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ABSTRACT

The involvement of histone acetylation in facilitating gene expression is well-established,
particularly in the case of histones H3 and H4. It was previously shown in Saccharomyces
cerevisiae that gene expression was significantly down-regulated and chromatin more
condensed in stationary phase compared to exponential phase. We were therefore
interested in establishing the acetylation state of histone H3 and H4 in stationary and in
exponential phase, since the regulation of this modification could contribute to transcriptional
shut-down and chromatin compaction during semi-quiescence. We made use of hano-spray
tandem mass spectrometry to perform a precursor ion scan to detect an m/z 126 immonium
ion, diagnostic of an N°-acetylated lysine residue that allowed unambiguous identification of
acetylated as opposed to tri-methylated lysine. The fragmentation spectra of peptides thus
identified were searched with Mascot against the Swiss-Prot database, and the y-ion and b-
ion fragmentation series subsequently analyzed for mass shifts compatible with acetylated
lysine residues. We found that K9, K14 and K36 of histone H3 and K12 and K16 of histone
H4 were acetylated in exponential phase (bulk histones), but could not detect these
modifications in histones isolated from stationary phase cells. The corresponding un-
acetylated peptides were, however, observed. This result was confirmed by Western
analysis (work not presented here). H4K16 acetylation was previously shown to disrupt

formation of condensed chromatin in vitro.

Keywaords: histone tail modifications; lysine acetylation; chromatin compaction; stationary

phase; Saccharomyces cerevisiae; nuclei isolation; mass spectrometry.
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CHAPTER 1

The Role of the Core Histone Tails in Chromatin Compaction.

1.1. Introduction

In the nucleus of invariably all eukaryotes DNA is packaged in a complex of protein and DNA
to form chromatin. Compaction of eukaryotic genomes into chromatin is required to fit over a
meter of DNA into the limited volume of the cell nucleus. This compacted structure is
inherently repressive to the processes that require access to the DNA molecule. The role of
higher-order chromatin folding in transcriptional control received significant interest in the
early 1980s, but recently this key issue has been seriously revisited (Horn and Peterson,
2002). The total length of genomic DNA is approximately 100,000 times longer than a
nucleus' diameter. Therefore, how DNA is packaged and successfully unpackaged, and how

this process is regulated, is critical.

Conventional wisdom held that all heredity was specified by the genetic information encoded
in the sequence of DNA base pairs, and that fundamental and heritable changes in cell
biochemistry required changes in DNA sequence. However, with a more significant
understanding of chromatin function, this is now realized not to be the case. The past years
have seen the understanding of the role of nucleosomes go beyond their involvement in
genomic compaction to more complex functions as the regulatory units of the genome. While
there has been considerable evidence that isolated genes can be regulated at the DNA
level, there is now strong evidence that genes have additional regulatory switches at the

chromatin level. The latter switches are comprised, mostly, by targeted covalent
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modifications to the exposed tails of the histone proteins. The recognition of these marks by
proteins and multi-subunit complexes in turn influences DNA expression, replication,

recombination, and repair (Venkitaraman, 2010; Kwon et al., 2000; Schibeler et al., 2002).

The misregulation of chromatin structure and concomitant association of non-histone
proteins with chromatin was shown to be central to many serious diseased states in humans
(Hendrich and Bickmore, 2001). For instance, the chromatin associated tumour suppressor
p53 was investigated as one of the possible causes of oesophageal cancer that is
predominant among the South African male population in the Eastern Cape (Rheeder et al.,
1992). It was shown that over-expressed oncogenic Mdm2 directed histone ubiquitination
modifications by binding to chromatin in a complex with p53, and in this way may repress
p53-activated transcription during oncogenic transformation (Minsky and Oren, 2004). Thus,
the importance of histone tail modifications in the maintenance of a healthy physiological

homeostasis is clear.

1.2. Histone Structure

The central region of all four core histone proteins share a similar structural motif,
constructed from three a-helices connected by two loops, L1 and L2, and is denoted as al-
L1-a2-L2-a3. This “histone-fold” motif is highly conserved, as was seen in structures
obtained from organisms as diverse as archaea (Starich et al., 1996), insects (Xie et al.,
1996), birds (Arents et al., 1991) and amphibians (Luger et al., 1997), presumably because
of its unique dimerisation and DNA binding properties. The histones form crescent-shaped
(“hand-shake”) heterodimers [H3-H4 and H2A-H2B] that bind 1.7 turns of DNA double helix,
which arcs over each dimer of the histone pair to generate a 140 base-pair bend. As the

contact surfaces of the heterodimers offset towards the N terminus by one helical turn, the C
2



terminus of each a2 helix extends further along the long axis than the adjacent N terminus of

the paired histone, as is depicted in Figure 1.

Figure 1. The histone fold domains (al-L1-a2-L2-a3) of histones H3 and H4, and the cresent-

shaped "handshake" of the H3-H4 heterodimer. (Adapted from Luger et al., 1997).

The full N-terminal tails do not have a distinct structure in the crystal (Luger et al., 1997),
suggesting that they are highly flexible. The X-ray crystal structures did, however, show that
the H3 and H2B amino-terminal tails passed over and between the gyres of the DNA
superhelix in the nucleosome. These tails may contact neighbouring nucleosomes (Luger et

al., 1997; Davey et al., 2002).



1.3. Assembly of Histones into Nucleosomes

Eukaryotic DNA is organized in subunits called nucleosomes, the basic repeating structural
element of chromatin. These subunits are formed by the association of about 146 bp of
duplex DNA with two copies of each of the core histones H2A, H2B, H3 and H4 (Kornberg,
1974). DNA is bound to the histones through electrostatic forces between the negatively
charged phosphate groups on the DNA backbone and positively charged amino acids (e.qg.,
lysine and arginine) in the histone proteins (Wolfe and Grimes, 1993). As the DNA double
helix spools around the histone octamer to create a nucleosome core, it contacts the histone
surface at 14 sites with clusters of hydrogen bonds and salt links (Luger and Richmond,

1998). Communally, these weak interactions render the nucleosome a stable particle.

Previous work has shown that chromatin assembly is a step-wise process involving the
association of a tetramer of histone H3-H4 with the DNA followed by the incorporation of
H2A-H2B dimers to form the nucleosome (van Holde, 1988). Additionally, linker histone H1
binds to approximately 20bp of DNA in between nucleosomes augmenting the compaction of
the chromatin polymer (Garcia et al., 2007). Through an ill-defined hierarchical series of
compaction steps involving histone tails, nucleosome-nucleosome interactions are formed
both within and between individual nucleosomal arrays. This results in the formation of the
30 nm chromatin fibre. The nucleosome, in its role as the principal packaging element of
DNA within the nucleus, is the primary determinant of DNA accessibility (Belmont and Bruce,

1994).



1.4. Chemical Modifications of the Core Histone Tails

1.4.1. Enzymes Involved in Histone Modifications and their Physiological Roles

The post-translational modifications of the core histone tails are catalyzed by numerous
different enzymes, such as kinases, histone methyltransferases (HMTases), protein R
methyltransferase (PMRT) and histone acetyltransferases (HATs) (McManus and Hendzel,
2006). There are at least 35 different residues within the tails that serve as substrates for at
least 31 post-translational modifications (Bonaldi et al., 2004; Zhang et al., 2003). The
chemical modifications may function by two characterized mechanisms: the first is the
disruption of the interactions between nucleosomes in order to “unravel” chromatin, and the
second is the provision of molecular surfaces recognized by other proteins, thereby
recruiting non-histone proteins. A large number of papers have suggested that numerous
proteins, thus far considered to be transcriptional activators, co-activators, or repressors,
were actually enzymes that covalently modified the histone N-termini (Wade and Wolffe,
1997; Pazin and Kadonaga, 1997). It was also shown that a number of transcriptional
regulators had high homology to the subunits of both HATs and HDACs (Brownell, 1996). To
date, the most studied modifications of histones are acetylation, ubiquitination, methylation,

phosphorylation, sumoylation and ADP-ribosylation.



1.4.2. Lysine Acetylation

A number of acetylation sites in yeast histones have been identified by mass spectrometry
and the use of specific antibodies against specific sites of acetylation (Kouzarides,
2007;Suka et al., 2001). In euchromatin H4 lysines 5, 8 and 12 are predominantly bound by
a bromodomain of a transcriptional activation factor. This has strengthened the long held
belief that acetylation enhances transcription (Johnson et al., 1998). Acetylation of histone
H4 lysine 16 was found to regulate both chromatin structure and the physiological
cooperation between recruited non-histone proteins and the chromatin fibre (Shogren-Knaak

et al., 2006).

Histone acetylation is catalyzed by a class of enzymes known as histone acetyltransferases
(HATs), which use acetyl-CoA as a substrate to acetylate specific lysine residues within
histones. Numerous multi-protein complexes have been identified that possess HAT activity.
These complexes generally consist of one protein that serves as the catalytic subunit, and
supporting proteins that serve to potentiate, regulate, or target the HAT activity to specific
locations within the genome. In Saccharomyces cerevisiae the typical example is the 1.8-
MDa SAGA complex which has a Genb-dependent HAT activity, and contains at least three
distinct groups of gene products (Bonenfant et al., 2006; Turner, 2000). The first of these are
the Ada proteins isolated as proteins that interact functionally with the transcription factor
Gcen4 and the activation domain. The second group comprises all members of the TBP-
related set of Spt proteins, except Sptl5. The third group within SAGA includes a subset of
TBP- associated factors (Clayton et al., 2000; Grant et al., 1998). Nuclear HATs (Brown et
al., 2000; Marmostein, 2001) generally function to regulate chromatin structure and gene
transcription by neutralizing the positive charge associated with lysine residues at

physiological pH.



The reverse reaction is carried out by histone deacetylases (HDACs), which mediate
transcriptional repression (Kouzarides, 2002). Moreover, acetylation in a specific manner
can also regulate DNA replication, histone deposition, and DNA repair by recruiting proteins

that have an acetyl-lysine binding module, the bromodomain (Khorasanizadeh, 2004).

Studies in animal cells have shown that equilibrium between acetylation and deacetylation
can tilt rapidly in response to stimuli that switches genes off or on (Imai et al., 2000). Acetyl
groups are repeatedly introduced and taken off histones, with turnover half-lives ranging in
the order of minutes to hours when different chromatin fractions are studied by radioactive

acetate incorporation in cultured cells (Hendzel and Davie, 1991).

1.4.3. Lysine and Arginine Methylation

Previous studies have demonstrated that several lysine residues, including lysines 4, 9, 27,
and 36 of H3 and lysine 20 of H4, are predominant sites of methylation (van Holde, 1988;
Strahl et al., 1999). Different histone methylation states are associated with different
chromatin functions, and early experiments proposed that H3 Lys4 methylation was linked to
active genes, whereas H3 Lys9 methylation was linked to inactive genes (Lachner and
Jenuwein, 2002). However, in budding yeast, Setl-mediated methylation of H3 Lys4 is
involved in rDNA silencing and H3 Lys4 methylation is enriched in silenced regions (Briggs

et al., 2001; Bryk et al., 2002).

The SET domain contains the enzymatic activity responsible for lysine methylation of histone

tails, and was shown to be responsible for methyl transfer from S-adenosylmethionine


http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WSR-44VDV17-9&_user=736898&_coverDate=12%2F31%2F2001&_rdoc=1&_fmt=&_orig=search&_sort=d&view=c&_acct=C000040978&_version=1&_urlVersion=0&_userid=736898&md5=3a51923142642f274d787d3784b5bcbd#bib34%23b

(AdoMet) to the histone lysine side-chain nitrogen (e-NH,) (Rea et al., 2000). Histone
methylation has important roles in regulating gene expression and forms part of the
epigenetic memory system that regulates cell fate and identity. Lysine methylation is directly
implicated in epigenetic inheritance. Methylation of specific arginines in histones H3 and H4

correlate with the active state of transcription (Zhang and Reinberg, 2001).

The catalytic module that methylates specific arginines is known as a protein R
methyltransferase (PRMT) domain, and was linked to transcriptional activation. Methylation
of histone H3 arginine residue 3 by PMRT1 allowed subsequent acetylation of histone tails
by p300 (Wang et al., 2001). In another publication, Rice and colleagues showed that mono-
methylation (mel) and di-methylation (me2) at histone H3 lysine 9 (H3 K9mel and H3
K9me2) were localized to silenced euchromatin, whereas tri-methylation (H3 K9me3) was
predominantly found at pericentric heterochromatin. Although, the functional importance of
mono-, di-, and tri-methylation of lysine residues is poorly understood, it is tempting to
speculate that the elevated levels of H3 lysine 9 methylation may function to stabilize the

silenced regions of heterochromatin (Rice et al., 2003).

1.4.4. Serine and Threonine Phosphorylation

The proper segregation of chromosomes is an essential step in the accurate execution of
each cell cycle and requires the precise coordination of a large number of events governing
chromosome and microtubule dynamics (Nurse, 2000). One of these events is the ordered
inter-conversion between extended interphase chromatin and highly compacted mitotic
chromosomes. Phosphorylation of histone H3 and linker histone H1 has long been known to
correlate with chromosome condensation during mitosis (Bradbury et al., 1973; Gurley et al.,

1974). In fact, mutational studies have shown that the phosphorylation of histone H3 at
8



Serl0 and at Ser28 correlated with mitosis and chromosome condensation (Hsu et al.,
2000). Recent data even suggest that one of the mechanisms by which H3 SerlO
phosphorylation may function is via the displacement of HP1, which recognizes Lys9
methylation in H3, which is normally associated with condensed chromatin (Fischle et al.,
2003). Other serine phosphorylation sites were also identified on histones H4, H2A, and
H2B (Cheung et al., 2000). Serine 10 phosphorylation on histone H3 is also linked to the
activation of transcription. When mammalian cells were exposed to a mitogen or stress, the
time course of this phosphorylation corresponded to the transient expression of activated
“immediate-early” genes (Thomson et al.,, 1999). The kinases that phosphorylate H3 are
Aurora-B/Ipl1, PKA, Rsk-2, and Msk1, which tend to add a phospate group to the targeted
Ser/Thr sites that are surrounded by basic residues (Hsu et al., 2000). Phosphorylation is

reversed by the protein phosphatase 1 (PP1) family of enzymes (Hsu et al., 2000).

1.4.5. Lysine Ubiquitination

The linking of ubiquitin or a small ubiquitin-related modifier, sumo, to a specific lysine residue
in histones plays an important role in regulating transcription either through proteosome-
dependent degradation of transcription factors or other mechanisms related to the
recruitment of modification complexes. While histone ubiquitination has typically been
attributed to the positive control of transcription (Bonaldi et al., 2004), recent studies
indicated that sumoylation of histone H4 was important for transcriptional repression (Shiio

and Eisenman, 2003).

The ubiquitin attachment is a three step process involving E1 activating, E2 conjugating and
an E3 ligase enzyme. In general, ubiquitination is initiated when ubiquitin-activating enzyme

E1 first activates ubiquitin. Activated ubiquitin is then transferred to a cysteine residue of the
9



ubiquitin-conjugating enzymes (E2). In the last step, an iso-peptide bond is formed between
ubiquitin and a lysyl e-amino group within a substrate protein. This step can be catalyzed
either directly by the E2, or is facilitated by a third enzyme called the ubiquitin-protein ligase
(E3). Proteins targeted for poly-ubiquitination commonly contain a degradation motif termed
a degron, which is recognized by the E3 (Caron et al., 2005). Poly-ubiquitinated protein
targets are recognized and degraded by the 26S proteasome. Additionally, H2B
ubiquitination has been illustrated through mutational studies to be important for methylation

of lysines 4 and 79 in histone H3 (Sun and Allis, 2002).

1.4.6. ADP Ribosylation

The functional role of the ADP ribosylation of histones is not well understood. Proteins can
be singly (mono) or multiply (poly) ADP ribosylated. Enzymes that mediate the modification
are Mono-ADP ribosyltransferases (MARTs) and poly-ADP-ribose polymerases (PARPS)
(Hassa et al., 2006). Poly-ADP-ribosylation of histones and several other nuclear proteins
seem to participate in nuclear processes involving the repair of DNA strand breaks,
replication or recombination. PARPs, for instance, are activated by DNA strand breaks. It
was also proposed that the PARP-associated polymers may recruit proteins that act as
molecular "flags" to sites of DNA breaks. In addition, the Sir family of NAD-dependent
histone deacetylases was shown to have low levels of ADP ribosyltransferase activity. There
are many reports of ADP ribosylation of histones, but only one site was definitively mapped:
H2B ADP ribosylation at Glu2 (Oraga et al., 1980). Experimental evidence that may link
ADP-ribosyltransferase catalytic activity to transcription is sparse. Nonetheless, recently a
role for PARP-1 activity in transcription was demonstrated under conditions where DNA

repair was induced (Kraus and Lis, 2003).
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1.5. Histone Code

The histone code hypothesis proposes that the combinatorial pattern of N-terminal
modifications of histones provides an identity to each nucleosome that the cell interprets as
a code from the genome to regulate various cellular processes (Nowak and Corces, 2004).
These modifications occur on multiple and specific residues, and the combinatorial
modification profiles of histones suggest that the modification sites can act as binding
surfaces for specific proteins that recognize these particular marks, leading to active or
silenced genomic regions (Jenuwein and Allis, 2001). The hypothesis predicts that (i) distinct
modifications of the histone tails will change the affinities of non-histone proteins for
chromatin, and (ii), modifications on the same or different histone tails may be inter-
dependent and generate various combinations on any one nucleosome. The enzymes that
recognise and act upon these histone tail modifications are highly specific for particular
amino acid positions (Strahl and Allis, 2000; Turner, 2000), thereby extending the
information content of the genome beyond simply the sequence of nucleotides in the
genome. This additional level of information associated with chromatin is known as
epigenetics, and includes chemical modifications of the DNA molecule such as methylation

of cytosines as well.

Mechanical communication between modifications may occur at several different levels. For
example, the histone H3 N-terminus appears to exist in two distinct modification states that
are likely to be regulated by a “switch” between Lys9 methylation and Ser10
phosphorylation. Serl0 phosphorylation inhibits Lys9 methylation (Rea et al., 2000) but is
synergistically coupled with Lys9 and/or Lys14 acetylation during mitogenic and hormonal
stimulation in mammalian cells (Cheung et al., 2000; Lo et al., 2000; Clayton et al., 2000). In

the phosphorylated-acetylated state, the modified H3 tail marks transcriptional activation.
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Conversely, aberrant Lys9 methylation antagonizes Serl0 phosphorylation, leading to
mitotic chromosome dysfunction (Rea et al., 2000; Turner et al., 1992). Additionally, the
catalytic activity of an enzyme could be compromised by modification of its substrate
recognition site, for example isomerization of H3 Pro38 affects methylation of H3 Lys36 by

Set2 (Nelson et al., 2006).

Work over the past years provided an example of a modification on one histone tail
governing another modification on a different tail in trans. Two different groups reported that
ubiquitination of histone H2B is required for Setl-dependent methylation of H3 Lys4 in
budding yeast (Sun and Allis, 2002; Dover et al., 2002). Deletion of RAD6, whose gene
product is responsible for ubiquitination of histone H2B at Lys123, abolished H3 Lys4
methylation (Dover et al., 2002). Similarly, the H2B K123R mutation blocked H3 Lys4
methylation and impaired telomeric silencing. By contrast, Lys4 mutations did not cause the
loss of H2B ubiquitination, suggesting that H3 Lys4 methylation does not govern H2B

Lys123 ubiquitination (Lizuka and Smith 2003).

1.6. ATP - Dependent Chromatin Remodelers

The H4 domain consisting of amino acid residues 16—29, which take part in gene silencing,
was proposed to form an a-helix that was required to form a repressive chromatin structure
(Johnson et al., 1992). This induced a-helix of the N- termini of histones was suggested to
interact directly either with a specific protein such as Sir3 or with the DNA molecule itself
(Ebralidse et al., 1988). Acetylation of lysine residues in the N termini of the core histones
has long been associated with transcriptionally active chromatin. The one view adopted by

the chromatin community has been that the highly charged tails interacted strongly with DNA

12



when not acetylated, whilst acetylation liberated them from this interaction, and thus
exposed the DNA molecule to transcription factors. A different view is that it is not the DNA
molecule that becomes more accessible with acetylation of the N-terminal tails, but the N-
terminal tails themselves that become accessible to other types of modifications and
silencing regulators (Varga-Weisz et al., 1997). Nonetheless, both these views seem to
suggest that acetylation exposed the histone molecule to non-histone proteins that may alter
chromatin structure and thus reprogram DNA functionality. Therefore, acetylation plays an
early role by relaxing higher order chromatin structure, thereby providing access to
transcription factors and the large multi-protein nucleosome ATP-dependent remodelling

complexes such as SWI/SNF (Varga-Weisz et al., 1997).

Remodelling enzymes that are involved in nucleosome structure alterations use the energy
supplied by ATP hydrolysis to disrupt nucleosome structure. ATP is required as a positive
cofactor for chromatin assembly, most likely because of its participation in phosphoryl-
transfer reactions. Cdc9p, the ATP-dependent DNA ligase | of yeast (Johnston and
Nasmyth, 1978; Kornberg and Baker, 1992), plays a role in template repair during assembly.
Some remodelling factors have been shown to disrupt nucleosomes in a way that leads to
histone octamer transfer to a separate segment of DNA (Lorch et al., 1999; Phelan et al.,
2000). In all cases the movement of nucleosomes may either increase or reduce the
accessibility of a site for DNA binding proteins such as transcription factors. All known
classes of chromatin remodelling ATPases are recruited to specific sites such as promoters
by direct interaction with sequence specific DNA binding proteins, such as transcription
factors. Additionally, the ATP-dependent chromatin remodelling factors cooperate with
histone modifying enzymes such as histone acetyltransferases (HATs) and deacetylases
(HDACS) in the remodelling of gene promoters. HATs add acetyl groups to lysines at the
amino termini of the core histones at such loci, a reaction usually associated with activation

of gene expression (Brown et al., 2000; Howe et al., 1999; Imhof and Wolffe 1998).
13



Many chromatin remodelling factors have domains in one or more of their subunits that may
be involved in recognizing modified histones. One such domain is the bromodomain, which
recognises acetylated lysine in different sequence contexts, and is found in many chromatin
remodelling factors, including the Swi2 ATPase of the SWI/SNF complex, the Sthl ATPase
of the RSC complex, and ACF1, a protein that interacts with the ISWI ATPase. This domain
was also studied in several HATSs, where it interacted specifically with acetylated histone tails
(Dhalluin et al., 1999; Jacobson et al., 2000; Ornaghi et al., 1999). Therefore, it may serve in
the communication between histone acetylation and the chromatin remodelling process in

general.

1.7. Histone Core Domain Modifications

The use of mass spectrometry to scrutinize histone post-translational modifications (PTMs)
identified H3 lysine 79 methylation and numerous other modifications in the core (histone
fold) domains (Cocklin and Wang, 2003; Zhang et al., 2002). Mapping of the positions of
these core modifications onto the nucleosome crystal structure showed that these
modifications fell into groups that could be organized into three distinct classes: (i) the solute
accessible face, (i) the nucleosome lateral surface and (iii) the histone—histone contact sites
(Freitas et al., 2004; Cosgrove et al., 2004). It is likely that modifications in these classes will
have unique effects on chromatin structure and act through mechanisms that are distinct
from those observed with tail domain modifications. The locations and the evolutionary
conservation of the residues involved in these modifications predict that they may be of great
physiological relevance. The limited data available concerning these modifications support

this idea and suggest that histone core domain modifications may turn out to play as
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significant a role as modifications of the histone tails. The different classes of core domain

modifications are discussed below.

1.7.1. Solute Accessible Face

Similar to the situation observed with histone tail modifications, modifications located on the
solute accessible face of the nucleosome have the ability to alter higher-order chromatin
structure and chromatin—protein interactions (Mersfelder and Parthun, 2006). Histone lateral
surface modifications are uniquely capable of affecting histone-DNA interaction, and
modifications on the histone—histone interface have the exclusive ability to disrupt intra-
nucleosomal, interactions thereby altering nucleosome stability. Mutations that alter sites of
histone tail modifications have been shown to affect processes such as transcription,
heterochromatic silencing and DNA damage repair; however, the effects in many cases were
minor (Ma et al., 1998). Single amino acid substitutions of modifiable residues within the
histone core have been shown to dramatically affect transcription, DNA damage repair,
chromatin structure, chromatin assembly and heterochromatic gene silencing (van Leeuwen
et al.,, 2002; Ng et al., 2002; Masumoto et al., 2005). Specific regions of the nucleosome
surface are critical for the assembly of a silent chromatin structure in yeast, and contacts
between surface residues of histones H2A and H2B may mediate the inter-nucleosome
interactions involved in the formation of higher order chromatin structures (Park and
Szostak, 1990; Schalch et al., 2005). Therefore, modifications to this surface may function
through a number of mechanisms to regulate chromatin structure. First, they may function
similarly to the N-terminal tail modifications by controlling the ability of non-histone proteins

to bind to the nucleosome. Additionally, modifications to the nucleosome face may have

15



more direct structural effects by influencing nucleosome—nucleosome interactions that are

thought to occur during the formation of the 30 nm chromatin fibre.

Histone H3 Lys79 methylation is the most well-characterized modification of the nucleosome
face. This modification was observed in a number of organisms including yeast, calf thymus,
human and chicken (van Leeuwen et al., 2002). This evolutionary conservation in such a
wide variety of eukaryotes is a strong indication that it played a fundamental role in the

regulation of chromatin structure (Mersfelder and Parthun, 2006).

1.7.2. Histone Lateral Surface

Several of the newly identified core modifications were mapped to residues that are involved
in direct contacts with the DNA molecule, while others were positioned in close proximity to
the DNA. The position of modifications on the lateral surface of the nucleosome immediately
suggested that their primary function would be through the regulation of histone—DNA
interactions (Freitas et al., 2004). A chromatin remodelling activity (either an ATP-dependent
chromatin remodeler or nucleosome assembly/disassembly activity) acts on a nucleosome
to alter histone—DNA contacts such that sites of modification on the lateral surface are
exposed. The exposed sites can then be acted on by histone modifying activities to either
add or remove post-translational modifications which, in turn, lead to nucleosomes with
altered mobility, similar to a spool slipping more easily along a rope wound around it. This
altered mobility can then lead to changes in the accessibility of specific sequences of DNA or
changes in higher order chromatin structure. A lysine within the core domain of H3 (K56) has

recently been found to be acetylated (Xu et al., 2005). The lysine 56 residue is facing toward
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the major groove of the DNA within the nucleosome, so it is in a particularly good position to

affect histone-DNA interactions when acetylated.

1.7.3. Histone-Histone Interfaces

At a very basic level, chromatin structure is dependent upon specific histone-histone
interactions that lead to the formation of the histone octamer. These histone—histone
interactions include those that mediate the formation of the H3/H4 and H2A/H2B histone fold
pairs, those that allow the formation of the H3/H4 tetramer, and those between tetramers
and H2A/H2B dimers that result in formation of the histone octamer. In this model, the
modification of residues at points of histone-histone contact would influence chromatin
structure by directly impacting the structure of the histone octamer. The best example of a
PTM that functions through structural effects on the histone octamer is the acetylation of
histone H4 lysine 91 which was first identified by mass spectrometric analysis of bovine
histones (Brown et al., 2000; Zhang and Freitas, 2004). Lysine 91 is in the region of histone
H4 that interacts with histone H2B and helps to stabilize the tetramer—dimer interaction
necessary for the formation of the histone octamer (Santisteban et al., 1997). This PTM
seems highly conserved, because it was also identified in yeast (Ye et al., 2005). The
association of histone H4 acetylated on lysine 91 with proteins involved in histone deposition

suggested that this modification occurred prior to chromatin assembly (Ye et al., 2005).
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1.8. Role of Core Histone Tails in Chromatin Compaction

Studies conducted to date have shown that the histone N-terminal tail regions were of critical
importance to the folding of nucleosome arrays and that the H3-H4 tetramer tails play a
more important role than the H2A—H2B dimer tails (Krajewski and Ausid, 1996; Dorigo et al.,

2003; Kan et al., 2007).

1.8.1. Position of Tails During Compaction

It was found that the tails played a crucial role in the electrostatic nucleosome-nucleosome
and nucleosome-linker DNA interaction within a chromatin fibre, stabilizing the fibre at
physiological ionic strength (Mihlbacher et al., 2006). It was suggested by Arya and Schlik
that the electrostatic interactions in compact chromatin could only be achieved if the strong
DNA-DNA repulsion as well as the entropic penalty associated with folding were relieved
(Arya and Schlik, 2006). H4 histone tails mediate inter-nucleosomal interactions, especially
in condensed chromatin folded into a 30 nm fibre in the presence of linker histone H1. The
requirement for the histone tails to condense chromatin decreases in the order H4 > H3 >
H2A > H2B. The H2A and the H4 tails extend in a direction normal to the nucleosomal plane

because of their origin on the flat face of the nucleosome core (see Figure 2).
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Figure 2. Position of histone N-terminal tails in the nucleosome. The nucleosome is shown with
the pseudo two-fold axis of symmetry approximately perpendicular to the plane of the page. Where
the tails from both copies of a histone in the octamer are visible, the tails are distinguished by a prime
designation.The H2B (red) and H3 (blue) N-terminal tails pass though channels in the DNA superhelix
(white). The other histones, H2A (yellow) and H4 (green) are indicated. (Adapted from Luger et al.,

1997).

The longer H4 tails reaches further outwards compared to the H2A tails. Even though the N-
termini of the H2A histones also originate on the flat portion of the nucleosome core, they
cannot mediate inter-nucleosomal interactions to the same extent as the H4 tails because of
their slightly shorter length and distant location from the linker DNAs (Arya and Schlick,
2006), where the latter is located on the inside of the 30nm fibre. On the other hand, the

H2B and H3 tails, which originate from the curved side of the nucleosome core between the
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supercoil gyres, spread predominantly along the nucleosomal plane. The H3 tails, in
particular, tend to remain close to the position where the linker DNA enters and exits the

nucleosome.

The histone H4 residue 16—25 region, which includes the acetylation site at lysine 16, makes
multiple interactions with acidic side chains of H2A and H2B from an adjacent nucleosome in
the crystal (Luger et al., 1997). The region of the H4 tail, which mediates compaction, is
located in the stretch of amino acids 14-19 (Dorigo et al., 2003). It was also reported that a
similar interaction could theoretically occur between adjacent nucleosomes in the solenoidal
model of the 30 nm fibre (Finch and Klug, 1976). Acetylation may therefore be involved in
disruption of the 30 nm higher-order chromatin structure, as opposed to disruption of the
nucleosome structure itself (Dutnall and Ramakrishnan, 1997). The affinity of the cross-
bridge formed by the H4 tail to the open face of the adjacent nucleosome in the 30 nm fibre

is expected to be reduced by successive acetylation of the H4 lysines 5, 8, 12 and 16.

Core histones have also been shown to interact with histone H1 (van Holde and Zlatanova,
1996), and it is not unreasonable to suggest that these interactions involve mainly the
protruding tails of the core histones. If the core histone tails interacted with both the linker
DNA and the linker histones, one might expect these interactions to affect fibre structure.
Indeed, numerous physical studies of partially trypsinised chromatin from which the core
histone tails had been removed have reported such a connection (Allan et al., 1982;

Chatterjee and Walker, 1973; Saccone et al., 1983).
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1.8.2. Tail Modifications and Mechanisms that may Influence Chromatin Compaction

The influence of the core histone tails on the compaction and dynamics of the chromatin
fibre is undoubtedly multi-faceted. Firstly, they may play a structural role in the compaction
and the higher-order structure of chromatin. Secondly, the covalent modifications of core
histone tails may be marked for signalling cascades. Thirdly, they may facilitate exclusion of
proteins from the DNA molecule. Fourthly, the tails may also link separate fibres and form
contacts with additional structures such as the nuclear scaffold or nucleolar framework in the
nucleus. It has been hinted that the H4 tail was the most important for chromatin fibre
condensation in the absence of other factors, whereas the tails of H2A, H2B and H3 most

likely contributed to the other processes mentioned above (Dorigo et al., 2003).

The positively charged histone tails provide the necessary driving force for folding by
mediating favourable inter-nucleosomal interactions and screening DNA-DNA repulsion
(Arya and Schlick, 2006). The role of acetylation in releasing DNA bound in chromatin is
more likely to be destabilization of the chromatin higher order structures than of the

nucleosome itself (Luger et al., 1997).

Post-translational modifications of the histone tails are intimately associated with regulating
chromatin structure: phosphorylation of histone H3 is linked to proper chromosome
condensation and dynamics during mitosis, while multiple H2B, H3 and H4 tail acetylation
groups destabilize the chromatin fibre and are sufficient to decondense chromatin fibres in
vitro. Qualitative analysis demonstrated the potential for cell cycle dependent changes in
both phosphorylation and acetylation of histones. It was also demonstrated that some
modifications (PhosS10, PhosS28, AcK14, AcK9/PhosS10 and PhosS10/AcK14) increased

as cells entered mitosis, while acetylation of Lys9 were lost. Because the abundance of
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phosphorylation of Serl0 increased dramatically during mitosis, it is often referred to as a
mitosis-specific marker (McManus and Hendzel, 2006). Although the dynamics of specific
histone acetylation events are unknown for the whole genome, evidence suggested that
many residues may rapidly become deacetylated upon entry into mitosis (Kruhlak et al.,
2001). The mitosis-specific phosphorylation of histone tails clearly underlines the importance

of tails and tail modifications in chromatin condensation and hence chromosome kinetics.

1.9. Problem Statement and Aim

Informative studies were undertaken to understand the role of histone tails in the higher
order structure of chromatin in vitro using reconstituted nucleosome arrays, but little work
has been published reporting on the interplay between histone tail modifications and

chromatin structure in a living cell.

Genome-wide protein binding and compaction studies have illustrated that the yeast linker
histone swiftly dissociated from chromatin when the cell exited stationary (G,) phase, and
that this occurred concomitantly with the genome-wide decondensation of chromatin
(Schéafer et al.,, 2008). In addition, general induction of many genes occurred during
stationary phase exit. The transition from stationary to exponential phase in Saccharomyces
cerevisiae is therefore an ideal cellular transition during which to study the interplay between
histone modifications, chromatin compaction, and transcriptional reprogramming of the

genome.

In this project we investigated the reversible modifications that occurred on the N-terminal

tails of histones H2A, H2B, H3 and H4 during exit of stationary phase in the model organism
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S. cerevisiae, as part of a programme to understand the role of these modifications in the

regulation of DNA function in a living cell.
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CHAPTER 2

Rapid Isolation of Histones

2.1. Introduction

The surface of the nucleosome is decorated with multiple covalent modifications. The
presence of these modifications dictates the higher order structure of chromatin. The rapid
discovery of histone post-translational modifications and their implicated roles in regulating
chromatin structure has lead to a demand to devise more rapid, effective methods in
isolation of histones. This is important to ensure that the isolated histone faithfully reflects its
native modification state, and that this state is not altered during the isolation procedure due

to the action of active modification enzymes.

There are currently a number of published methods for the isolation of histones from baker’s
yeast (Saccharomyces cerevisiae). The two most widely used methods involve the
preparation of nuclei following Zymolyase digestion, and the homogenisation of cells with
glass beads. However, both these methods have periods during which histone modifications
can occur, masking the true in vivo state of the histone. In the Zymolyase method, for
example: the enzyme incubation time at 30°C to produce spheroplasts is extensive, and will
allow continued activity of nuclear enzymes. In the glass bead method the average yield of
histones is very low, and with more vigorous agitation such as using a "Bead Beater" protein

denaturation occurs (Roberts, 1999).
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In this study we aimed to develop a protocol that would arrest any metabolic activity inside
the living cell and hence avoid any histone modifications that might occur during histone
isolation. In addition, the method should also allow reproducible yield of histones from
stationary phase, a growth phase of S. cerevisiae where the cell wall is thick and isolation of
cellular content is difficult (De Nobel et al., 1990). To address these considerations we used
a rapid freeze-thawing step with liquid nitrogen and ice-cold purification buffers in
subsequent purification steps. This method causes cells to swell and ultimately break during
the freezing process and then contract during thawing. We anticipated that by keeping cells
frozen during lysis, proteolysis and changes in protein modification status should be

minimized.

2.2. Materials and Methods

2.2.1. Yeast Strains and Growth Media

W303-1A { MATa, leu2-3, 112 trp1-1, can1-100, ura3-1, ade2-1, his3-11,15}; JDY 43 {MATa,
leu2-3, leu2-112, his 4-580, ura3-52, tpl-289, genomic C-terminally Myc-tagged HHO1} and
BY 4742 { MATa, his3A1, leu2A0, lys2A0, ura3A0 }. All chemicals were of biochemical

analysis or of molecular biology purity.

2.2.2. Histone Purification by the Rapid Method

S. cerevisiae cultures of 1L or 2L volumes, as indicated of strain W303-1A or other strains,
were cultured in YPD medium for approximately 16 hours at 30°C to a density of
approximately 10" cells/ml, for late exponential phase cells. Cells were harvested by
centrifugation at 2449 x g,, for 5min at 4°C in a GAG6 rotor (Beckman), washed with sterile

water, and immediately frozen at -60°C. When needed, cells were resuspended in a
42



minimum volume of cold (4°C) Nuclei Isolation Buffer (NIB) [10% (v/v) glycerol, 0.25M
sucrose, 60mM KCI, 15mM NaCl, 15mM MgCl,, 1mM CacCl,, 15mM MES (pH 6.6), 1mM
phenylmethylsulfonyl fluoride (PMSF), 0.8% (v/v) Triton X-100, 0.5ug/ml leupeptin, 0.7ug/ml
pepstatin]. The resuspended cells were then flash frozen in liquid nitrogen and thawed at
room temperature. The lysed cells were washed three times with 50ml cold NIB and held on
ice for 10min between wash steps. Cell debris was pelleted by centrifugation at 2449 X ga,
for 5min at 4°C for the first wash, and at 1482 x g,, for the remaining two. The membranous
proteins were removed from the cell pellet by washing twice with cold A buffer that contained
a detergent [10mM Tris-HCI pH8.0, 0.5% (v/v) NP-40, 75mM NaCl, 30mM sodium butyrate,
1mM PMSF, 0.5ug/ml leupeptin and 0.7ug/ml pepstatin], held on ice for 5min and spun at
1482 x g, for 5min at 4°C. The weakly binding proteins were removed from the cell pellet by
washing twice with B buffer that contained a high salt concentration (10mM Tris-HCI pH8.0,
0.4M NacCl, 30mM sodium butyrate, ImM PMSF, 0.5ug/ml leupeptin, 0.7ug/ml pepstatin),
held on ice for 5min only for the first wash and immediately centrifuged for the last wash.
The histones were extracted by resuspending the pellet in 10ml of cold 0.4N H,S0, and
incubating on ice for 30 min with mild shaking. Cell debris was removed from the solution by
centrifugation for 30 min at 17418 x g,, at 4°C in a J25.50 rotor (Beckman). The supernatant,
which contained the extracted histones, was precipitated by adding trichloroacetic acid
(TCA) to a final concentration of 20% (w/v). The supernatant was incubated at 4°C overnight
and the histones were collected by centrifugation for 30min at 17418 x g,, at 4°C in a J25.50
rotor (Beckman). The histone pellet was washed with cold (-20°C) acetone twice, spun at
12096 x g, for 5min and air dried. The histone was dissolved in 200ul of 10mM Tris-HCI

pH8.0.

2.2.3. Isolation of Histones by the Conventional Zymolyase Method
S. cerevisiae cultures (1L or 2L volumes, as indicated) of strain W303-1A, were grown in

YPD medium for approximately 16 hours to a density of approximately 10’ cells/ml at 30°C
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for late exponential phase cells. Cells were harvested by centrifugation at 2449 x g, for
5min at 4°C in a GAG6 rotor (Beckman), and washed once with sterile water. Histones were
extracted as described in (Edmondson et al., 1996). In short, the yeast cell wall was
disrupted by resuspending the cell pellets in 10mM dithriothreitol (DTT)/0.1mM Tris-HCI pH
9.4, incubated at 30°C for 15min with gently shaking, and then centrifuged as above. The
cell pellets were washed in Buffer 2 (1.2M sorbitol, 20mM Hepes pH7.4, 1ImM PMSF,
0.5ug/ml leupeptin, 0.7ug/ml pepstatin), and resuspended in 1ml of the same buffer adjusted
to 6mg/ml Zymolyase (Seikagaku). Cells were spheroplasted at 30°C for 60min. The
spheroplast preparation was washed in Buffer 3 (1.2M sorbitol, 20mM Pipes, 1mM NacCl,
1mM PMSF, 0.5g/ml leupeptin, 0.7pug/ml pepstatin) and centrifuged at 1482 x g,, for 5min at
4°C. Yeast nuclei were prepared as described above for the rapid method, except that 10%
(v/v) glycerol was omitted from the NIB. The histones were acid-extracted; TCA-precipitated
and resuspended in 200ul of 10mM Tris-HCI pH8.0 as detailed above in histone purification

by rapid method.

2.2.4. Sodium Dodecylsulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE)

The crude histone extract was electrophoresed in 8cm long 15% and 18% (w/v total
acrylamide) (19:1 acrylamide:bis-acrylamide) SDS-PAGE gels using 1mm plate spacers.
Gels were routinely electrophoresed at 16mA at room temperature, and protein visualised by

staining with Coomassie Blue G-250 as detailed in Current Protocols in Molecular Biology.

2.2.5. Separation of core Histones by Reverse Phase High-Performance Liquid
Chromatography on C;g (RP-HPLC) Columns.

HPLC grade acetonitrile, Trifluoroactetic acid (TFA) and milli Q water was used. All RP-

HPLC experiments were performed on Shimadzu HPLC gradient system. The eluted
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histones were detected by their UV absorption at 210nm. Histone separations were
performed on a Phenomenex C,g Jupiter column (4.6mm x 250mm) packed with 15um
spherical particles with 300A poresize. Solvent A (5% acetonitrile, 0.1% TFA) and Solvent B
(95% acetonitrile, 0.1% TFA). The concentration of Solvent B was increased in the following
order at a flow rate of 1ml/min: from 25-40%B for 20min, 40-50%B in 30min, 55-60%B, held

at 60%B for 10min. The injection volume was 20pl of the sample.

2.2.6. SDS Polyacrylamide Gel Electrophoresis of Chromatographic Fractions

On the basis of UV absorption at 210nm, each eluted peak was freeze-dried and
electrophoresed in 8cm long 18% SDS Polyacrylamide gel. The gel was stained with

Coomassie blue G-250.
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2.3. Results

Figure 2.1. Purification of total yeast histone by the long conventional Zymolyase method.
Chicken core histone standard (lane 1), and Zymolyase-extracted total yeast histones (lane 2) were

analysed on a 15% SDS-PAGE gel. The gel was visualised with Coomassie Blue G250 stain.
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H2A-

Figure 2.2. Rapid histone purification from yeast cells. Migration of chicken core histone standard
(lane 1), and total histone extract for S. cerevisiae late exponential phase cells (lane 2) on a 15%

SDS-PAGE gel. This gel was stained with Coomassie Blue G250.

Au

[ 5 0 14 2 = X x
Minutes

Figure 2.3(a). Separation of yeast histones purified by the rapid method using RP-HPLC. The
yeast histone extract was eluted on a C;g column at a flow rate of 1ml/min. The numbered fractions

(1-6) were freeze-dried and subjected to 18% SDS-PAGE gels analysis as shown in fig. 2.3(b).
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Figure 2.3(b). Demonstrates 18% SDS-PAGE of fractions (1-6) from the separation described in
fig. 2.3(a). The yeast core histone fractions were identified by comparison with chicken core histone

standard (lane M). The gel was visualised with Coomassie Blue G250 stain.

H3—

H2B—
H2A—

Figure 2.4. SDS-PAGE of “mock isolation” of chicken core histone standard. Lane 1- represent
12ug of chicken core histone standard and lane 2 - represent final extract of chicken core histone

standard from “mock isolation”. The gel was visualised by Coomassie Blue G250.
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As a first step, histones were isolated by conventional Zymolyase method to serve as
standard with which to compare histone yield and integrity of the rapid methods. The result
of the conventional isolation method is shown in Figure 2.1. Histones were isolated by the
rapid method. The result of the isolation is shown in Figure 2.2. Looking at this Figure the
presence of the yeast core histones are clearly evident when compared to the standard
chicken histones (compare lane 2 to lane 1 in Fig. 2.2). The histones H2A, H2B and H3 were
not well-resolved in the gel shown. The histones H2A, H2B and H3 were further fractionated
by RP-HPLC using a Cig analytical column. The core histones were eluted using an
acetonitrile multi-step gradient. Figure 2.3(a) shows the RP-HPLC profile of the eluted
histones, and figure 2.3(b) illustrates a 18% SDS-PAGE gel of the eluted peaks. Figure

2.3(b) shows chicken core histone standard (lane M), and the collected fractions (lane 1-6).

We were concerned by the large protein band that migrated faster than histone H4 (lane 2 of
Fig. 2.2), and considered the possibility that this may be a degradation product of one of the
core histones. To test this possibility we performed a "mock isolation", where the standard
chicken histones were subjected to the full rapid histone isolation procedure. The result of
this experiment is shown in Figure 2.4. As can be seen in this figure, no evidence of any
histone degradation was evident. We therefore concluded that the band observed with the
rapid isolation of histones from yeast was not due to histone degradation, but represented
another non-histone protein enriched in the procedure. Also, no degradation of histones was
evident in the Zymolyase isolated histones (see Fig. 2.1) in the presence of the leupeptin
and pepstatic protease inhibitors, and we therefore expected that the inhibitors would
similarly protect the core histones from protease-mediated degradation during the rapid
isolation procedure. We do note, however, that the difference between the techniques may
have exposed the histones in the rapid isolation procedure to different proteases compared

to the Zymolyase method.
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2.4. Discussion and Conclusions

Rapid acid extraction from crude cells typically results in tremendous enrichment of histone
proteins. Histones are quite abundant proteins, usually present in cells in equal mass with
the DNA (Oliver et al., 1974). Generally, in the continuing identification of histone tail
modifications there exists a wide gap between the preparation time and the histone purity.
The currently intensively studied methods allow times for remodeling of histone to occur by a
numerous multi-subunit enzymes such as kinases, histone methyltransferases (HMTases),
protein R methyltransferase (PMRT) and histone acetyltransferases (HATs) (McManus and
Hendzel, 2006). The method that we detailed here can be used to get a “snap-shot”
representation of in vivo profile of the histone molecules, before nucleic enzymes can modify
the histone proteins. In this method it takes under 90min to isolate nuclei with all steps
carried out at 4°C, as compared to 175min required to isolate nuclei by the conventional
Zymolyase method. The 175min includes 75 min that is carried out at 30°C, this is sufficient
time to allow enzymes to modify yeast histones inside the cells.

Investigation by following this method should be able to routinely isolate purified histones for
a myriad of follow-up experiments, including immunoblotting, identification of acetylation

patterns by TAU gels and mass spectrometry.
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CHAPTER 3

Analysis of Histone Acetylation State by Triton-acid-urea (TAU) Gel Electrophoresis.

3.1. Introduction

It was previously shown in the Patterton group that yeast linker histone Hholp rapidly
dissociated from chromatin during exit of stationary phase and re-initiation of the cell cycle
(Schéafer et al., 2008). General up-regulation of certain genes occur during the stationary
phase exit followed by a positive control of genes normally activated during the exponential
phase. Stationary phase exit, promisingly, is the reference phase in which to study the
preliminary events and sequence of events preceding chromatin decondensation and

subsequent gene expression.

The main regulatory mechanism of chromatin structure is the covalent modification of the
core histone N-terminal tails (Annunziato et al., 1988; Kouzarides, 2007). One particular
modification, histone acetylation, was shown to correlate with transcriptional regulation,
making chromatin accessible to the transcription-activating machinery and resulting in gene
expression (Struhl, 1998). Continued research in this area has advanced our understanding
of how histone acetylation patterns, linked with gene expression, may provide dynamic
recognition sites for transcription factors. The association of bromodomains of the HAT
complexes with histone acetylation sites recruits transcription-initiation complexes. The
higher-order structure of chromatin plays a pivotal role in mediating gene activity by

constraining the accessibility of sequence-specific binding proteins to DNA. The association
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between histone acetylation and transcriptionally active chromatin was reported many years

ago (Hebbes et al., 1988).

Triton-acetic acid-urea (TAU) gels, unlike sodium dodecylsulfate polyacrylamide gel
electrophoresis (SDS-PAGE) gels, can separate the subtypes of histone H2A, H2B, H4 and
H3, acetylated to different levels, based on charge as well as mass (Waterborg, 2002). It
was found that the core histones (but not linker histones) bind triton-X100, a non-ionic
detergent (Zweidler, 1978). The differential binding of triton-X100 by the core histones is
based upon the hydrophobicity of the protein. The overall mass of the protein is increased
due to binding of Triton, however, the charge remain unchanged. Urea is used to denature
proteins and, in the presence of acetic acid, histones become positively charged and migrate
towards the negative electrode (Lennox and Cohen, 1989). Acetylation abolished the
positive charge of the s-amino group of a lysine side-chain. Thus, acetylation reduces the
positive charge of the basic core histones at low pH, decreasing the electrophoretic mobility
towards the cathode in a TAU gel. This method therefore allows the separation of histones

and some histone subtypes that have been acetylated to different degrees.

3.2. Materials and Methods

3.2.1. Isolation of histones from stationary phase yeast cells

Cultures (1L or 2L) of yeast strain W303-1A, were maintained in YPD medium to a density of
approximately 10 cells/ml for 6 days at 30°C to ensure that the culture had entered proper
Gy, growth phase (Gray et al., 2004). Cells were harvested by centrifugation at 2449 xg,, for
5min at 4°C in a GA6 rotor (Beckman), washed twice with sterile water and were

immediately frozen at -60°C. Where cells were required that had exited stationary phase,
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and re-entered the cell-cycle, stationary phase yeast cells were re-inoculated into 1L of YPD
medium and incubated at 30°C. At time 0, 15min and 60min cells were harvested as
mentioned above. Histones were extracted from stationary phase and stationary phase exit

cells at the indicated times by the rapid method (see fig. 3.4).

3.2.2. Separation of core histones by Reverse Phase High-Performance Liquid
Chromatography (RP -HPLC) on C18 columns.
HPLC grade acetonitrile (Sigma), trifluoroacetic acid (TFA; Sigma) and high quality water
(milli-Q, Millipore) was used. All RP-HPLC experiments were performed on an HPLC
gradient system (Shimadzu, Prominence). The eluted histones were detected by their UV
absorption at 210nm. Histone separations were performed on a C18 Jupiter column (4.6mm
x 250mm) (Phenomenex) packed with 15um spherical particles with 300A pore-size. Solvent
A was 5% (v/v) acetonitrile, 0.1% (v/v) TFA and solvent B was 95% (v/v) acetonitrile, 0.1%
(v/v) TFA. The concentration of Solvent B was adjusted according to the following profile: 25-
40% B over 20min, 40-50% B over 30min, 55-60% B 10min, held at 60% B for 10min, and
60-0% B over 10min. A flow rate of 1ml/min was used, and a sample volume of 20ul was
injected. The HPLC eluate was fractionated according to peak positions indicated in the text,
the sample was freeze-dried, and the protein compaosition subsequently analysed on an 18%

SDS-PAGE gel.

3.2.3. Separation of Core Histone Isoforms by TAU Gel Electrophoresis

Isolated histones were electrophoresed on 16cm long 15% [total acrylamide, w/v; 19:1 (w/w)
acrylamide : bis-acrylamide] TAU gels using 350um plate spacers as modified from (Lennox
and Cohen, 1989). The running gel contained 10% (v/v) triton X-100, 6.0 M urea and 5%

(v/v) acetic acid, and was filtered through a 0.25 um filter and degassed against water
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vacuum prior to polymerization. The stacking gel contained 4% (w/v) total acrylamide [19:1
(w/w) acrylamide:bisacrylamide], 10% (v/v) triton X-100, 6.0 M urea and 5% (v/v) acetic acid,
and was overlaid with 300ul overlay solution [0.02% (v/v) pyronine Y, 6.0 M urea, 5% (v/v)
acetic acid], pre-electrophoresed overnight at 180V at 4°C, using 5% (v/v) acetic acid as
running buffer. All the electrophoresis runs were in a reverse direction. The flow of electrons
was from the cathode to the anode. The overlay solution was rinsed off with 5% (v/v) acetic
acid, and 150l of scavenging solution [0.02% (v/v) pyronine Y, 2.5 M cysteamine-HCI, 6.0
M urea, 5% (v/v) acetic acid) was loaded and the gel subjected to electrophoresis at 150V
for 20min. This step removed the free radicals that can modify proteins and alter their
migration. In order to block non-specific interactions between the gel matrix and the
histones, 150ul of protamine solution [0.02% (v/v) pyronine Y, 25 mg/ml protamine sulphate,
6.0 M Urea, 5% (v/v) acetic acid] was loaded onto the stacking gel at 200 V overnight. A
comb was placed on top of the stacking gel to create wells. The protamine solution was used
as a sample buffer. A maximum of 6ul of protein (30png) was loaded. The gel was
electrophoresed at 200V for approximately 16h, allowing the fast migrating proteins to
transverse approximately three-quarters of the gel. The TAU gels were stained with
Coomassie blue G-250 as detailed in Current Protocols in Molecular Biology (Ausubel et al.,
2003). The stained gels were scanned on a Molecular Imager laser scanner (Bio-Rad) and
the densitometric analysis of the image to quantitate acetylation levels was performed with
Quantity One quantification analysis software v 4.5.2 (Bio-Rad). Data in the text are
expressed as the average plus/minus the standard deviation at 3c from three independent

samples and gels.
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3.3. Results

TAU gels have often been used to investigate the level of acetylation of core histones
isolated from different tissues or organisms. We were interested in applying this technique to
investigate possible differences in the level of acetylation of the core histones isolated from
yeast cells in stationary phase (6 day old culture) or from cultures at various time points
during stationary phase exit. In order to accurately identify the various levels of possible
acetylation of histones, we decided to first isolate the four core histones by conventional
Zymolyase isolation technique, purify each histone by RP-HPLC, and electrophorese each
purified histone sample in separate lanes of a TAU gel to allow unambiguous identification of

each of the core histones in subsequent experiments.

The core histones were isolated from an exponential culture of S. cerevisiae strain W303-1A
and purified by RP-HPLC using a step-gradient of acetonitrile and TFA. This isolation was
prepared in the absence of the histone de-acetyltransferase (HDAC) inhibitor, sodium
butyrate, and it is therefore likely that a significant proportion of acetyl moieties were
removed from lysine residues during the isolation procedure. The HPLC elution profile, was
recorded at 210nm to maximize detection of the histones that are low in aromatic amino

acids, and is shown in Figure 3.1.
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Figure 3.1. Elution profile of core histones. Core histones were isolated using the Zymolyase
method in the absence of the de-acetylase inhibitor, sodium butyrate, and purified by RP-HPLC using
a multi-step acetonitrile/TFA gradient. Peaks 1-4, indicated, were collected for further SDS-PAGE

analysis.

Referring to this figure, a number of peaks were observed, with four prominent peaks at
elution times between 13 and 18 min. These four prominent peaks were collected, the
organic solvent evaporated, the samples freeze-dried, and the protein content of each of the

four peaks analyzed by SDS-PAGE. The Coomassie stain of the gel is shown in Figure 3.2.
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Figure 3.2. Electrophoretic separation of collected peaks. The proteins recovered in peaks 1-4
(lanes 1-4) in the RP-HPLC eluate of the isolated core histones were separated by SDS-PAGE gel. A

Coomassie stain of the gel is shown. Chicken core histones were used as size standard (lane M).

Figure 3.3. Calibration of the 15% TAU gel with RP-HPLC separated yeast histones as shown in
figure 3.1. Lane 1 - chick core histone standard; lane 2 - yeast H4 and H2B; lane 3 - yeast H2B, a

carry-over from lane 2; lane4 - yeast H2A and H4; lane 5 - yeast H3.
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The identified yeast core histone fraction was then resolved in separate lanes of a 15% TAU
gel. The result is shown in Figure 3.3. In Figure 3.3, lane 1 shows the migration pattern of
standard chick core histones on a TAU PAGE gel, and is similar to that previously reported
(Hebbes et al., 1992). However, according to our knowledge no group has reported a direct
comparison of yeast and chicken histones electrophoresed on the same TAU gel. In Figure
3.3, lane 2 showed yeast H4 and H2B migrated similarly to chicken H4 and H2B. Lane 3 is a
carry-over from lane 2, with yeast H2B being more prominent than yeast H4. In lane 4 yeast
H2A migrates comparable to chicken H2A. The band in lane 5 corresponds to purified yeast
histone H3, and electrophoreses quite differently on the TAU gel compared to chicken H3.
With this knowledge on the electrophoretic behaviour of the pure yeast histones, we can

accurately identify the individual histones in a mixture of histones resolved by TAU PAGE.

Histones H2A, H2B, H3 and H4 were isolated from stationary phase cultures, and at 15 min
and 1 h time points after stationary phase exit following transfer of the culture to fresh growth
medium, using the rapid histone isolation procedure. The pure histones were
electrophoresed on 15% TAU gels to resolve the individual acetylation isoforms for each

histone. The result is shown in Figure 3.4.

Referring to this figure, four different acetylation isoforms were seen for histone H4 (Fig. 3.4
A), and three, three and two for each of histones H3, H2B and H2A, respectively (Fig. 3.4 B-
D). Yeast histone H4 has a total of 11 lysine residues, of which 4 appear in the N-terminal
tail. All four of these lysine residues have previously been shown to be acetylated under
different conditions. It is therefore clear that only a fraction of all H4 lysine residues that can
be acetylated, were, in fact, acetylated in yeast. It should be noted that a single acetylation
histone isoform resolved on the TAU gel contains the same total number of acetylated
residues, but may be different combinations of acetylated lysine residues. Intriguingly, even

though acetylated H3 and H4, in particular, are associated with transcriptional activity, and
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stationary phase is a state of extensive transcriptional repression (Choder, 1991), acetylated
isoforms were visible for all four core histones in stationary phase (see lanes 2 of Fig. 3.4 A-
D). The non-acetylated isoform, however, was the dominant isoform for each histone at the

three different time points (see lanes 2-4 of Fig. 3.4 A-D).

A 1 2 3 4 B 1 2 3 4
M Omin 15min 1hr M Omin 15min

1hr
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C 1 2 3 4
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Figure 3.4. Acetylation isoforms of the core histones during stationary phase exit. Histones H4
(A), H3 (B), H2B (C) and H2A (D) were isolated from 6 day stationary phase yeast cultures (lanes 2),
15 min after stationary phase exit (lanes 3) and 1 h after stationary phase exit (lanes 4) and
electrophoresed on a 15% TAU gel. A Coomassie stain of the gel is shown. A chicken histone
standard, taken from another part of the same gel, is shown in lanes 1. The acetylation isoforms of

the yeast histones are indicated to the left of each panel. A representative gel is shown.
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In order to gain insight into quantitative differences in the level of acetylation of the four core
histones during exit of stationary phase, the Coomassie stained TAU gels were scanned,
and the intensity of each isoform band quantitated. To allow direct comparison between
different time points, the total of all isoforms at each time point, resolved in one lane of a gel,

was normalized to 100%. The results of three independent experiments for each of the four

core histones are shown in Figures 3.5 to 3.8.
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Figure 3.5. Quantitative analysis of the level of acetylation of histone H4 during stationary
phase exit in yeast. Histone H4 was isolated by the rapid isolation procedure in the presence of a
de-acetylase inhibitor from 6 day stationary phase cultures (white bars), and 15 min (gray bars) and 1
h (black bars) after stationary phase exit, resolved on a TAU gel, and the level of each acetylation
isoform quantitated with in a scanned image of the Coomassie stained gel. The total level for all

isoforms was normalized to 100% for each time point. The results of three independent experiments

are shown (A-C).
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Looking first at histone H4 (Fig. 3.5), it appears that the isoform representing intermediate
levels of acetylation (mono- and di-acetylated forms) diminished during stationary phase exit,
whereas the un-acetylated and tri-acetylated isoforms increased over the same time period

(see Fig. 3.5 A). However, this same tendency was not reproducibly visible in independent

experiments (compare panels A-C of Fig. 3.5).
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Figure 3.6. Quantitative analysis of the level of acetylation of histone H3 during stationary
phase exit in yeast. The level of each acetylation isoform of histone H3 was determined in 6 day
stationary phase cultures (white bars), and 15 min (gray bars) and 1 h (black bars) after stationary

phase exit as described in Figure 3.5. The results of three independent experiments are shown (A-C).
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Considering histone H3 next, there appears to be an increase in the level of acetylation

during stationary phase exit (see Fig. 3.6 A-C). This tendency is, however, modest in

triplicate experiments (compare panels A-C of Fig. 3.6).

Very little change in the level of each acetylation isoform is seen for both histones H2A and

H2b during exit of stationary phase (see Figs. 3.7 and 3.8).
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Figure 3.7. Quantitative analysis of the level of acetylation of histone H2A during stationary

phase exit in yeast. The level of each acetylation isoform of histone H2A was determined in 6 day

stationary phase cultures (white bars), and 15 min (gray bars) and 1 h (black bars) after stationary

phase exit as described in Figure 3.5. The results of three independent experiments are shown (A-C).
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Figure 3.8. Quantitative analysis of the level of acetylation of histone H2B during stationary

phase exit in yeast. The level of each acetylation isoform of histone H2B was determined in 6 day

stationary phase cultures (white bars), and 15 min (gray bars) and 1 h (black bars) after stationary

phase exit as described in Figure 3.5. The results of three independent experiments are shown (A-C).
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Figure 3.9. Quantitative analysis of the level of acetylation of core histones during exit of
stationary phase in yeast. TAU gels were scanned in a laser imager, and the volume of each band,
corresponding to different levels of lysine acetylation for each core histone, quantitated with image
software. The histograms shows the average value from three independent gels for the three
acetylation isoforms of H4 (A), two acetylation isoforms of H3 (B)the one acetylation isoform of H2A
(C), and the two acetylation isoforms of H2B (D). In order to correct for total intensity differences
between gel images, the total level of all isoforms for each histone was normalized to 100% for every
individual TAU gel image prior to calculating the average. The different panels each show the average
level of each isoform in a six day stationary phase culture (white), 15 min after initiation of stationary

phase exit following re-feeding (gray), and 1 h after stationary phase exit (black).
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In order to formalize the tendency observed in the separate triplicate experiments for each of
the core histones, the average level for each isoform was calculated for each time point for
the four core histones. The result is shown in Figure 3.9. Looking first at histone H4 (Fig. 3.9
A) it is seen that the di-acetylated isoform predominates. There was no statistically
significant redistribution between the different acetylation isoforms of H4 during exit of
stationary phase (one way Anova analysis; p<0.05). In the case of histone H3, a tendency
towards higher levels of acetylation is again seen during exit of stationary phase (see Fig.
3.9 B). However, this tendency was not statistically significant (one way Anova analysis;
p<0.05). The distribution of the different acetylation isoforms remained even during exit of

stationary phase for both histones H2A and H2B (see Fig. 3.9 C and D).
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Figure 3.10. The level of histone H4 acetylation isoforms in three different yeast strains.
Histone H4 was isolated by the rapid procedure in the presence of a de-acetylase inhibitor from
exponentially growing S. cerevisiae strains BY4742 (lane 2), W303-1A (lane 3) and JDY43 (lane 4)
and resolved on a TAU gel. A Coomassie stain of the gel is shown. A chicken histone standard is

shown in lane 1. The different yeast histone acetylation isoforms are indicated to the left of the panel.
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We were surprised by the fact that no statistically compelling difference in the level of
acetylation of any of the histones could reproducibly be seen during exit of stationary phase.
We therefore investigated the possibility that the isoform distributions that we observed were
typifying of a specific yeast strain. Different strains of Saccharomyces cerevisiae have many
genetic differences which can be observed in clear phenotypic differences. To address the
possibility of a strain-specific effect, we isolated histone H4, which showed a clear
distribution over 4 different acetylation isoforms, from yeast strains BY4742 W303-1A and
JDY43, and resolved the isoforms on a TAU gel. The result is shown in Figure 3.10. It was
found that the predominant isoform in each strain was the un-acetylated species, with the di-
acetylated species the next most abundant (see Fig. 3.10). No difference in the distribution
among the different acetylation isoforms was evident for the three strains (see Fig. 3.10)
showing that the isoform distribution observed for each of the four core histones were likely

not to be strain-specific.
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3.4. Discussion and Conclusion

It is well-established that significant transcriptional re-programming takes place in S.
cerevisiae during exit of stationary phase, with an extensive induction of gene expression.
This increase in transcriptional activity, which requires access to the DNA molecule, occurs
concomitant with the rapid dissociation of linker histone H1 from chromatin during re-
initiation of the cell cycle (Schéafer et al., 2008), and the general decondensation of the 30
nm fiber during the transition from stationary to exponential phase. It is also well-established,
making use of chromatin immuno-precipitation techniques, that transcriptionally active genes
are associated with highly acetylated histones, particularly histones H3 and H4 (Hebbes et
al., 1988). It was therefore surprising to observe that the distribution of the acetylated forms
remained fairly constant for H3 and H4 during the transition from stationary to exponential
phase. The absence of an observed change in histone acetylation isoforms of H2A and H2B
is less surprising, since these proteins have previously been shown to play a lesser role in

chromatin compaction (Krajewski and Ausio, 1996).

This observation was not due to a large “free” pool of histones that diluted any change that
occurred with this transition, since approximately 0.2% of the total cellular histone pool is
incorporated into chromatin at any one time (Oliver et al., 1974). Also, histones were isolated
using a rapid freezing method to limit any change in the acetylation pattern that may occur
with prolonged exposure to de-acetylase enzymes.

In previous studies the level of acetylation of core histones associated with single specific
genes were generally measured using anti-bodies directed at specific acetylation isoforms,
polymerase chain reaction amplification of the gene of interest, followed by immuno-
precipitation, a technique known as chromatin immuno-precipitation. This technique allowed

guantitation of different acetylation isoforms associated with different regions of the genome.
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However, since the anti-bodies directed at different acetylation isoforms had different
affinities to their antigenic groups, it remained problematic to study redistributions between
different isotypes for a given histone. Also, quantitation often relied on amplification of the
DNA to measure the relative amount of a given isoform bound to the gene of interest,
resulting in non-linear measurements that are typically described as "semi-quantitative".
Nevertheless, the association of hyper-acetylated histones and actively transcribed genes is
widely accepted in the literature. However, the level of acetylated histone is not evenly
distributed along the full length of the gene, but appears concentrated in the promoter areas.
This is understandable in light of the requirement for chromatin to become decondensed to
allow general transcriptional activators to bind to the promoter-enclosed cis elements.
However, the fractional change in the level of acetylation of histones associated with the
entire gene may be small. Thus, our results showing a modest effect for total cellular histone
may reflect the very focused patches in the genome where these changes occur,

representing a tiny percentage of the total histone pool.

An additional consideration is that a given acetylation isoform may be constituted by several
different patterns of acetylated lysines. For instance, histone H4 may be acetylated on
lysines 5, 8, 12 and 16. In a tri-acetylated population, four different combinations of tri-
acetylated lysines are possible. Thus, if there is any dynamic redistribution between the
precise patterns of acetylation, which was shown to occur at different genes, this change
would not be visible to the current TAU analysis. In addition, acetylation is one of several
post-translational modifications that occurs in chromatin that involved in the regulation of
DNA function. Modifications other than acetylation would not have been picked up in the

TAU analysis.

We additionally decided to extend our study with mass spectrometry, where precise residues

involved may be identified.
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CHAPTER 4.

Mass Spectrometric Analysis of the Acetylation State of Core Histones of

Saccharomyces Cerevisiae in Stationary and Exponential Phase.

4.1. Introduction

Various chemical modifications of the N-termini of core histones play an important role in the
modulation of chromatin structure and regulate various DNA functions, including
transcription, recombination, repair and replication (Kouzarides, 2007). In addition to the
much studied histone acetylation, there are other modifications that have been identified by
mass spectrometry (MS) including methylation, phosphorylation, ubiquitination and ADP
ribosylation. Histone acetylation is believed to disrupt the ability of the N-terminal tail to form
secondary structures that are involved in chromatin compaction as well as the binding of
proteins that are involved in transcription (Hansen, 1998). In a more “open” chromatin state,
H4 lysines 5, 8, and 12 are predominantly bound by the bromodomain of transcription
activators. This strengthens the notion that acetylation enhances transcription (Johnson et
al., 1998). In addition, a recent study has suggested a central role for acetylation of H4 at
lysine 16 in the control of chromatin higher order structure, where the presence of acetylated
H4 lysine 16 inhibited the formation of the 30 nm chromatin fibre as well as disrupting fibre-

fibre interactions (Shogren-Knaak, 2006).

Previous studies have demonstrated that several lysine residues, including lysines 4, 9, 27,
and 36 of H3 and lysine 20 of H4, were also sites of methylation (Strahl et al., 1999).
Different histone methylation states are associated with different chromatin functions. It was
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shown that H3 Lys4 methylation was linked to active genes, whereas H3 Lys9 methylation

was linked to inactive genes (Lachner and Jenuwein, 2002).

It was found that the S. cerevisiae linker histone Hholp rapidly dissociated from chromatin
during exit of stationary phase (Schéfer et al., 2008). A general activation of numerous
genes occurred during stationary phase exit, followed by subsequent regulated control of
classes of genes in exponential phase. This extensive transcriptional "re-programming” of
the genome with the transition of transcriptionally repressed and highly compacted
chromatin in stationary phase to transcriptionally active and decondensed chromatin in
exponential phase, provides a unique window in which to investigate covalent modifications

of the core histones as a regulatory switch that controls this reprogramming event.

Protein micro-sequencing were traditionally used for the identification of post-translational
modifications of the core histones (Vidali et al., 1968). However, it is a tedious technique that
requires relatively large and highly purified samples. In addition, the presence of a blocked
N-terminus on many histone complicated protein sequencing efforts. Anti-body based
methods require prior knowledge of individual modifications in order to raise and/or select
antibodies appropriate to recognize a given modification. Mass spectrometry (MS), on the
other hand, does not require prior knowledge of the modification. To avoid the limitations of
protein sequencing and antibody based methods, researchers have more recently been

using MS for the characterization of histone post-translational modifications.

MS is an analysis technique that detects molecules or molecular fragments based on their
mass-to-charge (m/z) ratio The use of MS has allowed the identification of numerous
residues that are post-translationally modified in histones, many of which are located outside

of the amino terminal tail (Kouzarides, 2007). Because of the high sensitivity, specificity and
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the ability to locate the precise location of the modification sites, MS is the preferred method

for the identification and analysis of post-translational modifications (PTMs) in histones.

Triton-acid-urea gels are used to assess the net acetylation state of a histone, but cannot
detect any change in the specific residue(s) that is/are acetylated. It is also possible that
modifications other than acetylation underlie the transition in functional state of the
chromatin with the exit of stationary phase in yeast. We therefore decided to investigate the
PTM patterns of histones in yeast by using MS. We made use of a nanoflow-HPLC system
linked to a nano electro-spay interface (ESI) that delivered the sample to a hybrid triple
guadrupole MS. The third quadrupole could also be set to act as a linear ion-trap. This
increases the sensitivity of the instrument, and provides an ideal technique to detect PTMs

that may be present at low levels in the samples.

4.2. Materials and Methods

4.2.1. In-Gel Digestion

Histones were purified by the Zymolyase method and resolved by SDS-PAGE
electrophoresis as detailed previously. The enzymatic digestion of the histone bands in the
polyacrylamide gel matrix following electrophoresis was carried out as reported (Shevchenko
et al., 2006), a method that is compatible with nano-LC-MS/MS. Briefly, the gel bands were
excised and cut into small cubes (~1 mm?®). The gel pieces were shrunk with 500 pl 99.9%
(v/v) acetonitrile (Sigma). A 50 pl aliquot of 10 mM dithiothreitol (DTT) in 200 mM ammonium
bicarbonate (Sigma) was added to cover the gel pieces completely, and the sample
incubated at 56°C in an air thermostat for 30 min to minimize condensation against the

underside of the tube cap. The sample was cooled down to room temperature and 50 pl of
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55 mM iodoacetamide (Sigma) in 100 mM ammonium bicarbonate was added, and the
sample incubated at room temperature for 20 min in the dark. Following reductive alkylation,
Coomassie-stained gel pieces were destained for 30 min in 100 pl of 100 mM ammonium
bicarbonate/acetonitrile (1:1, v/v) with occasional vortexing. The gel pieces were saturated
with trypsin (sequencing grade; Promega) buffer [10 mM ammonium bicarbonate in 10%
(v/v) acetonitrile]. The buffer and the enzyme was allowed to seep into the gel matrix for 90
min on ice, and the enzymatic digestion then allowed at 37°C overnight. Peptides were
extracted from the gel matrix in 100 pl extraction buffer [5% (v/v) formic acid (Merck), 60%
(v/v) acetonitrile] at room temperature and gently shaken at 30°C for 30 min. The liquid
extract was dried completely in a rotary evaporator (Savant) and peptides resuspended in 20

ul, 5% (v/v) formic acid for MS analysis.

4.2.2. Peptide Analysis Using Nano-LC-MS/MS

Digested peptides were separated by nanoflow HPLC (Agilent model 1200). Samples (5 pl)
were concentrated and desalted on a 300pum x 5mm Zorbax 300SB-C18, trapping column
with 5 um particle size (Agilent). The peptides were separated on a 150 mm x 75 um Zorbax
300SB-C18, column with 3.5 um particle size. The following step-wise gradient profile was
used at a flow-rate of 0.35ul/min: 10 min, 0% B; 15 min, 10% B; 95 min, 25% B; 100 min
50% B; 101 min, 90% B; 120 min 90% B. Solvent A consisted of 1% (v/v) acetonitrile, 0.1%
(v/iv) formic acid. Solvent B consisted of 95% (v/v) acetonitrile, 0.1% (v/v) formic acid.
Positive ions were generated by nano-ESI and the 4000 QTRAP was operated in
"Information Dependent Acquisition” (IDA) mode. For routine protein and peptide
identification enhanced mass spectrometry (EMS) scans of 3 sec were carried out in the
400-1400 m/z range. The three most abundant peaks at intensities greater than 1000 cps
were selected for fragmentation by collision induced dissociation (CID) in quadrupole 2.

Quadrupole 1 and 3 were set as the only resolving units. An enhanced resolution (ER) scan
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of these peaks was then recorded to determine the charge state of the fragment, followed by
a CID product-ion scan. A mass tolerance of 1Da was selected and a rolling collision energy
of 10-80 eV was applied. All analyses were performed using mono-isotopic masses.

For identification of acetylation sites precursor-ion scans of 2 sec duration were initially
carried out in the 400-1400 m/z range. Peaks at intensities greater than 1000 cps that had
lost a 126 Da fragment during collision induced dissociation (CID) fragmentation in
quadrupole 2 were selected. An enhanced resolution scan of these peaks was then
recorded to determine the charge state of the fragment, followed by a CID product-ion scan.
A mass tolerance of 1Da was selected and a rolling collision energy of 10-80 eV was

applied. All analyses were performed using mono-isotopic masses.

4.2.3. Protein Identification and Modification Discovery by Database Search

MS/MS spectra from the 4000 QTRAP were generated using Analyst v1.2 (Applied
Biosystems) and were submitted to the Mascot version 2.1 (Matrix Science) searching was
done using a local copy of the Swiss-Prot (v 51.6) database. Precursor and product ion
tolerance were 2.4 and 1.2 Da, respectively, which is appropriate for the accuracy of the
4000 QTRAP. Acetylation of lysine was specified as a variable modification and up to six
missed cleavages by trypsin were allowed. Proteins and peptides were confidently identified

when matches had high ion score (> 20) and statistically significant [low E value(< 3)].

4.3. Results

We set out to identify the residues that were acetylated in core histones of S. cerevisiae in
stationary and exponential phase. We started by verifying our detection technique, using

acetylated BSA (Promega). The protein was separated by SDS-PAGE (Figure 4.1 A), and a
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band that contained the protein was cut from the gel (Figure 4.1 B). The protein in the gel

matrix was digested with trypsin, the peptides eluted, and analysed by MS.

. 66.2 kDa—

14.4 kDa— 14.4 kDa——

Figure 4.1. Separation of bovine serum albumin (BSA). Acetylated BSA (Promega) was resolved
on a 15% SDS-PAGE gel and visualized by Coomassie stain (A). The gel band that contained

acetylated BSA was excised, lane 2 (B).
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Figure 4.2.1.1 K455 acetylation was detected in acetylated BSA without performing precursor-
ion scan at 126Da. A tryptic digest of acetylated BSA isolated was analyzed by MS. The enhanced
mass spectrometry spectrum (A), an enhanced resolution spectrum (B) and CID fragmentation
spectrum of the peptide that resolved at 859.5 Da (singly charged), indicated by the asterisk in panel
A, is shown (C). The partial y-ion and b-ion series visible in the fragmentation spectrum are indicated,
and the y5 peak, representing a terminal lysine residue shifted by 42 Da, indicated by asterisk. The
fragmentation peak list is shown (C) with the peaks that could be assigned to the identified peptide
with a Mascot search of the Swiss-Prot database indicated in red, and the peaks that were observed

in the fragmentation spectrum, underlined.

The enhanced mass spectrometry scan as described in Materials and Methods followed by
fragmentation of the eluting acetylated BSA peptides was performed. Enhanced resolution
scans of the resulting fragment ions were performed to confirm the charge state and to
better resolve the fragment ions. The generated MS/MS spectrum was searched on Mascot
search engine against Swiss-Prot database. An eight residues long mono-acetylated peptide
was identified with an E value of 4.5 and a Mowse score of 32. The overall Mowse score of
the protein was 77. Looking at the EMS (Fig.4.2.1.1A.) and ER (Fig. 4.2.1.1B) spectra the
peptide was identified to be a doubly charged peptide of 859.5 Da. To unambiguously locate
the site of mono-acetylation at position K455 of the full length acetylated BSA the MS/MS
spectrum (Fig.4.2.1.1C) was studied. There is only one possible site of acetylation in this
peptide, therefore, looking at the y-series ion peak list table it is clear that the difference
between y5 (602.3620Da) and y4 (432.2565Da) is 170.1055Da which is equal to a single

lysine residue plus an acetyl group.

79



Intensity, cps

8.5e7

8.0e7

7567

7.087

Intensity, cps

517.0

4584

ops
-
o
3

3.504

Intansity,

5178

531.7

Teso

10328
7338
83488598
8557
7517 7824 8228 oo 8986 10850
1085.8
bk e b i A e i
750 800 850 200 350 1000 1050 1100
miz, Da
1032.8
*
1033 e
k-
740 780 ebo | &ka  a&bo ado oo Tias0
mrz. Da
Alc
LLLE )
y6
7338
* 103140,
bé
8848
858
987.0
b7 10133
7837
83 y¥7
7220 8310 y8
930 4
700 750 800 850 00 550 1000

80



Order b Seq. y Order
1 102.0550 | T 9
2 199.1077 | P ]929.5302 8
3 298.1761| V |832.4775 I
4 385.2082 | S |733.4090 6
S 514.2508 | E | 646.3770 5
6 684.3563 | K |517.3344 4
7 783.4247 | V | 347.2289 3
8 884.4724 | T |248.1605 2
9 K 1147.1128 1

Figure 4.2.1.2. K495 acetylation was detected in acetylated BSA without performing precursor-
ion scan at 126Da. A tryptic digest of acetylated BSA isolated was analyzed by MS. The enhanced
mass spectrometry spectrum (A), an enhanced resolution spectrum (B) and CID fragmentation
spectrum of the peptide that resolved at 1032.6 Da (singly charged), indicated by the asterisk in panel
A, is shown (C). The partial y-ion and b-ion series visible in the fragmentation spectrum are indicated,
and the b6 peak, representing a terminal lysine residue shifted by 42 Da, indicated by asterisk. The
fragmentation peak list is shown (C) with the peaks that could be assigned to the identified peptide
with a Mascot search of the Swiss-Prot database indicated in red, and the peaks that were observed

in the fragmentation spectrum, underlined.

Upon performing enhanced mass spectrometry scan without precursor-ion scan for
identification and discovery of acetylation sites in the 607 residues acetylated BSA as
described above, it was observed that K455 was not the only site of acetylation detected.
K455 and seven more other sites of acetylation were identified. On submitting the generated
fragmentation spectra to Mascot search database against a Swiss-Prot database, a nine
residue long peptide from position 490-498 was also detected to contain a mono-acetylation
site at K495. EMS spectrum (Fig. 4.2.1.2A) and ER spectrum (Fig. 4.2.1.2B.) when
considered identified the peptide to be a singly charged peptide of 1032.6Da which is within

1.9 amu of the expected peptide. The ion score and the E value of the peptide was 39 and
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0.94, respectively. Since there are two possible site of acetylation in the peptide the MS/MS
spectrum (Fig. 4.2.1.2C) and the peak list table was considered for location of the acetylation
site. By looking at the N-terminus lysine, the mass difference between the observed b6 and
b5 ions, where K495 is located is 684.3563 — 514.2508 = 170.1055Da, which is equal to an
acetylated lysine. Trypsin was shown to be hampered from cleaving to the C-terminus of a
modified lysine, therefore, trypsin only cleaves unmodified lysine residues. In conclusion, the

acetylated BSA was only acetylated in K495 and not K498.
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Order b Seq. y Order
1 72.0444 | A 1
2 185.1285| L |972.5625 2
3 355.2340 | K |859.4785 3
4 426.2711 | A |689.3729 4
5 612.3504 | W |618.3358 5
6 699.3824 | S | 432.2565 6
7 798.4508 | V | 345.2245 I
8 869.4880 | A |246.1561 8
9 R 1175.1190 9

Figure 4.2.1.3. K235 acetylation was detected in acetylated BSA without performing precursor-
ion scan at 126Da. A tryptic digest of acetylated BSA isolated was analyzed by MS. The enhanced

mass spectrometry spectrum (A), an enhanced resolution spectrum (B) and CID fragmentation
spectrum of the peptide that resolved at 1043.7 Da (singly charged), indicated by the asterisk in panel
A, is shown (C). The partial y-ion and b-ion series visible in the fragmentation spectrum are indicated,
and the y3 peak, representing a terminal lysine residue shifted by 42 Da, indicated by asterisk. The
fragmentation peak list is shown (C) with the peaks that could be assigned to the identified peptide
with a Mascot search of the Swiss-Prot database indicated in red, and the peaks that were observed

in the fragmentation spectrum, underlined.

Lysine 235 of the acetylated BSA was found to be acetylated. The peptide’s E value was 1.8
and the MOWSE score was 36. EMS spectrum (Fig.4.2.1.3A) identified the peptide to be
1043.7Da and ER spectrum (fig 4.2.1.3B) identified the charge state to be a singly charged
peptide. On the MS/MS spectrum (fig 4.2.1.3C) the acetylated lysine (y3) was marked by an
asterix. The position of the site of acetylation was confirmed by looking at the peak list table.
The mass difference between the observed y3 and y4 ions, were the only lysine residue is
located is 859.4785 - 689.3729 = 170.1056Da, which is equal to a single acetylated lysine

residue. Therefore, this strengthens the fact that K235 was acetylated.
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Order b Seq. y Order
1 171.1128 K 10
2 299.1714 | Q |1014.6194 9
3 400.2191 T 886.5608 8
4 471.2562 A 785.5131 7
S 584.3402 L 714.4760 6
6 683.4086 | V | 601.3919 5
I 812.4512 E 502.3235 4
8 925.5353 L 373.2809 3
9 1038.6194 | L 260.1969 2
10 K 147.1128 1

Figure 4.2.1.4. K548 acetylation was detected in acetylated BSA without performing precursor-
ion scan at 126Da. A tryptic digest of acetylated BSA isolated was analyzed by MS. The enhanced
mass spectrometry spectrum (A), an enhanced resolution spectrum (B) and CID fragmentation
spectrum of the peptide that resolved at 1185.0 Da (singly charged), indicated by the asterisk in panel
A, is shown (C). The partial y-ion and b-ion series visible in the fragmentation spectrum are indicated.
The fragmentation peak list is shown (C) with the peaks that could be assigned to the identified
peptide with a Mascot search of the Swiss-Prot database indicated in red, and the peaks that were

observed in the fragmentation spectrum, underlined.

A ten residue long peptide was detected with one site of acetylation at lysine 548. Enhanced
mass spectrometry (Fig. 4.2.1.4A) and Enhanced resolution spectrum (Fig. 4.2.1.4B) when
considered confirmed the peptide to be singly charged, 1185.0Da big, which was within 0.2
amu of the expected mass. The E value was 0.0013 and a MOWSE score of 67. In this ten
residue long peptide there are two possible sites of acetylation, as seen in the fragmentation
spectrum (Fig. 4.2.1.4C), one at the beginning of the N-terminus and the other one on the
end of the C-terminus end. The lysine at the end of the C-terminus is unmodified since
trypsin can only cut to the C-terminus of an unmodified lysine. This then only leaves the

lysine at the beginning of the N-terminus, looking at the fragmentation ion peak list the lysine
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resolved below the detectable mass range (400-1400 m/z). However, looking at the peak list
the, b4 ion, a quadri-peptide KTQA was observed at 471.2562Da, which had a 42 Da mass
shift compared to the predicted mass. This then unambigiuosly locates the acetyl group at

lysine 548.
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Order b Seq. y Order
1 166.0975 H 11
2 336.2030 K 11255.6892| 10
3 433.2558 P |1085.5837 9
4 603.3613 K 988.5309 8
5 674.3984 | A 818.4254 7
6 775.4461 T 747.3883 6
7 904.4887 E 646.3406 5
8 1033.5313| E 517.2980 4
9 1161.5899 | Q | 388.2554 3

10 |1274.6739| L 260.1969 2
11 K 147.1128 1

Figure 4.2.1.5. K559 and K561 acetylation were detected in acetylated BSA without performing
precursor-ion scan at 126Da. A tryptic digest of acetylated BSA isolated was analyzed by MS. The
enhanced resolution spectrum (A) and CID fragmentation spectrum of the peptide that resolved at
710.9 Da (doubly charged), indicated by the asterisk in panel A, is shown (B). The partial y-ion and b-
ion series visible in the fragmentation spectrum are indicated, and the b4 and y10 peaks, representing
terminal lysine residues shifted by 42 Da, indicated by asterisks. The fragmentation peak list is shown
(C) with the peaks that could be assigned to the identified peptide with a Mascot search of the Swiss-
Prot database indicated in red, and the peaks that were observed in the fragmentation spectrum,

underlined.

A di-acetylated peptide was also identified. The ion score was 54 and the E value was
0.0025. Upon studying the enhanced resolution spectrum (Fig. 4.2.1.5A) the peptide was
identified to be 710.9Da (doubly charged). Since, the full length of the peptide
(1419.7721Da) is over the mass cut off (400-1400 m/z) the EMS scan could not be captured.
To confirm the di-acetylation assignment, the CID fragmentation spectrum (Fig.4.2.1.5B) and
the peak list (Fig.4.2.1.5C) was taken into account. Looking at the sequence, there are three
possible sites of acetylation, however, the lysine residue at the end of the N-terminus can

not be modified since trypsin cleaved to its C-terminus group. Now, we only left with two
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sites, looking at the y-ion series, the mass difference between y10 and y9: 1255.6892 -
1085.5837 = 170.1055, which is equal to an acetylated lysine residue. Similarly, the mass
difference between the observed y8 and y7: 988.5309 — 818.4254 = 170.1055, which is
equal to an acetylated lysine residue. This then strongly suggest that the acetylated BSA

peptide from position 558-568 is di-acetylated at position K559 and K561 but not K568.
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Order b b* Seq. y y'* Order
1 72.0444 36.5258 A 14
2 242.1499 | 121.5786 K 1556.7261 | 778.8667 13
3 405.2132 | 203.1103 Y |1386.6206 | 693.8139 12
4 518.2973 | 259.6523 I 1223.5572 |1 612.2823 11
5 621.3065 | 311.1569 C |11110.4732 | 555.7402 10
6 736.3334 | 368.6704 D 1007.4640 | 504.2356 9
7 850.3764 | 425.6918 N 892.4371 | 446.7222 8
8 978.4349 | 489.7211 Q 778.3941 | 389.7007 7
9 1093.4619 | 547.2346 D 650.3355 | 325.6714 6
10 1194.5096 | 597.7584 T 535.3086 | 268.1579 5
11 1307.5936 | 654.3004 I 434.2609 | 217.6341 4
12 1394.6257 | 697.8165 S 321.1769 | 161.0921 3
13 1481.6577 | 741.3325 S 234.1448 | 117.5761 2
14 K 147.1128 | 74.0600 1

Figure 4.2.1.6. K285 acetylation was detected in acetylated BSA without performing precursor-
ion scan at 126Da. A tryptic digest of acetylated BSA isolated was analyzed by MS. The enhanced
resolution spectrum (A) and CID fragmentation spectrum of the peptide that resolved at 814.4 Da
(doubly charged), indicated by the asterisk in panel A, is shown (B). The partial y-ion and b-ion series
visible in the fragmentation spectrum are indicated, and the y"13 peak, representing a terminal lysine
residue shifted by 42 Da, indicated by asterisk. The fragmentation peak list is shown (C) with the
peaks that could be assigned to the identified peptide with a Mascot search of the Swiss-Prot
database indicated in red, and the peaks that were observed in the fragmentation spectrum,

underlined. The b™ and y™* columns indicate b-ion and y-ion fragments that are doubly charged.

A doubly charged, 14 residue long peptide was identified to be mono-acetylated at lysine
285. The MOWSE score was 57 the E value was 0.0015. Enhanced resolution spectrum
(Fig. 4.2.1.6A) confirmed the peptide to be 814.4Da (doubly charged). Since the full mass of
the peptide (1626.7559Da) is outside the window (400-1400 m/z) used for capturing
retrieved. The

enhanced mass spectrometry scans, EMS spectrum could not be

fragmentation spectrum (Fig. 4.2.1.6B) and the peak list table substantiated the fact that
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there’s an acetyl group added to lysine 285. Looking at the peak list it is evident that the

mass difference between observed y*™* 13 peak and the predicted y"™*12 ion: 2 x (778.8667 —

693.8139) = 170.1056, which is equal to an acetylated lysine residue. Therefore, this

strengthens the fact that lysine 285 of the acetylated BSA might be acetylated.
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Order b b** eq. y y Order
1| 102.0550 515311 | T 25
2| 263.0696 | 132.0384| C |2808.1797 | 1404.5935 24
3| 362.1380| 181.5727 | V |2647.1651 | 1324.0862 23
4| 433.1751 | 217.0912| A | 2548.0966 | 1274.5520 22
5| 548.2021 | 274.6047 | D | 2477.0595 | 1239.0334 21
6| 677.2447 | 339.1260| E |2362.0326 | 1181.5199 20
7| 764.2767 | 382.6420| S |2232.9900 | 1116.9986 19
8| 901.3356| 451.1714| H | 2145.9580 | 1073.4826 18
9| 9723727 | 486.6900| A | 2008.8990 | 1004.9532 17

10| 1029.3942 | 515.2007 | G ]1937.8619 | 969.4346 16
11]1190.4089 | 595.7081 | C |1880.8405| 940.9239 15
121 1319.4515| 660.2294 | E |1719.8258 | 860.4165 14
13| 1489.5570 | 745.2821 | K |1590.7832 | 795.8952 13
141 1576.5890 | 788.7981 | S |1420.6777 | 710.8425 12
151 1689.6731 | 845.3402 L 1333.6457 | 667.3265 11
16| 1826.7320 | 913.8696 | H | 1220.5616 | 610.7844 10
171 1927.7797 | 964.3935| T |1083.5027 | 542.2550 9
18 | 2040.8637 | 1020.9355 L 982.4550 | 491.7311 8
19| 2187.9321 | 1094.4697 F 869.3709 | 435.1891 7
20 | 22449536 | 1122.9804 | G 722.3025 | 361.6549 6
21| 2359.9805|1180.4939 | D 665.2811 | 333.1442 5
22 | 2489.0231 | 1245.0152 | E 550.2541 | 275.6307 4
23| 2602.1072 | 1301.5572 L 421.2115| 211.1094 3
24| 2763.1219 | 1382.0646 | C 308.1275 | 154.5674 2
25 K 147.1128 74.0600 1

Figure 4.2.1.7. K309 acetylation was detected in acetylated BSA without performing precursor-
ion scan at 126Da. A tryptic digest of acetylated BSA isolated was analyzed by MS. The enhanced
mass spectrometry spectrum (A), an enhanced resolution spectrum (B) and CID fragmentation
spectrum of the peptide that resolved at 969.9 Da (triply charged), indicated by the asterisk in panel
A, is shown (C). The partial y-ion and b-ion series visible in the fragmentation spectrum are indicated,
and the y""13 peak, representing a terminal lysine residue shifted by 42 Da, indicated by an asterisk.
The fragmentation peak list is shown (C) with the peaks that could be assigned to the identified
peptide with a Mascot search of the Swiss-Prot database indicated in red, and the peaks that were
observed in the fragmentation spectrum, underlined. The b™" and y** columns indicate b-ion and y-ion

fragments that are doubly charged.
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Finally, K309 acetylation was the last modification detected when EMS scan followed by CID
fragmentation without precursor-ion scan was performed. On submitting the CID
fragmentation spectrum for search in Mascot database against Swiss-Prot database a
predicted mono-acetylated peptide with a mass of 969.7689Da (triply charged) was
identified. The ion score was 69 and the Evalue was.0.00025. The above assignment was
substantiated by considering the EMS spectrum (Fig. 4.2.1.7A) which reported a peak at
909.9Da and the ER spectrum confirmed the triply charged state of the observed peak at
909.8Da. The MS/MS spectrum (Fig. 4.2.1C) was taken into account in order to locate the
acety group that was added to lysine 309, looking at the peak list it is clear that the mass
difference between y*™13 and y12: 2x(795.8952) — 1420.6777 = 171.1127Da, which is within

1Da of the predicted mass of a single acetylated lysine residue.
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Order b Seq. y Order
1 88.0393 | S 8
2 201.1234 | L 772.4676 I
3 258.1448 | G |659.3835 6
4 428.2504 | K |602.3620 5
5 527.3188 | V |432.2565 4
6 584.3402 | G |333.1881 3
7 685.3879 | T |276.1666 2
8 R ]175.1190 1

Figure 4.2.2.1. K455 acetylation was detected in acetylated BSA upon performing precursor ion
scan at 126Da. A tryptic digest of acetylated BSA isolated was analyzed by MS. The enhanced
resolution spectrum (A) and CID fragmentation spectrum of the peptide that resolved at 430.4 Da
(doubly charged), indicated by the asterisk in panel A, is shown (B). The partial y-ion and b-ion series
visible in the fragmentation spectrum are indicated, and the y5 peak, representing a terminal lysine
residue shifted by 42 Da, indicated by an asterisk. The fragmentation peak list is shown (C) with the
peaks that could be assigned to the identified peptide with a Mascot search of the Swiss-Prot
database indicated in red, and the peaks that were observed in the fragmentation spectrum,

underlined.

It was previously shown that the immonium ion of acetylated lysine,
[HN.CH.[(CH,)4.NH.CO.CH;]+H]" often loses an ammonia moiety, resulting in the immonium
ion sub-fragment [HN.CH.[(CH,)4.NH.CO.CHjs]+H]" with a mono-isotopic mass of 126.0919
Da (Trelle and Jensen, 2008). This immonium ion sub-fragment was previously used as a
diagnostic ion to detect acetylated lysine residues in peptides during CID fragmentation
(Trelle and Jensen, 2008). We therefore performed precursor-ion scans during elution to
identify all peptides that lose approximately 126 Da during CID fragmentation.

These peptides were selected and a product-ion scan of each recorded. All product ion
scans were submitted to an in-house copy of the Mascot search engine, which matched the

experimental MS/MS spectra against the generated theoretical spectra in the Swiss-Prot
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database. The result is shown in Fig. 4.2.2.1. The ion score for the total acetylated BSA
protein was 219 in this analysis. The Mascot results view page reported a mono-acetylated
peptide at lysine 455 with a predicted mass of 430.4303Da (doubly charged). The expected
value and the ion score of this particular peptide was 3.9 and 35, respectively The enhanced
resolution spectrum (Fig. 4.2.2.1A) confirmed this assignment with a peak at 430.4Da. The
MS/MS spectrum (Fig.4.2.2.B) substantiated the location of the added acetyl group, looking
at the peak list it is clear that the mass difference between the observed peaks y5 and y4:

602.3620 — 432.2565 = 170.1055, which is equal to a single acetylated lysine residue
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Order b Seq. y Order
1 72.0444 | A 9
2 185.1285| L |972.5625 8
3 355.2340 | K |859.4785 7
4 426.2711 | A |689.3729 6
5 612.3504 | W |618.3358 5
6 699.3824 | S |432.2565 4
7 798.4508 | V | 345.2245 3
8 869.4880 | A |246.1561 2
9 R 1175.1190 1

Figure 4.2.2.2. K235 acetylation was detected in acetylated BSA upon performing precursor ion
scan at 126Da. A tryptic digest of acetylated BSA isolated was analyzed by MS. The enhanced
resolution spectrum (A) and CID fragmentation spectrum of the peptide that resolved at 522.4Da
(doubly charged), indicated by the asterisk in panel A, is shown (B). The partial y-ion and b-ion series
visible in the fragmentation spectrum are indicated, and the y7 peak, representing a terminal lysine
residue shifted by 42 Da, indicated by an asterisk. The fragmentation peak list is shown (C) with the
peaks that could be assigned to the identified peptide with a Mascot search of the Swiss-Prot
database indicated in red, and the peaks that were observed in the fragmentation spectrum,

underlined.

After comparing the generated MS/MS spectra with the theoretical spectra generated by
Mascot. A ten residue long peptide beginning from position 233-239 was found to have lost
a diagnostic ion of 126Da at K235. The ion score was reported to be 42 and the expectancy
value was 0.75. The resultant ER identified a peptide with a mass of 522.4 Da (doubly
charged) which is within 0.0015 Da of the predicted mass. The site of acetylation was
confirmed by considering the enhanced product ion spectrum (EPI) (Fig. 4.2.2.2B), it is
clearly that the difference between the observed peaks y7 and y6: 859.4785 — 689.3729 =

170.1056 Da, is equal to an acetylated lysine residue.
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Looking at Figure 4.2.2.3., Mascot algorithm probability scoring predicted the peptide
FKDLGEEHFK to be acetylated at position K37 with an ion score of 45 and an E value of 45.
The mass of the peptide was 431.4356Da (triply charged). By taking a closer look at the
enhanced resolution spectrum (Fig. 4.2.2.3A) verified the identity of the peptide to be
431.4Da (triply charged) which is within 0.04 of the predicted mass. By taking into account
the CID fragmentation spectrum it could also be substantiated that the peptide was
acetylated at posion K37. Studying the peak list table it is evident that mass shift between
the observed peak y™9 and y*8: 2x(572.7853 — 487.7325) = 170.1056, is equal to an

acetylated lysine residue.
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Order b b** Seq. y y Order
1 148.0757 | 74.5415 F 10
2 318.1812 | 159.5942 K 1144.5633 | 572.7853 9
3 433.2082 | 217.1077 D 974.4578 | 487.7325 8
4 546.2922 | 273.6497 L 859.4308 | 430.2191 7
5 603.3137 | 302.1605| G 746.3468 | 373.6770 6
6 732.3563 | 366.6818 | E 689.3253 | 345.1663 5
7 861.3989 |431.2031 | E 560.2827 | 280.6450 4
8 998.4578 | 499.7325| H 431.2401 | 216.1237 3
9 1145.5262 | 573.2667 F 294.1812 | 147.5942 2
10 K 147.1128 | 74.0600 1

Figure 4.2.2.3 K37 acetylation was detected in acetylated BSA upon performing precursor ion
scan at 126 Da. A tryptic digest of acetylated BSA isolated was analyzed by MS. The enhanced
resolution spectrum (A) and CID fragmentation spectrum of the peptide that resolved at 431.4 Da
(triply charged), indicated by the asterisk in panel A, is shown (B). The partial y-ion and b-ion series
visible in the fragmentation spectrum are indicated, and the y*9 peak, representing a terminal lysine
residue shifted by 42 Da, indicated by an asterisk. The fragmentation peak list is shown (C) with the
peaks that could be assigned to the identified peptide with a Mascot search of the Swiss-Prot
database indicated in red, and the peaks that were observed in the fragmentation spectrum,

underlined. The b and y** columns indicate b-ion and y-ion fragments that are doubly charged.

Looking at figure 4.2.2.4, precursor-ion scan identified a peptide that had a double loss of
126Da diagnostic ion. A search of the Swiss-Prot database with the CID fragmentation
spectrum of this peak, using the Mascot search engine, predicted a pepide that was di-
acetylated at position K559 and K561 with a precursor mass of 696.3873Da (doubly
charged) which had an ion score of 39 and an E value of 2.2. Studying next at the EPI
spectrum, partial b-ion and y-ion series are evident (see Fig. 4.2.2.4B). The mass difference
between y10 and y9 where the lysine 559 at the N-terminal end is situated is: 1255.6892 —
1085.5837 = 170.1055, which is equal to an acetylated lysine. Similarly, the mass difference

between y8 and y7 where lysine 561 is located is: 988.5309 — 818.4254 = 170.1055, also
103



equal to an acetylated lysine residue. This strongly supports the fact that the peptide

(HKPKATEEQLK) is indeed di-acetylated at K559 and K561.
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Order b Seq. y Order
1 138.0662 H 11
2 308.1717 K [1255.6892| 10
3 405.2245 P |1085.5837 9
4 575.3300 K 988.5309 8
S 646.3671 A 818.4254 I
6 747.4148 T 747.3883 6
I 876.4574 E 646.3406 5
8 1005.5000 | E 517.2980 4
9 1133.5586 | Q | 388.2554 3
10 |1246.6426| L 260.1969 2
11 K 147.1128 1

Figure 4.2.2.4 K559 and K561 acetylation was detected in acetylated BSA upon performing
precursor ion scan at 126 Da. A tryptic digest of acetylated BSA isolated was analyzed by MS. The
enhanced resolution spectrum (A) and CID fragmentation spectrum of the peptide that resolved at
696.9 Da (doubly charged), indicated by the asterisk in panel A, is shown (B). The partial y-ion and b-
ion series visible in the fragmentation spectrum are indicated, and the y8 and y10 peaks, representing
terminal lysine residues shifted by 42 Da, indicated by asterisks. The fragmentation peak list is shown
(C) with the peaks that could be assigned to the identified peptide with a Mascot search of the Swiss-
Prot database indicated in red, and the peaks that were observed in the fragmentation spectrum,

underlined.

The precursor ion scan of the tryptic digest of the acetylated BSA identified the 126 Da
diagnostic ion in a 477.7979Da peptide (Fig 4.2.2.5A). A Mascot search of the Swiss-Prot
database with the fragmentation spectrum of this peptide identified the sequence
GACLLPKIETMR, located at sequence position 198-209 of the BSA. The ion score and
expectancy value was 55 and 0.056, respectively. The observed mass of 477.8 Da is for the
triply charged peptide. This peptide had a mass shift of 42 Da which is consistent with the
presence of a single acetyl group in the peptide, which may be located on K204. The

fragmentation spectrum (Fig. 4.2.2.5B) shows the presence of the y3, y4, y5, y6, y7 b5 and
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b6 fragments. Thus, the difference between observed y6 and y5 where lysine 204 is located
is: 819.4393 — 649.3338 = 170.1055 which is equal to a single acetylated Thus, the single

acetyl group detected in the fragment is present on K204.
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Order b Seq. y Order
1 58.0287 G 12
2 129.0659 | A |1373.7280| 11
3 289.0965 | C [1302.6908 | 10
4 402.1806 L [1142.6602 9
S 515.2646 L 1029.5761 8
6 612.3174 P 916.4921 7
7 782.4229 K 819.4393 6
8 895.5070 I 649.3338 5
9 1024.5496 | E 536.2497 4

10 11255973 | T 407.2071 3
11 ]1256.6377| M | 306.1594 2
12 R 175.1190 1

Figure 4.2.2.5 K204 acetylation was detected in acetylated BSA upon performing precursor ion
scan at 126 Da. A tryptic digest of acetylated BSA isolated was analyzed by MS. The enhanced
resolution spectrum (A) and CID fragmentation spectrum of the peptide that resolved at 477.8 Da
(triply charged), indicated by the asterisk in panel A, is shown (B). The partial y-ion and b-ion series
visible in the fragmentation spectrum are indicated, and the y6 peak, representing a terminal lysine
residue shifted by 42 Da, indicated by an asterisk. The fragmentation peak list is shown (C) with the
peaks that could be assigned to the identified peptide with a Mascot search of the Swiss-Prot
database indicated in red, and the peaks that were observed in the fragmentation spectrum,

underlined.

The precursor-ion scan detected a fragment ion loss of approximately 126Da from peptide
GACLLPKIETMR. A search of the Swiss-Prot database with the CID fragmentation spectrum
of this peak, using the Mascot search engine, predicted a pepide that was acetylated at
position K160 with a precursor mass of 477.7979Da (triply charged) which had an ion score
of 55 and an E value of 0.056. Studying the EPI spectrum, partial b-ion and y-ion series are

evident (Fig. 4.2.2.6B). The mass difference between y8 and y7 where the lysine 160 is
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situated is: 1097.5990 — 927.4934 = 170.1056, which is equal to an acetylated lysine. This

strongly supports the fact that the peptide (GACLLPKIETMR) is indeed acetylated at K160.
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Order b Seq. y Order
1 148.0757 F 11
2 334.1550 | W |1340.6997| 10
3 391.1765 | G |1154.6204 9
4 561.2820 K 11097.5990 8
5 724.3453 Y 927.4934 I
6 837.4294 L 764.4301 6
I 1000.4927 | Y 651.3461 5
8 11295353 | E 488.2827 4
9 1242.6194 | | 359.2401 3

10 |1313.6565| A 246.1561 2
11 R 175.1190 1

Figure 4.2.2.6 K160 acetylation was detected in acetylated BSA upon performing precursor ion
scan at 126 Da. A tryptic digest of acetylated BSA isolated was analyzed by MS. The enhanced
resolution spectrum (A) and CID fragmentation spectrum of the peptide that resolved at 744.4 Da
(doubly charged), indicated by the asterisk in panel A, is shown (B). The partial y-ion and b-ion series
visible in the fragmentation spectrum are indicated, and the y8 peak, representing a terminal lysine
residue shifted by 42 Da, indicated by an asterisk. The fragmentation peak list is shown (C) with the
peaks that could be assigned to the identified peptide with a Mascot search of the Swiss-Prot
database indicated in red, and the peaks that were observed in the fragmentation spectrum,

underlined

Looking at figure 4.2.2.7, it is evident that K401 was acetylated. The precursor ion scan
identified the peptide LKHLVDEPQNLIK to may have lost a diagnostic ion of approximately
126Da. When the CID fragmentation spectrum was submitted to Mascot search engine to
search against Swiss-Prot database, a peptide of the mass of 530.4008Da (triply charged)
was predicted. The ion score of the peptide was 52 with an expectancy value of 0.11. Figure
4.2.2.7A, an enhanced resolution spectrum, was considered to confirm the charge state and
the mass of the precursor ion (530.4Da), which was within 0.0008 Da of the predicted

peptide. The location of the acetyl group on the peptide was verified by studying the
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fragmentation spectrum (Fig. 4.2.2.7B) and the peak list table. It was evident from the table
that the mass shift between the observed y"™12 and the predicted y11, where the only
possible site of acetylation is located is: 2x (738.9065 — 653.8537) = 170.1056, is equal to a
single acetyl group. Therefore, this further strengthens the possibility that the peptide

LKHLVDEPQNLIK may be acetylated at K401.
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Order b b** Seq. y y Order
1 114.0913 | 57.5493 L 13
2 284.1969 | 142.6021 | K |1476.8057 | 738.9065 12
3 421.2558 |211.1315| H | 1306.7001 | 653.8537 11
4 534.3398 | 267.6736 L 1169.6412 | 585.3242 10
5 633.4083 | 317.2078 | V | 1056.5572 | 528.7822 9
6 748.4352 | 374.7212 | D 957.4887 | 479.2480 8
7 877.4778 | 439.2425 E 842.4618 | 421.7345 7
8 9745306 | 487.7689 | P 713.4192 | 357.2132 6
9 1103.5731 | 552.2902 | Q 616.3664 | 308.6869 5
10 1217.6161 | 609.3117 N 487.3239 | 244.1656 4
11 1330.7001 | 665.8537 L 373.2809 | 187.1441 3
12 1443.7842 | 722.3957 I 260.1969 | 130.6021 2
13 K 147.1128 | 74.0600 1

Figure 4.2.2.7 K401 acetylation was detected in acetylated BSA upon performing precursor ion
scan at 126Da. A tryptic digest of acetylated BSA isolated was analyzed by MS. The enhanced
resolution spectrum (A) and CID fragmentation spectrum of the peptide that resolved at 530.4 Da
(triply charged), indicated by the asterisk in panel A, is shown (B). The partial y-ion and b-ion series
visible in the fragmentation spectrum are indicated, and the y""12 peak, representing a terminal lysine
residue shifted by 42 Da, indicated by an asterisk. The fragmentation peak list is shown (C) with the
peaks that could be assigned to the identified peptide with a Mascot search of the Swiss-Prot
database indicated in red, and the peaks that were observed in the fragmentation spectrum,

underlined. The b and y** columns indicate b-ion and y-ion fragments that are doubly charged.

The precursor ion scan also identified a peptide located in third region of the BSA called
Albumin domain, which contains five or six internal di-sulphide bonds (Hilger et al., 2001), to
have lost a double diagnostic ion with mass of 126Da. A search of the Swiss-Prot database
with the CID fragmentation spectrum of this peak, using the Mascot search engine, predicted
a peptide that was di-acetylated at position K547 and K548 with a precursor mass of
798.5706Da (doubly charged) which had an ion score of 54 and an E value of 0.073.

Looking at the CID fragmentation spectrum, partial b-ion and y-ion series are evident (Fig.
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4.2.2.8B). There are two possible sites of acetylation. The mass difference between y11 and
y10 where the lysine 547 is situated is: 1354.8304 — 1184.7249 = 170.1055, which is equal
to an acetylated lysine. Similarly, the mass difference between y10 and y9, where the
second possible site of acetylation is immediately located is: 1184.7249 — 1014.6194 =
170.1055, which is equal to a single acetylated. This strongly supports the fact that the

peptide (QIKKQTALVELLK) is indeed di-acetylated at K547 and K548.

In the first region of the Albumin domain located at the N-terminal region of BSA, precursor
ion scan detected a loss of the diagnostic ion 126Da. Mascot probability algorithms
predicted a peptide with a mass of 663.3691Da (triply charged). The ion socre was 61 and E
value of 0.019. Looking at the ER spectrum (see Fig. 4.2.2.9A), a precursor ion peak with a
mass of 663.2Da which is within 0.2Da of the predicted mass, was identified. By studying the
enhanced product ion (see Fig. 4.2.29B), the difference between the observed peaks y6 and
y5, where the lysine 100 is situated is: 715.4461 — 545.3406 = 170.1055Da, which is equal

to a single acetylated lysine residue.

Looking at figure 4.2.2.10, a precursor ion scan detected a peptide with four sites of
acetylation with three sites already been identified. Mascot search predicted a peptide with
mass of 724.2234Da (triply charged). The predicted sites of acetylation were K547, K548,
both already identified (see Fig.4.2.2.8), K559, already identified in Fig. 4.2.2.4, and finally
K557 which is the unique modification in this overlapping peptide. Looking at the enhanced
resolution (Fig. 4.2.2.10A), it is evident that a precursor ion peak with a mass of 724.2Da
(triply charged) which is within 0.02Da of the predicted mass. To verify the location of the
unique modification site in this peptide the fragmentation spectrum and the peak list was
considered, whereby it was observed that the mass difference between the observed peaks
y5 and y4, where the unidentified lysine acetylated is located is: 721.4355 — 551.3300 =

170.1055, which is equal to a single acetylated lysine residue.
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Order b Seq. y Order
1 129.0659 | Q 13
2 242.1499 I 1467.9145 12
3 412.2554 K 11354.8304 11
4 582.3610 K |1184.7249 10
S 710.4195 Q ]1014.6194 9
6 811.4672 T 886.5608 8
I 882.5043 A 785.5131 I
8 995.5884 L 714.4760 6
9 1094.6568 | V | 601.3919 5
10 |1223.6994| E 502.3235 4
11 ]1336.7835| L 373.2809 3
12 |1449.8675| L 260.1969 2
13 K 147.1128 1

Figure 4.2.2.8 K547 and K548 acetylation was detected in acetylated BSA upon performing
precursor ion scan at 126Da. A tryptic digest of acetylated BSA isolated was analyzed by MS. The
enhanced resolution spectrum (A) and CID fragmentation spectrum of the peptide that resolved at
798.6 Da (doubly charged), indicated by the asterisk in panel A, is shown (B). The partial y-ion and b-
ion series visible in the fragmentation spectrum are indicated, and the yl10 and yll peaks,
representing terminal lysine residues shifted by 42 Da, indicated by asterisks. The fragmentation peak
list is shown (C) with the peaks that could be assigned to the identified peptide with a Mascot search
of the Swiss-Prot database indicated in red, and the peaks that were observed in the fragmentation

spectrum, underlined.

Finally, a loss of the diagnostic ion (126Da) was also detected on a peptide located at the N-
terminal of the acetylated BSA. A search of the Swiss-Prot database with the CID
fragmentation spectrum of this peak, using the Mascot search engine, predicted a 31
residue long peptide that was acetylated at position K65 with a precursor mass of
1227.0394Da (triply charged) which had an ion score of 85 and an E value of 0.00017.
Looking at the CID fragmentation spectrum, partial b-ion and y-ion series are evident (Fig.

4.2.2.11B). There is only one possible site of acetylation. The mass difference between y11
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and y10 where the lysine 547 is situated is: 1333.7362 — 1163.6307 = 170.1055, which is

equal to an acetylated lysine.
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Order b Seq. y Order
1 88.0393 S 17
2 201.1234 L [1900.9949 | 16
3 338.1823 H [1787.9109| 15
4 439.2300 T 11650.8520| 14
S 552.3140 L 1549.8043 13
6 699.3824 F [1436.7202| 12
7 756.4039 | G [1289.6518 | 11
8 871.4308 D [1232.6303| 10
9 1000.4734 | E |1117.6034 9
10 1113.5575 L 988.5608 8
11 | 1273.5882| C | 875.4767 7
12 1443.6937 | K 715.4461 6
13 ]11542.7621 | V | 545.3406 5
14 1613.7992 | A 446.2722 4
15 ]1700.8312| S 375.2350 3
16 ]1813.9153| L 288.2030 2
17 R 175.1190 1

Figure 4.2.2.9 K100 acetylation was detected in acetylated BSA upon performing precursor ion

scan at 126Da. A tryptic digest of acetylated BSA isolated was analyzed by MS. The enhanced

resolution spectrum (A) and CID fragmentation spectrum of the peptide that resolved at 663.8Da

(triply charged), indicated by the asterisk in panel A, is shown (B). The partial y-ion and b-ion series

visible in the fragmentation spectrum are indicated, and the y6 peak, representing a terminal lysine

residue shifted by 42 Da, indicated by an asterisk. The fragmentation peak list is shown (C) with the

peaks that could be assigned to the identified peptide with a Mascot search of the Swiss-Prot

database indicated in red, and the peaks that were observed in the fragmentation spectrum,

underlined.
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Order b b** Seq. y y Order
1 129.0659 65.0366 Q 17
2 242.1499 | 121.5786 I 2043.2212 | 1022.1142 16
3 412.2554 | 206.6314 K 1930.1371 | 965.5722 15
4 582.3610 | 291.6841 K |1760.0316 | 880.5195 14
5 711.4035 | 356.2054 Q | 1589.9261 | 795.4667 13
6 812.4512 | 406.7293 T |1460.8835 | 730.9454 12
7 883.4883 | 442.2478 A | 1359.8358 | 680.4216 11
8 996.5724 | 498.7898 L 1288.7987 | 644.9030 10
9 1095.6408 | 548.3240 V | 1175.7147 | 588.3610 9
10 1224.6834 | 612.8453 E |1076.6462 | 538.8268 8
11 1337.7675 | 669.3874 L 947.6037 | 474.3055 7
12 1450.8515 | 725.9294 L 834.5196 | 417.7634 6
13 1620.9571 | 810.9822 K 721.4355 | 361.2214 5
14 1758.0160 | 879.5116 H 551.3300 | 276.1686 4
15 1928.1215 | 964.5644 K 414.2711 | 207.6392 3
16 2025.1743 |1 1013.0908 | P 244.1656 | 122.5864 2
17 K 147.1128 74.0600 1

Figure 4.2.2.10 K547, K548, K557 and K559 acetylation was detected in acetylated BSA upon

performing precursor ion scan at 126Da. A tryptic digest of acetylated BSA isolated was analyzed

by MS. The enhanced resolution spectrum (A) and CID fragmentation spectrum of the peptide that

resolved at 724.2 Da (triply charged), indicated by the asterisk in panel A, is shown (B). The partial y-

ion and b-ion series visible in the fragmentation spectrum are indicated, and the y3, y5, y""14 and

y'"15 peak, representing terminal lysine residues shifted by 42 Da, indicated by asterisks. The

fragmentation peak list is shown (C) with the peaks that could be assigned to the identified peptide

with a Mascot search of the Swiss-Prot database indicated in red, and the peaks that were observed

in the fragmentation spectrum, underlined. The b*" and y** columns indicate b-ion and y-ion fragments

that are doubly charged.
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Order b Seq. y Order
1 58.0287 G 31
2 171.1128 L [3623.8342| 30
3 270.1812 V | 3510.7501 29
4 383.2653 L [3411.6817| 28
5 496.3493 | ]13298.5976 | 27
6 567.3865 | A |[3185.5136| 26
I 714.4549 F |3114.4765 25
8 801.4869 S 12967.4081| 24
9 929.5455 | Q [2880.3760 | 23
10 |1092.6088 | Y |2752.3174| 22
11 |1205.6929 | L |2589.2541| 21
12 1334.7355| Q | 2476.1701 20
13 | 1463.7780| Q |2347.1275| 19
14 11623.8087| C |2218.0849| 18
15 1720.8615| P | 2058.0542 17

16 |1867.9299| F |1961.0015| 16
17 11982.9568 | D |1813.9330| 15
18 ]2111.9994| E [1698.9061| 14
19 ]2249.0583| H |1569.8635| 13
20 |2348.1267 | V |1432.8046| 12
21 ]2518.2323| K [1333.7362| 11
22 12631.3163| L |1163.6307| 10
23 |2730.3847 | V |1050.5466 9
24 2844.4277 | N 951.4782 8
25 |2973.4703| E 837.4353 7
26 |3086.5543 | L 708.3927 6
27 131876020 T 595.3086 5
28 |3316.6446 | E | 494.2609 4
29 |3463.7130| F 365.2183 3
30 |3534.7501| A 218.1499 2
31 K 147.1128 1

Figure 4.2.2.11 K65 acetylation was detected in acetylated BSA upon performing precursor ion
scan at 126Da. A tryptic digest of acetylated BSA isolated was analyzed by MS. The enhanced
resolution spectrum (A) and CID fragmentation spectrum of the peptide that resolved at 1227.0Da
(triply charged), indicated by the asterisk in panel A, is shown (B). The partial y-ion and b-ion series
visible in the fragmentation spectrum are indicated, and the y11 peak, representing a terminal lysine
residue shifted by 42 Da, indicated by an asterisk. The fragmentation peak list is shown (C) with the

peaks that could be assigned to the identified peptide with a Mascot search of the Swiss-Prot
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database indicated in red, and the peaks that were observed in the fragmentation spectrum,

underlined.

1-300 residues

BSA with precursor-ion scan
10 20 30 40 50 60
MKWVTFISLL LLFSSAYSRG VFRRDTHKSE IAHRFEDLGE EHFKGLVLIA FSQYLQQCPF

BSA without precursor-ion scan
10 20 30 40 50 60
MKWVTFISLL LLFSSAYSRG VFRRDTHKSE IAHRFKDLGE EHFKGLVLIA FSQYLQQCPF

BSA with precursor-ion scan
70 80 90 100 110 120
DEHVELVNEL TEFAKTCVAD ESHAGCEKSL HTLFGDELCE VASLRETYGD MADCCEKQEP

BSA without precursor-ion scan
70 80 90 100 110 120
DEHVKLVNEL TEFAKTCVAD ESHAGCEKSL HTLFGDELCK VASLRETYGD MADCCEKQEP

BSA with precursor-ion scan
130 140 150 160 170 180
ERNECFLSHK DDSPDLPKLK PDPNTLCDEF KADEKKFWGH YLYEIARRHP YFYAPELLYY

BSA without precursor-ion scan
130 140 150 160 170 180
ERNECFLSHK DDSPDLPKLK PDPNTLCDEF KADEKKFWGK YLYEIARRHP YFYAPELLYY

BSA with precursor-ion scan
190 200 210 220 230 240
ANKYNGVFQE CCQAEDKGAC LLPRIETMRE KVLASSARQR LRCASIQKFG ERALEAWSVA

BSA without precursor-ion scan
190 200 210 220 230 240
ANKYNGVFQE CCQAEDKGAC LLPKIETMRE KVLASSARQR LRCASIQKFG ERALEAWSVA

BSA with precursor-ion scan
250 260 270 280 290 300
RLSQKFPKAE FVEVTKLVTD LTKVHKECCH GDLLECADDR ADLAKYICDN QDTISSKLKE

BSA without precursor-ion scan

250 260 270 280 290 300
RLSQKFPKAE FVEVTKLVTD LTKVHKECCH GDLLECADDR ADLAKYICDN QDTISSKLKE
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301-607 residues

BSA with precursor-ion scan
310 320 330 340 350 360
CCDKPLLEKS HCIAEVEKDA IPENLPPLTA DFAEDKDVCK NYQEAKDAFL GSFLYEYSRR

BSA without precursor-ion scan
310 320 330 340 350 360
CCDKPLLEES HCIAEVEKDA IPENLPPLTA DFAEDKDVCK NYQEAKDAFL GSFLYEYSRR

BSA with precursor-ion scan
370 380 390 400 410 420
HPEYAVSVLL RLAKEYEATL EECCAKDDPH ACYSTVFDKL mHLVDEPQNL IKQNCDQFEK

BSA without precursor-ion scan
370 380 390 400 410 420
HPEYAVSVLL RLAKEYEATL EECCAKDDPH ACYSTVFDKL KHLVDEPQNL IKQNCDQFEK

BSA with precursor-ion scan
430 440 450 460 470 480
LGEYGFQNAL IVRYTRKVPQ VSTPTLVEVS RSLGEVGTRC CTKPESERMP CTEDYLSLIL

BSA without precursor-ion scan
430 440 450 460 470 480
LGEYGFQNAL IVRYTRKVPQ VSTPTLVEVS RSLGIVGTRC CTKPESERMP CTEDYLSLIL

BSA with precursor-ion scan
490 500 510 520 530 540
NRLCVLHEKT PVSEKVTKCC TESLVNRRPC FSALTPDETY VPKAFDEKLF TFHADICTLP

BSA without precursor-ion scan
490 500 510 520 530 540
NRLCVLHEKT PVSERVTKCC TESLVNRRPC FSALTPDETY VPKAFDEKLF TFHADICTLP

BSA with precursor-ion scan
550 560 570 580 590 600
DTEKQIEEQT ALVELLEHEP BATEEQLKTYV MENFVAFVDK CCAADDKEAC FAVEGPKLVWV

BSA without precursor-ion scan
550 560 570 580 590 600
DTEKQIKEQT ALVELLKHEP BATEEQLKTV MENFVAFVDK CCAADDKEAC FAVEGPKLVWV

BSA with precursor-ion scan
STQTALA

BSA without precursor-ion scan
STQTALA

Figure 4.3. Comparison of acetylation state of full length sequence acetylated BSA (Promega)

with precursor-ion scan and without precursor-ion scan. Sites of acetylation are indicated by red

rectangles.
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In bottom-up tandem MS, acetylated lysines are localised by the presence of a 170Da gap
(acetyl-lysine residue) between consecutive b- and y-ions and through the presence of
“diagnostic” ions. The derivative of immonium ion of acetyl-lysine that has lost ammonia (Im
— NH3,126.0913Da) were reported as MS/MS marker ions for the presence of acetylated
lysine (Trelle and Jensen, 2008). Here, we used acetylated BSA (Promega), which has been
reported to enhance the performance of restriction enzymes, to test the effectivity and
specificity of the targeted discovery of modified peptides (precursor — ion scan). To
understand the degree to which the precursor ion scan can improve the identification of
modified peptides in LC-MS/MS, we compared the MS/MS analysis of acetylated BSA
proteins using precursor ion scan and without precursor ion scan, in which case the target

discovery approach was replaced with broader survey scans (enhanced mass scans).

Looking at Figure 4.3, there were 13 sites of acetylation that were discovered by precursor
ion scan with an overall protein ion score of 219 as compared to 7 sites of acetylation
detected by the un-targeted enhanced MS method with an overall protein ion score of 77.
The precursor ion scan method had 8 sites of acetylation that were unique, whereas, the
enhanced MS method had only 2 sites of acetylation that were unique. Both these methods
had 5 overlapping sites of acetylation. It can be suggested, therefore, that the data
dependant and targeted approach of precursor ion scan may increase the discovery of

modified peptides by two folds.
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Figure 4.4. K12 and K16 of histone H4 are acetylated in exponential phase. A tryptic digest of
histone H4 isolated from exponential phase yeast cells was analyzed by MS. The enhanced
resolution ion spectrum (A) and CID fragmentation spectrum of the peptide that resolved at 464.4 Da
(doubly charged), indicated by the asterisk in panel A, is shown (B). The partial y-ion and b-ion series
visible in the fragmentation spectrum are indicated, and the y6 and b8 peaks, representing terminal
lysine residues shifted by 42 Da, indicated by asterisks. The fragmentation peak list is shown (C) with
the peaks that could be assigned to the identified peptide with a Mascot search of the Swiss-Prot
database indicated in red, and the peaks that were observed in the fragmentation spectrum,

underlined.

After establishing that we can successfully detect acetylated lysine residues in bovine serum
albumin, histone H4 was isolated from exponential phase S. cerevisiae cells using the
Zymolyase method, resolved by SDS-PAGE electrophoresis, the H4 containing gel slice
excised, the histone digested with trypsin in the gel slice, and the resulting peptides eluted

and subjected to MS analysis.

Of all the peptides generated by tryptic cleavage of H4, only the peptide from position 9-17
produced a diagnostic ion at approximately 126 Da, indicative of at least one acetylated
lysine residue. A di-acetylated H4 fragment with an E-value of 0.66 and a MOWSE score of
40 was identified when performing a Mascot search with the fragmentation spectrum of this
peptide against the Swiss-Prot database. Note that the reported expectancy value and
MOWSE score are for the peptide fragment only, not the whole H4 protein, which was
identified with a MOWSE score of 196. This assignment is supported by the precursor ion
mass of 464.3723 Da (see Fig. 4.4 A), recorded by the enhanced resolution scan of the ion.
This is within approximately 0.6 Da of the expected mass of the peptide GLGKGGAKR with

a mass of 843.5159 for the [M+H]" ion and 42.0106 Da for each of the acetyl groups, where
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the peptide is in a doubly charged state. This result provides very strong evidence that the
peptide fragment from 9-17 of H4 is di-acetylated. Since this fragment contains only two
lysine residues, it is very likely that both K12 and K16 were acetylated. To confirm this

assignment, the CID fragmentation spectrum was also considered.

Partial b- and y-ion fragmentation series could be identified (see Fig. 4.4 B). Looking first at
the y-ion series, the y4, y5, y6 and y7 fragments were visible. Histone H4 lysine 12 will thus
correspond to the N-terminal residue in the y6 fragment. The mass difference between the
y5 and y6 fragment is 170.1055 Da. This is within 0.1 Da of the mass of an acetylated lysine
residue, which is equal to 128.09 Da plus 42.0106 Da. This result demonstrates that lysine

12 of H4 is acetylated in exponential phase S. cerevisiae cells.

Looking next at the b-ion series (Fig. 4.4 B), the b5, b6 and b8 ions could be identified.
Lysine 16 would be the C-terminal residue in the b8 fragment. Since the b7 fragment was
not observed, possibly due to the lower proton affinity of this fragment, it was not possible to
directly calculate the mass of the C-terminal residue in b8. However, the difference in mass
of the b6 (512.2827 Da) and b8 (753.4254 Da) fragments was 241.1427 Da. The mass of
the di-peptide AK with the lysine acetylated is 241.13, within 0.1 Da of the observed mass.
This provides very strong evidence that the second acetyl group is present on K16 of the H4

fragment.

To investigate the acetylation state of histone H4 in semi-quiescent S. cerevisiae, we
isolated H4 from stationary phase yeast cells using the Zymolyase method, performed a
tryptic digest of the sample resolved on an SDS-PAGE gel, and analyzed the eluted peptide

fragments by MS.
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We could not detect the diagnostic ion at 126 Da, a sub-fragment formed by loss of
ammonia from the immonium ion of acetylated lysine, during a precursor-ion scan of all
peptides generated by tryptic cleavage of H4. This result suggested that H4 was not
acetylated in yeast in stationary phase. However, since ion-suppression in different samples
may influence the generation of the immonium ion sub-fragment, we also studied the

fragmentation spectra of the peptides. The result is shown in Fig. 4.5.
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Order b Seq. y Order
1 58.0295 G 9
2 171.1135 L 786.5192 8
3 228.1350 G 673.4351 7
4 356.2299 K 616.4136 6
5 413.2514 G 488.3187 5
6 470.2729 G 431.2972 4
7 541.3100 A 374.2757 3
8 669.4050 K 303.2386 2
9 R 175.1437 1

Figure 4.5. K12 and K16 of histone H4 are non-acetylated in stationary phase. A tryptic digest of
histone H4 isolated from stationary phase yeast cells was analyzed by MS. The enhanced product ion
spectrum (A) and CID fragmentation spectrum of the peptide that resolved at 421.9 Da (doubly
charged), indicated by the asterisk in panel A, is shown (B). The partial y-ion and b-ion series visible
in the fragmentation spectrum are indicated, and the y6 and b8 peaks, representing a terminal lysine
residue, indicated by asterisks. The expected fragmentation peak list is shown (C) with the peaks that

were observed in the fragmentation spectrum, underlined.

Looking first at the GLGKGGAKR peptide from position 9-17 of H4, found to be di-acetylated
in exponential phase, a precursor peak at 421.9 Da is visible (see Fig. 4.5 A and B). In
addition, the MOWSE score of the full length stationary phase histone H4 identified by
Mascot was 114. A search of the Swiss-Prot database with the CID fragmentation spectrum
of this precursor peptide peak, using the Mascot search engine, could not identify the H4
fragment from position 9-17. However, upon manually searching the Analyst v1.2
(AB/SCIEX) peak list, the fragment was observed. The mass at which this peak resolved
(421.9 Da) is consistent (within 0.4 Da) with the doubly charged peptide GLGKGGAKR with
none of the lysines acetylated. Looking next at the MS/MS spectrum, partial b-ion and y-ion
series are visible (see Fig. 4.5 C). The mass difference between y5 and y6, where lysine 12

is present as the N-terminal residue, is 616.4136 - 488.3187 = 128.0949, within 0.1Da of the
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mono-isotopic mass of unmodified lysine. Lysine 16 is the C-terminal residue of the b8 ion.
The mass difference between b7 and b8 is 669.4050 - 541.3100 = 128.095, also within 0.1
Da of the mass of an unacetylated lysine residue. This result demonstrated that, in contrast
to exponential phase, both lysine 12 and 16 were not acetylated in stationary phase.
Although it is a formal possibility that low levels of the acetylated peptide were present, no

evidence of a mono- or di-acetylated peptide containing K12 and K16 were observed.

We next asked whether the acetylation state of histone H3 also differed between exponential
and stationary phase in yeast. Histone H3 was isolated from exponential and stationary
phase yeast cells, resolved by SDS-PAGE, the gel fragment excised and the histone
digested with trypsin in the gel matrix. The eluate was finally analyzed by MS. The digest
was separated on a C-18 HPLC nano column, and a precursor-ion scan performed on the
eluate. Where a 126 Da precursor ion, indicative of acetylated lysine, was detected, the
fragmentation spectrum of the eluting peptide was also recorded. We detected two
acetylated peptides in histone H3 isolated from exponential phase, a di-acetylated peptide
(Fig. 4.6) and a mono-acetylated peptide (Fig.4.8). A Mascot search of the Swiss-Prot
database with the MS/MS spectrum identified the di-acetylated peptide KSTGGKAPR
(residue position 9-17) (Expectancy value=0.014; MOWSE score=44). In its un-acetylated
form this peptide has a predicted mass of 451.26 Da in its doubly charged state. The
enhanced resolution scan of this di-acetylated peptide revealed a mass of 493.4 for the
doubly charged state (Fig. 4.6A), a difference of 42.14, consistent with the presence of two
acetyl groups on this peptide. Looking at the fragmentation spectrum (Fig. 4.6B) partial y-ion
and b-ion series are visible. It was not possible to directly view the N-terminal lysine residue,
since the bl ion resolved below the lower mass cut-off of the fragmentation spectrum.
However, the y8 ion was detected at 815.437 Da. Thus the mass difference between the full
peptide (986.8 Da for the singly charged state) and the y8 ion is 171.363 Da, which is most

consistent with an acetylated lysine residue (170.1 Da). Neither the y3 nor b6 ions were
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observed in the fragmentation spectrum, it is therefore not possible to directly calculate the
mass of K14. However, we note that the mass predicted for the y2 ion of the KSTGGKAPR
peptide was 343.2088 Da (Fig. 4.6C). The y4 ion, which was observed, had a mass of
513.3144 Da. Thus, the N-terminal residue of the y4 fragment had a mass of 170.1056 Da,
consistent with an acetylated lysine residue. Furthermore, the mass difference between the
predicted b6 and observed b5 ions is 643.3410 - 473.2354 = 170.1056, again consistent with
an acetylated lysine residue. We therefore conclude that K9 and K14 is acetylated in histone

H3 in exponential phase yeast cells.

To investigate whether these residues were also acetylated in semi-quiescent stationary
phase in yeast, histone H3 was isolated from stationary phase cells and analyzed as above.
The precursor-ion scan did not identify any acetylated peptides in the tryptic digest of
histone H3 isolated from stationary phase. We therefore performed an enhanced MS scan to
identify the KSTGGKAPR peptide. A 450.5 Da peak was identified (Fig. 4.7A), within 0.76
Da of a mass of 451.26 Da which is expected for the doubly charged peptide. Searching the
fragmentation spectrum of the peptide that eluted in this peak against the Swiss-Prot
database with Mascot, indeed we identified the un-acetylated KSTGGKAPR peptide as the
best match (Expectancy value=2.2; MOWSE score=21) Looking at the fragmentation
spectrum of this peptide (Fig. 4.7C) partial b-ion and y-ion series are visible. Again, the bl
ion, containing the N-terminal K9, is below the mass cut-off of the scan (Fig. 4.7C). The
mass difference between the full-length peptide (902.58 Da; singly charged) and y8 ion
(773.4264 Da) is 129.1536 Da, within 1 Da of the mass of an un-acetylated lysine residue.
Looking next at K14, a b5 (431.2249 Da) and b6° (541.3093 Da) fragment were observed,
the latter having lost a water molecule (18 Da). Thus, the observed mass of K14 is 541.3093
- 431.2249 + 18 = 128.0844 Da, within 0.1 Da of the mass of an un-acetylated lysine
residue. Neither the y3 nor the y4 fragment, or any neutral loss sub-fragment thereof, was

observed, not allowing calculation of the mass of K14 from the y-ion fragmentation series.
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However, the MS evidence presented above clearly indicated that both K9 and K14 were un-

acetylated in histone H3 isolated from stationary phase yeast cells.
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Order b Seq. y Order
1 171.1128 | K 9
2 258.1448 | S |815.4370 8
3 359.1925| T |728.4050 I
4 416.2140 | G |627.3573 6
5 473.2354| G |570.3358 5
6 643.3410 | K |513.3144 4
7 714.3781| A |343.2088 3
8 811.4308 | P |272.1717 2
9 R |175.1190 1
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Figure 4.6. K9 and K14 of histone H3 are acetylated in exponential phase. A tryptic digest of
histone H3 isolated from exponential phase yeast cells was analyzed by MS. The enhanced product
ion spectrum (A) and CID fragmentation spectrum of the peptide that resolved at 493.4 Da, indicated
by the asterisk in panel A, is shown (B). The partial y-ion and b-ion series visible in the fragmentation
spectrum are indicated, and the y4 peak, shifted by 42 Da, indicated by the asterisk. The
fragmentation peak list is shown (C) with the peaks that could be assigned to the identified peptide
with a Mascot search of the Swiss-Prot database indicated in red, and the peaks that were observed

in the fragmentation spectrum, underlined.
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0

Order b b° Seq. y y Order
1 129.1022 K 9
2 216.1343 | 198.1237 S 773.4264 | 755.4159 8
3 317.1819 | 299.1714 T 686.3944 | 668.3838 7
4 374.2034 | 356.1928 G 585.3467 6
5 431.2249 | 413.2143 G 528.3253 5
6 559.3198 | 541.3093 K 471.3038 4
7 630.3570 | 612.3464 A 343.2088 3
8 727.4097 | 709.3991 P 272.1717 2
9 R 175.1190 1

Figure 4.7. K9 and K14 of histone H3 are un-acetylated in stationary phase. A tryptic digest of
histone H3 isolated from stationary phase yeast cells was analyzed by MS. The enhanced product ion
spectrum (A) and CID fragmentation spectrum of the peptide that resolved at 493.4 Da, indicated by
the asterisk in panel A, is shown (B). The partial y-ion and b-ion series visible in the fragmentation
spectrum are indicated, and the y4 peak, shifted by 42 Da, indicated by the asterisk. The
fragmentation peak list is shown (C) with the peaks that could be assigned to the identified peptide
with a Mascot search of the Swiss-Prot database indicated in red, and the peaks that were observed
in the fragmentation spectrum, underlined. The b° and y0 columns indicate b-ion and y-ion fragments

that formed after loss of a water molecule (18 Da).

Apart from the H3 peptide KSTGGKAPR (residue position 9-17), the precursor ion scan of
the tryptic digest of H3 isolated from exponential phase yeast cells also identified the 126 Da
diagnostic ion in a 455.3 Da peptide (Fig 4.8A). A Mascot search of the Swiss-Prot database
with the fragmentation spectrum of this peptide identified the sequence SAPSTGGVKKPHR,
located at sequence position 28-40 of yeast H3 (Expectancy value=1.3; MOWSE score=23).
The predicted mass of this peptide is 1321.73 Da, 42 Da less than the observed mass of
1363.74 Da (the observed mass of 455.3 Da is for the triply charged peptide). This 42 Da
mass difference is consistent with the presence of a single acetyl group in the peptide, which

may be located on either K36 or K37. The fragmentation spectrum (Fig. 4.8B) shows the
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presence of the y3, y8, y9, y10 and y11 fragments. However, none of these fragments allow
the direct calculation of the mass for either K36 or K37. On the other hand, the b9 ion,
observed at 827.4258 Da (see the asterisk in Fig. 4.8B), contains K36 as the C-terminal
residue. The predicted mass of b8, which contains a residue that is not acetylatable, is
657.3202 Da (Fig. 4.8C). Thus, the difference between b8 and the observed b9 fragment is
170.1056 Da, which is within 0.1 Da of an acetylated lysine residue. Thus, the single acetyl

group detected in the fragment is present on K36 of H3. K37 is not acetylated.

We note that K27 precedes the H3 peptide SAPSTGGVKKPHR. It is well-documented that
acetylation of lysine abolished the ability of trypsin to hydrolyze the peptide backbone C-
terminal to the modified residue (Bloxham et al., 1981). Thus, the SAPSTGGVKKPHR
peptide fragment could only have been generated from an H3 molecule that was not
acetylated at residue K27. Furthermore, no fragment containing acetylated K27 was
detected in the precursor ion scan for the 126 Da diagnostic ion in the tryptic digest of H3.
We therefore conclude that K27, unlike K36, was not acetylated in histone H3 in exponential

phase.

We next performed a precursor ion scan on the tryptic digest of histone H3 isolated from
stationary phase yeast cells, but could not detect the 126 Da diagnostic ion in any eluted
fragment, suggesting that not all of the H3 peptides contained an acetyl group. We then
performed an enhanced MS scan, and identified the peptide KSAPSTGGVK at 523.4 Da
with a Mascot search of the fragmentation spectrum against the Swiss-Prot database (Fig.
4.9 C) (Expectancy value=0.11; MOWSE score=39). The predicted mass for the doubly
charged peptide is 466.23 Da. Thus, in its singly charged state, the peak identified as
KSAPSTGGVK is approximately 114 Da more massive than predicted. Nevertheless, the y-
ion series, of which 70% of the fragmentation products were matched by Mascot, and 40%

of the products observed, gave mass differences corresponding to the expected sequence.
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The entire series, intriguingly, is shifted by 112.052 Da, suggesting that the y1 lysine is
modified by an adduct of this mass. A search of the UniMod database of post-translational
protein modifications (Creasy and Cottrell, 2004) for any modification within 1 Da of this
mass, revealed a singly entry, acrolein, with the systematic name prop-2-enal. It is a highly
nucleophilic aldehyde that is a product of lipid metabolism, but also forms with thermal
decomposition of acrylamide, and was previously shown to form adducts by reacting with the
g-amino of lysine and with cysteine residues (Furuhata et al., 2003; Beretta et al., 2008).
However, acrolein has a molecular mass of 56 Da, suggesting that two acrolein adducts
formed per lysine residue in the peptide above. Beretta and colleagues previously showed
that two such adducts indeed formed on the single lysine residue of the GHK tri-peptide,
followed by intra-molecular aldol condensation and dehydration to form N-(3-formyl-3,4-
dehydropiperidino) lysine (Beretta et al., 2008). The proposed reaction scheme is shown in

Fig. 4.10

Since it is unlikely that trypsin would have cleaved a peptide C-terminal to such a
modification, we suggest that the di-acroleination of the C-terminal lysine of KSAPSTGGVK
occurred during electrophoresis in the polyacrylamide gel, where acrolein may have been
present. We therefore propose that this maodification did not occur in vivo. Importantly, we
found no evidence for acetylation of this lysine residue (K36), unlike the equivalent residue
of H3 in exponential phase. The m/z value of the observed b6-ion (572.3039 Da) also
showed that K27, N-terminal in the KSAPSTGGVK peptide, was not acetylated in H3 of S.

cerevisiae stationary phase.
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Order b b** Seq. y y Order
1 88.0393 44,5233 S 13
2 159.0764 80.0418 A 1276.7120 | 638.8597 12
3 256.1292 128.5682 P 1205.6749 | 603.3411 11
4 343.1612 172.0842 S 1108.6222 | 554.8147 10
5 444.2089 222.6081 T 1021.5901 | 511.2987 9
6 501.2304 | 251.1188 G 920.5425 | 460.7749 8
I 558.2518 | 279.6295 G 863.5210 | 432.2641 7
8 657.3202 329.1638 \Y 806.4995 | 403.7534 6
9 827.4258 | 414.2165 K 707.4311 | 354.2192 5
10 955.5207 | 478.2640 K 537.3256 | 269.1664 4
11 1052.5735 | 526.7904 P 409.2306 | 205.1190 3
12 1189.6324 | 595.3198 H 312.1779 | 156.5926 2
13 R 175.1190 88.0631 1

Figure 4.8. Histone H3 K36, but not K37, is acetylated in exponential phase. A tryptic digest of
histone H3 isolated from exponential phase yeast cells was analyzed by MS. The enhanced product
ion spectrum (A) and CID fragmentation spectrum of the peptide that resolved at 455.3 Da, indicated
by the asterisk in panel A, is shown (B). The partial y-ion and b-ion series visible in the fragmentation
spectrum are indicated, and the b9 peak, shifted by 42 Da relative to the mass of lysine, indicated by
the asterisk. The fragmentation peak list is shown (C) with the peaks that could be assigned to the
identified peptide with a Mascot search of the Swiss-Prot database indicated in red, and the peaks
that were observed in the fragmentation spectrum, underlined. Superscript "++" indicate doubly

charged fragments.
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Order b Seq. y Order
1 129.1022 K 10
2 216.1343 S 915.4782 9
3 287.1714 A 828.4462 8
4 384.2241 P 757.4090 7
5 471.2562 S 660.3563 6
6 572.3039 T 573.3243 5
7 629.3253 G 472.2766 4
8 686.3468 G 415.2551 3
9 785.4152 V 358.2336 2

10 K 259.1652 1
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Figure 4.9. Histone H3 K27 and K36 are not acetylated in stationary phase. A tryptic digest of
histone H3 isolated from stationary phase yeast cells was analyzed by MS. The enhanced product ion
spectrum (A) and CID fragmentation spectrum of the peptide that resolved at 523.4 Da, indicated by
the asterisk in panel A, is shown (B). The partial y-ion and b-ion series visible in the fragmentation
spectrum are indicated. The fragmentation peak list is shown (C) with the peaks that could be
assigned to the identified peptide with a Mascot search of the Swiss-Prot database indicated in red,
and the peaks that were observed in the fragmentation spectrum, underlined. Note that the y-ion

series is shifted by 112.056 Da due to the presence of an adduct of this mass on y1.

+ P +

Q H oH Hl - Hy -
HN | HC o
oH o+ \ . . HZC\ . HeC
\ N 2
N o \0
i acrolein N
L-ysine (rop2endl) | acrolein | ‘ |
yl-ion mz 560262  © adduct ° o °
miz 147.1132 ydion di-adduct N oyl B ey
miz 203.13% yl-ion piperidino) lysine
miz 259.1658 yion
Mz 2431707

Figure 4.10. Proposed reaction scheme for the formation of an acrolein adduct on the g-amino
group of lysine. (Adapted from Beretta et al., 2008). The predicted m/z values of the different

modified y1-ions are indicated.
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H3
Exponential phase

10 20 30 40
ARTKQTARES TGGHAPRKQL ATKAARKSAP ATGGVEKPHR

Stationary phase

10 20 30 40
ARTKQTARKS TGGKAPRKQL ATKAARKSAP ATGGVKKPHR
H4
Exponential phase
10 20 30 40

SGRGKGGKGL GEGGABRHRK ILRDNIQGIT KPAIRRLARR
Stationary phase

10 20 30 40
SGRGKGGKGL GKGGAKRHRK ILRDNIQGIT KPAIRRLARR

Figure. 4.11. Acetylation state of the N-terminal tail sequences of Saccharomyces cerevisiae

histones H3 and H4 in exponential and stationary phase. Sites of acetylation are indicated by red

rectangles.
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4.4, Discussion and Conclusions

Of the modifications studied, histone acetylation has been the most studied and appreciated.
Propelled, in part, by the discovery of the various enzyme complexes and the compelling
evidence that acetylation of specific lysine residues in the N-termini of the core histones

plays a fundamental role in transctription regulation (Struhl, 1998).

In 1964 Allfrey and colleagues showed histone H3 and H4 inhibited RNA synthesis in calf
nuclei in vitro, and that acetylation of the arginine-rich histones alleviated this repressive
effect. This initial report saw the birth of epigenetics and an understanding that covalent
modifications of histones may provide a mechanism whereby DNA function may be
regulated. In recent years post-translational modifications of histones have been shown to

underlie gene transcription.

Over a decade ago, a plethora of work has been done in trying to understand the type of
modifications on histone N-terminal tails and the possible physiological function inside the
living cell. A histone acetyltransferase was found to be responsible for acetylation of all four
nucleosomal histone H4 lysine residues (K5, K8, K12 and K16) and in histone H2A in vitro is
Esal which is part of the NuA4 complex (Clarke et al., 1999; Allard et al., 1999). In our work
we have shown that in exponential histone H4 lysine 12 and 16 are both acetylated. Lysine
12 is strongly associated with gene transcription in actively growing cells (Johnson et al.,
1998). Whereas, lysine 16 performs a more structural function in chromatin organisation. It
was illustrated that nucleosomal cores that were uniformly acetylated at lysine 16 hampered
the ability of chromatin to form cross-fibre interactions which lead to a more “relaxed” state of
chromatin (Shogren-Knaak, 2006). On the other hand, the stationary phase H4 was not

acetylated at neither lysine 12 and 16.

144



We have shown in exponential phase that histone H3 is acetylated at lysine 9, 14 and 36. In
addition, enhanced product ion spectrum (fig. 4.8) showed that some of the H3 lysine 27
peptides were not acetylated as trypsin cleaved after this residue. Peptides of the yeast
histone H3 in stationary phase were not acetylated at lysine 9, 14, 27, 36 and 37 (Figs 4.7
and 4.9). Some groups (Kuo et al., 1996; Utley et al., 1998; Zhang et al., 1998) have showed
that the yeast Gcn5 catalyses, among others, histone H3 K9 and K14 acetylation.
Furthermore, Chip-Chip studies showed that acetylation of histone H3 at lysine 9 and 14
peaks at predicted start sites of expressed genes and that this modification was associated
with genome-wide transcription rates (Pokholok et al., 2005).

Additional level of functional complexity in the acetylation or methylation of histone lysine
residues surfaced from the finding that lysine residues can be targeted for both acetylation
or methylation but not simultaneously. The interchange between acetylation, deacetylation
and methylation at the same sites illustrates a dynamic relationship between gene
expression and repression that has the potential to occur at other histone lysine residues.
Recent studies have described lysine 36 of histone H3 as a site of methylation mediated by
the methyltransferase Set2 in the budding yeast S. cerevisiae (Strahl et al., 2002). In its
methylated form, H3 K36 functions in the process of transcriptional elongation and occurs
prevalently in the coding regions of genes (Shilatifard, 2004). In addition to being a site of
methylation, H3 K36 can also be a target for acetylation (Morris et al., 2007). In Fig.4.8, we
have showed that histone H3 was acetylated at lysine 36. Morris and colleagues
demonstrated that acetylation of H3 at K36 is conserved in mammals and, in yeast, is
localized predominantly to the promoters of RNA polymerase ll-transcribed genes (Morris et
al., 2007). It was also demonstrated that the Gcn5-tethered SAGA complex particularly
acetylates H3 K36 in vitro and is required for H3 K36ac in vivo. Jointly, these results suggest

that H3 K36 acetylation maybe conserved and likely functions in transcription.
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SUMMARY

To date, the most studied post-translational histone madification is lysine acetylation, mainly
because of its link to active gene expression. In this study we have used a high-resolution
discontinuous TAU gel system to assess histone isoforms differing by a single acetyl group.
One way-Anova statistical analyses were used to calculate the average level for each
isoform at each time point for the four core histones. We found that the di-acetylated isoform
was predominant in H4. The predominance of the di-acetylated H4 isoform have been
shown to be indicative of a decondensed chromatin structure, as well as a requirement for
deposition in newly replicated chromatin (Chambers and Shaw, 1984). No statistically
significant change between the different acetylation isoforms of H4 was observed during exit
of stationary phase

In H3, a shift towards higher levels of acetylation was again observed during exit of
stationary phase. This tendency, however, was not statistically significant. The ratios
between the different acetylation isoforms remained even during exit of stationary phase for
both histones H2A and H2B. This was expected since it was demonstrated that the H2A-
H2B dimer-tails played a lesser role in chromatin compaction (Krajewski and Ausi6, 1996;

Dorigo et al., 2003; Kan et al., 2007).

We were surprised by the fact that the acetylation levels of particularly histones H3 and H4
were not statistically significantly different between exponential and stationary phases, and
investigated whether this could be due to a strain-specific effect. However, several

genotypically distinct strains gave identical results.

We then extended our study with targeted mass spectrometry. Core histones H3 and H4,
were isolated by the conventional zymolyase method, digested in the gel slice with trypsin,

the peptides were eluted and analysed by mass spectrometry. We specifically performed a
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precursor survey scan to detect the presence of peptides that generated an m/z 126
fragment by collision induced dissociation. This fragment was previously shown to allow the
unambiguous assignment of a 42 Da mass shift in a fragmentation series to acetylated
lysine as opposed to the approximately isobaric tri-methylated lysine. We found that there
was a difference in the acetylation state of histone H3 and H4 in stationary and exponential
phase in S. cerevisiae. The bulk of histone H3 was acetylated at K9, K14 and K36 in
exponential phase. Immuno-precipitation studies have shown that histone H3 at lysine 9 and
14 was intensively acetylated at the predicted transcription start sites of induced genes
(Pokholok et al., 2005).

We have also presented evidence that suggested that in exponential phase histone H4 K12

and K16 were both acetylated.

In the case of the TAU analysis, histones were isolated by a rapid isolation method. For the
MS analysis, the histones were isolated by a conventional zymolyase method. A striking
difference in the acetylation state of histones H3 and H4 in exponential and stationary phase
were observed with the latter method. We propose that the major reason for the
inconsistency in the observed acetylation states in the TAU the MS analyses were the two

histone isolation methods used.
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