild-type or point-mutant versions to the
genome, a PCR fragment containing 40bp of the NAT4 5'-UTR, NAT4-HA ORF, 200 bp of
the NAT4 3'-UTR and the first 40 nucleotides of the KanMX cassette, was transformed in
the wild-type JHY6 yeast strain together with another PCR fragment containing the full
KanMX4 cassette and 40 bp of the NAT4 3'-UTR. The mutants were selected on
YPAD+G418 plates and confirmed by sequencing. The following mutations were
generated as needed: arginine 194 to histidine, glycine 199 to valine, asparagine 233 to
serine, tyrosine 240 to tryptophan and glutamic acid 186 to alanine. The Y7092 yeast strain
was transformed with the MORF-HMT]1 plasmid (Gelperin et al., 2005) to obtain the strain
AK267 that was used for overexpression of the Hmt1-6His-Ha-ZZ protein. All strains used
in this study are listed in Table 3.
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Table 3. List of yeast strains

Name Genotype Reference
BY4741 MATa, ura3A0, leu2A0, his341, met1540 Euroscarf
AK312 Same as BY4741, with set5.::KanMX4, nat4::NatMX4 This work
MATa, ura3-52, lys2-801, ade2-101, trp1-289, his3Al, leu2- Kirmizis et al.
JHY6 3,112, Ahhf2-hht2, Ahhf1-hhtl, pMS333/URA3-HHT2-HHF2] (2007) Nature
449:928-932
AK236 Same as JHY6, except nat4::KanMX4 This work
AK244 Same as JHY6, except nat4::NAT4-HA-KanMX4 This work
AK245 Same as JHY6, except nat4::nat4cmA-HA-KanMX4 This work
AK246 Same as JHY6, except nat4::nat4cmB-HA-KanMX4 This work
AK247 Same as JHY6, except nat4::nat4cmAB-HA-KanMX4 This work
MATa, ura3-52, lys2-801, ade2-101, trp1-289, his341, leu2-3,112, Kirmizis et al.
AK237 Ahhf2-hht2, Ahhf1-hhtl, pMR206[TRP1-HHT2-HHF?2)] (2007) Nature
449:928-932
AK222 Same as AK237, except pAK25[pMR206 HHF2 S1A] This work
AK238 Same as AK237, except nat4::KanMX4 This work
AK239 Same as AK237, except pAK110[pMR206 HHF2 K5,8,12R] This work
Same as AK237, except pAK110[pMR206 HHF2 K5,8,12R)], This work
AK240
nat4::KanMX4
Same as AK237, except pAK127[pMR206 HHF2 R3K, K5,8,12R], This work
AK326
nat4::KanMX4
AK327 Same as AK237, except pAK128[pMR206 HHF?2 Si14, K5,8,12R] This work
MATa, (htal-htb1)A::LEU2, (hta2-htb2)A::TRPI1, ura3-52,1, leu241, Harvey et al.
FY406 lys241, lys2-1284, his34200, trp1A463, pAB6[HTAI-HTBI1, URA3] (2005) Genetics
170:543-553
Same as FY406, except pJD150[HTA1-HTBI1, HIS3] Harvey et al.
FHY2 (2005) Genetics
170:543-553
AK234 Same as FHY2, except pAK27[p]D150 HTAI Si1A] This work
MATa, his34200, leu240, lys240, trp1463, ura340, met1540, Open
YSC5106 WT |canl::MFAlpr-HIS3, hhtl-hhf]::NatMX4, hht2-hhf2::[HHTS-HHFS]*- |biosystems
URA3
AK315 Same as YSC5106, except nat4::KanMX4 This work
YSC5106 Same as YSC5106, except hht2-hhf2::[HHTS-HHFS R3K]*-URA3 Open
H4R3K biosystems
AK318 Same as H4R3K, except nat4:NatMX4 This work
AK566 Same as YSC5106, except hht2-hhf2::[ HHTS-HHFS S1D]*-URA3 Open
biosystems
Hole et al.
Y 10000 . ) . . (2011)
pBEVY-U MATa, his341; leu240; lys240; ura340 pPBEVY-U PLoS One
6:¢24713
Hole et al.
Y 16202 .. (2011)
pBEVY-U Same as Y10000 pBEVY-U, except nat4::kanMX4 PLoS One
6:¢24713
Y16202 g%lfle)’ al.
pBEVY-U- Same as Y16202 pBEVY-U, except pBEVY-U-hNAA40
WNAA40 PLoS One
6:¢24713
UCC1188 MATa, leu241, lys2-801, trpl, ura3, hhfl-hhtl::LEU2 hhf2-hht2::HIS3 Van Leeuwen

RDNI::URA3, pMPO[LYS2 CEN ARS|-HHF2-HHT?

et al. (2002)
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Cell 109:745-
756
AK208 Same as UCC1188, except nat4::NatMX4 This work
AK224 Same as UCC1188, except pMR206[TRPI-HHT2-HHF?2) This work
AK226 Same as UCC1188, except pAK25[pMR206 HHF2 S1A] This work
MATa, ade? A::hisG, his3A200, leu2 A0, lys2A0, met15A0, trpl A63, Van Leeuwen
UCC1369 ura3A0, adh4::URA3-TEL(VII-L), ADE2-TEL(V-R), Ahhf2-hht2::METI5, |et al. (2002)
Ahhf1-hht1::LEU2, pMP9[LYS2 CEN ARS]-HHF2-HHT? Cell 109:745-
756
AK210 Same as UCC1369, except nat4::NatMX4 This work
MATa, ade?2 his3 leu2 lys2 ura3 ADE2-TEL(V-R) hmra::URA3, hhf2- Van Leeuwen
hht2::METI5, hhfl-hhtl::LEU2, pMPI[LYS2 CEN ARS)-HHF2-HHT? |etal. (2002)
UCC7262
Cell 109:745-
756
AK207 Same as UCC7262, except nat4::NatMX4 This work
MATa, ade2 his3 leu2 lys2 ura3 ADE2-TEL(V-R) hmlo::URA3, hhf2- Van Leeuwen
hht2::METI5, hhfl-hhtl::LEU2, pMPO[LYS2 CEN ARS]-HHF2-HHT2 |et al. (2002)
UCC7266 !
Cell 109:745-
756
AK209 Same as UCC7266, except nat4::NatMX4 This work
AK410 Same as AK237, except pAK130[pMR206 HHF2 S1P] This work
MATa, canld::STE2pr-Sp-his5, lypld, his341, leu2A0, ura340,
AK267 met1540, pMORF[HMTI-6xHis-HA-ZZ) This work
AK490 Same as BY4741 nat4::NatMX/pncl::KanMX4 This work
BY4742 MATo his3A1 leu2A lys2A ura3A Thermo Fisher
AK447 Same as BY4742, nat4::NatmX4 This work
DH461 Same as BY4742, torA::URA3 (Steffen et al.,
2008)
AK478 Same as BY4742, nat4::NatMX/tor1:: KanMX4 This work
AKS500 Same as BY4741, fobl::KanMX This work
AK562 Same as BY4741, except nat4::NAT4-HA-KanMX4 This work
AKS563 Same as BY4741, except nat4::nat4E186A-HA-KanMX4 This work
2.3 RNA preparation

2.3.1 Isolation of total RNA

Total RNA from yeast cells was extracted using the hot phenol method (Schmidtt et al.,

1990). Cell pellets were thawed and resuspended in 600 ul hot acidic phenol (Sigma
Aldrich #P4682) (previously heated to 70 °C) and transferred to a tube that contained 400
ul RNA extraction buffer ( 50 Mm NaOAc, 10 mM EDTA) and 50 ul 10% SDS. Samples

were placed on a preheated thermomixer at 65 °C for 5 minutes and then immediately

mixed vigorously using Vortex genie (Scientific industries) for 2 minutes, placed on ice for

2 minutes, vortex again for 2 minutes and left on ice for 5 minutes. The samples were then

centrifuged at maximum speed for 15 min at RT to separate the aqueous and inorganic
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phases. The upper aqueous layer was taken out carefully and was transferred to a tube that
contained 600 ul of hot phenol. The phenol extraction and centrifugation was repeated. The
upper aqueous layer was transferred to a tube that contained 600 ul chloroform/isoamyl
alcohol 24:1 (Sigma Aldrich #C0549) and was mixed and centrifuged as above. The upper
aqueous layer was collected and transferred to a new tube. RNA was precipitated by
addition of 1 volume of isopropanol and let stand overnight at -20 °C. The precipitate was
centrifuged at RT at 14000 rpm for 15 minutes. The supernatant was discarded and the
pellet was washed with 75% EtOH (prepared with RNAse-free water) followed by a
centrifugation at RT at 10000rpm for 5 min. The resulting pellet was air-dried and
dissolved in 20 pul DNase RNAse free water (Invitrogen #10977). Total RNA was stored at
-80°C. The integrity of total RNA was examined by SDS-electrophoresis on 1.5 % agarose
gel. RNA concentration was determined using the nanodrop 2000 (Thermo scientific) by

measuring the absorbance at 260 nm (A260).

2.3.2 Measurement of quantity and quality of total RNA

RNA concentration was determined using the nanodrop 2000 (Thermo scientific) by
measuring absorbance at 260 nm (A260) and 280 nm (A280). The ratio of absorbance
values at 260 nm and 280 nm (A260/A280) gives an indication of the RNA purity. RNA
samples with an A260/A280 ratio ~2 were considered to be sufficiently pure for further
experiments. As a secondary measure of RNA purity, the 260/230 ratio was also observed,
with a ratio expected to be in the range of 2.0-2.2. If the ratio was lower than expected, the
presence of contaminants, which absorb at 230 nm was indicated. The 260/230 value for
“pure” RNA were higher than the corresponding 260/280 value. The integrity of total RNA

was examined by agarose electrophoresis on a 1.5 % agarose gel (section 2.14)

2.3.3 DNAse treatment of total RNA

Contaminating genomic DNA was removed from the RNA samples using the TURBO
DNA-free kit according to the manufacturer’s directions (Ambion #AM1907) for rigorous
DNase treatment. To 10 ug of total RNA, 5 ul of 10X TURBO DNAse buffer was added, 2
ul of TURBO DNase(2U/ul) and nuclease-free water to a final volume of 50 ul. The
mixture was incubated at 37°C for 1 hour followed by addition of 5 ul of DNase

inactivation reagent and mixing well. Mixture was incubated for 2 minutes at RT and then
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was centrifuged at 14000 rpm for 1.5 minutes. The supernatant, which contained the RNA

was transferred into a fresh tube. RNA quantity and quality were measured.

2.4 Gene expression analysis

For reverse transcription, the PrimeScript RT reagent kit (TAKARA, # RR820A) was
used. Isolated RNA (0.5 pg) of each sample was mixed with 2 ul 5x PrimeScript Buffer,
that contained dNTP mixture and Mg, 0.5 ul of oligo dT primer (50 uM), 0.5 ul random
hexamers (100 uM) and 0.5 ul of PrimeScript RT Enzyme Mix I. The mixture was
incubated for 15 min at 37 °C, for 5 sec at 85°C and then at 4 °C. A negative control
reaction was carried out without the RT enzyme. 70 ul of DNase RNAse-free water was
added to the final cDNA and was stored at -20°C. The cDNA synthesis was verified by

real time PCR with primers shown in table 4.

2.5 Quantitative Real-Time PCR

SYBR Green (KAPA SYBR Fast qPCR KitMaster Mix # KK4602) was used to quantify
the level of expression of each sample. Relative quantification was measured using the
housekeeping genes RPP(0 and TAF10 for normalization. Real-time PCR 10 ul reactions
included 1 ul of DNA, 0.2 ul of forward primer (50 pM), 0.2 ul of reverse primer (50 uM),
5 ul of SYBR Green and 3.6 ul DNase RNase free water (Invitrogen #10977). Reactions
were incubated in a Biorad CFX96 Real-Time PCR system in non-skirted 96-well plates
(4titude, # 4ti-0750), sealed by adhesive seal sheets (4titude, #0565) using specific primers
(Table 4). A standard curve was prepared and was added for each primer set to assess the
reaction efficiency. The qPCR reaction was run under the following thermal cycling
parameters: enzyme activation at 95°C for 2 min, followed by denaturation and annealing
in 40 cycles of 95°C for 2 sec; 60°C for 20 sec and 72 °C for 5 sec, with fluorescence read

at the end of each cycle. All standards and unknown samples were run in duplicates.

2.6 Primer Design for RT-PCR

Gene sequences were found from the UCSC Genome Browser (https://genome.ucsc.edu/).
The sequence was copied into an online tool for design of primers “Primer3” software
(http://bioinfo.ut.ee/primer3-0.4.0/). Primers parameters included a primer length of 18-22
base pairs, primer melting temperatures (Ty,) in the range 59-61 °C and a product size of

50-100 bp. Primer sequences were provided by Integrated DNA Technologies (IDT).

39



Table 4. List of primers

Primers Forward (5'-3") Reverse (5'- 3")

A GCACCTGTCACTTTGGAAAAA TCGCCGAGAAAAACTTCAAT
B CCGTTATTGGTAGGAGTGTGG TAACATCCCAATGCGGACTA
C (RDN5) TGGTAAGAGCCTGACCGAGT GATTGCAGCACCTGAGTTTC
D TACACCCTCGTTTAGTTGCTTCT CGGTATGCGGAGTTGTAAGA
E AGAACGCGGTGATTTCTTTG GGACGCCTTATTCGTATCCA
F GGTGATTTCTTTGCTCCACA TGCTAGCCTGCTATGGTTCA
G GACCCGAAAGATGGTGAACT CCAGAGTTTCCTCTGGCTTC
H TGCGAGTGTTTGGGTGTAAA ATCCGAAGACATCAGGATCG
I (RDN25) TTGACTTACGTCGCAGTCCTCAGT | AGGACGTCATAGAGGGTGAGAATC
J (RDNS5S) AACGGATCTCTTGGTTCTCG TGTGCGTTCAAAGATTCGAT
K CTGGGCAAGAAGACAAGAGA CACCGTTTGGAATAGCAAGA
L (RDN18) TCAGAGCGGAGAATTTGGAC GGTTCACCTACGGAAACCTT
M CTGGTTGATCCTGCCAGTAG TAATGAGCCATTCGCAGTTT
N (RDN37) CAAGAGGGAATAGGTGGGAAAA GACAAGCATATGACTACTGGCA
RPPO AACGGTCAAGTGTTCCCATC AGCGGAAACGAAGTGAGAAA
TAF10 CCTATCATTCCCGATGCAGT CCTTGCAATAGCTGCCTAGC
ACTI1 AGATTCAGAGCCCCAGAAGC TACCGGCAGATTCCAAACCC
TIR1 TTAGCAGCACCGTTTTCAGTT AATCCAAGCTACCAAGGCTGT
YGRO79W TGTGCTGTTGGTGAAGGAAG TCGAAAGTACGCTCGGCTAT
GPH1 TACCACGGCGATTATTACCTG TTGATTGTGGAACTCCTGGTC
GLC3 TGCTTCTAAAAACGTCGAGGA CACCCCTACCGGAGCTTATAG
HXK1 GCCGACTCTTTGAAGGACTTT GGTGTCCTTGGTGTTTAGCA
TPS2 ATCCTGTCACTGTGGGATCTG TTGCTGAGGATCGGTTAAATG
GSYI1 AACAAACGTTTCTGGGTTCG TGCTCGACAGATTCATCAGG
PNC1 GACCACTGTCCTGCTGGATT TTGTGGGCCTTCAACTCTTC
NTHI1 GAGTCGGGGTTTTTCTTTGAC CGGATTCGTATGACGTTCTGT
NAT4 TATATGAGGCGCTTGGGTTC GTGACGAATTGTGGGTGATG

2.7 Ribosomal DNA copy Number
DNA was extracted by standard methods and diluted 10-fold before real time PCR.
Relative ribosomal copy number was estimated by normalizing to an intergenic region in

chromosome V as discussed in Dang et al., 2014.

2.8 RNA sequencing

Total RNA was extracted from mid-logarithmic grown cells grown under different
conditions as in 2.3.1 and was treated as in 2.3.3. Each extraction experiment was
performed in independent triplicates. For the purpose of this research there were two
service providers for strand-specific RNA sequencing, BGI and EMBL.

BGI: Paired-end cDNA libraries were prepared from 10 pg of total RNA using the
[Nllumina mRNA-Seq-Sample Prep Kit according to manufacturer's instructions. cDNA

fragments of ~400 bp were purified from each library and confirmed for quality by Agilent
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2100 Bioanalyzer. High-throughput sequencing was done on an Illumina HiSeq2000
plaform, according to the manufacturer's instructions (Illumina). RNA-sequencing data
was analyzed by assembling the genes against the Saccharomyces cerevisiae genome.
Assembled transcripts were annotated to the most recent Ensembl transcript annotation
(Ensembl37.60) and estimated RPKM (Reads Per Kilobase of transcript per Million

mapped reads. Library construction, sequencing and data analysis was performed by BGI.

EMBL: Quality of the sequence data was checked by FastQC 0.71.1
(http://www .bioinformatics.bbsrc.ac.uk/projects/fastqc/). The sequence reads were mapped
to the reference yeast genome sequence (UCSC Apr2011 [sacCer3] assembly
(http://hgdownload-test.cse., http://genome.ucsc.edu/cite), using GSNAP 20714-09-30 (Wu
and Nacu, 2010). (Settings used: gsnap -N 1 -n 1 -O -A sam --merge-distant-samechr -s
splicesites sacCer3 ). Only uniquely mapped reads were considered for further analysis.
which were post-processed using SAMtools 0.1.16 (http://www.ncbi.nlm.nih.gov/). Gene
abundance was quantified using HTSeq-count 0.6.1 (http://www-huber.embl.de/HTSeq)
(Settings used: htseq-count -f bam -r pos -s reverse -m union -a 10 -t exon -i gene_id) with
the Ensemble gene annotation (release 78
http://www.ensembl.org/, ftp://ftp.ensembl.org/pub/, and http://www.ensembl.org/info/).
Gene annotation was used to evaluate gene expression and to guide the mapping software,
taking into account the strand-specific sequencing protocol. Gene expression analysis was
performed using edgeR R/Bioconductor package 3.8.2 (http://www.ncbi.nlm.nih.gov/,
https://stat.ethz.ch/, https://www.r-project.org/). Differential gene expression was
calculated using information from two biological replicates for each condition using
generalized linear model (McCarthy et al., 2012) with tagwise dispersion and FDR
correction according to the edgeR vignette. Expression levels were normalized using TMM
(Robinson and Oschlack, 2010). Genes were considered as differentially expressed if

abs(logFC) >= 1 and FDR <= 0,0001.

2.9 Gene Ontology

Gene ontology was calculated using the Database for Annotation Visualization and
Integrated Discovery (DAVID 6.7 (https://david.nciferf.gov/). This tool allowed the
condensation of a list of genes shown to be upregulated or downregulatd by RNA-seq into
organized classes of related genes. This organization was accomplished by grouping genes

based on the biological process they are implicated in, their molecular function and cellular
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component. This resulted into a number of clusters for efficient interpretation of gene lists.
For evaluation of the GO clusters, the EASE score was used
(http://david.abcc.nciferf.gov/helps/functional annotation.html#fisher) with an enrichment

score for each cluster given as a mean of —log;op of member GO categories with p<0.05.

2.10 Venn diagrams

Venn diagrams were generated using online tool Venny 2.0
(www.cmbi.ru.nl/cdd/biovenn/index.php) to help with the analysis and visualization of
differential gene expression data from RNA-seq experiments. The signifance of overlap
was evaluated by gmp R package 0.5-12 (http://CRAN.R-project.org/) using

hypergeometric p-value (http://stackoverflow.com/).

2.11 Chromatin Immunopreciptation.

The method used is described in Meluh and Broach (1999). Translation of that protocol
with some extra detail is shown below. For culture preparation, yeast cells were grown to
mid-logarithmic phase in 150 ml conical flasks with 200 rpm shaking at 30°C.
Crosslinking: For cell fixation, formaldehyde 37% (Sigma Aldrich catalogue # 252549)
was added to a final concentration of 1% in mid-logarithmic cells with gentle shaking at
room temperature for 2 hours. 30 ml from the culture was poured into four 50 ml conical
polypropylene Falcon (BD # 352070) and was centrifuged at 3000xg for 3 minutes. 15 ml
of cold 1X PBS buffer (10x Phosphate Buffered Saline pH 7.2 ( Invitrogen # 70013), was
added in each falcon tube to allow washing and was followed by 3 min of centrifugation at
3000xg (twice). The crosslinked yeast pellet was added in a 2 ml Eppendorf tube.Cell
lysis: Crosslinked cells were resuspended in 250 ul of SDS lysis buffer (1% SDS, 10mM
EDTA, 50mM TrisHCI (pH 8.0), adjusted to a final volume of 500 ul dH,O) twice,
supplemented with complete protease inhibitor cocktail tablet (Roche # 11697498001).
Cell disruption occured by adding 0.5 mm glass beads (Thistle Scientific catalogue #
11079105), vortex for 1 min and rest for 1 min (twice). A hot 25G x 5/8 needle (Terumo
Neolus # NN-2516R) was used and the eppie was nested in a 15 ml polystyrene conical
Falcon (BD # 352099) and centrifuged at 500 rpm for 2 min. Sonication: The sonicator
(Diagenode, Bioruptor USD-200) was set at high power for 17.5 min (three times),
keeping water cool in the water bath by adding ice (50% ice, 50% cool water). Each
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sonicated tube was transferred to 1 eppendorf tube and centrifuged at full speed at 4 °C for

10 minutes. The supernatant was removed and transferred to a 15 ml falcon tube.

Chromatin pre-clearing: 10 ml of cold IP buffer (0.1% SDS, 1.1% Trition X-100, 1.2 mM
EDTA, 16.7 mM TrisHCI (pH 8.0), 167 mM NacCl, adjusted to a final volume of 500 ul
dH,0O) was mixed with a complete protease inhibitor cocktail tablet and was added to the
supernatant. Protein A sepharose 4 fast flow beads (GE # 17-5280-01) were prepared as a
50% slurry in IP buffer and were blocked by salmon sperm DNA (SSD) (1 ug/ul) and
bovine serum albumin (BSA) (10 mg/ml) to prevent non-specific binding to protein or
DNA. For the pre-clearing of chromatin, 200 ul of the slurry was added to the 10 ml
chromatin tube and was left to mix on the rotator for 1 hour at 4°C.

Immunoprecipitation: 1ml of chromatin was aliquoted in microfuge tubes and 1 ug of
antibody (see list of antibodies, section 2.12) was added to each reaction and incubated on
a rotator for 1 hour at 4 °C. 40 ul of blocked protein A sepharose beads were then added to
each reaction and were left overnight at 4 °C to mix. 200 ul of chromatin was added in a
tube (Input) and was processed as a control (no antibody and no beads) left overnight at
4°C to mix.

Washing/Elution: Overnight tubes were centrifuged and supernatant was discarded. Beads
were washed sequentially with 950 ul of the following buffers: TSE-150 (1% Triton X-
100, 0.1% SDS, 2mM EDTA, 20 mM TrisHCI (pH 8.0), 150 mM NaCl, adjusted to a final
volume of 500 ul dH,0O), TSE-500 (1% Triton X-100, 0.1% SDS, 2mM EDTA, 20 mM
TrisHCI (pH 8.0), 5000 mM NacCl, adjusted to a final volume of 500 ul dH,0), Li/DOC
(250 mM LiCl, 1% NP-40, 1% Deoxycholate, ImM EDTA, 10 Mm TrisHCI (pHS.0),
adjusted to a final volume of 500 ul dH,O) and TE (I mM TrisHCI (pH8.0), 1| mM
EDTA), incubating for 3 minutes with gentle mixing, followed by centrifugation for 30
seconds at 14000 rpm. Immuno-complexes were eluted from the protein A sepharose beads
by adding 100 pl elution buffer (1% SDS, 100 mM NaHCOj3, adjusted to a final volume of
100 ul dH>0) and incubating the samples for 15 minutes at RT on the thermomixer (25°C,
1400 rpm) (twice). The 100 ul eluated was transferred to clean tubes.

Reverse crosslinking: Eluted samples as well as input samples underwent reverse-
crosslinking. Heating can reverse the formaldehyde crosslinking so all samples were
incubated at 65 °C for 5 hours at 1100 rpm. Prior to heating, 8 ul NaCl (5 M, Sigma #
050MO0135V) and 10 ul RNase-Dnase free from bovine pancreas (50 ug/ml) (Roche #
11119915001) were added to the samples. For the diluted input, 10 ul is taken from the
200 ul sample, and is added to 190 ul Elution buffer together with 8 ul NaCl and 10 ul

RNAse. If an input is needed to make a standard curve or to run it on a gel, 20 ul NaCL
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and 20 ul Rnase are added to the remaining ~180 ul input. Samples are mixed well and
incubated at 65°C for at -5 hours at 1100 rpm.

DNA Purification: Purification followed using the QIAquick PCR purification kit
(QIAGEN # 28104) according to the instructions of QTAGEN. 1 ml of buffer PB (5 M Gu-
HCI, 30% isopropanol) was added to 200 ul of sample. A QIAquick spin column was
labelled and placed in a 2 ml collection tube. First, 600 ul of the sample was applied to the
QIAquick column and was centrifuged for 30—60 seconds at high speed in order for DNA
to bind. Flow-through was discarded and QIAquick column was placed back into the same
tube. The procedure was repeated with the other 600 ul of the sample. In order to wash the
column, 0.75 ml Buffer PE (10 mM Tris-HCI pH 7.5, 80% ethanol) was added to the
QIAquick column and was centrifuged for 30—60 seconds. Flow-through was discarded
and was placed back in the same tube. The column was centrifuged for an additional 1
min. The QIAquick column was placed in a clean 1.5 ml microcentrifuge tube. For elution
of DNA, 50 pl (for IPs) or 30 ul (for input samples only) of water (pH 7.0-8.5) was added
to the center of the QIAquick membrane and the column was centrifuged for 1 min.

Samples were ready to be used for RT-PCR or stored at -20 °C.

Crosslinking of DNA-
protein interactions

l Lysis/DNA fragmentation

l Reverse-crosslinking
S S

DNA Purification

Figure 2.1. Outline of ChIP assay. The process begins with formaldehyde crosslinking of DNA-protein
interactions, followed by cell lysis and sonication for DNA fragmentation, overnight immunoprecipitation
with specific antibodies, reverse crosslinking and then finally DNA purification.
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2.12 Antibodies

Rabbit polyclonal antibodies were raised against H4R3me2a and N-acH4 in collaboration
with Eurogentec (Belgium). For the generation of H4R3me2a the animal was immunized
with the keyhole limpet hemocyanin (KLH) conjugated synthetic peptide H2N-SGR
(AsymDimethyl) GKG GKG LGK C-CONH2. Serum was affinity-purified by the
manufacturer in a two-step procedure. Antibodies specific to the modification were
captured on the AF-Amino TOYOPEARL 650 M matrix together with the immunization
peptide. After elution with 100 mM glycine (pH 2.5), the antibodies recognizing the
peptide in the absence of modification were eliminated with a matrix coupled with the
unmodified peptide H2N- SGR GKG GKG LGK C- CONH2. After the purification,
antibody specificity was determined by enzyme-linked immunosorbent assay (ELISA)
using the specific and non-specific peptides as antigens. The purity of the H4R3me2a
antibody was >89% as determined by high pressure-liquid chromatography. The procedure
described above was repeated for the generation of the N-acH4 antibody using the KLH-
conjugated peptide AcNH-SGR GKG GKG LGK GGA C-CONH2 and the unmodified
peptide H2N-SGR GKG GKG LGK GGA C-CONH2. Specificity of the antibody was
tested by ELISA and the purity of the N-acH4 antibody was >99.4%. Other antibodies
used were: H4K5ac (ab51997; Abcam), H4K12ac (ab46983; Abcam), H4KS8ac (ab15823;
Abcam), H4R3mel (ab17339; Abcam), H4R3me2s (ab5823; Abcam), H3 (abl1791;
Abcam), H4 (62-141-13; Millipore), Naa40 (ab106408; Abcam), b-Actin (ab8226; Abcam)
and His-tag (2365; Cell Signalling).

2.13 Growth and silencing assays

Overnight cultures were diluted to OD ~0.1 and grown to mid-log phase. Approximately
1.2x10%cells were serially diluted 10-fold, and spotted onto the right media plates (YPAD,
SC or SC+5'-Fluoroorotic acid). The plates were incubated at 30°C or 37°C for 2 days.
Doubling time of cell growth was measured as indicated on http://www.doubling-
time.com/compute.php. Silencing assays were performed to measure the ability of strains
carrying a copy of the URA3 gene, to grow on plates carrying 5-Fluoroorotic acid (5-
FOA). The URA3 reporter was integrated at the rDNA, telomere-VIIL, HMR or HML
(RDNI1::URA3, adh4::URA3-TelVII-L, hmr::URA3, or hml::URA3). URA3 encodes for an
enzyme (orotidine 5-phosphate decarboxylase), involved in the uracil pathway. This
enzyme also metabolizes the chemical 5-Fluoroorotic acid (5-FOA) into 5-fluorouracil,

which is a toxic metabolite (Boeke et al., 1984). The ability of the cell to survive in the
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presence of 5'-FOA depends on the expression levels of the URA3 gene in the
heterochromatin-like regions where it is inserted. Loss of silencing activates expression of

URA3, preventing growth on 5-FOA, while stronger silencing leads to more cell growth.

2.14 Gel Electrophoresis

Agarose gel electrophoresis was performed in order to obtain the quality of the RNA
samples and to check DNA fragmentation during the sonication optimization for ChIP.
Gel electrophoresis was performed using 1% agarose gel. 0.3g dry agarose powder
(Biorad, #AC003522500) suspended in 30ml 1X TAE buffer (40mM Tris, 20mM glacial
acetic acid, ImM EDTA pH 8.0 and ddH,0O) and heated to dissolve. 0.8ul of Ethidium
Bromide (Sigma Aldrich, #030M8710) was added. Solution was then poured into a plastic
casting tray for 30 minutes to solidify. 1X TAE buffer was poured to cover the agarose gel.
Before the loading, samples were mixed with 2ul of 5x Loading buffer (Invitrogen,
#10816-015) and 7ul of ddH,O. 4ul of 1Kb DNA ladder (Invitrogen, #10488-072) was
used as a molecular weight standard. The electrophoresis was performed in 1x TAE buffer

at 100 V/cm. for 20 minutes. Bands were visualized under UVP bioimaging system.

2.15 SDS- PAGE gele electrophoresis and Western blotting

Yeast cells were grown to mid-exponential phase in a 30°C shaker. Total yeast extracts
were prepared by first resuspending cell pellets in a tenfold volume of SDS loading buffer
(50 mM Tris-HCI pH 6.8, 2% SDS, 10% glycerol, 1% B-mercaptoethanol, 12.5 mM EDTA
and 0.02% bromophenol blue). The samples were then alternately boiled at 95°C for 5 min,
vortex and chilled three times in ice to rupture cell membranes. Protein samples were
loaded and separated on 10, 12,5 or 15% SDS-PAGE gel (Laemmli 1970) at 200 V for 1 h.
The proteins were wet transferred into a nitrocellulose membrane (GE Healthcare life
sciences) with transfer buffer (20% Methanol, 25 mM Tris, 192 mM glycine, pH 8.3), at
100 V for 1 h. After bathing in blocking buffer (5% BSA, 0.1% Tween-20 TBS buffer (25
mM Tris, 150 mM NaCl, 2 mM KCIl, pH 8)) for 1 h at RT to reduce unspecific binding, the
membrane was incubated with a primary antibody of interest, diluted in blocking buffer for
2h on the shaker at low speed at RT. Next, the membranes were washed with TBS-Tween
(0.5%) (three times with 10 min incubation) and incubated with Horseradish peroxidase—
conjugated secondary antibody diluted in blocking buffer for 1 h at RT. The membranes

were washed three times with 5 min incubation on the shaker at RT. Protein bands were
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detected by the enhanced chemiluminescent system using the Luminol reagent (GE
Healthcare, Amersham,ECLWestern Blotting Detection Reagent, # RPN2209) according

to the manufacturer’s protocol and analyzed using the UVP Bioimaging system.

2.16 Northern blot

RNA samples were extracted as described in section 2.3.1 Precipitation was carried out by
adding 8M of LiCl (final concentration >2.5M). Samples were left overnight at -20°C and
then centrifuged for 15 minutes at full speed. The supernantant was discarded, and the
pellet was washed with 70% ethanol, centrifuged for 5 minutes at full speed, air dried and
resuspended in 30 ul RNAse DNAse free H,O. The concentration and purity of RNA was
measured as described in section 2.3.2. 30 ug of RNA was mixed with loading buffer (10ul
deionized Formamide + 3.5ul 37% Formaldehyde + 2ul 5x Formaldehyde buffer (5x
Formaldehyde buffer: 0.1M MOPS pH7,0, 40mM Sodium acetate, SmM EDTA pHS8.0 ))
to a final volume of 50ul, heated at 70 °C for 10 minutes and loaded onto a 1% RNA-
formaldehyde agarose gel (1% agarose + 75ml H20 (heat to dissolve), cool shortly + 20ml
5xFormaldehyde buffer + 5,4ml 37% Formaldehyde). The samples were run in 1x
formaldehyde buffer (5x Formaldehyde buffer: 0.1IM MOPS pH7,0, 40mM Sodium
acetate, 5SmM EDTA pH8,0.) for 30 minutes at 100 V. Gel was then stained with ethidium
bromide (0,75 ug/ml in water), equilibrated by 10x SSC buffer (150 mM NaCl and 15 mM
sodium citrate, pH7) and transferred by capillarity overnight with 20X SSC onto a to
hybond nylon membrane (Amersham Hybond-N+ GE Healthcare). The membrane and the
RNA were UV-cross linked with (700 Joules/cm2). The membrane was then equilibrated
with 10 ml of hybridization buffer (50% formamide, 5X SSC, 0.1% Ficoll, 0.1% PVP, 1%
SDS, 0.01% salmon sperm DNA) at 52°C for 1 hour. The buffer was discarded and 10 ml
of fresh hybridization buffer containing the probe (100 ng/ml final concentration) of
interest was added and incubated at 52°C overnight. The probe was prepared into 150ul of
hybridization buffer heating at 98 °C for 90s, cooling in ice for 5 minutes and then adding
it to the final 10 ml of hybridization buffer. The biotinylated probes were ordered from
IDT using the sequences annotaded in table 5. The next morning, washes were performed
as indicated: 3 x 10° with SSC (x2), 0.1% SDS at room temperature and 1 x 15” with SSC
(x 0.1), 0.1% SDS at 52 °C. The membrane was exposed using Chemiluminescent Nucleic

Acid Detection Module (Thermo # 89880) using the UVP Bioimaging system.
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Table 5: Probe Sequences

Probe Sequence

5- AGT TCC AGA GAG GCA GCG TAA AAG GAT GAG GCT ACT GGG
E-Pro-25S side | AAG AAG AAA GAG GAA AAG TGC AAG ATG AAT AGC CAG TGC AAT
ATA TAC ATG /3Bio/ -3

5- CAT TAT GCT CAT TGG GTT GCT ACT ACT TGA TAT GTA CAA
E-Pro-5S side | ACA ATA TTC TCC TCC GAT ATT CCT ACA AAA AAA AAA AAA AAA
ACA CTC CGG /3Bio/ -3

5- GGG CAA CTC TCA ATT CGT TGT AGA AGG TAT GAT GCC AGA
TCT TTT CCA TAT CGT CCC AGT TGG TGA CAA TAC CGT GTT CAA
TTG GGT AAC /3Bio/ -3

ACT1

2.17 Dot blot analysis

Synthesized peptides with at least 90% purity (Cambridge Peptides, UK) were dissolved in
water. Polyvinylidine difluoride (PVDF) membranes were used. Having the membrane
ready for use, a grid was drawn by pencil to indicate the region to be blotted. Using a
narrow-mouth pipette tip, 250, 50, and 10 pmol were deposited onto the membrane at the
center of each possition on the grid. The membrane was left to air-dry for 1 hour. The
membrane was then submerged in 100% Methanol for 1 minute, water for another minute
and then stained with Ponceau S or blocked by soaking in TBS-T blocking buffer 5% BSA
0.1% Tween-20 TBS (25 mM Tris, 150 mM NaCl, 2 mM KClI, pH 8). Incubation followed
with appropriate antibody and dissolved in BSA/TBS-T for 2 hours on the shaker at low
speed at RT. Next, the membranes were washed with TBS-T (three times with 10 min
incubation). Incubation with appropriate secondary antibody followed, diluted in blocking
buffer for 1h at RT. Membranes were washed three times with TBS-T (three times with 10
min incubation). Incubation with ECL detection reagent (GE Healthcare, Amersham #

RPN2209) followed for 1 min and membrane was exposed.

2.18 Yeast Protein Purification
The AK267 strain was incubated overnight in SC-Ura + 2% Glucose at 30°C, and then
diluted to O.D ~0.2 in 1L SC-Ura containing 2% Ethanol and 3% Glycerol. At OD ~0.8,

Galactose was added (2% final) and the culture was grown for 4.5 hours. Cells were first
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collected and washed with 10 ml of cold lysis buffer (25 mM Tris-HCI pH 8, 300 mM
NaCl, 5% Glycerol, ImM EDTA pHS8 containing complete protease inhibitors obtained
from Roche), and then resuspended in lysis buffer (1ml/6gr of pellet). Cells were frozen in
liquid nitrogen and then were ground with dry ice powder in a coffee bean grinder. The
sample was stored at -20°C overnight for the dry ice to sublime. All the following steps
were performed at 4°C. The proteins in the yeast powder were solubilized by incubating
for 15min in 1ml Binding Buffer A (20 mM Tris-HCI1 pHS, 600mM NacCl, 5% Glycerol, 10
mM Imidazol and protease inhibitors), and then centrifuged at 14000 rpm for 5 minutes.
The supernatant was kept, and the lysing procedure was repeated with the remaining pellet
using 0.5ml of Binding Buffer. The supernatants were pooled and diluted with an equal
volume of Binding buffer B (20 mM Tris-HCI1 pHS, 5% Glycerol, 10 mM Imidazol and
protease inhibitors) before addition of 200ml Nickel-NTA beads (Qiagen). The samples
were incubated at 4°C for 2h. The beads were recovered by centrifugation at 2000 rpm for
2 minutes and washed 2x3min in 2ml Binding Buffer C (20 mM Tris-HCI pH 8, 300mM
NaCl, 5% Glycerol, 10-20 mM Imidazol and protease inhibitors). The Hmt1-6His-HA-ZZ
protein was eluted in 50-100 pl fresh Elution Buffer (20 mM Tris-HCI1 pH 8, 50mM NacCl,
5% Glycerol, 250 mM Imidazol and protease inhibitors) with vigorous shaking at 25°C for
Smin. The eluate was separated from the beads by centrifugation and was stored at -20°C
until further analysis by SDS-PAGE, western blotting and in vitro methyltransferase

assays.

2.19 In vitro methyltransferase assay

For the in vitro methyltransferase assays, histone H4 peptides of size 20-22 amino acids
were synthesized by Cambrige peptides (UK) and were Biotin conjucated on C-terminus,
10kD. The enzyme involved was yeast recombinant arginine methyltransferase (Hmtl),
overexpressed under GAL promoter (MORF plasmid, multicopy), C-terminally tagged
(His-HA-ZZ), isolated in native contitions, used on Ni-NTA beads or eluted (Storage Bft:
20mM Tris pH 8, 5S0mM NaCl, 5% Glycerol, 20mM (on beads) or 300mM Imidazol
(eluted), protease inhibitors (tablet-Roche)). First, fresh 100 ml reaction buffer was made:
20mM Tris-Hel pH 8, 50mM NaCl, ImM EDTA pH 8§, 5% Glycerol, ImM DTT, 2mM
non-radioactive S-adenosylmethyonine (SAM) (NEB #B9003S) and protease inhibitors.
The right consentration of DTT and EDTA was added in the reaction buffer in order to

have ImM of each in the final volume of the reaction. A master mix of the enzyme was
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then made with 3-5ug of enzyme per reaction. The enzyme can be eluted or bound on
beads (e.g. Nickel-NTA beads).

For the reaction, in a 1.5ml eppie the following were added: 3-5 ug enzyme,1-2 ul
biotinilated peptide (15 ug/ul), 6 ul fresh SAM (32mM), 20-80 ul MyOne Dynal
Streptavidine beads T1 (Invitrogen #65601) and reaction buffer up to 100 ul (final volume).
For every peptide tested, one reaction is performed. For 10-40 ul beads lul peptide was
used and for 40-80ul beads 2ul of peptide were used The reaction was then centrifuged at
2000 rpm for 2 minutes, followed by vortex at 1400-1800 rpm for 10 seconds and then
overnight incubation (16-20 hours) at 550 rpm on thermomixer at 30 °C. The next day,
vortex the tubes at 1400-1800 rom for 10 seconds and spindown at 2000 rpm for 2 minutes.
Eppies were placed on a magnet so that the streptavidine beads are bound. The supernatant
was transferred in a new eppie at -20 C. The superanatant can be re-used to isolate peptides
that have been methylated and were not bound on the streptavidine beads. These peptides
can be isolatd by adding streptavidine beads in the supernatant and rotating at 20rpm at
room temerature for 1-2 hours. Spindown follows at 2000 rpm for 1 minute. The eppies
were then placed on the magnet and the rest of the liquid was removed from the bottom of
the tube. 1X SDS-Loading Buffer (2% SDS+mercaptoethanol) is added as much as the
volume of the beads (e.g. 40ul beads + 40ul SDS-loading buffer 1X). Spindown at 1300
rpm for 1 min and then elution of the peptides took place by alternately boiling at 95°C,
cooling on ice and vortexing the beads (x3). The volume of the sample was removed by
evaporating the distilled H2O using the heating speedvac to a volume suitable for loading
in PAGE wells. The volume of each sample was loaded on 12% SDS-PAGE gel and the
gel was run at 100volts for 1Thour and 35 minutes. For Western blot, samples were run for
1h at 100volts and were blocked for 1h in 5%BSA-TBS-T at room temperature. Ponceau
staining was used as a loading control. Washes, blocking and the then the antibody (anti-
H4R3me2a) was added. The controls included a no-peptide (no substrate) reaction
(negative control for the methyltranserase) as well as reactions with subtrates but using a
catalytic mutant enzyme or BSA or another protein that cannot methylate the peptides. All
control proteins and enzymes carried the same Tag (His-HA-ZZ) as the wild-type Hmtl

enzyme for proper comparison among the various reactions

2.20 Polysome analysis

Polysome analysis was carried out by collaborator as described previously (MacKay et al.,
2004).
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2.21 Replicative Life Span assay

To determine yeast longevity, replicative life span assays (RLS) were performed as
described previously (Kennedy et al. 1994; Kaeberlein et al., 1999, Steffen et al, 2009).
RLS studies the number of daughter cells a yeast mother cell produces prior to senescence.
Mother and daughter cells were differentiated using a tetrad dissector microscope
(SporePlay, Singer SP0-001). Physical separation of daughter cells from mother cells was
achieved using a manual micromanipulator equipped with a fiber-optic needle. For the
purpose of this protocol, solid YPAD plates (1% yeast extract, 2% bacto-peptone, 2% agar,
2% glucose) were prepared and were used for culturing yeast cells and for the replicative
life span analysis. Plates were prepared at least two days before the life span experiment
and were allowed to dry at room temperature. Yeast strains were streaked onto the YPAD
plates and were incubated at 30°C for two consecutive days. Plates were removed from the
incubator and from one single colony, cells were streaked onto a fresh YPAD plate. Two
patches from two different colonies were generated for each strain, incubated at 30 °C for
two days. Cells were collected from each patch and individual cells were placed near the
initial patch. These daughter cells were then separated and from each strain, 20 cells were
patched along a vertical line on the left side of a fresh YPAD plate (experimental plates)
that was used for replicative life span analysis. A hole was made by forcing the needle on
the agar in order to act as a marker to orient the researcher on the plate during dissection
and daughter cell removal. Above the hole, individual yeast cells were aligned vertically
into 20 positions with 1-3 needle diameter between each cell position. Once cells were
arrayed for each patch, parafilm was placed around the plate and was incubated at 30°C for
2 hours. Virgin daughter cells were then isolated as buds from mother cells by gently
placing the needle on top of the attached cells. The detached daughter cells were placed in
the vertical line on the plate, replacing the mother cell and any additional daughter cells,
moving them aside (Figure 2.2). All of the mother and extra daughter cells were collected
and were transferred back to the area near the patches. Parafilm was placed around the
plate and was incubated at 30°C for 2 hours. In order to measure the replicative capacity of
individual yeast cells, replicative life span data sheets were necessary, which include a grid
where each row corresponds to an individual mother cell and each column represents an
age point (Steffen et al., 2009). Data were used to generate a survival growth curve and

calculate mean lifespan.
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Day 1:
Streak strains and
incubate at
30 °C for 2 days

Day 3:
From a single colony
incubate at at 30 °C
overnight.

Day 4:
Patch to lifespan plates,
incubate on bench
overnight

Day 5 and following days:
Record number of
daughters. Use of

micromanipulator to
remove daughters.

Day 5:
From each patch, array
daughter cells.

Figure 2.2. Schematic of a replicative lifespan plate. Strains are patched onto the suface of a YPD plate
vertically in one side of the plate. Following growth overnight, around 30 individual cells from each strain
are arrayed vertically into a line containing 20 positions. Daughter cells are obtained from these mother cells
and lifespan analysis begins. Unwanted daughters are placed with the help of a microdissector away from the
experimental cells (modified from Stephen et al., 2009).

2.22 Statistical Analysis

All statistics calculated for RNA-sequencing data analysis was done by - R statistical
package, version 3.1.1 and Bioconductor, version 2.26.0 (Gentleman et al,
2004, https://www.r-project.org/). For ChIP experiments and gene expresssion assays,
triplicate independent experiments were performed with dublicates of each sample in each
experiment. Statistical significance between samples was evaluated by standard error of
mean, was identified for each sample and was represented by an error bar. For lifespan
assays, statistical significance was determined by a Wilcoxon rank sum test and average

lifespan was considered significantly different when P <0.05.
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CHAPTER 3
RESULTS OF AIM 1
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Chapter 3. The role of Nat4 in the expression of heterochromatin-like regions

Asymmetric dimethylation of histone H4 arginine 3 (H4R3me2a) was previously
shown to be involved in the formation of silent chromatin at yeast heterochromatin-like
loci (tDNA, HML, HMR and telomeres) (Yu et al., 2006). The histone methyltransferase
Hmt1, which is the yeast functional homolog of PRMT]1, catalyzes in vitro H4R3me2a and
this is linked to transcriptional repression (Lacoste et al., 2002). The regulation of
H4R3me2a in vivo, however, remains elusive. Therefore, we sought to identify proteins
that regulate the deposition of H4R3me2a on chromatin within cells. A proteomic
approach known as Global Proteomic Screen (GPS) has been previously used to identify
regulators of histone modifications (Schneider et al., 2004). A GPS screen involves testing
extracts of yeast gene deletion mutants by Western blotting, using as a probe an antibody
specific to the histone modification of interest. For the purpose of this research, in
collaboration with Eurogentec, we developed and characterized an antibody that
recognizes specifically histone H4 arginine 3 (Figure 3.1.1A, B) when it is asymmetrically
dimethylated (Figure 3.1.1C) and performed a global proteomic screen (GPS) using the
yeast gene deletion collection. In this screen we identified a robust increase of H4R3me?2a
levels when the N-terminal acetyltransferase NAT4 was deleted (Figure 3.1.2A). This led
us to hypothesize that Nat4 might be a regulator of H4R3me2a. Since H4R3me2a is
involved in the formation of silent chromatin in yeast (Yu et al, 2006), we initially
determined the role of Nat4 in the control of heterochromatin transcription. Next, we
explored the molecular mechanism underlying Nat4-mediated regulation and investigated

the cellular conditions during which this mechanism is functional.

3.1 Nat4 is a novel regulator of H4R3me2a

Through the GPS screen, we found by western blotting that deletion of N-alpha
acetyltransferase 4 (nat44) results in robust induction of H4R3me2a levels (Figure 3.1.2A,
lane 6). In order to confirm that the above result was not due to specificity issues of the
antibody, we performed dot blot analysis to check whether the H4R3me2a antibody
showed any preference for peptides that were N-terminally unacetylated. Notably, the
increase of H4R3me2a in Nat4 deficient cells was not due to epitope preference of the
H4R3me2a antibody as it recognizes equally well H4R3me2a peptides that are either N-

terminally acetylated or unacetylated (Figure 3.1.1C, compare rows 5 and 6).
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As previously mentioned, apart from the asymmetrically dimethylated state of
arginine 3 (H4R3me2a), other methylation states exist for H4R3 (see Figure 1.4). Thus, we
wanted to examine whether the effect we saw was specific to the asymmetrically
dimethylated form at H4R3. We performed western blotting by using specific antibodies
(Figure 3.1.1C) towards monomethylated H4R3mel and symmetrically dimethylated
H4R3me2s states. Interestingly, we detected similar levels for these marks between wild-
type NAT4 and nat44 strains (Figure 3.1.2B), concluding that the absence of NAT4 affects
only the silencing mark H4R3me2a.

Nat4 is the only NAT known to date to acetylate histones H4 and H2A (Song et al.,
2003; Polevoda et al, 2009). It has a catalytic domain comprised of motif A and motif B
(Song et al., 2003) that refers to the acetyl-CoA binding motif that is characteristic of
members of the GNAT superfamily (Neuwald and Landsman 1997). In order to determine
whether Nat4 regulation towards H4R3me2a was dependent on the catalytic activity of
Nat4, we constructed catalytic mutant strains, in which the N-terminal acetyltransferase
activity of Nat4 was compromised (Figure 3.1.3). In the strain containing mutations within
motifA (natcmA), H4R3me2a levels are not affected, whereas in the strain that carries
mutations within motif B (natcmB) the H4R3me2a levels are slightly increased (Figure
3.1.4, compare lanes 3, 4 and 5). However, mutation of the four highly conserved residues
found within the two motifs of the acetyltransferase domain resulted in increased signal of

H4R3me2a mimicking nat44 (Figure 3.1.4, compare lane 2 and lane 6).
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Figure 3.1.1. Specificity of the H4R3me antibodies. (A) Whole cell extracts from the indicated wild-type
and mutant strains were analyzed by western blotting using an antibody against H4R3me2a. Equal loading
was monitored with an H3 antibody. (B) Western blot analysis of whole yeast cell extract or recombinant
histones H4 and H2A expressed and purified from bacteria. The samples were analyzed with antibodies
against H4R3me2a, H4 and H2A. The H4R3me2a antibody recognizes a band in yeast extract that is
equivalent to the size of histone H4. (C) Dot-blot analysis using synthetic peptides representing the first 20
amino acids of histone H4 and possessing various combinations of R3 methylation and S1 N-alpha-amine
acetylation. The peptides were spotted on a PVDF membrane at the indicated concentrations and then probed
with antibodies against H4R3mel, H4R3me2a and H4R3me2s. Equal loading of peptides was monitored by

Ponceau staining (left panel).
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Figure 3.1.2. Deletion of NAT4 increases the levels of H4R3me2a. (A) Whole cell extracts from the
indicated deletion strains were analyzed by western blotting with an antibody against H4R3me2a (top panel).
Equal loading was monitored using an antibody against actin (bottom panel). (B) Whole cell extracts from a
wild-type strain (NAT4, lanel) and another strain carrying a NAT4 deletion (nat44, lane 2) were analyzed
using antibodies against H4R3 methylation states (H4R3mel, H4R3me2a, H4R3me2s). Equal loading was
monitored with H3 and H4 antibodies.
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Motif B
Nat¢  [isiater

Motif A

Ardl (NatA) 112 NGHITSLSVMRTYRRMGIAENLMRQALFALREVHQ 146
Nat3 (NatB) 75 HTHITAVTVAPR ISLASKLCN-TLETMTDVMP 108
Mak3 (NatC) 78 RGYIGMLAVESTYRGHGIAKKLVEIAIDKMQREHC 112
Nat4 (NatD) 181 VIYLYEVHVASAHRGHGIGRRLLEHALCDGVARHT 215
Nat5 (NatE) 90 GIQIEFLGVLPNYRHKSIGSKLLKFAEDKCSECHQ 124
Motif B

Ardl (NatZA) 152 LHVRQSNRAALHINRDTLAFEVLSIEK 178

Nat3 (NatB) 116 LFVKC LATKIL¥EK-LGYSVYRRVV 141

Mak3 (NatC) 117 LETEVENSAALNIN¥EG-MGFIRMKRMF 142

Nat4 (NatD) 227 LTVFS RARRLYEA-LGFYRAPGSP 252

Figure 3.1.3. Sequence alignment of the catalytic motifs A and B of the five NATs present in S.
cerevisiae. Mutated residues within each motif to generate the Nat4 catalytic mutants are highlighted in grey.
Mutations generated were: arginine 194 to histidine, glycine 199 to valine, asparagine 233 to serine and
tyrosine 240 to tryptophan.
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Figure 3.1.4. Inactivation of NAT4 catalytic activity increases the levels of H4R3me2a. Whole cell
extracts from wild-type NAT4 (lanes 1 and 3) and different NAT4 mutants (lanes 2, 4, 5 and 6) were analyzed
by western blotting using antibodies against H4R3me2a (top panel) and H3 (bottom panel). The strain in lane
2 represents a Nat4 deletion strain. All catalytic mutant strains (lanes 4-6) have a C-terminal hemaglutinin
(HA) tag. The strain containing the mutations within motif A is designated as nat4cmA (lane 4), the one with
mutations in motif B is nat4cmB (lane 5) and the one with mutations in both motifs is noted as nat4cmAB
(lane 6). Their equivalent wild-type strain contains only the C-terminal HA-tag (lane 3).
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3.2 Loss of Nat4 activity enhances rDNA silencing and H4R3me2a deposition

As mentioned earlier, Yu ef al. have shown that H4R3me2a is a silencing mark in
yeast for the heterochromatin-like regions (rDNA, HML, HMR and telomeres) (Yu et al.,
2006). Hence, we first sought to determine whether the loss of Nat4 activity affects
silencing at these loci by performing FOA-sensitivity assays. A URA3 reporter gene was
integrated at the telomere-VIIL, HMR and HML and rDNA loci. URA3 enzyme
metabolizes 5'-Fluoroorotic acid (FOA) into a toxic compound, and the ability of the cell
to survive in the presence of FOA depends on the degree of silencing in the different
regions, such that stronger silencing coincides with more cell growth. We found that
deletion of NAT4 strongly increases silencing at the rDNA locus but does not affect
telomeric, HMR or HML silencing (Figure 3.2.1). Recent papers, however, have shown
that the widely used URA3-VII-L assay does not necessarily represent changes in natural
silencing (Rossman et al., 2011; Takashi et al., 2011), but rather reflects metabolic changes
due to an imbalance in ribonucleotide reductase (RNR) levels induced by 5-FOA
(Rossman et al.,, 2011). Thus, we validated the silencing assays result by testing the
expression of the endogenous rDNA transcripts (Figure 3.2.2). By quantitative real-time
PCR we examined the levels of the different ribosomal RNAs (58S, 25S, 5.8S, 18S and the
precursor 35S) and confirmed the result of the silencing assays. Deletion of NAT4
significantly reduced the expression levels of all rRNAs (Figure 3.2.2). Due to the fact that
the 35S primary transcript is quickly processed (Kos and Tollervey, 2010; Veinot et al.,
1988), the observed changes in the levels of rRNAs are most likely caused by a decrease in
transcription. Notably, deletion of NAT4 does not affect the mRNA levels of ribosomal
protein RPP(0, which acts as a control in the gene expression assays (Figure 3.2.2,

rightmost panel).

According to these results, we predicted that reduced expression of all rRNAs
would correlate with increased deposition of H4R3me2a at the rDNA genes. Thus, we
performed ChIP assays and using primers along the rDNA region we tested by qRT-PCR
the deposition of H4R3me2a. The rDNA region represents an array consisting of ~150
tandem copies of a 9.1 kb repeating unit. Each repeat contains the genes RDN5 and RDN37
(encodes the 35S primary transcript) as well as two non-transcribed spacers (NTS1, NTS2),
two external transcribed spacers (E7S1, ETS2) and two internal transcribed spacers (I7S1,
ITS2). Higher nucleosomal deposition of H4R3me2a was detected across the entire rDNA
locus in the absence of Nat4 by ChIP analysis (Figure 3.2.3 top panel).
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Figure 3.2.1. Deletion of NAT4 enhances rDNA silencing but does not affect telomeric, HMR or HML
silencing. Silencing assays for the tDNA, TEL VII-L, HMR and HML region were performed with wild-type
(NAT4) or nat44 strains (row 2). Both strains (NAT4 and nat4A) carry a copy of the URA3 gene, that encodes
for an essential enzyme in the Uracil metabolic pathway, integrated at telomere-VIIL, HMR, HML OR
RDNA (adh4::URA3-TelVII-L, hmr::URA3, or hml::URA3, RDNI1::URA3). The cells were spotted in 10-fold

dilutions on SC medium (right panel) or SC+5'-Fluoroorotic acid (left panel) and then grown for 48 h at
30°C.
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Figure 3.2.2. Deletion of NAT4 enhances silencing across the rDNA locus. Expression levels of rRNAs
58S, 258, 5.8S, 188S, 35S and the RPP0 gene were analyzed by qRT-PCR using total RNA extracted from
NAT4 and nat4A4 strains. Error bars indicate s.e.m for duplicate experiments.
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Figure 3.2.3. Deletion of NA7T4 enhances H4R3me2a deposition across the rDNA locus. Schematic of the
budding yeast rDNA locus on chromosome XII. Primers were designed along the rDNA locus as indicated
by the red lines and letters A-N (Table 1). ChIP experiments were performed in the NA74 and nat44 strains
using antibodies against H4R3me2a (top panel) and N-acH4 (bottom panel). The immunoprecipitated
chromatin was analyzed by qRT-PCR using the primers A—N. (see chapter 2.6 Table 4 for their sequence).
The enrichment from each antibody was normalized to the levels of histone H4. Error bars indicate s.e.m for
duplicate experiments.
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In order to further examine whether the decrease in rDNA expression is dependent
on the catalytic acetyltransferase activity of Nat4, we examined the levels of 25S in the
Nat4 catalytic mutant strain (nat4cmAB-HA). We observed a decrease in the expression
levels of 25S rRNA in the nat4cmAB-HA compared to wild-type levels (Figure 3.2.4A)
which was similar to the decrease we detected in nat44 (Figure 3.2.2). This confirmed that

rDNA expression is dependent on the Nat4 acetyltransferase activity (Figure 3.2.4A).

Consistent with this result, an increase in H4R3me2a deposition was also observed
by ChIP assays at RDN25 in the catalytic mutant strain (nat4cmAB-HA) (Figure 3.2.4B).
As expected, based on the results in Figure 3.2.4B, we did not observe changes in the
occupancy of H4R3mel at RDN25 in the nat44 strain (Figure 3.2.4 C). Notably, the
absence of N-terminal acetyltransferase activity in the nat44 and Nat4 catalytic mutant
strains was confirmed by using an antibody against N-terminally acetylated H4 (N-acH4)
showing that N-acH4 levels decreased throughout the rDNA locus (Figure 3.2.3, bottom
panel and Figures 3.2.4 B, C).

Taking into consideration the existence of other N-terminal acetyltransferases
(NATSs), we wanted to examine the possibility of another NAT affecting H4R3me2a levels
and subsequently rRNA expression. We performed western blotting and observed that
none of the other four NAT enzymes known in yeast (NatA, NatB, NatC or NatE) showed
an effect on H4R3me2a when they were deleted (Figure 3.2.5A). The above results verify
the importance of the enzymatic activity of Nat4 towards rDNA silencing and increase of
H4R3me2a deposition. Consistent with this, we did not observe changes in RDN25
expression when Ardl, the catalytic component of NatA, was deleted (Figure 3.2.5B).
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Figure 3.2.4. The catalytic activity of Nat4 is required to control RDN25 silencing and H4R3me2a
deposition. (A) The expression levels of 25S rRNA were analyzed by qRT-PCR using total RNA that was
extracted from NAT4-HA and nat4dcmAB-HA. The expression levels of 25S were normalized to the levels of
RPP0. Error bars indicate s.e.m for duplicate experiments. (B) ChIP experiments were performed in NAT4-
HA and nat4cmAB-HA strains using antibodies against H4, H4R3me2a and N-acH4. The immunoprecipitated
chromatin was analyzed by qRT-PCR using primers for RDN25S. (primer I, Table 1). The enrichment from
each antibody was normalized to the levels of histone H4. (C) ChIP experiments performed in NAT4 and
nat44 strains using H4R3me2a, H4R3mel and N-acH4 antibodies and analyzed as in (3.2.4B). Error bars in
(A), (B) and (C) indicate s.e.m for duplicate experiments.
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Figure 3.2.5. The yeast N-acetyltransferases A, B, C or E do not regulate H4R3me2a and do not affect
expression levels of 25S rRNA (A) Whole cell extracts prepared from the indicated wild-type and single
deletion (ardiA, nat34, mak3A, nat44, nat54) strains were analyzed by western blotting using an antibody
against H4R3me2a (top panel). The H3 antibody was used as a loading control (bottom panel). (B) 25S
rRNA expression level analysis was performed with wild-type and the indicated deletion (nat44 or ardiA)
strains. The expression levels of 25S were normalized to the levels of RPP(. Error bars indicate s.e.m for
duplicate experiments.
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3.3 Nat4 controls rDNA silencing and H4R3me2a through N-alpha acetylation of H4

Previous studies have demonstrated that Nat4 has only two substrates, histones H4
and H2A and suggested that the first 30 amino acids of both H2A and H4 are required for
efficient acetylation by Nat4 (Song et al., 2003; Liu et al., 2009; Magin et al., 2015).
Recent evidence, provided by Magin et al confirms the high susbstrate selectivity of Nat4
compared to other NAT enzymes because its active site is tailored for the sequence Ser-
Gly-Arg-Gly and Ser-Gly-Gly-Lys, which is found in the beginning of the H4 and H2A N
termini respectively. Although our data so far demonstrated that Nat4 reduces rDNA
silencing and prevents H4R3me2a deposition, they do not show which one of its two
targets, H2A or H4 are implicated in this regulation. Hence, it was important to examine
whether Nat4 regulation of H4R3me2a is mediated through N-terminal acetylation of
histone H4 or H2A. To accomplish this objective, we generated yeast strains in which
either H2A or H4 were compromised for N terminal acetylation. Endogenous H4 or H2A
were expressed with an alanine as the first residue instead of a serine (H4S1A or
H2AS1A). By western blotting, H4S1A shows induced H4R3me2a levels compared to
wild type (H4WT) (Figure 3.3A compare lanes 1 and 2) while H2AS1A has no effect on
this methylation (compare lanes 3 and 4) (Figure 3.3A). ChIP assays also show an increase
in H4R3me?2a deposition at the RDN25 gene compared to an isogenic wild type (H4WT)
strain. The H2AS1A mutant strain did not show significant difference in H4R3me2a levels
at the RDN25 locus compared to the H2ZAWT strain (Figure 3.3B). These results indicated
that Nat4 regulation of H4R3me2a is mediated through H4 and not H2A. Importantly,
results for the H4S1A haploid mutant strain are not affected by the fact that that H4S1 can
also be phosphorylated because phosphorylation of serine 1 on H4 is only induced under
sporulation conditions in diploid, and not haploid cells (Krishnamoorthy et al., 2006).

To confirm that Nat4 regulates of rDNA silencing through H4, we then examined
the expression of this locus in the H4S1A strain (Figure 3.3C and 3.3D). In agreement with
the increased H4R3me2a levels shown in Figure 3.3B, expression analysis of 25S rRNAs
and silencing spot assays validated that H4S1A reduces transcription at this locus similarly
to nat44 (Figure 3.3C and 3.3D). However, the repression in H4S1A was not as strong as
in nat44 possibly because H4S1A is partly acetylated by other NATs. H2AS1A, on the
other hand, does not show any change in the levels of 25S rRNA (Figure 3.3C). Moreover,
to provide further evidence that rDNA silencing is mediated through N-terminal
acetylation of H4, we constructed another mutant strain, in which serine was substituted by

a proline at position 1 expressing a H4S1P mutant. The presence of proline at position 1
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blocks N-terminal acetylation completely as shown by mass-spectrometry analysis of
proteins extracted from yeast, Drosophila melanogaster and human cells (Arnesen et al.,
2009; Goetze et al., 2009). A significant decrease was observed in the 25S rRNA levels in
the H4S1P mutant strain, similar to the effect shown in the nat44 strain (Figure 3.3E).

Furthermore, expression of the human ortholog of Nat4 (hNaa40) in yeast has been
previously shown to result in N-terminal acetylation of H4 and not of H2A (Hole et al.,
2011). Hence, we examined H4R3me2a levels in a nat44 strain that expresses ectopically
hNaa40. By western blotting, we found that expression of hNaa40 in a nat44 strain reduces
H4R3me2a to wild-type levels (Figure 3.3F) and ChIP analysis showed that the N-acH4
levels are restored at RDN25 in a nat4A strain (3.3.G). This finding confirmed that histone
H4 is the main substrate through which Nat4 regulates H4R3me2a. Hence, all in all, the
above results suggest that Nat4 regulates rDNA silencing and H4R3me2a deposition via
H4 N-terminal acetylation, but not through N-acH2A.

66



=

of 25S rRNA

Relative expression

Relative expression
of 258 rRNA

& AN 2
N 29 m HAWT
Y &2
° 9 m H4S1A
o s -H4R3me2a é E 1 & H2AWT
- - -H3 S § O H2AS1A
3 4 G Lo e
H4 H4R3me2a
D
5 m HAWT sC
__ m H4S1A
] | [ | |@H2AWT B SC-URA
| |O H2AS1A :
M SC-FOA
F
B HAWT NAT4
B HAWT natdA |-H4R3me2a
H4S1P NAT4 -hNAA40
o

67



2 10

588 _|unars

‘9_‘ QQ: 6 __|mnat4A

é = 4 |- nat4/nNAA40
ST 2 . —

E2 ) - .

w H4R3me2a N-acH4

Figure 3.3. Nat4 inhibits rDNA silencing and H4R3me2a through N-terminal acetylation of H4. (A)
Whole cell extracts prepared from the wild-type strains (H4WT and H2AWT) and their correspondent
Serine-to-Alanine mutants in position 1 (H4S1A and H2AS1A) were analyzed by western blotting using
antibodies against H4R3me2a (top panel) and H3 as control (bottom panel). (B) ChIP experiments were
performed in the same strains as in (A) using the H4 and H4R3me2a antibodies. The immunoprecipitated
chromatin was analyzed by qRT-PCR using primer I specific to the RDN25 gene. The enrichment from each
antibody was normalized to 1% of the total input DNA. (C) Gene expression analysis of 25S rRNA
performed using the same strains as in (A). The expression levels of the 25S rRNA were normalized to the
levels of RPP0. (D) Silencing assays for the rDNA locus were performed with a wild-type (H4WT) or a
H4S1A mutant strain as described in 3.2.1. (E) Gene expression analysis of the 25S rRNA was performed in
wild-type (H4WT NAT4) and in mutant strains containing a NAT4 deletion (H4WT nat44) or a serine to
proline substitution at position 1 of H4 (H4S1P NAT4). The expression levels of 25S were normalized to the
levels of RPPO. Error bars indicate s.e.m for duplicate experiments. (F) Whole yeast cell extracts prepared
from the wild-type strains NAT4 (lane 1), and the mutant strains nat44 (lane 2) and nat44/hNAA40 (that
carries a NAT4 deletion and a plasmid that expresses ectopically ANAA40, lane 3) were analyzed by western
blotting using the indicated antibodies. (G) ChIP assays performed in the indicated strains as in (F) using
antibodies against H4R3me2a and N-acH4. The enrichment of each antibody was normalized to the levels of
H4 occupancy. Error bars in (B), (C). (E) and (G) indicate s.e.m for duplicate experiments.
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3.4 N-acH4 inhibits the Hmt1 methyltransferase activity towards H4R3

Taking into consideration the above results, we decided to explore further the
mechanism by which N-acH4 regulates H4R3me2a. Arginine 3 on histone 4 (H4R3) was
previously shown to be an in vitro target for methyltransferase Hmt1 (Lacoste et al., 2002).
Thus, we thought that N-acH4 might inhibit H4R3 methylation by Hmt1 and decided to
perform in vitro methyltransferase assays and western blot analysis to test the H4R3me2a
levels. We first purified Hmtl from yeast cells (Figure 3.4A) and synthesized peptides
corresponding to the first twenty amino acids of H4 that were conjucated to Biotin on the
C-terminus (Cambridge peptides, UK). Next, we performed in vifro methylation assays
using purified Hmtl, the biotinilated peptides and fresh S-adenosylmethyonine (SAM).
After the methylation assay the H4 peptides were isolated using streptavidin beads and
subjected to western anlsysis. Figure 3.4B shows that Hmtl dimethylates much more
efficiently H4R3mel peptides that are not N-terminally acetylated as opposed to those that
possess N-acH4 (compare lanes 13 and 14). This suggests that N-acH4 represses
H4R3me2a deposition by blocking the activity of the associated arginine methyltransferase

towards arginine 3.
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Figure 3.4. N-acH4 inhibits the Hmtl methyltransferase activity towards H4R3. (A) Purification of
yeast Hmtl. Immunoblot analysis of purified Hmt1-6His-Ha-ZZ protein using an antibody against the His-
tag (right panel). Crude extract (input) prepared from the strain expressing Hmt1-6His-Ha-ZZ was used as a
positive control and post-purification extract (depleted) were used to examine the efficiency of the protein
purification. Coomassie staining (left panel) was used to monitor protein loading. (B) In vitro methylation
assays were performed with synthetic biotinylated peptides representing the first 20 amino acids of histone
H4 in the absence (lanes 1 to 9) or presence (lanes 10 to 14) of purified yeast Hmtl. The methyltransferase
activity was monitored by western blotting using an antibody against H4R3me2a. Peptide loading was
controlled by ponceau staining. Controls included no peptide reaction (negative control for the
methyltranserase) as well as all the reactions-peptides with the catalytic mutant enzyme or BSA or other
protein that can not methylate this substrate and has the same Tag as the enzyme that is checked (negative

control for the methylation of substrates).
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3.5 H4R3 is required for the regulation of rDNA silencing by Nat4 and N-acH4

The above findings show that in the absence of Nat4, the deposition of H4R3me2a
increases and this is linked to enhanced rDNA silencing. However, the results do not show
whether methylation at H4R3 is necessary and sufficient for the effect of Nat4 towards
rDNA expression. In order to study this, we constructed a mutant in which arginine 3 was
mutated to lysine (H4R3K) in order to prevent its methylation (Figure 3.5A) as well as a
strain in which NA74 was deleted together with the H4R3K mutation. We first performed
ChIP analysis at RDN25 to check the deposition of H4R3me2a and N-acH4. As expected,
H4R3me?2a is increased in the nat44 strain and due to the mutation, this modification is
undetected in the H4R3K and H4R3K nat44 strains (Figure 3.5A). We also observed a
significant loss of N-acH4 in the H4R3K nat44 mutant strain, similar to the loss in nat44
(Figure 3.5A) and thus decided to investigate the effect of H4R3K nat44 on 25S rRNA
expression. When we performed gene expression assays in these strains along with a wild-
type (H4WT) and nat44 strain, the levels of 25S rRNA in the H4R3K nat44 were similar
to wild type levels (H4WT) and were not reduced compared to the nat44 only strain
(Figure 3.5B). This finding indicates that H4R3 and most likely its methylation are
absolutely required for the control of rDNA silencing by Nat4 and N-acH4.
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Figure 3.5. H4R3 is required for the regulation of rDNA silencing by Nat4 and N-acH4. (A) ChIP
experiments were performed in the wild-type (H4WT NAT4) and the mutant strains carrying a NA74 deletion
(H4WT nat44), an H4 Arginine-to-Lysine mutation in position 3 (H4R3K NAT4) or both (H4R3K nat44),
using antibodies against H4, H4R3me2a and N-acH4. The enrichment at RDN25 was analyzed as in (3.3B).
(B) 25S rRNA expression level analysis was performed in the same strains as in (A). The qRT-PCR analysis
was performed as in (3.3C). The expression levels of 25S were normalized to the levels of RPP(. Error bars
in (A) and (B) indicate s.e.m for duplicate experiments.
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3.6 N-acH4 cooperates with H4KS, -K8, -K12 acetylation to control H4R3me2a,
rDNA silencing and cell growth

Previous studies prompted us to examine whether N-acH4 cooperates with
acetylation of H4KS5, H4KS8 and H4K12 in order to control H4R3me2a deposition. One
study showed that H4R3me2a mediated by PRMT1 is inhibited in vitro by acetylation of
lysines K5, K8 and K12 of H4 (Feng et al., 2011). Another study demonstrated a synthetic
defect in yeast containing nat44 and a triple lysine to arginine mutant (H4KS5, 8, 12R)
(Polevoda et al., 2009). In order to explore whether N-acH4 cooperates with acetylation of
H4KS, H4K8 and H4K12 to control H4R3me2a deposition, we constructed a strain in
which NAT4 was deleted in the same strain with H4KS5, 8, 12R mutant (H4KS5, 8, 12R
nat4A4). This triple mutation at lysines 5, 8 and 12 was done because deletion of the histone
acetyltansferase Esal that acetylates these three lysines is inviable (Clarke et al., 1999).
Interestingly, when we performed western blotting we found that simultaneous loss of N-
acH4 acetylation together with loss of acetylation of H4KS5, 8, 12 (H4KS5, 8, 12R nat44)
strongly increased H4R3me2a levels compared to nat44 alone (Figure 3.6.1A, compare
lanes 2 and 4). We examined the possibility that this finding might be due to an antibody
artifact but we confirmed that it is not, as the H4R3me2a antibody recognizes slightly
better methylated peptides in which positions 5, 8, and 12 are lysines than when these
residues are arginines (Figure 3.6.2, compare rows 2 and 3). Notably, in the absence of
Nat4, internal lysine acetylation at K5, K8 and K12 remains unaffected (Figure 3.6.1B)
suggesting that N-aH4 and internal lysine acetylations regulate H4R3me2a independently.
However N-terminal acetylation is the dominant modification in the crosstalk because
Nat4 deletion increases the levels of H4R3me2a at a greater extent than the K5, K8, K12 to

R triple mutation (Figure 3.6.1A, compare lanes 2 and 3).

For further validation of the above, we decided to examine the result of combining
nat44 with H4K5,8,12R on the nucleosomal deposition of H4R3me2a. In agreement with
our findings above, we detected a significant enrichment in H4R3me2a at the RDN25 gene
when NATY4 is deleted together with the H4K5,8,12R mutant as opposed to the nat44
single mutant (Figure 3.6.1 C). Recently, a study reported that the methyltransferase Set5
methylates H4K5, K8 and K12 (Green et al., 2012). Therefore, we examined whether
methylation of these lysines could also act synergistically with N-acH4 to control
H4R3me2a. We constructed the double mutant nat44set54 and performed western blotting
to test the H4Rme2a levels. Based on our findings, nat44set54 did not further increase the

H4R3me2a levels compared to the nat44 single mutant (Figure 3.6.3, compare lanes 2 and
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4), indicating that it is acetylation, and not methylation of H4KS, 8, 12 that collaborates
with N-acH4 to control H4R3me2a.

Additionally, the higher presence of H4R3me2a in the H4KS, 8, 12R nat44 double
mutant strain results in further reduction of 25S rRNA levels when compared to the single
nat44 (Figure 3.6.4A). Altogether, the above results reveal that, both N-acH4 (Figure
3.6.1C) and internal lysine acetylation (Feng et al., 2011) can impede the methylase
activity that targets H4R3, but according to our findings N-acH4 is the main regulator of
H4R3me?2a and rDNA silencing (Figure 3.6.1A, 3.6.1C, 3.6.2A). Taking into consideration
that the double mutant of nat44 with H4K5,8,12R results in strong reduction of 25S rRNA
levels (Figure 3.6.4A), we then examined the growth rate of this strain using serial dilution
spotting assays (Figure 3.6.4B) and by measuring its doubling time (Figure 3.6.4C). We
observed that the double mutant strain (H4K5,8,12R nat44) shows a severe growth defect
in comparison to the corresponding single mutants (Figures 3.6.4B and 3.6.4C left panels).
This growth defect becomes lethal when cells are stressed by growing them at a higher
(37°C) temperature (Figures 3.6.4B and 3.6.4C, right panels). Furthermore, the
combination of a H4K5,8,12R mutant with a H4S1A mutant also leads to a growth defect,
although less severe (Figures 3.6.4B and 3.6.4C, left panels), consistent with the milder
deregulation of H4R3me2a and rDNA expression in the H4S1A mutant as opposed to
nat4/ (compare Figures 3.2.3 and 3.3). This synthetic defect supports the synergistic effect
between N-acH4 and internal H4 lysine acetylation in controlling rDNA expression and
H4R3me?2a.

Because previous experiments showed that arginine 3 is necessary and sufficient
for rtDNA regulation by Nat4 (Figure 3.5), we studied whether H4R3K can rescue the
growth defect caused by the combination of nat44 and the H4K5,8,12R mutant. Notably,
H4R3K rescues entirely the growth defect of the double H4K5,8,12R nat44 mutant grown
at 30°C or even at a higher (37°C) temperature (Figures 3.6.4B and 3.6.4C). In addition,
H4R3K restores rRNA expression levels (almost near wild-type expression levels) in the
double H4K5,8,12R-nat44 mutant strain (Figure 3.6.4A). Overall, the results in figure
3.6.4 show that excessive H4R3 asymmetric dimethylation caused by lack of N-acH4 and

internal H4 lysine acetylation impedes cell growth.
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Figure 3.6.1. N-acH4 cooperates with H4KS, -K8, -K12 acetylation to control H4R3me2a. (A) Whole
yeast cell extracts were prepared from the wild-type (H4WT NAT4) and the mutant strains carrying a NAT4
deletion (H4WT nat44), a triple Lysine-to-Arginine mutation in H4 in positions 5, 8 and 12 (H4K5,8,12R
NAT4) or both (H4K5,8,12R nat44) and then analyzed by western blotting using the H4 modification
antibodies shown. Equal loading was monitored with an H3 antibody (bottom panel). (B) Deletion of NAT4
does not affect the levels of H4KS5, 8 or 12 acetylation. ChIP experiments were performed in the indicated
strains using antibodies against H4K5ac, H4K8ac and H4K12ac. The immunoprecipitated chromatin was
analyzed by quantitative RT-PCR using primers specific to the RDN25 gene. The enrichment from each
antibody was normalized to the occupancy of H4 (C) ChIP experiments were performed in the same strains
as in (A) using the antibodies against H4 and H4R3me2a. The immunoprecipitated chromatin was analyzed
by qRT-PCR using primer I specific to the RDN25 gene. The enrichment from each antibody was normalized
to 1% of the total input DNA
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Figure 3.6.2. The H4K35,8,12R mutation does not enhance recognition by the H4R3me2a antibody. Dot-
blot analysis using the indicated synthetic peptides containing the first 20 amino acids of histone H4. The
peptides were spotted on a PVDF membrane at the indicated concentrations, and then probed with a
H4R3m?2a antibody (right panel). Equal loading of peptides was monitored with Ponceau S staining (left

panel).
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Figure 3.6.3. Methylation of H4KS, K8 and K12 by SETS5 does not act synergistically with N-acH4 in
regulating H4R3me2a. Whole cell extracts prepared from the wild-type (NAT4 SET5) and the mutant strains
carrying a NAT4 deletion (nat44 SETS), a SET5 deletion (NAT4 set5A) or both (nat44 set54) were analyzed
by western blotting. Equal loading was monitored by an H3 antibody.
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Figure 3.6.4. A+B N-acH4 acts synergistically with H4KS, 8, 12 to control rDNA silencing and cell
growth. (A) 25S rRNA expression level analysis was performed in the wild-type (H4WT NAT4) and the
mutant strains carrying a NAT4 deletion (HAWT nat44), a triple H4 Lysine-to-Arginine mutation in positions
5, 8 and 12 (H4KS5,8,12R NAT4) both (H4KS5,8,12R nat44), and a multiple H4 mutant with a triple Lysine-
to-Arginine substitution in positions 5, 8 and 12, an Arginine-to-Lysine mutation in position 3, and a NAT4
deletion (H4K35,8,12R H4R3K nat4A). The expression levels of 25S rRNA were normalized to the levels of
RPPQ. Error bars in (A) indicate s.e.m for duplicate experiments. (B) Growth assay of the same yeast strains
as in (A) plus a multiple H4 mutant with a triple Lysine-to-Arginine substitution in positions 5, 8 and 12, and
Serine-to-Alanine mutation in position 1 (H4KS5,8,12R H4S1A NAT4). Cells were spotted in 10-fold
dilutions on YPAD medium plates. Cell growth was examined at 30°C (left panel) or 37°C (right panel) (C)
Cell growth analysis was performed at 30 and 37°C. The strains used are described in 3.6.3B. The OD at 600
nm was measured at 0, 1, 2, 4, 6, 8, 10, 20, 24 and 30 h after inoculation of the culture.
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3.7 Calorie restriction increases rDNA silencing and the ratio of H4R3me2a to N-
acH4

In order to investigate under what physiological conditions the above regulatory
mechanism becomes functional, we considered various environmental and intracellular
stress conditions during which rRNA expression is altered. One such condition is calorie
restriction in which reduction of glucose from 2% to 0.5% increases rDNA silencing
(Lamming et al., 2005; Lin et al., 2002). In agreement with previous studies, we found that
by limiting glucose availability the levels of 25S rRNA are reduced, and this reduction is
greater under severe (0.05% glucose) calorie restriction (Figure 3.7A). Therefore, we
sought to determine whether the crosstalk of N-acH4 and H4R3me2a is induced under
these conditions in a wild-type yeast strain. Interestingly, the decrease in 25S rRNA is
accompanied with an increase in the H4R3me2a:N-acH4 enrichment ratio at the RDN25
locus (Figure 3.7B). These results suggest that the crosstalk of N-acH4 and H4R3me2a

controls rDNA silencing in response to environmental stimuli such as calorie restriction.
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Figure 3.7. Calorie restriction increases RDN25 silencing and the H4R3me2a: NacH4 enrichment ratio.
(A) The levels of 25S rRNA were analyzed by qRT-PCR using total RNA extracted from a wild-type strain
(BY4741) grown in minimal media containing different glucose concentrations (2%, 0.5%, 0.1% and
0.05%). The expression levels of 25S were normalized to the levels of TAF10. Error bars indicate s.e.m for
duplicate experiments. (B) ChIP experiments were performed in a wild-type BY4741 strain grown in the
same conditions as in (A), using antibodies against H4R3me2a and N-acH4. Their enrichment is normalized
to histone H4 and represented as ratio of H4R3me2a to N-acH4. Error bars in (A) and (B indicate s.e.m for
duplicate experiments.
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Chapter 4. The role of Nat4 in regulating the expression of euchromatic genes

After establishing the role of Nat4 in regulating the heterochromatin-like locus
rDNA, we were interested in investigating whether Nat4 has also a role in regulating gene
induction at euchromatic regions. A transcriptome analysis using RNA-sequencing was
performed in order to study global gene expression changes in the yeast lacking Nat4
(nat44). Notably, we observed that deletion of Nat4 significantly deregulates the
expression of several euchromatic genes (Figure 4.1). We therefore hypothesized that Nat4
may be involved in a mechanism to regulate the expression of these genes in addition to

the rDNA locus.

4.1 Loss of Nat4 induces the expression of metabolic and stress response genes

We sought to identify whether Nat4 regulates other genes in the yeast genome apart
from the rDNA locus. To do this, we performed RNA-sequencing using RNA isolated
from wild type cells and cells that carry the NAT4 deletion that were grown in rich YPAD
media. Interestingly, transcriptome data revealed the deregulation of 194 genes in the
absence of Nat4 (nat44) when using 2-fold differential expression and False discovery rate
(FDR) < 0.001 as the cut-off. As graphically illustrated in the scatter plot in Figure 4.1,
138 genes were upregulated (green points) and 56 genes were downregulated (red points)
in nat44 compared to wild type NAT4. In order to determine if the dereguated genes
belong to specific functional functions, we performed gene ontology analysis. We
examined the differentially expressed genes based on biological process, cellular
component and molecular function. Our results indicated a significant enrichment for
genes belonging to metabolic processes like glycolysis/gluconeogenesis and stress

response genes (Figure 4.2A).
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Figure 4.1. Deletion of NAT4 exhibits gene expression changes in a number of eukaryotic genes. Scatter
plot comparing log-scale RPKM expression values in libraries derived from wild type NAT4 (x-axis) and
nat44 (y-axis) yeast cells. Each dot represents the RPKM value of a specific gene. Points displayed in green
are genes that are 2-fold upregulated in nat44. Points in red are genes that are 2-fold-downregulated in
nat44. The yellow points represent genes where no significant difference in expression was observed
between NAT4 and nat44. Nat4 is the most downregulated gene. A threshold for false discovery rate (FDR)
of < 0.001 and an absolute value of log2 ratio>1 were used to determine significant differences in gene
expression. RPKM: Reads per kilobase transcript per million reads. The plot is on a log2 transformed scale.
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4.2 Deletion of NAT4 exhibits gene expression changes that mimic those occurring

during calorie restriction

Previous studies have shown that cells which are grown in nutrient deficient conditions
such as calorie restriction (CR) induce the expression of metabolic and stress-response
genes (Lee et al., 2008; Sharma et al., 2011; Steffen et al., 2008; Wang et al., 2010; Dang
et al.,, 2014). This raised the hypothesis that deletion of Nat4 (nat44) might mimic CR
effects. In order to obtain a better understanding of the changes that occur in CR and
compare it to those that occur in nat44, we performed a second RNA-sequencing (RNA-
seq), looking at differential gene expression between cells grown in media containing 2%
glucose (Non Caloric Restriction condition = NCR) and cells grown in media containing
0.1% glucose (Calorie Restriction = CR). As we expected, the expression of a vast number
of genes changed in CR. Data analysis was performed using a 2-fold change (log>1) and
FDR<0.001 again as the threshold and we found 914 genes that were upregulated and 990
downregulated in CR compared to NCR. We then performed gene ontology analysis to
determine the functional groups of the differentially expressed genes. GO clustering
analysis of upregulated and downregulated genes due to CR (Figure 4.2A) enriched
various biological processes/pathways that were consistent with those reported in a

previous study (Dang et al., 2014), thus validating our methodology.

Importantly, as shown in Figure 4.2, most of the gene ontology terms that were
enriched in nat44 were also enriched in CR (shown in bold). The most noticeable overlap
was that for the GO term response abiotic stimulus, which largely encompasses stress-
response genes and was the most significantly enriched functional group among the
upregulated genes in nat44 (Figure 4.2A). As expected, response to abiotic stimulus, was
among the top three upregulated groups in GO clustering analysis of CR cells (Figure
4.2B). Apart from abiotic stimulus other groups that were enriched in both nat44 and CR
deregulated genes included vacuolar protein catabolic process, carbohydrate transport,
generation of metabolites and energy, hexose metabolic process, transmembrane
transporter activity, phoshphorylation and ribonucleoprotein complex biogenesis (compare

Figure 4.2A and Figure 4.2B).

Although many enriched GO clusters were common between CR and nat44
(Figure 4.2A) it was still possible that there was not significant overlap in the individual
genes that were differentially expressed between the two experimental conditions.

Therefore, we then compared the lists of genes present in the functional clusters from the
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two data sets (nat44 and CR). From the 138 genes that were upregulated in nat44, 83
were also upregulated in CR conditions (Figure 4.2B) resulting in a statistically significant
overalp (p-value<4 x10"%). These data suggested that nat44 partially mimics CR-treated
cells at the trasncriptome level. Additionally, there was an overlap of 6 genes between
those downregulated in nat44 (56 genes) and those in CR treated cells (991 genes) (Figure
4.2B, right). Although this was not a significant overlap, these 6 genes belong to the three
GO terms (cell cycle, RNA processing and ribonucleoprotein complex biogenesis) that

were enriched in the GO clustering analysis for nat44 (Figure 4.2A).

Since we observed a significant overlap among the genes that were differentially
expressed in nat44 and CR we were wondering whether these two conditions would have a
synergistic effect on the deregulation of these genes. Hence, we selected genes among the
most deregulated ones in both nat44 and CR cells and examined by qRT-PCR using total
RNA extracted from wild-type and nat44 cells grown in normal 2% glucose conditions
and from wild-type and nat44 cells grown in CR (0.1% glucose). Consistent with the
RNA-seq data, we observed a significant increase in the expression of seven examined
stress induced genes (GPHI, GLC3, HXKI, TPS2, GSYI, PNCI, NTHI) in both CR and
nat4/ (albeit to a lesser extent) as well as downregulation of the examined genes
YGRO79W and TIRI (Figure 4.2D). Importantly, deletion of Nat4 in combination with CR
(nat44 CR) does not have an additive effect on gene expression changes, implying a
possible epistatic effect between nat44 and CR (Figure 4.2C). Overall, these findings show
that Nat4 regulates a group of stress induced genes and that deletion of Nat4 exhibits gene

expression changes that mimic those of cells growing under calorie restriction.
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Figure 4.2. Deletion of NAT4 exhibits gene expression changes that resemble calorie restriction
effects. (A) Clustering analysis for upegulated and downregulated genes in CR (0.1%) and nat4A4.
Gene ontology was calculated by DAVID software (version 6). GO categories with enrichment scores
of p< 0.05 are shown.
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Figure 4.2. Deletion of NAT4 exhibits gene expression changes that resemble calorie restriction effects
(contd). (B) Venn diagrams showing at the left panel, statistically significant overlap (83 genes) between
upregulated genes in nat44 cells (138) and in cells grown in CR conditions (914). At the right panel, venn
diagram shows the overlap (6 genes) between downregulated genes in nat44 cells (56) and in cells grown in
CR conditions (990). Size proportional Venn diagrams were drawn using the online software
www.cmbi.ru.nl/cdd/biovenn/index.php. Significance of overlap between the two sets is shown as p=4.19
x10" and p=0.98 for upregulated genes and downregulated genes respectively. Venn diagram overlap
significance/enrichment was calculated by R package (C) Gene expression assay by qPCR-RT for seven
stress-induced genes upregulated (GPHI, GLC3, HXKI, TPS12, GSYI, PNCI, NTHI) and two genes that
were downregulated (YGRO79W, TIR1) in nat44 and CR in RNA-seq data. Expression levels were measured
using total RNA extracted from a wild-type strain (BY4741) grown in 2% glucose YPD (NCR) and in 0.05%
glucose YPD (CR) and a nat44 strain (BY4741) grown in 2% glucose YPD (NCR) and in 0.1% glucose YPD
(CR). Expression levels were normalized to TAF10, that acts as a housekeeping gene as its expression has
previously been shown to remain stable, independent of growth conditions (Teste et al., 2009). Error bars
indicate s.e.m
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4.3 Loss of Nat4 extends lifespan via a CR-mediated pathway

The above results on differential gene expression profiling suggested that lack of
Nat4 largely mimics CR (Figure 4.2). Numerous previous studies have shown that CR
extends lifespan in several species (Skinner and Lin, 2010) including budding yeast (Lin et
al., 2000; Kaeberlein et al., 2004; Smith et al., 2007; Kaeberlein et al., 2010). Therefore,
we were interested to examine whether deletion of NAT4 has an effect on longevity. We
perfomed replicative lifespan assays in wild type and nat4/ cells grown in rich media (2%
glucose). Interestingly, we found that nat44 cells show an extended replicative lifespan of
about 20% compared to isogenic BY4741 WT cells (Figure 4.3A). In order to check
whether the effect we see in BY4741 is mating-type specific (MATa) or not, we also tested
lifespan in BY4742, which is a strain possessing the opposite mating type (MATa).
Furthermore, to stregthen our analysis, we examined the effect of nat44 on longevity in an
additional yeast strain YSC5106. Loss of Nat4 extends lifespan by 40% in the BY4742
strain and by 26% in the YSC5106 strain (Figure 4.3B) confirming our initial observation
with the BY4741 strain.

The extension of lifepsan observed for nat44 cells is very similar to that
demonstrated for cells grown in CR (Parrou et al., 1997; Boender et al., 2011; Choi et al.,
2011). This is also consistent with the fact that these two conditions showed an epistatic
effect with regards to controling the expression of stress-response genes (Fig 4.2C). Hence,
we sought to examine whether nat44 and CR regulate lifespan extension through a similar
pathway. To do this, we intially performed replicative lifespan assays in wild-type and
nat44 cells grown under CR conditions (0.05% glucose). In agreement with previous
studies, (Lin et al., 2000; Jo et al 2015) CR using 0.05% glucose extended lifespan by
about 35% (Figure 4.3C). Importantly, the deletion of N4A74 in combination with CR
(nat44 0.05%) does not have an additive effect on longevity, keeping the extension to 33%
(Figure 4.3C). This suggests that nat44 and CR affect lifespan through a common
pathway. To verify the above results we also performed replicative lifespan assays in a
genetic mimic of CR, torl4. The TORI kinase is part of the TOR signaling pathway,
which is inhibited under CR conditions to prolong lifespan (Kaeberlein et al., 2005). In
agreement with results above double deletion of nat4AtoriA extended lifespan by 30%,
which is not significantly increased compared to the extension of lifespan (29.3%)
observed for an isogenic nat44 strain (Figure 4.3D). This result again points out that nat44

and CR control longevity through the same pathway.
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The above findings raised the hypothesis that the activity of Nat4 might be
regulated by CR. To explore this hypothesis, we performed gene expression assays using
RT-PCR and we observed a significant decrease in the levels of NAT4 mRNA when
glucose was diminished from 2% (NCR) to 0.05% (CR) (Figure 4.3E). This result was also
found in our RNA-seq analysis where Nat4 was five-fold downregulated in CR. We next
wanted to determine whether the activity of Nat4 is also reduced in CR by examing the
levels of N-acH4 on chromatin. Thus we performed ChIP assays and tested the deposition
of N-acH4 across the rDNA locus in wild type cells grown in CR and compared it to cells
grown in NCR. As expected based on our results in Fig 3.2.3, N-acH4 levels were reduced
under CR conditions across the entire rDNA locus (Figure 4.3F). Overall, these findings
propose that nat44 increases longevity through a CR-mediated pathway because Nat4

activity is dimished during glucose limitation.
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Figure 4.3. Deletion of NAT4 extends lifespan via a CR-mediated pathway. (A) Replicative lifespan for
BY4741 WT and nat44 in rich media (YPD with 2% glucose). Survival curve is obtained by plotting the
fraction of mother cells still alive as a function of replicative age (number of buds produced). Values in
parentheses are mean lifespan and number of cells tested.(B) Table showing extension of lifespan in three
different yeast strains (BY4741, BY4742 and YSC5106) (C) Replicative lifespan for BY4741 wt and nat44
under severe CR condition (YPD with 0.05% glucose) compared to BY4741 wt (YPD with 2% glucose).
Survival curve is obtained as in (A). (D) Replicative lifespan for BY4742 WT, nat44, toriA, nat4A/torlA, in
rich media (YPD with 2% glucose). Survival curve is obtained by plotting the fraction of mother cells still
alive as a function of replicative age (number of buds produced). Values in parentheses are mean lifespan and
number of cells tested. (E) Expression levels of NAT4 analyzed by qRT-PCR using total RNA extracted
from a wild-type strain (BY4741) grown in 2% glucose YPD (NCR) and in 0.05% glucose YPD (CR).
Expression levels of NAT4 were normalizd to TAF10 levels. (F) ChIP experiments were performed in a wild-
type strain (BY4741) grown in 2% glucose YPD (NCR) and in 0.05% glucose YPD (CR) using an antibody
against N-acH4. The immunoprecpitated chromatin was analyzed by qRT-PCR using primers for the
different RDN genes. Enrichment was normalized to the levels of histone H4. Error bars in (E) and (F)
indicate s.e.m for dublicate experiments.
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4.4 Nat4 regulates lifespan through N-terminal-acetylation of H4

Our data so far implied that loss of Nat4 enzymatic activity and consequently
decrease in acetylation of its histone substrates (Figure 4.3F), might be responsible for the
extension of lifespan observed in nat44. To explore this implication, we developed a Nat4
catalytic mutant strain (nat4E186A4) in which the highly conserved residue E186 was
changed to alanine and this mutation was previously shown to abolish the enzymatic
activity of Naa40, the human Nat4 ortholog (Magin et al., 2015). Using this catalytic
mutant strain we performed replicative lifespan assays and detected an extension in
lifespan by approximately 12% in the nat4E186A4 as compared to WT (Figure 4.4A),
suggesting that lifespan regulation by Nat4 is dependent on its acetyltransferase activity.
To further explore the possibility that Nat4 regulates lifespan through N-alpha acetylation
of histone H4, we decided to examine replicative lifespan in a yeast strain in which H4 was
compromised for N-terminal acetylation by mutating serine 1. For the purpose of these
experiments, we used the mutant of serine 1 to aspartic acid (H4S1D) that is available from
the integrated histone mutant library collection (YSC5106). We could not use our
previously constructed H4S1P or H4S1A mutants because those mutants were generated in
a yeast strain (JHY6) that does not survive the replicative aging assay. In line with our
previous results, H4S1D results in extension of lifespan by about 33% compared to the
isogenic wild-type strain (Figure 4.4B). This extension is slightly longer than the 24%
increase in longevity observed for nat44 in this background strain (Figure 4.4B). Possibly
mutating the Nat4 substrate (H4S1D) might be more influential on longevity as opposed to
nat44 whose activity might be partially complemented by other NATs as indicated by the
residual N-acH4 detected in our ChIP assays in nat44 cells (Figure 3.2.3)

Since H4S1D affects lifespan in a similar manner to nat44 we expected that it
would alter the expression of genes that are also deregulated in the nat44 strain.
Specifically, we examined by RT-PCR the expression of several ribosomal rRNAs (58,
258, 5.8S and 188, as well as their precursor 35S), which are downregulated in nat44 (see
Figure 3.2.3) and the expression of stress-response genes examined above (GPHI, GLC3,
HXKI, TPS2, GSYI, PNCI, NTHI) whose transcription is upregulated upon deletion of
Nat4 (see Figure 4.2C). In accordance to our expectations, the expression of rRNAs was
decreased while the expression of stress-response genes was increased in nat44 within this
strain background (Figure 4.4C). Notably, a similar deregulation of these genes was also
obtained with the H4S1D mutant strain (Fig 4.4C). This further validates our previous

conclusions that Nat4 controls gene expression through a mechanism that involves N-
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terminal acetylation of H4. Altogether, the above results strongly suggest that the N-

terminal acetyltransfease activity of Nat4 towards H4 is necessary for its role in regulating

lifespan.
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Figure 4.4. Nat4 regulates lifespan through N-terminal acetylation of H4. (A) Replicative lifespan for
wild type and catalytic mutant nat4E186A4 cells in 2% glucose YPD, obtained by plotting the fraction of
mother cells still alive as a function of replicative age (number of buds produced). Values in parenthesis are
mean lifespan for each strain. (B) Replicative lifespan for H4 wild type (H4wt), nat44 and H4S1D mutant in
2% glucose YPD, obtained as in (A). (C) Gene expression analysis of rRNAs and the different stress-induced
genes, performed using the same strains as in (B). The expression levels were normalized to RPP0O whose
expression levels remain unchanged. Error bars indicate s.e.m for triplicate experiments.

4.5 H4R3 is required for the extension of lifespan induced by Nat4 deletion

We have previously shown that H4R3me2a is antagonistic to N-acH4 in regulating
rRNA expression (Figure 3.1-3.4). Furthermore, arginine 3 on histone H4 is required for
the regulation of rDNA silencing by Nat4 (Figure 3.5). These facts prompted us to
investigate whether H4R3 is also required for the extension of lifespan that is induced in
the absence of Nat4. To determine this, we used the H4R3K mutant within the YSC5106
strain, which maintains the charge of the amino acid residue but prevents its methylation.
We performed lifespan assays using H4R3K, along with a wild-type strain (wt), nat44 and
the double mutant H4R3K nat44. Interestingly, nat44 was unable to extend lifespan in the
presence of H4R3K. In fact, the double mutant nat4/H4R3K decreased lifespan by 63%
when compared to wt (Figure 4.5A). Additionally, a similar decrease in lifespan was also
observed with the H4R3K mutant alone, suggesting this residue and perhaps its
methylation act downstream of Nat4 to control replicative lifespan in yeast (Figure 4.5A).
These findings demonstrate the requirement of intact H4R3 in order for Nat4 to control
longevity and also indicate that this residue and possibly its methylation play an important

role in controlling aging of yeast cells.
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Based on the above findings we hypothesized that H4R3K should block the
deregulation of genes that is observed in nat44. To address this hypothesis we performed
gene expression analysis using total RNA isolated from wt, nat44, HAR3K and
nat44/HAR3K strains. Consitent with our previous finding on 25S rRNA (Fig 3.5B),
H4R3K blocks the reduction of all rRNAs (188, 5.8S, 5S, and their precursor 35S) that is
stimulated by Nat4 deletion (Figure 4.5B, compare nat44 to nat44 H4R3K). Likewise,
H4R3K blocks the upregulation of stress-response genes, which is typically induced in the
absence of Nat4 (Figure 4.5B, compare nat44 to nat44 H4R3K). Notably, H4R3K does
not have the opposite effect on gene expression compared to nat44 but instead maintains
the expression of these genes to WT levels (Fig 4.5B, compare WT to H4R3K). Therefore,
we conclude that, firstly, H4R3 is required for Nat4-mediated regulation of gene

expression and, secondly, H4R3 is vital for Nat4 to control longevity.
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Figure 4.5. H4R3 is necessary for the extension of lifespan mediated by Nat4 deletion. (A) Replicative
lifespan for H4 wt, nat44, H4R3K and nat44/ H4R3K in rich media (YPD with 2% glucose). Survival curve
is obtained by plotting the fraction of mother cells still alive as a function of replicative age (number of buds
produced). Values in parentheses are mean lifespan and number of cells tested. (B) Expression levels of
rRNAs 188S, 5.88S, 258, 5S and their precursor 35S; and of the different stress-induced genes GPHI, GLC3,
HXKI, TPS2, GSYI, PNCI, NTHI, grown in 2% glucose YPD. Total RNA was extracted from the strains
indicated in (A) and was analyzed by qRT-PCR. Expression levels were normalized to RPP0O whose
expression remains unaltered in these conditions. Error bars indicate s.e.m for triplicate experiments.

4.6 Nat4 regulates longevity through an increased resistance to stress

From our results we can conclude that Nat4 affects expression both at the rDNA
locus (Figure 3.2.3) and stress response genes (Figure 4.2). In order to look more into the
mechanism by which Nat4 may induce longevity, we first explored the possibility that the
rDNA locus is implicated within this mechanism. Evidence from other studies raised the
hypothesis that Nat4 regulates longevity either by reducing biogenesis of ribosomal
subunits (Steffen et al., 2008) or by promoting rDNA instability (Kobayashi et al., 2004).
Hence, to explore this hypothesis, we first analyzed by polysome profiling the abundance
of ribosomal subunits and polysomes in wild type cells and cells that lack Nat4 (nat44). By
looking at the polysome profiles of the two strains we observed no change in ribosome
biogenesis between wild type and nat44 cells (Figure 4.6A). Thus, we conclude that Nat4
does not regulate longevity by decreasing ribosome biogenesis or by general reduction of

protein translation (Steffen et al., 2008; Smith et al., 2008; Dang et al., 2014).

A primary cause of ageing is instability of rDNA (Kobayashi et al., 2011). Such

instability leads to homologous recombination between rDNA repeats leading to the
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generation of toxic ERCs and ageing (see section 1.4.3.1) (Kaeberlein et al., 1999). A
decrease in ERC accumulation has previously been associated with increased lifespan

(Sinclair and Guarente, 1997; Kaeberlein et al., 1999). Hence, we tested whether nat4 A

could reduce the accumulation of ERCs by using quantitiatve real-time PCR targeting
rDNA sequences. Interestingly, we observed no change in tDNA copy number in nat44
compared to wild type cells (Figure 4.6B) suggesting that nat44 does not increase
longevity by suppressing the formation of ERCs. As expected, in the fob14 the rDNA copy
number decreased (Figure 4.6B) since in the absence of Fobl rDNA recombination and

ERC formation decrease ( Kobayashi et al., 1998).

Moreover, it has been shown that recombination frequency (copy number
instability) in the rDNA determines life span (Kobayashi et al., 2004). The recombination
frequency is controlled by the Sir2 protein which represses transcription of the E-pro
bidirectional promoter found within the rDNA region in order to suppress rDNA
recombination and maintain the rDNA copy number to physiological levels (Kobayashi
and Ganley, 2005). Hence, the expression of E-pro is indicative of high rDNA
recombination and hence instability (Kobayashi and Ganley, 2005). In order to investigate
whether loss of Nat4 affects through this process we examined the expression of E-pro
using Northern analysis in wild type cells, nat44 cells and sir2 cells as control. In sir24,
transcription of E-pro is increased as expected. However, we could not detect a diffference
in E-pro expression between wild type and nat44 cells (Figure 4.6C), ruling out the
possibility that Nat4 regulates lifespan through rDNA instability. These results suggest that

the rDNA region might not be part of the underlying mechanism for Nat4's role in lifespan.

Previous papers suggested that certain genetic mutations (foriA4, tPK1/2/34, Sch94,
hxk2, pnclA isw24) mimic calorie restriction effects by upregulating stress response genes
(Toda et al., 1987; Lin et al., 2000; Fabrizio et al., 2001; Kaebelein et al., 2005; Powers et
al., 2006). Recently, a model was proposed in which the absence of the chromatin
remodelling enzyme ISW2 regulates longevity through stress repsonse pathways and this
mimics CR in extending longevity (Dang et al., 2014). Hence, we sought to examine
whether nat44 regulates lifespan extension through a similar pathway. One of the genes
that is highly induced in the absence of Nat4 is the nicotinamidase gene PNC/ (Figure
4.6D), which was also shown to be induced under CR conditions as part of a stress
response to nutrient limitation and its overexpression prolongs lifespan (Anderson et
al.,2003; Gallo et al., 2004). Therefore, we sought to determine whether the expression of

PNC1 was required for the nat44-mediated longevity. We constructed a mutant in which
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nat44 was combined with the absence of PNCI (nat44 pnciA) and performed replicative
lifespan assays. Our data show an extension in lifespan by 28% in nat44 as expected but
intrerestingly, nat44 pncliA restores lifespan to wild type levels, indicating that PNCI is

necessary for Nat4-mediated extension of lifespan (Figure 4.6D).
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Figure 4.6. Nat4 does not regulate longevity through ribosome biogenesis or rDNA stability. (A)
Polysome profiles for wt and nat44 from two different experiments (Expl, Exp2). (B) Quantitative real-time
PCR analysis of rtDNA copy number for young and old WT and nat44 cells. fobiA cells were used as a
positive control. Error bars indicate SEM. (C) Northern blot analysis using total RNA from wt, nat44 and
sir24 cells. (D) Replicative lifespan for wild type, nat44, pnci4d and double mutant nat44 pncid in 2%
glucose YPD, obtained by plotting the fraction of mother cells still alive as a function of replicative age
(number of buds produced). Values in parenthesis are mean lifespan for each strain.
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5. Discussion

Histone H4 N-terminal acetylation (N-acH4) is an abundant and conserved
modification (Polevoda and Sherman 2003; Starheim et al., 2012). Although previous
studies investigated the biological role of the yeast (Nat4) and human (Naa40) enzymes
that catalyse this histone modification (Polevoda et al., 2009; Liu et al., 2009; Liu et al.,
2012) the knowledge on the molecular function of histone N-terminal acetylation remained
marginal. The work in this study exposes the role of histone N-terminal acetylation and its
associated enzyme Nat4 in the regulation of gene expression. First, we revealed that
histone H4 N-terminal controls the deposition of an adjacent histone mark (H4R3me2a)
and by doing so it regulates the expression of the ribosomal DNA locus (Chapter 3).
Second, we identified an important novel biological role of Nat4 and N-acH4 in regulating

yeast cellular lifespan by modulating the expression of stress reponse genes (Chapter 4).

5.1 Regulation of rDNA silencing by Nat4

Our initial hypothesis that N*-terminal acetyltransferase Nat4 might be involved in
the regulation of gene expression is supported by a mechanistic model in which N-acH4
mediated by Nat4 strongly inhibits the activity of Hmt1 methyltransferase towards H4R3
(Figure 3.4). This inhibition leads to activation of the rDNA locus. Removal of N-acH4 by
a yet unknown mechanism allows deposition of H4R3me2a and increases repression of
rRNA transcription (Figure 5.1). This mechanism plays a role during nutrient deprivation
in order to reduce the expression of the rDNA region in response to the limited source of
energy. In the absence of N-acH4, internal lysine acetylation at K5, K8 and K12 catalysed
by Esal (Clarke et al., 1999) or Hatl (Poveda et al., 2009) remain unaffected (Figures
3.6.1A, compare lanes 1, 2 and 3.6.1B). These acetyl marks can fine-tune the levels of
H4R3me2a because otherwise excessive methylation of H4R3 by loss of Nat4 and K5,8,12
acetylation will result in a severe growth defect (Figures 3.6.4B and 3.6.4C, Figure 5.1).

Moreover, the mechanism we propose explains the previously observed synthetic
defect of the H4K5,8,12R nat44 mutant strain (Polevoda et al., 2009). Whether the growth
defect observed in our experiments (Figure 3.6.4B-C) is due to deregulation of the rDNA
region only or whether other genomic loci whose expression is influenced by H4R3me2a
also contribute to this phenotype is still unclear. There are two possible scenarios, which

are not mutually exclusive, on how H4R3me2a then mediates rDNA silencing in yeast.
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First, it was proposed that H4R3me2a facilitates recruitment of Sir2 to the rDNA region
(Yu et al., 2006). Sir2 is part of an rDNA silencing complex called regulator of nucleolar
silencing and telophase exit (RENT) complex, which is also composed of two more
subunits, Netl and Cdc14 (Shou et al., 1999; Visintin et al, 1999). Netl recruits Sir2 to the
rDNA and is also required for rDNA silencing. Thus, we tested the binding of Netl on the
rDNA in the absence of Nat4. Interestingly, Netl showed an increase in binding in the
absence of Nat4 compared to wild type cells (data not shown). Thus, it is possible that
H4R3me2a mediates rDNA silencing through binding of Netl on the rh et al., 2009; Hole
et al., 2011). However, it has been suggested that Nat4 and hNaa40 may target H4 post-
translationally because a significant amount of hNaa40 localizes to the nucleus (Liu et al.,
2009; Hole et al., 2011). Similarly to other acetyl marks such as H4K5ac and H4K12ac (Ai
et al., 2004), N-acH4 might be catalyzed on soluble nuclear histones that are subsequently
incorporated into chromatin. Intriguingly, N-alpha-terminal acetylation has already been
proposed to occur post-translationally on other proteins (Helbig et al., 2010; Helsens et al.,
2011; Varland et al., 2015). How N-acH4 is then removed from histones needs further
examination. One possibility is through histone exchange by which unacetylated H4
replaces N-terminally acetylated H4 found in chromatin. Another scenario is through
active deacetylation mediated by a deacetylase, an activity that has not been demonstrated
yet for any protein N-terminal acetylation mark (Starheim et al., 2012; Varland et al.,

2015).

Interestingly, Nat4 is not the only Nat that has been implicated in the regulation of
heterochromatic regions in yeast. NatA has a role in chromatin silencing (Gautchi et al.,
2003; Geissenhoner et al., 2004). However, NatA functions through a mechanism that is
distinct from that of Nat4 for several reasons. Firstly, NatA establishes telomeric and HML
silencing by acetylating Orcl and Sir3 in order to stimulate their recruitment onto
chromatin (Geissenhoner et al., 2004; Onishi et al., 2007; van Welsem et al., 2007).
However, silencing at the rDNA region does not involve these proteins (Huang et al.,
2003). Secondly, in our experiments, the absence of Ardl (the catalytic subunit of NatA)
has no effect on the levels of H4R3me2a (Figure 3.2.5A). Finally, in the ardiA strain, the
levels of 25S rRNA are not significantly altered compared to a wild-type strain (Figure
3.2.5B). Therefore, we believe that Nat4 and NatA impact on chromatin silencing through
different pathways.
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5.2 Model of N-acH4 in rDNA silencing may be conserved in higher eukaryotes

The cross-talk we propose among N-acH4, internal lysine acetylation and H4R3
methylation might be conserved in mammals since the activity of Nat4 towards H4 is
conserved in humans (Hole et al. 2011) and its ortholog hNaa40 can re-establish normal
levels of H4R3me2a in the absence of Nat4 (Figure 3.3F-G). Furthermore, mass
spectrometry analysis of mouse histone H4 revealed that N-terminal acetylation co-exists
with K5, K8 and K12 acetylation, and has an inverse relationship with H4R3 methylation
(Tweedie-Cullen et al., 2012). Interestingly, this anticorrelation in mouse cells does not
involve asymmetric dimethylation but rather a trimethylated form of H4R3 (Tweedie-
Cullen et al., 2012), whose existence is still under debate. The mutual exclusive pattern
between N-terminal acetylation and H4R3 methylation becomes even more apparent on
H2A peptides, (Tweedie-Cullen et al., 2012), suggesting that in mammals this modification
crosstalk could also occur on histone H2A. This is consistent with the fact that mammalian
H2A (Ser-Gly-Arg-Gly- Lys) has an arginine at position 3 and its N-terminal sequence is
identical to H4, in contrast to yeast H2A (Ser-Gly-Gly-Lys-Gly) whose third residue is a
glycine. Determining whether Naa40 utilizes a similar mechanism to control gene
activation in mammalian cells is intriguing, considering that this enzyme has a pro-
apoptotic function and was found significantly downregulated in hepatocellular carcinomas

(Liu et al., 2012).

5.3 Regulation of Longevity by Nat4

Evidence that the proposed crosstalk between N-acH4 and H4R3me2a (Figure 5.1)
might work in lifespan came from the fact that this crosstalk was functional under CR
conditions (Figure 3.7). The established link between enhanced rDNA silencing with
calorie restriction (Lin et al., 2002; Lamming et al., 2005) and increased lifespan
(Kaeberlein et al. 2010), led us to examine whether CR affects these modifications.
Consistent with the finding that CR indeed induces changes (Figure 3.7; Figure 4.3F), we
were interested to determine whether these modifications and their respective enzymes are
part of a mechanism that extends cellular lifespan and we uncovered a role for Nat4 in a
longevity pathway that is induced by CR (Chapter 4). Accordingly, in a transcriptome
analysis performed in wild type and Nat4 deleted cells, we observed a significant

deregulation of metabolic and stress-induced genes that are also activated in response to
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CR (Lee et al., 2008; Steffen et al., 2008; Wang et al., 2010; Sharma et al., 2011; Dang et
al., 2014) (Figure 4.1- 4.2).

The above evidence prompted us to investigate the role of Nat4 in regulating
longevity. Deletion of Nat4 indeed extended lifespan and this was dependent on its
enzymatic activity (nat4E186A) and the N-terminal acetylation of its substrate histone H4
(H4S1D). This longevity extension occurs via a CR-mediated pathway (Figure 4.3A,
4.4A,B) and this is supported by various findings: a) deletion of NAT4 in combination with
CR does not have an additive effect on longevity (Figure 4.3-4.4A), b) a genetic mimetic
of CR (torlid, Kaeberlein et al., 2005) when combined with nat44 does not have an
additive effect on nat44 mediated longevity (Figure 4.3D), c¢) CR represses Nat4
expression and the deposition of N-acH4 onto chromatin (Figure 4.3E,F) and d) deletion of
PNC1 which governs the longevity induced by CR (Anderson et al 2003; Gallo et al.,
2004) also blocks the longevity that is stimulated by nat44 (Figure 4.6D ).

5.4 Nat4-mediated regulation of longevity through induction of stress response

Based on our findings that linked Nat4 with a CR-mediated pathway (Chapter 3 and
4), the regulation of the rDNA region (Chapter 3) and induction of stress-response genes
(Chapter 4), we predicted that Nat4 would operate through one or more of the following
three reported CR-controlled mechanisms: a) loss of Nat4 would decrease rDNA stability
to induce longevity (Sinclair and Guarente, 1997; Kaeberlein et al., 1999; Kobayashi et al.,
2004; Kobayashi and Ganley, 2005; Kobayashi et al., 2011;), b) nat44 would increase the
stress resistance of cells to prolong their lifespan (Toda et al., 1987; Lin et al., 2000;
Fabrizio et al., 2001; Kaebelein et al., 2005; Powers et al., 2006; Dang et al., 2014) and/or
c) deletion of Nat4 would reduce ribosome biogenesis and protein translation to stimulate
cellular longevity (Smith et al., 2008; Steffen et al., 2008; Johnson et al., 2013 ). We report
that the presence of arginine methylation on histone H4 (H4R3) is necessary in order for
Nat4 to control replicative lifespan in yeast (Figure 4.5). Histone H4 acetylation
(H4K16ac) has already been implicated in the regulation of lifespan in yeast through a

mechanism that maintains telomeric chromatin intact (Dang et al., 2009).

We initially anticipated that N-acH4 and H4R3me2a, if involved in lifespan
regulation, would be part of a pathway that controls rDNA silencing (Lin et al., 2002;

Lamming et al., 2005), since our data show that deletion of NAT4 does not affect telomeric

105



silencing (Figure 3.2.1). Previous studies demonstrated that Sir2 affects yeast lifespan by
regulating rDNA recombination (Kaeberlein et al., 1999) and Hmt1 activity represses this
process (Yu et al., 2006). Thus, we further wanted to explore if loss of N-acH4 affects
rDNA recombination. From our data, however, we rule out the possibility of rDNA
involvement for Na4-mediated longevity based on two facts. First, since ERC
accumulation in the cell is the result of rDNA instability (Kobaysahi et al., 2005), we
checked ERC levels in wild type and nat44 but did not observe any changes in ERC
accumulation between the two (Figure 4.6B). Second, during rDNA recombination, the
silencing protein Sir2 represses transcription of E-pro and prevents the appearance of the
first DNA circle that accumulates in mother cells by creating a silenced chromatin. We
observe no change in the levels of E-pro expression as indicated by Northern blot (Figure

4.6C).

Previous studies have shown that ribosome protein production is decreased in the
presence of calorie restriction conditions and through downregulation of Torl, proposing
an extension of lifespan as a result of a decrease in ribosome biogenesis (Steffen et al.,
2008; Johnson et al., 2013). Our results point out that Nat4-mediated longevity is not a
result of a decrease in ribosome biogenesis as shown by ribosome profliling analysis
(Figure 4.6A). We estimate that downregulation of the ribosome biogenesis cluster in our
gene ontology results (Figure 4.2A) is probably due to a uniform decrease in rRNA
transcription for the cell to save energy by producing less ribosomes in the absence of

Nat4; and not a cause of Nat4-mediated longevity.

Moreover, a hallmark of ageing is the accumulation of cellular damage. Several
mechanisms are known to be activated by the cell to fight this damage encompassing a
cellular stress response system (Guarente et al., 2008). By increasing resistance to different
types of stress such as heat shock or oxidative damage yeast cells live longer (Sharma et
al., 2011; Delaney et al., 2103). It is possible that Nat4 regulates lifespan by bypassing
Sir2-dependent rDNA silencing and by activating cellular stress pathways through
upregulation of metabolic and stress induced genes (Figures 4.1, 4.2, 5.2). A similar CR-
mediated longevity pathway that is distinct from TOR and sirtuin pathways has been
previously reported, as deletion of the chromatin remodeling complex Isw2 extends
longevity through induction of genotoxic stress response (Dang et al., 2014). Our findings
support the idea that upon inactivation of Nat4, an environment that mimics calorie
restriction is created, which provides increased resistance to stress as yeast cells age. In

addition, metabolic and stress response genes become activated, rendering cells in a stress
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responsive state (Figure 5.2).
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Figure 5.2: Proposed model of Nat4 mediated-longevity. Under calorie restriction conditions a decrease in
rDNA instability occurs and leads to an increase in longevity. Torl is inhibited and this leads to several
changes in the cell. In addition to rDNA instability, a decrease in ribosome biogenesis, in protein synthesis as
well as metabolism takes place leading to an increase in longevity. Nat4 is downregulated and extends
lifespan through a CR-mediated pathway. Polysome profiling did not show a decrease in ribosomal subunit
formation in the absence of Nat4, suggesting that Nat4 does not mediate longevity through ribosome
biogenesis. In addition, loss of Nat4 does not seem to affect rDNA stability or ERC formation. As a result of
nutrient deprivation, Nat4 is downregulated and extends lifespan through a response to stress since a number
of stress-induced genes are upregulated. Whether Torl activates Nat4 expression is still not known (?).

5.5 Significance of this work

Findings from this work could provide general mechanistic implications for histone
N“%terminal acetylation. Importantly, lack or abnormal N®-terminal acetylation results in
defects, preventing regular protein function. The importance of N*-terminal acetylation in
human cell biology and disease has been increasingly recognized (Arnesen, 2011;
Starheim et al., 2012, Varland et al., 2015). Recently, studies revealed the importance of

human hNaa40 in hepatic lipid metabolism and hepatocellular carcinogenesis (Liu et al.,
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2009). These findings imply the role of Nat4 in carcinogenesis and suggest its application
in cancer therapeutics. To date, NAT compounds have been developed that can target the
NatA complex and its catalytic subunit NaalO as well as the enzyme NatE/Naa50 (Foyn et
al., 2013; Kalvik and Arnesen, 2013; Popp et al., 2015). In addition, Nat4 shows unique
structural features; such as the Nat4 substrate site that is tailored only for the four first
residues (Ser-Gly-Arg-Gly) of the N terminus of histone H4 and H2A as well as the
presence of a unique Arg3 pocket that can be exploited to develop Nat4 inhibitors (Magin
et al., 2015).

Moreover, histone modifications provide an important platform for many processes
such as gene transcription. Studies have shown that misregulation of histone modifications
and histone modifying enzymes is associated to human disease. Importantly, aberrant
histone modification profiles are intimately linked to cancer. Hence, these modifications
and their enzymes are considered to be good targets for therapy. Notably, results from this
study revealed a crosstalk amongst histone N“-terminal acetylation and other histone
modifications. Such crosstalks might lead to certain functional outputs implicated in
disease. Thus, histone N®-terminal acetylation and Nat4 could be further exploited as

therapeutic targets.

Furthemore, since deletion and inhibition of enzymatic activity of NA74 showed an
extension in lifespan, Nat4 could be further explored as a candidate for novel therapeutics
for delaying the onset and progression of physiological declines that characterize
physiological ageing; as well as various premature age-associated diseases in humans, such
as the Werner syndrome (Yu et al., 1997). Interestingly, Naa40 knockout in mice has been
reported to offer protection from an age-associated disease, hepatic stetatosis. This
possibly shows that the role of Nat4 in cellular longevity is maintained in mammals,

pointing out the significance of our findings.
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5.6 Future Directions

Strong cellular stress response capability has been associated with longevity and
this is supported by the existence of the longest-lived rodent, the naked mole rat. This
mammal lives approximately eight times longer than mice and despite the oxidative
damage that it demonstrates at a young age, it shows much stronger resistance to various
stressors (Lewis et al., 2012). To further evaluate the contribution of nat44 to the stress
response specifically associated with aged cells, expression changes should be examined
by qRT-PCR for stress response genes in wild type and nat44 cells in both young and old
cells. We expect a higher expression of stress response genes in the aged population of
nat44 compared to old wild type cells. Such experiments will confirm whether induction
of stress genes that results from inactivation of Nat4 provides cells with an advantage to
handle the damage induced during ageing, thus leading to longevity effects. Moreover, loss
of arginine methylation (H4R3K) shortens lifespan, even when Nat4 is deleted (Figure
4.5). This shows that perhaps H4R3K does not shorten lifespan through deregulation of
metabolc and stress response genes, but through a mechanism independently from Nat4.
Furthermore, it would be interesting to examine whether the regulation of lifespan by Nat4
is evolutionary conserved among eukaryotes. Although deletion of NAA4A40 in Drosophila
melanogaster seems to be lethal (data not shown), it would be interesting to check for
conservation of longevity in Caenorhabditis elegans, which has a Nat4 ortholog known as
Y38A410A.7 that contains all critical amino acids and motifs of Nat4, indicating that most

likely functions like Nat4.

It is important to note that by changing our cut off from 2-fold to 1.5-fold in our
nat4/ transcriptome data, we observe an increase in the expression of autophagy-related
genes (i.e. ATG1, ATGS, ATG22). Possibly, the autophagy response is activated in nat44
cells. Autophagy is an essential cellular process in which parts of the cytosol are
encapsulated into vesicles and fuse with vacuoles (He and Klionsky, 2009). Interestingly,
our gene ontology data show vacuolar protein catabolic process to be the second most
upregulated group in gene ontology clustering analysis of nat44 (Figure 4.2A), which is
also present in the CR transcriptomics data (Figure 4.2A). Autophagy is a major player in
cellular homeostasis and an increase in autophagy is induced under calorie restriction
conditions (Tsukada and Ohsumi, 1993). Furthermore, it can delay the pathogenic
manifestations of ageing and age-associated disease (Gelino and Hansen, 2012; Madeo et
al., 2010; Rubinsztein et al., 2011) and is linked to prolonged lifespan (Eisenberg et al.,

2009). Moreover, there is an established link between autophagy and increased longevity.
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Inhibition of autophagy has been shown to cause premature ageing and shortens lifespan,
whereas activation delays ageing and extends lifespan in many organisms (Rubinsztein et
al., 2011). Moreover, regulation of autophagy has been characterized to depend on
epigenetic processes such as histone acetylation (Fullgrabe et al., 2013; Eisenberg et al.,
2009). Recently, it was demonstrated that acetylation at lysine 16 of histone H4 (H4K16ac)
influences the transcriptional status of autophagy (47G) genes and determines the outcome
of autophagy (Fullgrabe et al., 2013).

Therefore it is worth investigating in the future whether nat44 activates
constitutively the autophagy pathway in order to prolong lifespan. In addition, future
experiments will examine whether the loss of N-acH4 mediated by Nat4 promotes
longevity through regulation of autophagy-associated genes. Initial experiments will
involve the use of fluorescence microscopy and yeast autophagy measurements in wild-
type and nat44 cells by monitoring the cytosol to vacuole translocation of a component of
the autophagosome known as Atg8p using an 47G8-GFP strain (Eisenberg et al., 2009), in
which Nat4 will be deleted. Notably, autophagy is a downstream regulatory target of Torl
following treatment with rapamycin, resulting in extension of lifespan in flies (Bjedov et
al., 2010). Thus, in addition to the induction of stress response, it is possible that the
absence of Nat4 might regulate longevity through an increase in autophagy. Further
support for this comes from a recent study that supported that loss of another
acetyltransferase, NatA causes impairment of mitochondrial degradation, suggesting that
NatA is crucial for mitophagy in yeast (Eiyama and Okamoto, 2015). All in all, our
findings provide new leads that may help to reveal the mechanisms underlying the anti-
ageing effect of CR. Future studies will establish whether Nat4-regulated longevity may be
one of the anti-ageing mechanisms in mammals that can be used also as a clinical

intervention in age-associated human disease.

110



6. Thesis Synopsis

Taken together, our aims contributed towards accomplishing the overall research
goal of understanding the role of Nat4 in gene regulation. The flow diagram (Figure 6.1)
below illustrates the hypothesis and specific aims along with the conclusions drawn within
each aim. In summary, this study provides a novel link between protein N- terminal
acetylation and the regulation of gene expression. Specifically, this regulation employs a
unique mechanism by which histone N- terminal acetylation influences the deposition of
another in cis modification, H4R3me2a, to control rDNA silencing. Moreover, we report a
novel biological role for Nat4 and histone N-terminal acetylation, in regulating lifespan

through increased cellular resistance to stress.

Project Hypothesis:

Natd is involved in the regulation of gene
expression
EXprosSll

|

Specific Aim 1: Specific Aim 2:
Investigate the role of Nat4 in Investigate the role of Nat4 in
H4R3me2a regulation and regulating the expression of
heterochromatin silencing euchromatic genes

T -

: . 2a) Loss of Nat4 induces the expression
ny 41 o AR3me?2 . . .
la) Natd is a regulator of H4R3me2a of a number of eukaryotic genes

2b) nat4.1 exhibits gene expression

{16, Loss of Nabt enippcesgiphl {changes that mimic those occuring

o 1 i, 0?2 111

silencing and H4R3me2a deposition during CR |
|1c) Natd controls rDNA silencing and 2c) Loss of Nat4 extends lifespan via a
H4R3me2a through N-acH4 CR-mediated pathway
1d) N-acH4 jnhibns Hmtl acitvity 12d) Natd regulation regulates lifespan
towards H4R3 though N-acH4
[le) H4R3 is required for regulation of 2e) H4R3 is required for the extension
rDNA silencing by Nat4 and N-acH4 of Ifiespan induced by Natd deletion

1f) N-acH4 cooperates with

(H4K35,K8,K12 acetylation to control 2f) Natd regulates longevity through
H4R3me2a, rDNA silencing and cell stress response
growth

1g) CR increases rDNA silencing and
the ratio of H4R3me2a:N-acH4

Figure 6.1. Thesis synopsis. Flow diagram illustrating the hypothesis and specific aims along with the
conclusion drawn within each aim.
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Abstract

Post-translational modifications of histones play a key role in DNA-based processes, like transcription, by modulating
chromatin structure. N-terminal acetylation is unique among the numerous histone modifications because it is deposited on
the N-alpha amino group of the first residue instead of the side-chain of amino acids. The function of this modification and
its interplay with other internal histone marks has not been previously addressed. Here, we identified N-terminal acetylation
of H4 (N-acH4) as a novel regulator of arginine methylation and chromatin silencing in Saccharomyces cerevisiae. Lack of the
H4 N-alpha acetyltransferase (Nat4) activity results specifically in increased deposition of asymmetric dimethylation of
histone H4 arginine 3 (H4R3me2a) and in enhanced ribosomal-DNA silencing. Consistent with this, H4 N-terminal
acetylation impairs the activity of the Hmt1 methyltransferase towards H4R3 in vitro. Furthermore, combinatorial loss of N-
acH4 with internal histone acetylation at lysines 5, 8 and 12 has a synergistic induction of H4R3me2a deposition and rDNA
silencing that leads to a severe growth defect. This defect is completely rescued by mutating arginine 3 to lysine (H4R3K),
suggesting that abnormal deposition of a single histone modification, H4R3me2a, can impact on cell growth. Notably, the
cross-talk between N-acH4 and H4R3me2a, which regulates rDNA silencing, is induced under calorie restriction conditions.
Collectively, these findings unveil a molecular and biological function for H4 N-terminal acetylation, identify its interplay
with internal histone modifications, and provide general mechanistic implications for N-alpha-terminal acetylation, one of

the most common protein modifications in eukaryotes.

manuscript.

* E-mail: kirmizis@ucy.ac.cy

@ These authors contributed equally to this work.

Citation: Schiza V, Molina-Serrano D, Kyriakou D, Hadjiantoniou A, Kirmizis A (2013) N-alpha-terminal Acetylation of Histone H4 Regulates Arginine Methylation
and Ribosomal DNA Silencing. PLoS Genet 9(9): e1003805. doi:10.1371/journal.pgen.1003805

Editor: Wendy A. Bickmore, Medical Research Council Human Genetics Unit, United Kingdom
Received April 17, 2013; Accepted August 3, 2013; Published September 19, 2013

Copyright: © 2013 Schiza et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This work was supported by grants from the European Research Council (ERC-2010-Stg, N.260797, ChromatinModWeb) and the Cyprus Research
Promotion Foundation (Health/Bio/0609(BE)/09). The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the

Competing Interests: The authors have declared that no competing interests exist.

Introduction

The nucleosome is the basic unit of chromatin and comprises
147 base pairs of DNA wrapped around a histone octamer, which
contains two copies of each of the four histones H2A, H2B, H3
and H4. These histones are subjected to a variety of post-
translational modifications, such as methylation, acetylation and
phosphorylation, mediated by specific modifying enzymes [1].
Histone modifications often function by recruiting effector
molecules to alter the structure of chromatin in order to regulate
DNA-based processes such as transcription, replication and DNA
repair [1]. An additional property of these modifications is the fact
that they cross-talk to each other, whereby one modification
influences the establishment or maintenance of a second
modification [2].

N-alpha-terminal acetylation is a type of modification occurring
on histones. In fact, it is one of the most common protein
modifications, present on 80-90% of soluble mammalian proteins
and 50-70% of yeast proteins [3,4]. This mark, which 1s deposited
on the first amino acid residue of the protein has a range of
molecular and biological roles, including regulation of protein
degradation, protein translocation, protein complex formation,
membrane attachment, apoptosis and cellular metabolism [5].
All four core histones [6-8] and the linker histone H1 [9] possess
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N-terminal acetylation, but this modification is more abundant on
histones H2A and H4 [8]. N-terminal acetylation of these two
histones is mediated by the N-alpha terminal acetyltransferase
Nat4 (also known as NatD or Naa40). This enzyme was originally
identified in the budding yeast S. cerevisiae [7], but also the human
ortholog hNaa40 (also designated as hNatD, Natl1 or Pattl) has
been recently characterized [10,11]. Both yeast Nat4 and hNaa40
target only histones H2A and H4, and this specificity differentiates
them from all other described N-alpha acetyltransferases, which
can target numerous substrates [5].

Previous studies have attempted to determine the biological role
of yeast and human Nat4. Deletion of NAT% in yeast showed
growth sensitivity when cells were cultured in media containing
various chemicals such as 3-aminotriazole (3-A'T), an inhibitor of
transcription [12]. This sensitivity is enhanced when the NAT4
deletion is combined with mutations in histone H4 where lysines 5,
8 and 12 have been replaced by arginines (K5,3,12R) [12],
suggesting that modifications at these residues and N-terminal
acetylation are linked through a mechanism that remains elusive.
In humans, hNaa40 has been identified as a pro-apoptotic factor
and has been implicated in hepatocellular carcinogenesis [11].
Furthermore, a recent study demonstrated that in mice this N-
terminal acetyltransferase plays a role in hepatic lipid metabolism
[13]. Although some studies have already uncovered phenotypes
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Author Summary

The genome of eukaryotic cells is packaged into nucleo-
somes consisting of an octamer of histone proteins that is
wrapped around by DNA. Histone proteins are often
modified with chemical groups that can influence the
arrangement of nucleosomes and thereby affect DNA-
based processes like transcription. Histone N-terminal
acetylation, which comprises the addition of a chemical
group at the tip of the histone tail, is an abundant
modification whose function is unknown. In this work, we
show that N-terminal acetylation of histone H4 can
strongly inhibit the occurrence of a neighboring modifi-
cation, namely dimethylation at the third arginine. To do
this, N-terminal acetylation cooperates with other internal
lysine acetylation marks. We find that the communication
amongst these histone modifications is necessary for
controlling the expression of ribosomal RNA genes that
are required for protein synthesis and cell growth. Our
experiments show that in the absence of both N-terminal
acetylation and lysine acetylation there is a strong increase
in H4 arginine 3 dimethylation levels leading to cell
lethality. This growth defect can be rescued by a point
mutation on H4 that blocks methylation at position 3.
Together, our results unveil a molecular and biological
function for the previously uncharacterized N-terminal
acetylation of histones.

related to the loss of Nat4 and have provided insights about the
biological role of its human ortholog, the molecular function of
histone N-terminal acetylation still remains unknown.

Arginine methylation is another histone modification that has
attracted much attention in recent years. This is because of its
involvement in various cellular processes and the identification of a
family of enzymes that catalyze it. These enzymes are called
protein arginine methyltransferases (PRMTs) and have already
been associated with cancer pathogenesis [14]. PRMTs deposit
one or two methyl groups to the guanidino groups of arginine
residues resulting in monomethylated (Rmel), asymmetrically
dimethylated (Rme2a) or symmetrically dimethylated (Rme2s)
states. Others and we have previously shown that arginine
methylation cross-talks with adjacent histone modifications by
controlling their deposition [15-21]. It 1s, however, also important
to discover the mechanisms that regulate PRMT activity and the
deposition of histone arginine methylation.

Histone H4 arginine 3 (H4R3) is one of the residues that can
possess any of the methylation states [20]. In particular, its
asymmetrically dimethylated form is mediated by PRMT1 and it
is associated with active transcription in mammals [22,23]. In
yeast, however, the functional homolog of PRMT1 (known as
Hmtl) that catalyzes H4R3me2a in vitro [24], has been linked to
transcriptional repression. Specifically, Hmtl and its associated
H4R3me2a modification have been implicated in the formation of
silent chromatin at yeast heterochromatin-like loci, including the
rDNA repeat region [25]. This region contains an array of
approximately 150 tandem repeats covering approximately 1-2
megabases of chromosome 12 [26]. Within each 9.1 kb rDNA
repeat there are two transcriptional units known as RDN5 and
RDN37 which, respectively, encode for the 5S and 35S rRNAs.
The 35S transcript is quickly processed after transcription to
generate the 185, 5.8S and 25S rRNAs [27,28], which together
with 5S are components of a eukaryotic ribosome. Whether the
link between H4R3me2a and rDNA silencing relate to the
transcriptional levels of these rRNAs is unclear [25].

PLOS Genetics | www.plosgenetics.org

Role of H4 N-alpha Acetylation in rDNA Silencing

A previous study has shown that neighboring histone acetylation
at lysines 5, 8 and 12 regulates the activity of PRMT1 towards
H4R3 i wvitro [29]. A similar crosstalk among these adjacent
modifications has also been proposed to occur in yeast histones
[30], but in general the regulation of H4R3me2a i vivo remains
largely unexplored. Here, we sought to identify factors that control
the occurrence of this mark by employing a GPS (Global
proteomic screen in S. cerevisiae) approach [31]. Using an antibody
that specifically detects H4R3me2a we identified Nat4 as an
mhibitor of this modification in yeast. Consistent with a role of
H4R3me2a in promoting silencing at the rDNA region [25], we
find that deletion or inactivation of Nat4 results in enhanced
silencing of ribosomal DNA genes. Importantly, we demonstrate
that this regulation is mediated through N-terminal acetylation of
H4 (N-acH4), but not of H2A. Additionally, we show by using
vitro methylation assays that H4 N-terminal acetylation inhibits the
activity of the Hmtl arginine methyltransferase towards H4R3.
Interestingly, we find that combinatorial loss of H4 N-terminal
and mternal K5, 8, and 12 acetylation can induce H4R3me2a
deposition even more. Excessive H4R3me2a leads to a severe
growth defect, which is rescued by preventing arginine 3
methylation by mutating this residue to lysine. Finally, we provide
evidence that the interplay between N-acH4 and H4R3me2a
functions under conditions of calorie restriction, which induce
rDNA silencing. Altogether, our results reveal the function of H4
N-terminal acetylation in gene regulation, and elucidate the
underlying molecular mechanism that links this N-terminal
acetylation to other internal histone modifications.

Results

Nat4 is a novel regulator of H4R3me2a

We sought to identify proteins that regulate the deposition of
asymmetrically dimethylated arginine 3 on histone H4 (H4R 3me?2a).
To do this we developed an antibody that recognizes specifically
methylated H4R3 (Figures SIA and S1B) when it is asymmetrically
dimethylated (Figure S1C) and performed a GPS screen using the
yeast deletion collection. We found that deletion of the N-alpha
acetyltransferase 4 (nat44) results in robust induction of the
H4R3me?2a levels (Figure 1A, lane 6). None of the other four yeast
N-terminal acetyltransferases (NatA, NatB, NatC or NatE) showed
an effect on H4R3me2a when they were deleted (Figure S2A). This
effect was specific to the asymmetrically dimethylated form at H4R 3,
as specific antibodies (Figure S1C) towards monomethylated
(H4R3mel) or symmetrically dimethylated (H4R3me2s) states of
this residue detected similar levels for these marks between wild-type
and nat44 strains (Figure 1B, compare lane 1 to 2). To determine
whether Nat4 regulation towards H4R3me2a was dependent on its
N-terminal acetyltransferase activity we constructed a catalytically
inactive version of this enzyme. Mutation of four highly conserved
residues (Figure 1C) found within the two motifs of its acetyltrans-
ferase domain [7] result in increased signal of H4R3me2a,
phenocopying nat44 (Figure 1D, compare lane 2 and lane 6).
Notably, the increase of H4R3me2a in Nat4 deficient cells is not due
to epitope preference of the H4R3me2a antibody, as it recognizes
equally well H4R3me2a peptides that are either N-terminally
acetylated or unacetylated (Figure S1C, compare rows 5 and 6).
Together, these findings show that Nat4 regulates the levels of
H4R3me2a through its N-terminal acetyltransferase activity.

Loss of Nat4 activity enhances rDNA silencing and
H4R3me2a deposition

Since a previous study has linked H4R3me2a with the
establishment of silencing at the four heterochromatin-like regions
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Figure 1. Deletion or inactivation of NAT4increases the levels of H4R3me2a. (A) Whole cell extracts from the indicated deletion strains were

analyzed by western blotting with an antibody against H4R3me2a (top panel). Equal loading was monitored using an antibody against actin (bottom
panel). (B) Whole cell extracts from a wild-type strain (NAT4, lane1) and another one carrying a NAT4 deletion (nat44, lane 2) were analyzed using
antibodies against various H4R3 methylation states. Equal loading was monitored with H3 and H4 antibodies. (C) Sequence alignment of the catalytic
motifs A and B of the five S. cerevisiae N-alpha acetyltransferases (NATs). The residues that were mutated within each motif to generate the Nat4
catalytic mutants are highlighted in grey. (D) Whole cell extracts from strains containing wild-type NAT4 (lanes 1 and 3)) and different NAT4 mutants
(lanes 2, 4, 5 and 6) were analyzed by western blotting using antibodies against H4R3me2a (top panel) and H3 (bottom panel). The strain in lane 2
represents a Nat4 deletion strain. All catalytic mutant strains (lanes 4-6) have a C-terminal hemagglutinin (HA) tag. The strain containing the
mutations within motif A is designated as nat4cmA (lane 4), the one with mutations in motif B is nat4cmB (lane 5) and the one with mutations in both

motifs is noted as nat4cmAB (lane 6). Their equivalent wild-type strain contains only the C-terminal HA-tag (lane 3).

doi:10.1371/journal.pgen.1003805.g001

in yeast ({lDNA, HML, HMR and telomeres) [25], we sought to
determine whether deficiency of Nat4 activity will affect expression
at these loci. We found that deletion of NAT4 did not affect greatly
the expression at HMR, HML and TEL-VII-L (Figure S3), but
strongly enhances silencing at the rDNA locus (Figure 2A). Due to
recent concerns in using FOA-sensitivity assays to assess chromatin
silencing [32,33], we tried to validate the above result by testing
the expression of the endogenous rDNA transcripts (Figure 2B).
Examining the levels of the different ribosomal RNAs (5S, 258,
5.8S and 188, as well as their precursor 35S) by real time-PCR we
confirmed the above result, as deletion of NAT4 significantly
reduced the amount of all rRNAs (Figure 2B). It is worth
mentioning that because the 35S primary transcript is quickly
processed [27,28], the observed changes in the levels of rRNAs are
most likely caused by a decrease in transcription. Interestingly, the
deletion of NAT4 does not affect the mRNA levels of the ribosomal
protein RppO (Figure 2B, rightmost panel). A similar result was
obtained when the Nat4 catalytic mutant strain (nat4cmAB-HA) was
used to examine the levels of 25S (Figure S4A), suggesting that
rDNA expression is dependent on the Nat4 acetyltransferase
activity.

According to these findings, we anticipated that the reduced
expression of all rRNAs would correlate with increased deposition
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of H4R3me2a at the rDNA genes. Indeed, ChIP analysis
confirmed that there is higher nucleosomal deposition of
H4R3me?2a across the entire rDNA locus when Nat4 is absent
(Figure 2C, top panel). Consistent with this, an induction of
H4R3me2a deposition was also observed at RDN25 in the strain
expressing a catalytically inactivated Nat4 (Figure S4B). As
expected, based on the results in figure 1B we did not see changes
in the occupancy of H4R3mel at RDN25 in the nat4A strain
(Figure S4C). Importantly, the lack of N-terminal acetyltransferase
activity in the nat44 and Nat4 catalytic mutant (natdcmAB-HA)
strains was confirmed by an antibody against N-terminally
acetylated H4 (N-acH4), which showed that this modification
was reduced throughout the rDNA region (Figure 2C, bottom
panel and figures S4B—C).

Nat4 controls rDNA silencing and H4R3me2a through N-
alpha-acetylation of H4

Although our data above demonstrate that Nat4 suppresses
rDNA silencing and prevents H4R3me2a deposition, they do not
show which one of its two targets, histone H4 or H2A, is
implicated in this regulation. To determine this, we constructed
yeast strains in which either H4 or H2A were compromised for N-
terminal acetylation. Endogenous H4 or H2A were expressed with
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Figure 2. Deletion of NAT4 enhances silencing and H4R3me2a deposition across the rDNA locus. (A) Silencing assays for the rDNA region
were performed with wild-type (row 1) or nat44 (row 2) strains. Both strains (NAT4 and nat44) carry a copy of the URA3 gene, that encodes for an
essential enzyme in the Uracil metabolic pathway, inserted in the rDNA locus (RDN1::URA3). This enzyme metabolizes 5’'-Fluoroorotic acid (FOA) into a
toxic compound, and the ability of the cell to survive in the presence of FOA depends on the degree of silencing in the rDNA region, such that
stronger silencing coincides with more cell growth. The cells were spotted in 10-fold dilutions on SC medium (right panel) or SC+FOA (left panel) and
grown for 48 h at 30°C. (B) Expression levels of rRNAs 5S, 25S, 5.8S, 18S, 35S and the RPPO gene were analyzed by gRT-PCR using total RNA extracted
from NAT4 and nat44 strains. (C) Schematic of the budding yeast rDNA locus on chromosome XII. The rDNA region represents an array consisting of
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designed along the rDNA locus as indicated by the red lines and letters A-N. ChIP experiments were performed in the NAT4 and nat44 strains using
antibodies against H4R3me2a (top panel) and N-acH4 (bottom panel). The immunoprecipitated chromatin was analyzed by qRT-PCR using the
primers A-N. (see Table S2 for their sequence). The enrichment from each antibody was normalized to the levels of histone H4. Error bars in (B) and
(C) indicate s.e.m for duplicate experiments.

doi:10.1371/journal.pgen.1003805.g002

PLOS Genetics | www.plosgenetics.org September 2013 | Volume 9 | Issue 9 | €1003805



an alanine instead of a serine (H4SIA or H2AS1A) at the first
residue because for both histones, the sequence of their first 30
amino acids is absolutely required for efficient acetylation by Nat4
[7,12]. Figure 3A shows that mutation of H4 serine 1 to alanine
induces H4R3me2a deposition (compare lanes 1 and 2), but the
same mutation in H2A has no effect on this methylation (compare
lanes 3 and 4). Furthermore, in the H4S1A mutant strain we
detected higher amounts of H4R3me2a deposited at the RDN25
gene compared to an isogenic wild-type (H4WT) strain (Figure 3B).
On the other hand, the H2AS1A mutant did not show significant
difference in H4R3me2a levels compared to H2AWT strain
(Figure 3B). We also like to note that the results of the H4SIA
haploid mutant strain are not affected by the fact that H4S1 is also
phosphorylated because this modification is only induced under
sporulation conditions in diploid cells [34].

To validate that Nat4 regulation of rDNA silencing is mediated
through H4, we then examined the expression of this locus in the
HA4SIA strain (Figure 3C and 3D). Both, analysis of 25S rRNA
expression levels and silencing spot assays demonstrate that the
H4S1A mutation enhances repression of this locus similarly to

Role of H4 N-alpha Acetylation in rDNA Silencing

nat44 (compare Figure 3C and 3D to Figure 2B and 2A,
respectively), albeit to a lesser extent. This result is in agreement
with the increased H4R3me2a levels shown above (Figure 3B). In
contrast, H2AS1A mutation does not alter the levels of 25S rRNA
(Figure 3C). Additional evidence that rDNA silencing is mediated
through N-terminal acetylation of H4 comes from using a strain
expressing a H4S1P mutant. The presence of proline at position 1
blocks N-terminal acetylation completely as shown by mass-
spectrometry analysis of proteins extracted from yeast, Drosophila
melanogaster and human cells [3,35]. As expected, we observed a
significant decrease in the levels of 25S rRNA in the H4SIP
mutant strain, similarly to the effect observed in the nat44 strain
(Figure S5). Altogether, these results suggest that Nat4 regulates
rDNA silencing and H4R3me2a deposition via H4 N-terminal
acetylation, but not through N-acH2A.

Finally, to verify the link of N-acH4 within this mechanism, we
have also monitored the levels of H4R3me2a in a nat44 strain that
expresses ectopically the human ortholog of Nat4 (hNaa40). It was
previously shown that expression of hNaa40 in yeast results in N-
terminal acetylation of H4 but not of H2A [10]. In agreement with
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Figure 3. Nat4 inhibits rDNA silencing and H4R3me2a through N-terminal acetylation of H4. (A) Whole cell extracts prepared from the
wild-type strains (H4WT and H2AWT) and their correspondent Serine-to-Alanine mutants in position 1 (H4S1A and H2AS1A) were analyzed by
western blotting using antibodies against H4R3me2a (top panel) and H3 as control (bottom panel). (B) ChIP experiments were performed in the same
strains as in (A) using the H4 and H4R3me2a antibodies. The immunoprecipitated chromatin was analyzed by gRT-PCR using primer | specific to the
RDN25 gene (shown in figure 2C). The enrichment from each antibody was normalized to 1% of the total input DNA. (C) Gene expression analysis of
25S rRNA performed using the same strains as in (A). The expression levels of the 255 rRNA were normalized to the levels of RPPO. (D) Silencing assays
for the rDNA locus were performed with a wild-type (H4WT) or a H4S1A mutant strain as described in (2A). (E) Whole yeast cell extracts prepared from
the wild-type strains NAT4 (lane 1), and the mutant strains nat44 (lane 2) and nat44/hNAA40 (that carries a NAT4 deletion and a plasmid that
expresses ectopically hNAA40, lane 3) were analyzed by western blotting using the indicated antibodies. Equal loading was monitored by an H3
antibody (top panel). (F) ChIP experiments performed in the indicated strains as in (E) using antibodies against H4R3me2a and N-acH4. The
enrichment of each antibody was normalized to the levels of H4 occupancy. Error bars in (B), (C) and (F) indicate s.e.m for duplicate experiments.
doi:10.1371/journal.pgen.1003805.g003

PLOS Genetics | www.plosgenetics.org September 2013 | Volume 9 | Issue 9 | €1003805



our data above, we found by western blotting that expression of
hNaa40 in a nat44 strain reduces H4R3me2a back to wild-type
levels (Figure 3E, compare lane 3 to lane 1). ChIP analysis also
showed that expression of hNaa40 in a nat44 strain fully restores
the N-acH4 levels at RDN25 (Figure 3F), confirming that histone
H4 is the main substrate through which Nat4 regulates
H4R3me2a.

N-acH4 inhibits the Hmt1 methylase activity towards
H4R3

The above results suggest that N-acH4 regulates the deposition
of H4R3me2a. To explore this further, we wanted to determine
whether the activity of the yeast arginine methyltransferase Hmtl,
which was previously shown to target H4R3 w witro [24], is
inhibited by N-acH4. We performed methyltransferase assays
using Hmtl purified from yeast cells (Figure S6) and synthetic
peptides corresponding to the first twenty amino acids of H4.
Immunoblotting for H4R3me2a showed that Hmtl dimethylates
much more efficiently H4R3mel peptides that are not N-
terminally acetylated as opposed to those that possess N-acH4
(Figure 4A, compare lanes 13 and 14). Overall, these findings show
that N-acH4 represses the deposition of H4R3me2a by blocking
the activity of the associated arginine methyltransferase.

H4R3 is required for the regulation of rDNA silencing by
Nat4 and N-acH4

The previous results link Nat4 with rDNA silencing and
H4R3me2a. However, they do not demonstrate whether methyl-
ation at H4R3 is necessary and sufficient for the effect of Nat4
towards rDNA expression. To determine this, we investigated the
effect of NAT# deletion on 25S rRNA expression when arginine 3
was mutated to lysine (H4R3K) in order to prevent its methylation
(Figure S1A). Despite the loss of N-acH4 in a H4R3K nat44
double mutant strain (Figure 4B), the expression levels of 25S
rRNA are not reduced compared to the nat44 only strain
(Figure 4C). ChIP analysis at RDN25 confirms that H4R3me2a
is induced in the nat44 strain, and is undetected in the H4R3K
nat44 strain (Figure 4B). This finding indicates that H4R3 and
most likely its methylation are absolutely required for the control
of rDNA silencing by Nat4 and N-acH4.

N-acH4 cooperates with H4K5,-K8,-K12 acetylation to
control H4R3me2a, rDNA silencing and cell growth
Evidence from two previous studies have raised the hypothesis
that N-acH4 works together with acetylation of H4K5, H4K8 and
H4K12 to control the deposition of H4R3me2a. The first study
showed that asymmetric dimethylation of H4R3 mediated by
PRMT1 is inhibited i vitro by acetylation of lysines 5, 8 and 12 of
H4 [29]. The second one demonstrated a synthetic defect in yeast
containing nat44 and a triple lysine to arginine mutant
(H4K5,8,12R) [12]. Hence, to explore this hypothesis, we
combined nat44 with the H4K5,8,12R mutant because deletion
of Esal, that acetylates these three lysines is inviable [36].
Interestingly, we found that concurrent loss of N-acH4 and
acetylation of H4K5, 8, 12 (H4K5,8,12R nat4A4) results in robust
induction of H4R3me2a (Figure 5A, compare lanes 2 and 4),
suggesting that these H4 residues collaborate to regulate
H4R3me2a. This result is not due to an antibody artifact, as the
H4R3me2a antibody recognizes slightly better methylated pep-
tides in which positions 5, 8, and 12 are lysines than when these
residues are arginines (Figure S7, compare rows 2 and 3). Because
it was recently shown that H4K5, K8 and K12 could also be
methylated by Setd [37], we wanted to investigate the possibility
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Figure 4. N-acH4 inhibits the Hmt1 methyltransferase activity
towards H4R3. (A) In vitro methylation assays were performed with
synthetic biotinylated peptides representing the first 20 amino acids of
histone H4 in the absence (lanes 1 to 9) or presence (lanes 10 to 14) of
purified yeast Hmt1. The methyltransferase activity was monitored by
western blotting using an antibody against H4R3me2a. Peptide loading
was controlled by ponceau staining. (B) ChIP experiments were
performed in the wild-type (H4WT NAT4) and the mutant strains
carrying a NAT4 deletion (H4WT nat44), an H4 Arginine-to-Lysine
mutation in position 3 (H4R3K NAT4) or both (H4R3K nat44), using
antibodies against H4, H4R3me2a and N-acH4. The enrichment at
RDN25 was analyzed as in (3B). (C) 25S rRNA expression level analysis
was performed in the same strains as in (B). The qRT-PCR analysis was
performed as in (3C). Error bars in (B) and (C) indicate s.e.m for duplicate
experiments.

doi:10.1371/journal.pgen.1003805.9004

that methylation of these lysines could act synergistically with N-
acH4 to control H4R3me2a. Double nat44 setsA deletion did not
enhance H4R3me?2a levels compared to the nat44 single mutant
(Figure S8, compare lanes 2 and 4), indicating that it is acetylation,
and not methylation of H4K35, 8, 12 that cooperates with N-acH4.
Notably, N-acH4 is the major regulator of H4R3me?2a, as the
H4K5,8,12R mutant alone does not increase the levels of
H4R3me2a to the same extent as nat44 (Figure 5A, compare
lanes 2 and 3).

To further validate the above results, we also examined the
effect of the combination of nat44 with H4K5,8,12R on the
deposition of H4R3me2a and 25S rRNA expression. Consistent
with the previous findings we observed a significant enrichment in
H4R3me2a at the RDN25 gene when NATZ is deleted together
with the H4K5,8,12R mutant as opposed to the nat44 single
mutant (Figure 5B). Moreover, the higher presence of H4R3me2a
in the H4K5,8,12R nat44 double mutant strain results in further
reduction of 258 rRNA levels when compared to the nat4A4 alone
(Figure 5C). Taken together, these results indicate that, both N-
acH4 (Figure 4A) and internal lysine acetylation [29] can impede
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Figure 5. N-acH4 acts synergistically with H4K5, 8, 12 acetylation to control rDNA silencing, H4R3me2a and cell growth. (A) Whole
yeast cell extracts were prepared from the wild-type (H4WT NAT4) and the mutant strains carrying a NAT4 deletion (H4WT nat4A), a triple Lysine-to-
Arginine mutation in H4 in positions 5, 8 and 12 (H4K5,8,12R NAT4) or both (H4K5,8,12R nat44) and then analyzed by western blotting using the H4
modification antibodies are shown. Equal loading was monitored with an H3 antibody (bottom panel). (B) ChIP experiments were performed in the
same strains as in (A) using the antibodies against H4 and H4R3me2a. The enrichment of each antibody was analyzed as in (3B). (C) 255 rRNA
expression level analysis was performed in the wild-type (H4WT NAT4) and the mutant strains carrying a NAT4 deletion (H4WT nat44), a triple H4
Lysine-to-Arginine mutation in positions 5, 8 and 12 (H4K5,8,12R NAT4) both (H4K5,8,12R nat44), and a multiple H4 mutant with a triple Lysine-to-
Arginine substitution in positions 5, 8 and 12, an Arginine-to-Lysine mutation in position 3, and a NAT4 deletion (H4K5,8,12R H4R3K nat44). The
analysis was performed as in (3C). Error bars in (B) and (C) indicate s.e.m for duplicate experiments. (D) Growth assay of the same yeast strains as in (C)
plus a multiple H4 mutant with a triple Lysine-to-Arginine substitution in positions 5, 8 and 12, and Serine-to-Alanine mutation in position 1
(H4K5,8,12R H4S1A NAT4). Cells were spotted in 10-fold dilutions on YPAD medium plates. Cell growth was examined at 30°C (left panel) or 37°C
(right panel).

doi:10.1371/journal.pgen.1003805.g005

on the methylase activity that targets H4R3, but according to our to almost near wild-type in the double H4K5,8,12R-nat44 mutant
findings N-acH4 is the predominant regulator of H4R3me2a and strain (Figure 5C). All together, these results reveal that excessive
rDNA silencing (Figure 5A—C). H4R3 asymmetric dimethylation caused by lack of N-acH4 and
Considering that the double mutant of nat44 with H4K5,8,12R internal lysine acetylation impairs cell growth.

results in robust reduction of 25S rRNA levels (Figure 5C), we then

examined the growth rate of this strain using serial dilution  Calorie restriction increases rDNA silencing and the ratio
spotting assays (Figure 5D) and by measuring its doubling time of H4R3me2a to N-acH4

(Figure S9). Notably, the double mutant strain (H4K5,8,12R

i : The expression of the rRNA transcripts is modulated by various
nat44) has a severe growth defect in comparison to the

environmental and intracellular stress conditions. One such

corresponding single mutants (Figures 5D and S9, left panels). condition is calorie restriction, which is studied in yeast by
This growth defect becomes lethal when cells are grown at a diminishing the levels of glucose in the media. Previous studies
higher (37°C) temperature (Figures 5D and S9, right pancls). have shown that reduction of glucose levels from 2% to 0.5% can
Moreover, when H4SIA is combined with the H4K5,8,12R enhance rDNA silencing [38,39]. Hence, we sought to determine
mutant a growth defect is also observed, albeit less severe whether the crosstalk of N-acH4 and H4R3me?2a is induced under
(Figures 5D and S9, left panels), consistent with the milder these conditions in a wild-type yeast strain. In agreement with

deregulation of H4R3me2a and rDNA expression in the H4SIA previous studies, we found that lowering the glucose availability
mutant as opposed to nat44 (compare Figures 2 and 3). This decreases the levels of 25S rRNA, and this reduction is greater
synthetic defect supports the synergistic effect between N-acH4 and under severe (0.1% and 0.05% glucose) calorie restriction
internal H4 lysine acetylation in controlling H4R3me2a and rDNA (Figure 6A). Most importantly, the decrease in the amount of
expression. Based on the previous experiments which showed that 25S rRINA correlates with an increase in the H4R 3me2a:N-acH4
arginine 3 is necessary and sufficient for the regulation of rDNA enrichment ratio at the RDN25 gene. The increase in the
silencing by Nat4 (Figure 4), we then examined whether H4R 3K can enrichment of H4R3me2a against N-acH4 is evident under severe
rescue the growth defect caused by the combination of nat44 and the calorie restriction, in line with the lower levels of 25S rRNA
H4K5,8,12R mutant. Interestingly, H4R3K rescues entirely the (Figure 6B, see 0.1% and 0.05% glucose). These findings suggest
growth defect of the double H4K5,8,12R nat44 mutant grown at an that the interplay between H4 N-terminal acetylation and
ambient (30°C) or even at a higher (37°C) temperature (Figures 5D H4R3me2a controls rDNA silencing in response to environmental
and S9). Additionally, H4R3K restores the rRNA expression levels stimuli such as nutrient deficiency.
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Discussion

The molecular function of histone H4 N-terminal acetylation
was unknown until now, even though this is an abundant and
conserved modification that was reported several decades ago
[40]. In this study, we describe an important role of N-acH4 in the
regulation of histone arginine methylation and rDNA silencing.
Taken together, our data support a model in which N-acH4
mediated by Nat4 strongly inhibits the activity of the Hmtl
methyltransferase towards H4R3. This inhibition leads to activa-
tion of the rDNA loci. Removal of N-acH4 by a yet unknown
mechanism, allows deposition of H4R3me2a and results in
repression of rRNA transcription (Figure 7). This mechanism is
activated during calorie restriction in order to reduce the
expression of the rDNA region in response to the limited source
of energy. In the absence of N-acH4, internal lysine acetylation at
K5, K8 and K12 catalysed by Esal [36] or Hatl [41] remain
unaffected (Figure 5A, compare lanes 1-2 and Figure S10). These
acetyl marks can fine-tune the levels of H4R3me2a because
otherwise excessive methylation of H4R3 will result in a severe
growth defect (Figures 5D and S9). The proposed mechanism also
provides an explanation for the previously observed synthetic
defect of the double H4K5,8,12R nat44 mutant strain [12].
Whether the growth defect observed in our experiments is due to
deregulation of the rDNA region only or whether other genomic
loci whose expression is influenced by H4R3me2a also contribute
to this phenotype is still unclear. There are two possible scenarios,
which are not mutually exclusive, on how H4R3me2a then
mediates rDNA silencing in yeast. First, it was proposed earlier
that H4R 3me?2a facilitates recruitment of Sir2 to the rDNA region
[25]. Second, based on previous findings that arginine methylation
occludes recruitment of effectors to adjacent modifications [16—
18,20,42], it is possible that H4R3me2a prevents the binding of an
activator at the neighboring N-terminal or lysine acetylation
marks.

Previous studies suggested that Nat4 and hNaa40 acetylate H4
co-translationally as they were found associated with the ribosomes
[10,12]. However, it remains possible that Nat4 and hNaa40
target H4 post-translationally because a significant amount of
hNaa40 localizes to the nucleus [10,11]. Similarly to other acetyl
marks such as H4Kbac and H4K12ac [43], N-acH4 might be
catalyzed on soluble nuclear histones that are subsequently
incorporated into chromatin. In support of this, N-alpha-terminal

Role of H4 N-alpha Acetylation in rDNA Silencing

acetylation has been proposed to occur post-translationally on
other proteins [44,45]. How N-acH4 is then removed from
histones is another pending question. One possibility is through
histone exchange by which unacetylated H4 replaces N-terminally
acetylated H4 found in chromatin. Another scenario is through
active deacetylation mediated by a deacetylase, an activity that has
not been demonstrated yet for any protein N-terminal acetylation
mark [5].

Interestingly, Nat4 is not the only Nat that has been implicated
in the regulation of heterochromatic regions in yeast. NatA has
also an active role in chromatin silencing but possibly functions
through a mechanism that is distinct from that of Nat4 for three
main reasons. Firstly, NatA establishes telomeric and HML
silencing by acetylating Orcl and Sir3 in order to stimulate their
recruitment onto chromatin [46-48]. However, silencing at the
rDNA region does not involve these proteins [49]. Secondly, in
our experiments the absence of Ardl (the catalytic subunit of
NatA) has no effect on the levels of H4R3me2a (Figure S2A).
Finally, in the ardi4 strain, the levels of 25S rRNA are not
significantly altered compared to a wild-type strain (Figure S2B).
Therefore, we believe that Nat4 and NatA impact on chromatin
silencing through different pathways.

A link between calorie restriction and increased lifespan in yeast
and other organisms has already been established [50]. Consid-
ering that changes in the levels of N-acH4 and H4R3me2a are
associated with calorie restriction (Figure 6), it would be interesting
to determine in future studies whether these modifications and
their respective enzymes are part of a mechanism that extends
cellular lifespan. Another histone H4 acetylation (H4K16ac) has
already been implicated in the regulation of lifespan in yeast
through a mechanism that maintains telomeric chromatin intact
[51]. In contrast, we anticipate that N-acH4 and H4R3me2a, if
mvolved in lifespan regulation, would be part of a pathway that
controls rDNA silencing [38,39], since our data show that deletion
of NAT4 does not affect telomeric silencing (Figure S3).
Alternatively, N-acH4, H4R3me2a and their associated enzymes
could influence longevity by regulating rDNA recombination,
given that Hmtl activity represses this process [25]. Two recent
studies support this idea because they show that calorie restriction
suppresses rDNA recombination independently of rDNA silencing
in order to extend lifespan [52,53].

Although this study was performed entirely in yeast, there is
evidence suggesting that the cross-talk among N-acH4, internal
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Figure 6. Calorie restriction increases RDN25 silencing and the H4R3me2a: NacH4 enrichment ratio. (A) The levels of 255 rRNA were
analyzed by qRT-PCR using total RNA extracted from a wild-type strain (BY4741) grown in minimal media containing different glucose concentrations
(2%, 0.5%, 0.1% and 0.05%). (B) ChIP experiments were performed in a wild-type BY4741 strain grown in the same conditions as in (A), using
antibodies against H4R3me2a and N-acH4. Their enrichment is normalized to histone H4 and represented as ratio of H4R3me2a to N-acH4. Error bars

in (A) and (B) indicate s.e.m for duplicate experiments.
doi:10.1371/journal.pgen.1003805.9g006
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rDNA silencing

N-acH4

Figure 7. Model depicting the role of N-acH4 in rDNA silencing. When rDNA expression is required, Nat4-catalyzed H4 N-terminal acetylation
inhibits Hmt1-mediated H4R3me2a. Under conditions where rDNA expression needs to be repressed, as in an environment with low glucose
concentration, N-terminal acetylation decreases by a mechanism still unknown. This mechanism, that can be active (by an enzyme) or passive (by
histone dilution) reduces the levels of N-acH4 and allows Hmt1 to asymmetrically dimethylate H4R3, triggering rDNA silencing. Lysine acetylation on
residues 5, 8 and 12 fine-tunes the levels of H4R3me2a, as excessive deposition of this mark leads to a severe growth defect at 30°C or even cell

lethality at a higher temperature (37°C).
doi:10.1371/journal.pgen.1003805.g007

lysine acetylation and H4R3 methylation may be conserved in
mammals. For instance, the activity of Nat4 towards H4 is
conserved in humans [10], and its ortholog hNaa40 can re-
establish normal levels of H4R3me2a in the absence of Nat4
(Figure 3E-F). Furthermore, mass spectrometry analysis of mouse
histone H4 revealed that N-terminal acetylation co-exists with K3,
K8 and K12 acetylation and has an inverse relationship with
H4R3 methylation [54]. Interestingly, this anticorrelation in
mouse cells does not involve asymmetric dimethylation but rather
a trimethylated form of H4R3 [54], whose existence is still under
debate. The mutual exclusive pattern between N-terminal
acetylation and H4R3 methylation becomes even more apparent
on H2A peptides [54], suggesting that in mammals this
modification crosstalk could also occur on histone H2A. This is
consistent with the fact that mammalian H2A (Ser-Gly-Arg-Gly-
Lys) has an arginine at position 3 and its N-terminal sequence is
identical to H4, in contrast to yeast H2A (Ser-Gly-Gly-Lys-Gly)
whose third residue is a glycine. Determining whether Naa40
utilizes a similar mechanism to control gene activation in
mammalian cells is intriguing, considering that this enzyme has
a pro-apoptotic function and was found significantly downregu-
lated in hepatocellular carcinomas [11].

In summary, this study provides a novel link between protein N-
terminal acetylation and the regulation of gene expression. This
regulation employs a unique mechanism by which histone N-
terminal acetylation influences the deposition of another m cis
modification. Since N-terminal acetylation occurs on the majority
of soluble eukaryotic proteins [3,4], we propose that its crosstalk
with internal post-translational modifications might be a common
mechanism for controlling protein function.

Materials and Methods

Yeast strains
All strains used in this study are listed in Table S1 and described
in Protocol S1.

Antibodies

Rabbit polyclonal antibodies were raised against H4R3me2a
and N-acH4 by Eurogentec (Belgium). Additional details are

PLOS Genetics | www.plosgenetics.org

provided in Protocol S1. Other antibodies used were: H4K5ac
(ab51997; Abcam), H4Kl2ac (ab46983; Abcam), H4KS8ac
(ab15823; Abcam), H4R3mel (ab17339; Abcam), H4R3me2s
(ab5823; Abcam), H3 (ab1791; Abcam), H4 (62-141-13; Milli-
pore), Naa40 (ab106408; Abcam), b-Actin (ab8226; Abcam) and
His-tag (2365; Cell Signalling).

Growth and silencing assays

Opvernight cultures were diluted to OD ~0.1 and grown to mid-
log phase. Approximately 1.2x10* cells were serially diluted 10-
fold, and spotted onto the right media plates (YPAD, SC or
SC+5'-Fluoroorotic acid). The plates were incubated at 30°C or
37°C for 2 days. Doubling time of cell growth was measured as
indicated on http://www.doubling-time.com/compute.php.

Gene expression analysis

Total RNA from logarithmically grown (OD 0.8) yeast cells was
isolated using the hot phenol extraction method [55] and was then
treated with the TURBO DNA-free DNase kit (Ambion). Isolated
total RNA (0.5 pg) from each sample was mixed with 1 pl ANTP
mix (10 mM) and 1 pl of primer cocktail that consists of 0.5 ul
oligo-(d1)20 primer (50 pM) and 0.5 ul random hexamers
(50 uM) (Invitrogen). DNase RNase-free water was added up to
a final volume of 13 pl. The mixture was incubated at 65°C for
5 min for first strand cDNA synthesis. After addition of 4 pl 1x
first strand buffer, 1 pl DTT (0.1M), 1 ul RNase inhibitor
(RNaseOut 40 U/ pl) and 1 pl Superscript III reverse transcrip-
tase (200 U/ul) (all Invitrogen), the mixture was incubated for
5 min at 25°C, 60 min at 50°C and 15 min at 70°C. A negative
control reaction was carried out with 1 pl of DNase RNase-free
water instead of the SSIII enzyme. 50 pl of DNase RNAse-free
water was added to the final cDNA before analyzing with real-
time PCR. SYBR Green (Kapa SYBR Fast Master Mix #
KK4602) was used to quantify the level of expression. Relative
quantification took place using the reference gene RPP0 for
normalization. Real-time PCR (10 pl reactions) included 1 ul of
cDNA, 0.2 ul of forward primer (50 uM), 0.2 pl of reverse primer
(50 uM), 5 ul of SYBR Green and 3.6 ul DNase RNase free
water. Reactions were incubated in a Biorad CFX96 Real-Time
PCR system in 96-well plates using the primers listed in table S2.

September 2013 | Volume 9 | Issue 9 | 1003805



ChiP
ChIP assays were performed as described previously [18].

Methyltransferase assay

Purified yeast Hmtl (5 pg) and 22.5 pg of biotinylated histone
H4 peptides (Cambridge Peptides, UK) were incubated with 40 ul
of MyOne Dynal Streptavidine beads T1 (Invitrogen, #65601) in
100 pl total Reaction Buffer (20 mM Tris-Hel pH 8, 50 mM
NaCl, 1 mM EDTA pH 8, 5% Glycerol, ] mM DTT, 2 mM S-
adenosylmethionine and protease inhibitors) for 20 hours at 30°C
with shaking. The beads were then precipitated using a magnetic
rack (Invitrogen) and resuspended in 10 ul SDS-loading buffer.
The peptides were eluted by alternately boiling, cooling and
vortexing the beads three times. The eluted samples were then
analyzed by Western blotting and ponceau staining.

SDS-PAGE and western blotting

Yeast cells were grown to mid-exponential phase in a 30°C
shaker. Total yeast extracts were prepared by first resuspending
cell pellets in a tenfold volume of SDS loading buffer (50 mM Tris-
HCI pH 6.8, 2% SDS, 10% glycerol, 1% B-mercaptoethanol,
12.5 mM EDTA and 0.02% bromophenol blue). The samples
were then alternately boiled and chilled three times to rupture cell
membranes. Proteins were separated in a 7 cm long, 17% SDS-
PAGE (Laemmli 1970) at 200 V for 1 h. The proteins were wet
transferred into a PVDF membrane (GE Healthcare life sciences)
with 20% Methanol transfer buffer (25 mM Tris, 192 mM
glycine, pH 8.3), at 100 V for 1 h. Before incubation with the
appropriate antibody, the membrane was blocked in 5% BSA,
0.1% Tween-20 TBS buffer (25 mM Tris, 150 mM NaCl, 2 mM
KCl, pH 8).

Dot blot analysis

Synthesized peptides with at least 90% purity (Cambridge
Peptides, UK) were dissolved in water, and drops containing 250,
50, or 10 pmol were deposited on a PVDF membrane, and
allowed to air-dry for 1 h. The membrane was then submerged in
100% Methanol for a minute, water for another minute and then
stained with Ponceau S or blocked as described above before
probing with the appropriate antibody.

Supporting Information

Figure S1 Specificity of the H4R3me antibodies. (4) Whole cell
extracts from the indicated wild-type and mutant strains were
analyzed by western blotting using an antibody against
H4R3me2a. Equal loading was monitored with an H3 antibody.
(B) Western blot analysis of whole yeast cell extract or
recombinant histones H4 and H2A expressed and purified from
bacteria. The samples were analyzed with antibodies against
H4R3me2a, H4 and H2A. The H4R3me2a antibody recognizes a
band in yeast extract that is equivalent to the size of histone H4.
(C) Dot-blot analysis using synthetic peptides representing the first
20 amino acids of histone H4 and possessing various combinations
of R3 methylation and S1 N-alpha-amine acetylation. The
peptides were spotted on a PVDF membrane at the indicated
concentrations and then probed with antibodies against
H4R3mel, H4R3me2a and H4R3me2s. Equal loading of
peptides was monitored by Ponceau staining (left panel).

(TIF)

Figure 82 The yeast N-acetyltransferases A, B, C or E do not
regulate H4R3me2a. Whole cell extracts prepared from the
indicated wild-type and single deletion (ardlA, nat34, mak34,

PLOS Genetics | www.plosgenetics.org

Role of H4 N-alpha Acetylation in rDNA Silencing

nat44, nat54) strains were analyzed by western blotting using an
antibody against H4R3me2a (top panel). The H3 antibody was
used as a loading control (bottom panel). (B) 25S rRNA expression
level analysis was performed with wild-type and the indicated
deletion (nat44 or ardiA) strains as in (3C). Error bars indicate
s.e.m for duplicate experiments.

(TIF)

Figure 83 Deletion of NAT4 does not affect telomeric, HMR or
HML silencing. Silencing assays were performed as in (24) using
NAT4 and nat44 strains containing the URAS reporter gene
integrated at telomere-VIIL, HMR or HML (adh4::URA3-TelVII-L,
hmr::URA3, or hml::URAS3). The cells were spotted in 10-fold
dilutions on SC medium (right panel) or SC+5'-Fluoroorotic acid
(left panel) and then grown for 48 h at 30°C.

(TIF)

Figure S84 The catalytic activity of Nat4 is required to control
RDN25 silencing and H4R3me2a deposition. (4) The expression
levels of 255 rRNA were analyzed by qRT-PCR as in (3C) using
total RNA that was extracted from NAT4-HA and nat4cmAB-HA
(for more information about these strains, see (1C) and (1D). (B)
ChIP experiments performed in the strains indicated in (4) using
H4R3me2a and N-acH4 antibodies and analyzed as in (3B). (C)
ChIP experiments were performed in NAT4 and nat4A strains
using antibodies against H4, H4R3me2a, H4R3mel and N-acH4.
The immunoprecipitated chromatin was analyzed as indicated in
(3B). Error bars in (4) (B) and (C) indicate s.e.m for duplicate
experiments.

(TIF)

Figure 85 The H4S1P mutant mimics the effect of nat44. Gene
expression analysis of the 255 rRNA was performed in wild-type
(HAWT NAT%) and in mutant strains containing a NAT# deletion
(HAWT nat44) or a serine to proline substitution at position 1 of
H4 (H4S1P NAT4). The expression levels of 25S were normalized
to the levels of RPP0. Error bars indicate s.e.m for duplicate
experiments.

(TIF)

Figure S6 Purification of yeast Hmtl. Immunoblot analysis of
purified Hmtl-6His-Ha-ZZ protein using an antibody against the
His-tag (right panel). Crude extract (input) prepared from the
strain expressing Hmt1-6His-Ha-ZZ was used as a positive control
and post-purification extract (depleted) were used to examine the
efficiency of the protein purification. Coomassie staining (left
panel) was used to monitor protein loading.

(TIF)

Figure 87 The H4K5,8,12R mutation does not enhance
recognition by the H4R3me2a antibody. Dot-blot analysis using
the indicated synthetic peptides containing the first 20 amino acids
of histone H4. The peptides were spotted on a PVDF membrane
at the indicated concentrations, and then probed with a H4R3m2a
antibody (right panel). Equal loading of peptides was monitored
with Ponceau S staining (left panel).

(TIF)

Figure 88 Methylation of H4K5, 8 and 12 by SET5 does not act
synergistically with N-acH4 in regulating H4R3me2a. Whole cell
extracts prepared from the wild-type (NAT4 SET5) and the mutant
strains carrying a NAT4 deletion (nat44 SET5), a SET) deletion
(NAT4 setbA) or both (nat44 setbA) were analyzed by western
blotting as in (S74).

(TIF)

Figure 89 The growth defect observed in the H4K5, 8,12R
nat44 strain is rescued by the H4R3K mutation. Cell growth
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analysis was performed at 30 and 37°C. The strains used are
described in (9D). The OD at 600 nm was measured at 0, 1, 2, 4,
6, 8, 10, 20, 24 and 30 h after inoculation of the culture.

(TIF)

Figure S10 Deletion of NA74 does not affect the levels of H4K5,
8 or 12 acetylation. ChIP experiments were performed in the
indicated strains using antibodies against H4K5ac, H4K8ac and
H4K12ac. The immunoprecipitated chromatin was analyzed by
quantitative RT-PCR using primers specific to the RDN25 gene.
The enrichment from each antibody was normalized to the
occupancy of H4. Errors bars indicate s.e.m for duplicate
experiments.

(TIF)

Protocol S1 Additional materials and methods used to construct
yeast strains generate antibodies and purify Hmtl.
DOCX)
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Abstract

Epigenetic modifications, including those occurring on DNA and on histone proteins, control gene expression
by establishing and maintaining different chromatin states. In recent years, it has become apparent that
epigenetic modifications do not function alone, but work together in various combinations, and cross-
regulate each other in a manner that diversifies their functional states. Arginine methylation is one of the
numerous PTMs (post-translational modifications) occurring on histones, catalysed by a family of PRMTs
(protein arginine methyltransferases). This modification is involved in the regulation of the epigenome
largely by controlling the recruitment of effector molecules to chromatin. Histone arginine methylation
associates with both active and repressed chromatin states depending on the residue involved and the
configuration of the deposited methyl groups. The present review focuses on the increasing number of
cross-talks between histone arginine methylation and other epigenetic modifications, and describe how
these cross-talks influence factor binding to regulate transcription. Furthermore, we present models of
general cross-talk mechanisms that emerge from the examples of histone arginine methylation and allude

to various techniques that help decipher the interplay among epigenetic modifications.

Introduction

The genomic DNA of eukaryotes was once thought to be
the ultimate template of inheritance. This view has been
challenged in recent years, with epigenetics supporting the
idea that heritable changes which influence gene expression
may not have anything to do with changes in the DNA
sequence [1]. DNA is wrapped around an octamer of proteins
that comprises two copies of each of the core histones: H2A,
H2B, H3 and H4. This dynamic structure is known as the
nucleosome and is the basic unit of chromatin. Euchromatin
refers to the decondensed form of chromatin that can be
active or inactive, whereas heterochromatin is defined as the
compacted silenced state. Hence chromatin is dynamically
modulated between transcriptionally repressed and active

Key words: epigenetics, histone arginine methylation, modification cross-talk, post-translational
modification, protein arginine methyltransferase.

Abbreviations used: AIRE, autoimmune regulator protein; BPTF, bromodomain PHD finger
transcription factor; ChIP, chromatin immunoprecipitation; COMPASS, complex proteins associated
with Set1; HP1, heterochromatin protein 1; ING, inhibitor of growth; JMJD6, Jumonji domain-
containing 6; MLL, mixed-lineage leukaemia; PADI, peptidyl arginine deiminase; PHD, plant
homeodomain; PRMT, protein arginine methyltransferase; PTM, post-translational modification;
RAG2, recombination activating gene 2; SILAC, stable isotope labelling by amino acids in cell
culture; TFIID, transcription factor 1ID; UHRF1, ubiquitin-like with PHD and ring finger domains 1.
To whom correspondence should be addressed (email kirmizis@ucy.ac.cy).
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states in order to regulate gene expression. These states can be
altered by PTMs (post-translational modifications) deposited
on either the DNA or histones, thus affecting the readout of
the underlying DNA sequence [2].

Histones are susceptible to various PTMs including phos-
phorylation, methylation, acetylation and ubiquitination
[3]. The numerous histone modifications identified to date
communicate among themselves by influencing the presence
of each other or by collaborating to bring about a functional
outcome. These communications, referred to as cross-talks,
happen in a context-dependent manner revealing that the
once-thought strict histone code is actually a complex histone
language [4]. Cross-talks can occur on the same histone (cis)
or between different histones (trans), and it has been proposed
that trans mechanisms could even involve more than one
nucleosome [2,3]. The study of these cross-talks has received
great attention because the reading of these modifications
by different effectors influences gene expression [2], and
misinterpretation of these cross-talks by readers may trigger
various diseases, including cancer [5-7].

Lately, arginine methylation has attracted much interest
owing to its involvement in several cellular processes such
as transcription, RNA processing, signal transduction and

©The Authors Journal compilation ©2013 Biochemical Society
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Figure 1| Protein arginine methylation catalysed by PRMTs

The mammalian family of PRMTs is shown, consisting of nine members,
classified into the three types. All three types of PRMT (I, Il and 1l) can
monomethylate arginine (Rme1) on one of the terminal guanidino nitro-
gen atoms. Type | PRMTs generate asymmetric dimethylation (Rme2a),
whereas type Il PRMTs generate symmetric dimethylation (Rme2s).
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DNA repair. This PTM involves the addition of one or
two methyl groups to the guanidino groups of arginine
residues resulting in three different methylation states: mono-
methylated (Rmel), asymmetrically dimethylated (Rme2a)
or symmetrically dimethylated (Rme2s) arginine (Figure 1).
The methyl groups are deposited by PRMTs (protein arginine
methyltransferases). The mammalian family of PRMTs
includes nine members which are classified into three types:
type I (PRMTs 1, 2, 3, 4, 6 and 8) catalyse the formation
of Rme2a, and type II (PRMTs 5 and 7) catalyse the
formation of Rme2s. Both types are also able to mediate
the formation of Rmel. PRMT7 can only monomethylate
some substrates, thus it is also referred to as a type IIl PRMT.
To date, PRMT9 has not been shown to possess enzymatic
activity [7]. Histone arginine methylation associates with
both active and repressed chromatin states depending on the
residue involved and the status of methylation. For example,
asymmetric dimethylation of histone H3 Arg? (H3R2me2a)
is associated with transcriptional repression [8-10], whereas
symmetric dimethylation or monomethylation of the same
residue (H3R2me2s and H3R2mel respectively) have been
linked to gene activation [11-13].

Whether or not arginine methylation can be enzymatically
reversed is still under investigation. An enzyme, JMJD6
(Jumonji domain-containing 6), was reported to demethylate
both H3R2me2 and H4R3me2 [14]. This finding, however,
was disputed by another study which showed that JMJD6 is

©The Authors Journal compilation ©2013 Biochemical Society

a lysine hydroxylase [15]. Although it is not clear whether or
not arginine methylation can be reversed, methylation of this
residue can be blocked by deimination, a reaction catalysed by
afamily of enzymes called PADs or PADIs (peptidyl arginine
deiminases). This modification converts an arginine residue
into citrulline by the removal of one of the two terminal
amino groups and, as a result, the new residue can no longer
be targeted by PRMTs. To date, two different PADIs have
been shown to exert this activity on histones. PADI4 can
remove the amino group from Arg?, Arg®, Arg"” and Arg? in
histone H3, and also Arg® in histones H4 and H2A [16,17].
Recently, it was shown that PADI2 could also convert Arg?
of histone H3 into citrulline iz vivo [18].

In the present review, we discuss the interplay between his-
tone arginine methylation and other epigenetic modifications.
We describe the different cross-talk mechanisms identified
to date, focusing on histones H3 and H4, and then, define
general models for these mechanisms. How deregulation of
the mechanisms employed by histone arginine methylation
and PRMTs may lead to diseases such as cancer has been
recently reviewed elsewhere [7].

Interplay between histone arginine
methylation and other epigenetic
modifications

Histone H3 arginine residues
On histone 3, Arg? is the most characterized arginine residue
to date, and its dimethylation states have been shown to par-
ticipate in several cross-talks. One of the most studied cross-
talks is between H3R2me2a and H3K4me3 (trimethylation of
histone H3 Lys*). These two modifications are catalysed in
humans by PRMT6 [8,9,19] and the COMPASS (complex
proteins associated with Setl) complex [20] respectively.
Experiments from different groups have shown that H3K4
can be trimethylated only in the absence of H3R2me2a
[8-10,21]. ChIP (chromatin immunoprecipitation) analysis
both in humans and yeast (Saccharomyces cerevisiae) showed
that H3R2me2a and H3K4me3 are mutually exclusive.
H3R2me2a is present in heterochromatic regions in yeast and
within the middle and 3’-ends of euchromatic genes, whereas
H3K4me3 is abundant at the 5’-end of active genes [8,10].
H3R2me2a interferes with the binding of the WD40-
domain-containing protein  WDR5 (a subunit of the
methyltransferase COMPASS complex) to the H3 tail. The
prevention of WDR5 binding in turn disrupts the activity of
the catalytic component of the complex, MLL (mixed-lineage
leukaemia) 1 protein, necessary to trimethylate H3K4 [9,22].
The same mechanism has been observed in S. cerevisiae, where
H3R2me2a regulates the activity of Setl (yeast orthologue of
human MLL1) by modulating the binding of the COMPASS
subunit Spp1 [10]. Spp1 recognizes H3K4me2 (dimethylation
of H3K4) through its PHD (plant homeodomain) finger only
when H3R2me2a is absent, in order to stimulate H3K4me3
by Setl.
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Although H3R2me2a by PRMT6 and H3K4me3 by MLL1
inhibit the deposition of each other [8,9,19], it is reasonable
that both modifications coexist within cells [19], perhaps
for a short period of time. Structural and crystallographic
analysis of many H3K4me3-binding proteins showed that,
when H3K4me3 and H3R2me2a coexist on the same
peptide, the latter modification blocks the recognition of
H3K4me3 by many proteins. The double chromodomain-
containing CHD1 (chromodomain helicase DNA-binding
protein 1) [23,24], the Tudor-domain-containing JMD2A, the
aforementioned WD40-containing WDRS5 and several PHD-
containing proteins PHF2 (PHD finger protein 2), ING
(inhibitor of growth) 2, BPTF (bromodomain PHD finger
transcription factor), DATF1 (death-associated transcription
factor 1) [9,19,25], TFIID (transcription factor IID) subunit
TAF3 [26,27] and ING#4 [28] all show a marked decrease
or total loss of H3K4me3 recognition when H3R2me2a is
present. However, the effect of H3R2me2a on the binding
of ING2 and BPTF to H3K4me3 has not been clearly
established; some authors showed a decrease in the binding
[19,25], whereas others did not observe any inhibition [26].
Furthermore, the recruitment of some proteins by this
part of histone H3 is insensitive to this cross-talk, for
instance RAG2 (recombination activating gene 2) [19,29] and
Pygo [30]. These findings suggest that H3R2me2a blocks
the recruitment of H3K4me3 readers selectively and hence
regulates specific downstream events on chromatin.

More recent studies showed that H3R2 can also be
symmetrically dimethylated iz vivo, a reaction catalysed in
mammals by PRMT5 and PRMT7 [12,13]. Using ChIP-
seq analysis, Yuan et al. [13] showed that H3R2me2s co-
localizes with H3K4me3 throughout the mouse genome
and this overlap is conserved in many eukaryotes. Another
study showed that in human cells H3R2me2s, unlike
its asymmetric form, is present specifically at the —1
nucleosome in gene promoters together with H3K4me3
[12]. The apparent co-localization between H3R2me2s and
H3K4me3 raised the hypothesis that these two modifications
might influence the deposition of each other. Indeed,
yeast Setl and other COMPASS subunits are required
for H3R2me2s, in a way that seems to be dependent on
H3K4me3. Consistent with this result, mutation of H3K4 to
alanine impairs the deposition of H3R2me2s, suggesting that
COMPASS regulates simultaneously methylation of Arg?
and at Lys* [13]. Additionally, the presence of H3R2me2s
enhances H3K4 methylation by facilitating the recruitment
of the human COMPASS core subunit WDR5 [12]. This
recruitment is PRMT5-dependent, and both PRMT5 and
WDRS5 co-immunoprecipitate [31]. Once both modifications
are deposited, further evidence proposes that these two marks
function together to influence the recruitment of effector
molecules to chromatin. Ramon-Maiques et al. [29] and
Yuan et al. [13] showed that, in vitro, the PHD-containing
protein RAG2 binds with higher affinity to peptides that
are concurrently modified with H3R2me2s and H3K4me3
than to peptides carrying single modifications [13,29]. Hence,
the cross-talk between H3R2me2s and H3K4me3 constitutes
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one of the rare examples in which two modifications first
influence the deposition of each other and then together
control downstream factor-binding events.

Interestingly, H3R2me2s is also found at locations distant
to the transcription start sites, where it overlaps with high
levels of H3K4mel and H3K4me2 [12]. A similar overlap
has also been observed between H3R2me2a and these two
Lys*-methyl marks, but this co-localization occurs within
the body of genes [10]. Therefore it would be of interest to
determine whether cross-talk exists between the two H3R2
dimethyl states and H3K4mel/H3K4me2 that is dependent
on the genomic location of nucleosomes.

Methylation of H3R2 is also involved in a cross-talk with
the unmodified version of Lys* (H3K4me0). H3K4me0 is
recognized by the AIRE (autoimmune regulator protein)
through its PHD domain to activate gene expression [32].
Addition of one methyl group to H3R2 inhibits severely
the binding of AIRE to the H3 tail, while dimethylation
of H3R2 abrogates it completely [25,33-35]. The same effect
is observed when Arg? is mutated to alanine or lysine, which is
consistent with the fact that an unmodified arginine residue
is required for this interaction [32,34,35]. In line with
the above observations, overexpression of PRMT6 reduced
activation of AIRE target genes [34].

Another well-documented cross-talk of Arg? is the
one involving its non-methylated state (H3R2meQ) and
DNA methylation. UHRF1 (ubiquitin-like with PHD
and ring finger domains 1), a PHD and tandem Tudor-
domain-containing protein, recognizes H3R2me0. This
protein acts as a transcriptional repressor by maintaining
CpG methylation and heterochromatin formation [36-38].
H3R2mel decreases UHRF1 binding to the histone tail, an
effect amplified by dimethylation of H3R2, as shown by
structural analysis [36,38,39] and in vitro binding assays [37].
ChIP experiments also showed that promoters of UHRF1
target genes are devoid of H3R2me2s [37]. UHFR1 can also
bind H3K9me3 through its Tudor domain [36,37,40], and
the binding is stronger when both H3K9me3 and H3R2me0
are present [40].

The above work describes well-characterized cross-talk
mechanisms of H3R2, but recent evidence indicates that
H3R2 methylation may be involved in additional cross-talks.
For example, a recent report linked INTMT (Drosophila N-
terminal methyltransferase), an enzyme involved in histone
H2B N-terminal methylation, to an H3R2me2a-mediating
PRMT [dARTS8 (Drosophila arginine methyltransferase 8)]
in Drosophila melanogaster [41]. The authors suggest that
H3R2me2a inhibits histone H2B N-terminal methylation,
but the precise mechanism of this possible cross-talk needs
to be elucidated. Another potential cross-talk is the one
between H3R2 methylation and H3T3ph (histone H3 Thr’
phosphorylation). This is proposed on the basis of the fact
that H3T3ph disrupts UHRF1 binding to H3R2me0 [37,40]
and influences the recognition of H3K4me3 by some binding
factors, similarly to dimethylated H3R2 [25,33,34,37].

Apart from Arg?, histone H3 can also be methylated at
Arg®, Arg' and Arg®, and all three residues are involved
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in modification cross-talks. However, in general, their cross-
talk mechanisms are less studied in comparison with those
involving H3R2. Pal et al. [42] showed that H3R8me2s is
catalysed by PRMTS5, and this methylation is inhibited by the
presence of H3K9ac and H3K14ac (acetylation of histone H3
Lys® and Lys!* respectively) [42]. Reciprocally, H3R8me2s
decreases the deposition of H3K 9ac [42]. Methylation on this
same lysine residue by the histone methyltransferase G9a is
almost completely disrupted by the presence of H3R8me2
(both symmetric and asymmetric), as shown by in vitro
experiments [43]. H3R8me2a also inhibits HP1 (heterochro-
matin protein 1) ¥ binding to H3K9me2 and me3 [44]. Ad-
ditionally, Southall et al. [21] found that H3R8me2s reduces
MLL1 activity towards H3K4 by 30 %, but the precise mech-
anism underlying this cross-talk remains to be determined.

Regarding H3R17, Daujat et al. [45] showed that H3K 18ac
and, to a lesser extent, H3K23ac promotes methylation of
this arginine residue by PRMT4 [45], a result confirmed
later by two other studies [46,47]. More recently, Wu and
Xu [48] have indirectly linked H3R17me2a to H3K4me3.
During this cross-talk, PAF1c (RNA polymerase-associated
factor 1 complex) acts as a methyl arginine reader by
binding to methylated Arg!” and subsequently recruits
MLL1 through an interaction with Ash2L in order to
trigger H3K4me3 deposition. Another study showed that
R17me2a and R26me2a, together with pan-H3ac, reduce
the binding of the NuRD (nucleosome remodelling and
deacetylase complex) and TIF1 (translation initiation factor
1) co-repressors to histone H3 [49]. On the basis of the
above findings, a reasonable sequence of events would be that
H3K18ac and H3K23ac are deposited first to stimulate Arg!”
methylation (and probably R26me2a), which then inhibits
the recruitment of co-repressors to chromatin and enhances
trimethylation of H3K4 to activate gene expression.

A rather unique cross-talk of histone arginine methylation
is the one with citrullination because this mechanism involves
the same amino acid residue. For example, deiminated
arginine residues can no longer be methylated by PRMTs,
whereas arginine methylation blocks its own citrullination.
More specifically, PADI4 binds to the promoter of the
oestrogen-responsive gene pS2 leading to citrullination of
Arg" of H3 (H3Citl17) and Arg® of H4 (H4Cit3). This
citrullination is followed by disengagement of RNA poly-
merase II from the promoter and transcriptional repression
[16,17]. In contrast, oestrogen-induced citrullination of
H3R26 by PADI2 facilitates oestrogen-receptor-mediated
gene transactivation [18]. H3Cit26 strongly co-localizes with
H3K27ac in MCF-7 cells, raising the possibility for a cross-
talk between these two modifications [18].

The cross-talk between arginine methylation and citrul-
lination influences downstream chromatin events [6]. The
authors showed that H3R8 methylation reduces slightly
the binding of HPle to H3K9me3, whereas deimination
of the same residue upon oestrogen stimulation of PADI4
completely abrogates HPla recruitment. It was proposed
that the difference in HP1a-binding affinity to H3K9me3 in
the context of H3R8me or H3Cit8 may allow for a gradual
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activation of the genes targeted by the HP1« repressor during
oestrogen induction [6].

Histone H4 arginine residues

All known cross-talk mechanisms described for arginine
methylation on H4 involve Arg’, and specifically its
dimethylated (asymmetric or symmetric) forms (Table 1).
Earlier studies have shown by i vitro and in vivo work
that H4R3me2a by PRMT1 facilitates p300-mediated his-
tone H4 acetylation, leading to nuclear-receptor-dependent
transcription [50,51]. More recent work validated this
cross-talk by demonstrating that the tumour-suppressor
gene p53 recruits PRMT1, p300 and PRMT4 to activate
transcription in a stepwise manner. During this p53-
mediated activation, H4R3me2a is initially deposited and
then stimulates the acetylase activity of p300 towards H4
Lys’, Lys® and Lys'? [46]. Additionally, ChIP analysis in
chicken erythroleukaemia 6C2 cells in which PRMT1 was
knocked down showed that loss of H4R3me2a across the
B-globin locus is accompanied by a vast reduction in
the levels of H4K5ac, H4K8ac and H4K12ac [52]. The reverse
relationship between these two modifications differs because
H4 acetylation inhibits PRMT1-mediated methylation of
HA4R3 [51,53]. An in vitro study, however, showed that H4
acetylation of any of Lys®, Lys®, Lys!? or Lys!® stimulates the
methylase activity of the yeast PRMT1 orthologue (Hmtlp)
towards H4R3. Despite this discrepancy, it was shown that
mutation at Arg® or Lys® results in a similar phenotype in
yeast, suggesting that modifications at these two residues
function within the same pathway [54].

Two studies showed that H4R3me2a is also involved
in an arginine methylation tranms-histone cross-talk. Li
et al. [55] demonstrated that H4R3me2a catalysed by
PRMT1 facilitates subsequent acetylation of H3K9 and
H3K14, and recruitment of the transcriptional machinery to
activate expression of the globin genes. In vitro experiments
provide a direct link for this cross-talk, as H4R3me2a is
a binding surface for the co-activator PCAF (p300/CREB
[cAMP-response-element-binding protein)-binding protein-
associated factor], which possesses H3K9/H3K14 acetyl-
transferase activity. In the second study, Huang et al. [52]
showed that loss of H4R3me2a by PRMT1 knockdown leads
to localized induction of H3K9me2 and global increase of
H3K27me3 over the B-globin locus. Whether the interplay
between H4R3me2a and methylated H3K9/H3K27 is direct
remains to be determined.

The symmetrically dimethylated form of H4R3 is mediated
by PRMT5 and PRTM?7, and is implicated in transcriptional
repression. A recent study demonstrated a trans-histone
cross-talk involving H4R3me2s and H3K4me. MLL4, a
methyltransferase related to MLL1, which can also trimethyl-
ate H3K4, binds to unmodified or asymmetrically modified
HA4R3 through a tandem PHD domain. However, H4R3me2s
strongly impairs MLL4 recruitment and downstream H3K4
methylation, inhibiting neuronal differentiation [56]. In
another study, Feng et al. [53] tested whether H4 acetylation
affects PRMT5-mediated H4R3me2s in a manner similar
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Table 1| Cross-talks of histone arginine methylation

Mod, modification; Rme, arginine methylation; — and <, promotes; -| and |-, blocks, (?), not determined. G. gallus, Gallus gallus; H. sapiens, Homo sapiens; M. musculus, Mus musculus; S. cerevisie,

Sa((haromy(es cerevisige.

Mod1 (Rme) Mod2 Mechanism Function System PRMT(s) Reference(s)
Histone 3
H3R2me0 H3K9me3 Combinatorial synergistic DNA methylation maintenance In vitro - [38,42]
H3R2me0 DNA methylation Mod1—Mod2 Transcriptional repression, DNA In vitro - [39]
methylation maintenance H. sapiens
H3R2me2a H3K4me3 Mod1-|Mod2; Mod1|-Mod2 Transcriptional regulation S. cerevisiae; H. sapiens; in vitro  PRMT6 [9-11,24]
H3R2me2a H3K4me3 Combinatorial antagonistic Transcriptional regulation In vitro PRMT6 [20,25-30]
H3R2me1, H3R2me2a, H3R2me2s  H3K4meO Combinatorial antagonistic Transcriptional repression H. sapiens; in vitro PRMTS(?); PRMT6; PRMT7(?) [35,36]
H3R2me2s H3K4me3 Mod1—Mod2; Mod1«<Mod2  Transcriptional activation H. sapiens PRMTS; PRMT7 [13,14]
H3R2me2s H3K4me3 Combinatorial synergistic Transcriptional activation In vitro PRMTS(?); PRMT7(?) [14,31]
H3R8me H3K9me3 Combinatorial antagonistic Transcriptional activation In vitro @) 7]
H3R8me2a H3K9me2, H3K9me3 Combinatorial antagonistic ) In vitro @) [46]
H3R8me2a, H3R8me2s H3K9me Mod1-|Mod2 Transcriptional repression In vitro PRMTS(?) [45]
H3R8me2s H3K4me3 Mod1-|Mod2 Transcriptional repression In vitro PRMT5(?) [23]
H3R8me2s H3K9ac Mod1-|Mod2 Transcriptional repression M. musculus PRMTS [44]
H3K9ac, H3K14ac Mod1]-Mod2
H3R17me2a, H3R17me2s H3Cit17 Mod1-|Mod2 Transcriptional activation H. sapiens; in vitro PRMT4 [17,18]
H3R17me2a H3K18ac, H3K23ac Mod1<Mod2 Transcriptional activation H. sapiens PRMT4 [47-49]
H3R17me2a H3K4me3 Mod1—Mod2 Transcriptional activation H. sapiens PRMT4 [50]
H3R17me2a, H3R26me2a H3K9ac, H3K14ac, Combinatorial synergistic Transcriptional activation In vitro; H. sapiens PRMT4 [51]
H3K18ac, H3K23ac
H3R26me H3(Cit26 Mod1-|Mod2 Transcriptional repression In vitro; M. musculus ) [19]
Histone 4
H4R3me2a, HAR3me2s HACit3 Mod1-|Mod2 Transcriptional regulation In vitro PRMT1 [18]
H4R3me2a H4K5ac, H4K8ac, Mod1—Mod2; Mod1|-Mod2 Transcriptional activation H. sapiens; G. gallus; PRMT1 [48,53-55]
H4K12ac M. musculus; in vitro
H4R3me2a H3K9ac, H3K14ac Mod1—Mod2 Transcriptional activation M. musculus; G. gallus PRMT1 [54,57]
H4R3me2a H3K9me2, H3K27me3 Mod1-|Mod2 Transcriptional activation G. gallus PRMT1 [54]
H4R3me2s H4K5ac, H4K8ac, Mod1«<Mod2 Transcriptional requlation In vitro PRMTS [55]
H4K12ac
H4R3me2s H3K4me3 Mod1-|Mod2 Transcriptional repression H. sapiens PRMT7 [58]
H4R3me2s DNA methylation Mod1—Mod2; Mod1<Mod2 Transcriptional repression H. sapiens; X. laevis; in vitro; PRMTS5; PRMT7 [59,60,62]
M. musculus
H4R3me2s H4K20me3 Mod1—Mod2 Transcriptional repression H. sapiens PRMTS [61]
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Figure 2| Mechanisms of cross-talk involving arginine methylation

(A) A sequential positive interaction, where a lysine methyltransferase (KMT) binds the histone tail through recognition of the
Rme2s mark, and deposits a second PTM (Kme3). (B) A sequential negative interaction, where the same KMT cannot bind
to the histone tail because of the Rme2a mark, thus blocking downstream PTM deposition. (€) A combinatorial synergistic
cross-talk, where after the deposition of both PTMs by their respective enzymes, a reader can bind to the histone tail to
exert its function. (D) A combinatorial antagonistic mechanism where 3 reader can recognize one PTM on the histone tail,
but the deposition of a second mark (Rme2a) impairs this recognition.

¥ @

1

A. Sequential cross-talk: Positive interaction (Mod1 -> Mod2)

to PRMT1-mediated H4R3me2a. In contrast with their
findings for PRMT1, the authors show using iz vitro
methylation assays that PRMT5 activity is stimulated
by H4K5ac, H4K8ac and H4K12ac and is inhibited by
H4K16ac [53].

The cross-talk mechanisms relating to H4R3 methylation
expand beyond histone modifications as H4R3me2s was
directly associated with DNA methylation. Evidence for this
cross-talk was initially provided by a study which showed
that PRMT7-mediated deposition of H4R3me2s at the ICR
(imprinting control region) of the Igf2/H19 locus was
necessary for subsequent DNA methylation [57]. A direct
link between H4R3me2s and DNA methylation was revealed
by Zhao et al. [58], who observed that the de novo DNA
methyltransferase DNMT3a binds directly to H4R3me2s
through its ADD domain to methylate DNA and silence

gene expression. More recently, the same group showed
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that H4R3me2s, apart from DNMT3a, recruits an additional
complex containing the histone-modifying enzyme SUV4-
20h1 to lay down H4K20me3 and reinforce the silencing
of globin genes [59]. The above findings raise the question
as to whether there is also a reverse relationship between
H4R3me2s and DNA methylation. Le Guezennec et al. [60]
have shown previously that DNA methylation promotes
H4R3me2s by recruitment of PRMT5 through interaction
with MBD2 (methyl CpG-binding domain 2). Hence DNA
methylation may occur both upstream and downstream of
histone arginine methylation.

Mechanisms of modification cross-talk

General themes emerge from the cross-talks of histone
arginine methylation reviewed above, which are applicable
across all epigenetic modifications. Cross-talks among
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modifications employ mechanisms that can be divided into
two major categories, each comprising two subcategories. The
first category includes histone modifications that take part
in a sequential cross-talk, during which one modification
either promotes (sequential positive) or inhibits (sequential
negative) the deposition of another modification (Figures 2A
and 2B respectively). The second category of mechanisms
comprises modifications that function in a combinatorial
manner during which two or more modifications existing
simultaneously regulate together the binding of effector
molecules. These epigenetic modifications can work syner-
gistically, for example by recruiting together a specific reader
(Figure 2C), or antagonistically, where one modification
blocks reader binding to the other modification (Figure 2D).
These two general mechanisms appear to apply for all
modification cross-talks regardless of whether they occur
within the same histone (cis) or between histones (trans).

H3R2 is one of the few histone residues whose
dimethylation states employ all four mechanisms of cross-
talk. For example, H3R2me2s is involved in a sequential
positive mechanism because it recruits the co-activator
WDR5 through its WD40 domain, which subsequently
enhances H3K4me3 deposition [12,13] (Figure 2A). In
contrast, the alternative dimethylated form of this residue,
H3R2me2a, is involved in a sequential negative mechanism
because it inhibits the recruitment of Setl/MLL1 complex
components and, as a result, blocks H3K4me3 [8-10,22]
(Figure 2B). H3R2 methylations are also involved in
cross-talks utilizing combinatorial mechanisms. H3R2me2s
together with H3K4me3 enhances the recruitment of the
PHD finger of RAG2 leading to V(D)] recombination and
transcriptional activation [29] (Figure 2C). H3R2me2s is a
unique methylation because it first uses a sequential cross-
talk to lay down H3K4me3 and then together with H3K4me3
affect factor binding via a combinatorial mechanism. Finally,
a combinatorial antagonistic cross-talk is observed between
H3R2me2a and H3K4me3 (Figure 2D). For example, TFIID
is recruited by H3K4me3 to initiate transcription, but when
H3R2me2a is deposited on the same tail, this prevents the
binding of TFIID to chromatin [26].

All cross-talks involving histone arginine methylation
described to date can be classified in one of these categories
(Table 1). These mechanisms could also apply to non-histone
proteins (i.e. p53) that possess numerous modifications in-
cluding arginine methylation. In addition, these mechanisms
could also be relevant for cross-talks that may occur between
histone modifications and modification on other chromatin-
bound proteins such as polymerases, transcription factors,
modifying enzymes and remodellers [4].

Concluding remarks

Determining how epigenetic modifications cross-talk with
each other has attracted much interest in recent years
because of the increasing evidence that deregulation of PTM
deposition is key for the appearance of several diseases
including cancer [5-7]. Recent developments in sequencing
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and MS techniques make the discovery and characterization
of modification cross-talks more achievable. Methods that
involve next-generation sequencing (i.e. ChIP-seq and
bisulfite-seq) provide genome-wide profiles of histone
and DNA modifications [61,62]. Such genome-wide profiles
can infer the interplay among epigenetic modifications on
the basis of the overlap of their distributions [10,12,13].
In addition, ETD (electron transfer dissociation) and ECD
(electron capture dissociation) allow the analysis of long
peptides (middle-down MS) or full histones (top-down MS),
helping to discover PTMs co-occurring on individual histone
molecules [63]. Coupling MS to SILAC (stable isotope
labelling by amino acids in cell culture) leads to the analysis
of PTM deposition kinetics [64], which could point towards
possible cross-talks. Moreover, SNAP (SILAC nucleosome
affinity purification) identifies cross-talks among histone
modifications and DNA methylation occurring in the context
of the nucleosome [65]. All of these MS methodologies
provide unambiguous detection of amino acid modifications
and offer hypotheses about their interactions. However,
other biochemical techniques are also useful and utilized
to elucidate modification cross-talks. Immunoassay-based
methodologies such as GPS (Global Proteomic Screen in S.
cerevisiae) can decipher histone modification cross-talks in
budding yeast relying on the use of the recently developed
histone point-mutant collections [66]. Protein arrays can
also be used to detect cross-talks employing a combinatorial
mechanism in a high-throughput manner [67].

So far, most of the efforts for elucidating cross-talks
involving histone arginine methylation have been placed on
two histones, H3 and H4. However, methylated arginine
residues have been detected on other histones including
Arg"! and Arg? on H2A [68], and Arg®” on CenH3, the
non-canonical histone present at centromeric chromatin
[69]. Hence, it can be predicted that cross-talks involving
arginine residues of histones other than H3 and H4 will
be exposed after further investigation. Furthermore, cross-
talks involving arginine monomethylation are not as well
characterized as the ones involving dimethylated states. It
is not clear whether this is due to monomethylation being
mainly a transient state or because this modification has not
been studied extensively. Trans-histone cross-talks involving
arginine methylation are also scarcely reported [52,55,56].
However, the recent methodology established by Reinberg
and colleagues to demonstrate that the two copies of the same
histone found within one nucleosome can possess different
modifications [70] creates new prospects for discovering
trans-histone cross-talks. It might not be surprising that
future studies employing this methodology will show that
current cross-talks thought to be occurring i cis within
the same histone molecule, are actually occurring in trans
between the two sister histones.

Finally, it remains unclear whether arginine methylation
can be actively removed by a demethylase. However, several
independent studies demonstrated that arginine methylation
levels change quickly under certain conditions, pointing
towards the existence of an enzyme involved in this task

©The Authors Journal compilation ©2013 Biochemical Society
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[7]. Identification of such a demethylase, which will prove
the dynamic nature of this modification, will open new
questions for the cross-talk mechanisms involving arginine
methylation.
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