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Summary

Summary

Nitric oxide (NO) is a small gaseous molecule with a wide range of functions. Due to its
highly reactive nature and rich chemistry, it is categorized as a signaling molecule, which is
involved in varies physiological processes in human and animals. Loss of its functions is
considered as one of the earliest indicators of disease. In plants NO plays an important role in
response to biotic and abiotic stress. S-Nitrosylation was identified as a possible mechanism
which describes how NO might contribute to plant development and stress-related responses.
In this context, it was investigated whether and how NO might be involved in regulation of
histone acetylation and which physiological meaning this process has in A. thaliana.

An LC-MS/MS analysis in combination with an immunoblotting approach revealed that
treatment of Arabidopsis seedlings with a physiological NO donor (GSNO) demonstrate a
trend of induced histone 3 and 4 acetylation. Treatment of seedlings with a 2,6-Dichloro-
isonicotinic acid (INA), which is known to induce endogenous NO production, also resulted
in a tendency towards enhanced histone acetylation. Moreover, it was found that the NO-
dependent modulation of chromatin structure is mainly based on the inhibition of HDAS
activity rather than on the transcriptional regulation of these proteins by NO. Furthermore, a
comparative analysis of S-nitrosylated mammalian HDA2 with plants HDAs identified
Arabidopsis’ HDA6 and HDA19 as the main candidates to be redox-regulated. Indeed, a
recombinant HDAG6 was demonstrated to be sensitive to NO and partially lost its activity upon
GSNO treatment. Aside from this, no changes in histone 3 acetylation were observed in
GSNO-treated hda6 cell culture, while a significant increase in histone 3 acetylation was
detected in a wild type suspension culture.

Additionally, a strong correlation between light-induced NO production and light-induced
histone acetylation supports the hypothesis that NO might control histone acetylation and
therefore regulate gene transcription in a light-dependent manner. Using ChIP-seq analyses,
changes in H3K9%ac were observed between plants transferred to the dark and those exposed
to light. An overlap of hundreds of genes was found hyperacetylated in both mutants, hda6
and hot5-2, under dark and light conditions, indicating that these loci might be regulated by
NO-induced inhibition of HDAG6 activity. Moreover, a potential role of NO in the regulation
of the photosynthetic processes was identified in this study.

In summary, this study suggests a new role of NO in the regulation of chromatin structure,
probably related to the direct inhibition of HDAs activity. Evidence was found indicating that
NO may participate in the photosynthetic performance and the assembly of photosynthetic

complexes through the regulation of histone acetylation of some of its subunits.






Introduction

1 Introduction
1.1 Nitric oxide signaling in plants

At least six gaseous molecules have been identified as intra- and intercellular messengers with
similar functions across almost every kingdom. They can be endogenously produced and
influence cellular processes. Four of these molecules (excluding oxygen and carbon dioxide)
have attracted the attention of many researchers, who extol them as being true signaling
messengers. These are ethylene (C,H,), carbon monoxide (CO), hydrogen sulfide (H,S) and
nitric oxide (NO) [1].

NO seems to possess the greatest potential as a signaling molecule, with more than 22,000
articles being published on the subject by the end of 2016 [2]. NO first rose to prevalence in
1979, when it was demonstrated that it has an important role in relaxation of vascular smooth
muscles [3]. Later, in 1987 NO was identified as having an important role in regulating blood
pressure and relieving heart conditions. By 1992, Science magazine had pronounced NO as
“molecule of the year”, and in 1998, it received worldwide recognition, when three scientists,
Robert F. Fuschgott, Louis J. Ignarro and Ferid Murad, obtained the Nobel Prize in
Physiology and Medicine by demonstrating the signaling properties of this gaseous molecule
[4][1].

NO is a very ancient molecule that seems to have been preserved over millions of years of
evolution [5]. It is essential for many biological processes throughout entire organisms.
However, the chemistry of NO is highly diverse, making it challenging to identify its

molecular function within a single cell.

1.1.1 Physicochemical properties of NO

NO is a heteronuclear diatomic molecule, with one unpaired electron on the nitrogen atom.
The half-life of NO is in the order of 3-5seconds in biological systems, which is extremely
short in relation to other signaling molecules. On the other hand, when compared to many
other free radicals which life-span averages often only several milliseconds, this is a relatively
long time. NO exhibits hydrophobic characteristics and therefore can easily diffuse and
accumulate in the lipid phase of the membranes [6][4][7].

In the presence of oxygen, NO can form other oxides, such as nitrogen dioxide (NO),

dinitrogen trioxide (N,O3), and dinitrogen tetroxide (N.O,), that can undergo further reactions
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with cellular amines or thiols. These nitrogen species can also be hydrolyzed to the main
products of NO metabolism: nitrate (NO3) and nitrite (NO3) [8].

NO can rapidly react with superoxide (O,- ) to form a highly reactive species, peroxynitrite
(ONOQ)’). Although it is unstable under physiological pH, ONOO- can still move
considerable distances within a cell and further react with proteins, lipids, carbohydrates and
DNA, inducing serious damage of a cell’s structure [9][10].

Loss of one of the unpaired electrons of NO results in the formation of a nitrosonium cation
(NO™), while a one - electron reduction of NO leads to the production of a nitroxyl radical
(NO") that was identified as a potential agent for the treatment of cardiovascular diseases

[11]. An overview of NO intermediates is illustrated in Figure 1A.

NO* <—— NO — > No
NO,- ONOO-
N,O3
B
— SH _ —M M = NO
$—NO oH {roH
NO,
S-Nitrosylation Metal-nitrosylation Tyrosine nitration

Figure 1: Formation of NO intermediates and transduction of their biochemistry.

Modified from[12]. When exposed to oxygen NO may form nitrogen dioxide (NO,), dinitrogen trioxide (N,Oz)
and dinitrogen tetroxide (N,O,). Peroxynitrite (ONOO") occurs through the reaction of superoxide (027) with
NO. Nitroxyl anion (NO") is a one-electron reduction product, whereas nitrosonium cation (NO*) results from
oxidation of NO. B) Posttranslational protein modifications by NO in a living cell. Binding of NO to a cysteine
residue of proteins results in the reversible formation of S-nitrosothioland can promote or inhibit the formation
of disulfide bonds within neighboring thiols. NO can react with transition metals. The covalent interaction of NO
with the centers of iron sulfur clusters, heme, and zinc-finger proteins (M) leads to the formation of nitrosylated
metalloproteins (M-NO). Tyrosine nitration is mediated by a NO-derived specie, peroxynitrite (ONOO-).
Nitration occurs in one of the two equivalent carbons in the aromatic ring of Tyr residues, which results in the
formation of 3-nitrotyrosine residues (3-NO2-Tyr).

Moreover, NO and its intermediates react with cellular nucleophiles, e.g. cysteines’ thiols and

the phenolic ring of tyrosine (Figure 1B). Through the oxidation of these two compounds
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nitrosothiols (R-S-N=0) and nitrotyrosines (R-NO,) are generated, respectively [13]. The

formation of both adducts plays an important role in understanding of NO functions in
different physiological processes and stress induced responses. Furthermore, NO can undergo
reactions with transition metals, such as iron or iron-sulphur clusters [9].

All in all, the behavior and biological functions of NO in a cell depends on the chemical

microenvironment, such as NO location, redox status, and oxygen concentration [1].

1.1.2 NO generation in plants

Since 1998, when NO was recognized as important signaling molecule in plants, scientists
have been faced with the problem of finding the source of NO production in plant cells. As
the mechanism of NO production has been described in detail in mammalian cells, it was
suggested that plants could have a homologous system. However, despite the full sequencing
of the Arabidopsis genome, no enzymes have been identified in higher plants that are similar
to those found in mammals.

In plants, NO is formed by two major pathways: reductive (nitrate-dependent) and oxidative
(arginine-dependent), which are depicted in Figure 2 [14]. The first pathway is based on
nitrate reductase (NR). NR is a molybdenum-containing enzyme that catalyzes the reaction of
nitrate to nitrite, and can further reduce nitrite to NO. NR is only one enzyme that has been
shown to function in NO production both in-vivo and in-vitro [15]-[17]. There are two NR
genes in Arabidopsis, NIA1 and NIAZ2, that exhibit a high amino acid sequence identity to
each other (83.5 %) [18]. Therefore, the question is often posed which of the isoforms is more
relevant for NO production. Many scientists take an advantage of double mutant, nialnia2, in
which both isoforms are affected. Using this, it was found that NR dependent NO production
is involved in cold responses [19][20], osmotic stress [21] and pathogen attack [22]. The role
of NIAL in NO synthesis, on the other hand, was identified as being crucial for ABA-induced
stomata closure [23]. Moreover, NIA1 might contribute to increased NR activity in response
to fungal elicitor [24]. It appears that NR-dependent NO production might be affected through
the posttranslational modification of this enzyme. Phosphorylation of NR on a serine residue
and binding of 14-3-3 proteins results in loss of its enzymatic activity [9][18]. Moreover, this
posttranslational modification of NR can even promote its degradation [26]. Nevertheless, by
the removal of posttranslational modifications from NR, NO emission could be detected from

leaves and roots [27].
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OXIDATIVE PATHWAY REDUCTIVE PATHWAY
NOj
N 02_

L-Arginine Nos .. O
HZym e9 \§Q~°‘$ N 03_
XOR NO,

Mitochondrial electron transport chain
PAO/AOC? 2
Polyamines NO

? Carotey, oids
Salicylhydroxamate Acidic ppy NO

Hydroxylamine 2

Figure 2: Owerview of NO bhiosynthesis in plants.

Modified from[28]. An oxidative pathway involves a nitric oxide synthase (NOS)-like enzyme and two other
ways of NO production using polyamines and hydroxylamines as substrates. A reductive pathway of NO
synthesis includes: a non-enzymatic way of NO formation under acidic pHor through the reduction of NO," by
carotenoids as wellas an enzymatic way which involves cytosolic and plasma membrane nitrate reductase (NR),
nitrite-NO reductase (NiNOR), mitochondrial electron transport chain and xanthine oxidoreductase (XOR).

In contrast, although plasma membrane-bound nitrate reductase (PM-NR) is considered to be
involved in nitrate uptake, it is not known whether PM-NR itself can form NO. However,
after reduction of nitrate by PM-NR, produced nitrite can be further utilized to NO by
associated plasma-membrane bound nitrite/NO reductase (NI-NOR) [29]. The amount of NO
produced by this reaction is mainly dependent on nitrite and oxygen content. It is suggested
that NO here plays a role in symbiotic interaction at the root surface [30].

Xanthine oxidoreductase (XOR) is also involved in NO formation. In mammals, this enzyme
can reduce nitrite under anaerobic conditions, in the presence of electron donors such as
NADH (pH 7) or xanthine (pH 6). XOR consists of two subunits with the mass of 145 kDa.
Each subunit includes one molybdenum atom, one FAD, and two nonidentical iron-sulfur
redox centers [31]. In plants, XOR was found in pea leaf peroxisomes [32]. However, no
evidence of NO production by XOR in plants has yet been published.

Another source of NO in plants was found in mitochondria. It was demonstrated that when
nitrite and NADH were applied to mitochondria, NO was formed, probably via cytochrome ¢

oxidase and/or reductase. However, NO production was only possible under anoxia [33].
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Under this condition a mitochondrial nitrite reduction also results in a synthesis of a small
amount of ATP.

NO can also be produced nonenzymatically. For example, an increase in NO levels was
demonstrated under acidic conditions in apoplast [34], and light-mediated reduction of nitrite
to NO by carotenoids has been described [35].

Production of NO via an oxidative route is based on the existence of NOS-like activity in
plants, which was primarily found in mammals. In animals, NO is synthesized predominantly
by nitric oxide synthase (NOS) that oxidizes L-arginine in the presence of O, and NADPH to
citrulline. There are three isoforms of NOS known: endothelial NOS (eNOS) and neuronal
NOS (nNOS) which are present constitutively and the activity of these enzymes is Ca®*
dependent. The third isoform is an inducible NOS (iNOS or mNOS) which is expressed as
part of an immune response mechanism and is Ca®* independent [36].

The existence of NOS activity in plants has been discussed for many years. It was suggested
that AtNOSL is a crucial player in NO synthesis since it was demonstrated to convert L-
arginine to L-citrulline and the activity of this protein was dependent on NADPH, Ca®* and
calmodulin, as seen like in the case of mammalian eNOS and nNOS. Additionally, atnosl
mutant plants exhibit a lower level of NO accumulation than wild type plants [37]. Later this
results were confirmed by other groups [38][39]. However, several other scientists have
expressed doubt about the reproducibility of earlier results and questioned the true function of
AtNOS1 [40][41]. Therefore, it was suggested to rename this protein to Arabidopsis thaliana
NO-associated 1 (AtNOAL). Later it was found that AtNOAL is a member of the cGTPase
family and thus exhibits GTPase activity [42].

However, researchers are still optimistic about finding NOS in plants. L-arginine-dependent
NOS activity has been reported in 11 plant species [43]. A homolog of the human NOS gene
was found in green algae Ostreococcus tauri. E. coli cell cultures transformed with algae
NOS were able to produce NO in-vivo and displayed enhanced cell viability [44]. This finding
reignited speculation as to whether higher plants indeed contain NOS-like enzymes. Recently,
another publication demonstrated a role of NOS-produced NO in plant response to Fe-
deficiency. However, again no NOS related enzyme was identified [45]. The fact that
different NOS isoforms are present in animals could indicate that NOS in plants also consists
of different enzymes or complexes, where each subunit is a part of the redox machinery. For
instance, AtNOA1 might contribute to or be a part of this system [18].

It was also suggested that polyamine oxidases and copper containing amine oxidases

participate in oxidative NO production. The polyamines spermine and spermidine triggered
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NO biosynthesis in Arabidopsis seedlings [46], while CuAO8 was demonstrated to be
involved in arginine-dependent NO production by manipulation of arginine availability [47].

Incubation of tobacco cell cultures with hydroxylamine or salicylhydroxamate also resulted in
NO accumulation [48], although the significance of this pathway is still unclear, since the

existence of hydroxylamines in plants has not be confirmed [49].
1.1.3 Physiological functions of NO

The chemical properties of NO make it multifunctional. Whereas some studies report toxic
and harmful action of NO species, such as cell death [50], damage of proteins, membranes,
and nucleic acids or photosynthetic inhibition [51], others demonstrate that NO shows
protective actions. In fact, the dual function of NO is often dependent on its concentration and
environment. For instance, low NO concentration promoted an expansion of pea leaves,
whereas an opposite effect was observed using a higher NO amount [52]. Similar results were
also obtained in monitoring of maize root growth which was induced by very low NO
concentration and reduced with the increasing of the amount of NO [53].

Based on NO functions it has been proposed as a stress-responding agent. It can counteract
toxic processes induced by ROS [54][55]. It was shown that NO is involved in abiotic stress
responses such as those to salinity, drought, UV-B radiation, temperature and heavy metal
toxicity [56][57][58][59][60][61][62][63]. The role of NO in biotic stress is essential. It plays
a key role in disease resistance against Pseudomonas syringae in Arabidopsis leaves, and is
required for SAR induction in tobacco [64][65][66]. Moreover, NO participates in plant
development and physiological processes such as germination, gravitropism, root
development and flowering [38][67][68][69][70].

Although there is no doubt that NO is crucial for plant development and survival, the
mechanism by which NO activates signaling function and the genes underlying this process
remain to be elucidated.

Light is essential for plant growth and development, whereas photosynthesis plays a central
role here by converting the light energy into complex compounds which are crucial for a cell
living. A number of studies have been performed demonstrating the involvement of NO on
photosynthesis, indicating that there should be a link between NO and light-induced
processes. It was found that NO donors or NO fumigation can affect photosynthetic
performance, chlorophyll fluorescence parameters as well as metabolic process related to

photosynthesis [71]. Dependent on NO donor, it is able to reduce or stimulate the electron



Introduction

transfer through PSII [72][73]. Inhibition of ApH formation by SNAP as well as the
suppression of ATP synthesis was demonstrated in spinach [74]. A protective role of NO in

plants has also been described. It was shown that NO is able to prevent chlorophyll (Chl) loss
under stress conditions, e.g. induced by Cd [75]. It was also found that SNP effects the gene
transcription of photosynthetic enzymes and decreases the amount of glucose in mung beans
[76]. The influence of NO on transcription of photosynthesis-related genes was also found in
a transcriptomic analysis of Arabidopsis plants fumigated with NO [77]. At the same time,

light is also known to induce gene transcription by controlling histone acetylation [78].

1.14 NO mode of action

NO chemical properties contribute to its role in signal transduction in a living cell. It can
rapidly undergo multiple chemical reactions with proteins, transcription factors or second
messengers. NO and its related species are able to modulate protein activity and biological
function through covalent post-translational modifications (PTM) by binding to the metal
centers of proteins and by affecting their cysteine and tyrosine residues (Figure 1B). The
major three NO-dependent PTMs are discussed in this chapter.

Tyrosine nitration is a post-translational modification that arises through the binding of a NO,

into ortho carbons of aromatic ring of tyrosine residues that leads to the formation of 3-
nitrotyrosine. At the same time this reaction induces changes in the neighboring amino acids,
such as inducing a drop in the pKa of the —OH group, causing steric restriction, or inhibiting
tyrosine phosphorylation. Formation of nitrotyrosines is a marker for “nitroxidative stress”
[79][80]. In plants, tyrosine nitration was detected under different stress conditions such as
pathogen infection, salt stress, or high temperature [81][82][83][84]. Usually, tyrosine
nitration is associated with loss of protein functions. For example, O-acetylserine(thiol)lyase
Al is an enzyme which is crucial for cysteine homeostasis, is inactivated upon nitration at
Tyr-302 [85]. Another enzyme, glutamine synthetase is nitrated at Tyr-167 and subsequently
loses its activity [86]. Ferredoxin-NADP reductase was also shown to be inhibited via a
ONOO" donor, 3-morpholinosydnonimine [84]. Arabidopsis superoxide dismutases MSD1,
FSD3 and CSD3 were demonstrated to lose their activity to different degree by ONOO". This
inhibition was correlated with Tyr nitration and could be prevented by the ONOQO™ scavenger
urate. Site-directed mutagenesis revealed that Tyr-63 is the main target of MSD1 nitration
which is responsible for the activity of this protein [87].

In a direct reaction termed metal nitrosylation, NO binds to transition metals, resulting in

formation of metal nitrosyl complexes. In this way, activity and function of proteins can be
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regulated. Well studied targets for NO interaction are iron-sulphur clusters, as well as haeme
groups and zinc ions of proteins [88].

The most common example of a metal nitrosyl complex is an interaction of NO with the
haeme iron of mammalian soluble guanylate cyclase (SGC). This reaction leads to a
conformational change and activation of sGC to catalyse cyclic guanosine monophosphate
(cGMP) which activates a number of downstream processes [89][90].

Similar mechanisms may also be present in plants. NO-dependent accumulation of cGMP,
CADRP as well as Ca** was measured after pathogen attack and ABA-induced stomata
closure [91][92][93]. However, no plant homolog of mammalian sGC has yet been identified.
Examples of NO binding to iron present in haeme proteins have also been observed in plants.
It was suggested that two major H,O,-scavenging enzymes in tobacco, ascorbate peroxidase
and catalase are reversible inhibited by NO donors through the formation of an iron-nitrosyl
complex [94]. The enzymatic activity of tobacco aconitase, which contains an iron-sulfur
cluster, is also reduced after NO donor treatment with NOC-9 [95]. A non-heme iron enzyme
lipoxygenase-1 in soybean forms a ferrous-nitrosyl complex after exposure to NO. Moreover,
a substrate linoleic acid competes with NO for binding at pH 9 [96]. Plants hemoglobins were
also identified as a target for NO. It was shown that Arabidopsis nonsymbiotic hemoglobin
AHDb1 binds NO and oxidizes it to nitrate, suggesting a role of hemoglobins in detoxification
of NO [97].

S-Nitrosylation is the most studied redox-based post-translational modification. This
modification results in the formation of S-nitrosothiols (SNO). S-Nitrosylation enables a
living organism to directly respond to environmental stimulus through the regulation of
protein activity, protein-protein interaction or protein localization [98][99]. The release of the
NO moiety from proteins and therefore the control of SNO homeostasis in a cell is maintained
by two enzymes: GSNOR reductase (GSNOR) which metabolizes GSNO to a mixture of
intermediates, and thioredoxins which mediate denitrosylation [100][101].

The list of potential candidates which can be S-nitrosylated in plants is growing continuously.
63 candidates were found in Arabidopsis cell culture after GSNO treatment, as well as 52
proteins which were identified being S-nitrosylated in leaves after fumigation with NO [102].
S-Nitrosylated targets were also found in leaves and cell cultures of Arabidopsis after
inoculation with virulent or avirulent Pseudomonas syringae [103][104], or under salt stress
conditions in the mitochondria of pea plants [105]. Although a high number of candidates for
S-nitrosylation were identified, only a few of them were experimentally confirmed and their

functions in response to NO demonstrated [106]. Most of the studies are based on biotin
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switch technique (BST), where S-nitrosylated cysteines are labeled with a biotinylating agent,

allowing easy detection by immunoblotting using a specific antibody, or by mass
spectrometry. Despite of the high specificity of the assay, false-positive candidates for S-
nitrosylation can still be identified. It was demonstrated that BST includes several critical
steps. For instance, effective blocking of free thiols is very important to avoid unspecific
biotinylation [107]. It was also reported that the reduction of S-NO bonds to free thiols with
ascorbate is inefficient. However, this step could be improved by using higher concentration
of reducing agent (ascorbate) and longer incubation time [108]. Others noticed that ascorbate
treatment increases the rate of biotinylation reactions, leading to false-positive signals and
therefore to a misinterpretation of the results [109]. Another disadvantage of BST is that it
detects mostly highly abundant proteins, making it difficult to find regulators with a low
abundance [110].

S-Nitrosylated sites can be predicted by various computer programs that were developed in
recent years. A comparison of different computational predictors was presented in [111]. All
these programs are based on searching for specific NO-binding motives that were initially
identified in animal proteins. A potential GSNO binding motif, which is composed of a
combination of specific amino acids (HKR-C-hydrophobic-X-DE), was suggested to be
necessary for NO “docking” to a cysteine residue [112]. Using a site-specific proteomics
approach on breast cancer cells, DE-IC-RK motif was found to be important for S-
nitrosylation, supporting the idea that a base-acid motif (KRHDE-C-DE) is necessary for
formation of SNOs [113][114]. In proteomics studies from Arabidopsis cell cultures, 53
endogenous S-nitrosylated cysteines were identified. Notably, only three apolar amino acid
residues (Ala, Gly, lle), which were not located in close vicinity of cysteines, were found in
all the proteins, suggesting that the enrichment of these may be important for cysteine
modification [115]. Furthermore, several other features which control thiol accessibility and
reactivity, e.g. redox state of a cell, pH, presence of Mg®* and Ca** as well as cysteine
hydrophobicity and pK, define specificity of protein S-nitrosylation [116]. However, these
findings were declaimed, suggesting that a distant localization of the charged amino acids

from Cys is more important for the formation of S-nitrosothiols than all other features [117].

1.1.5 Regulation of gene expression by NO

In the recent years it has become more and more clear that NO can control physiological
processes through the regulation of gene expression via activation of signaling pathways

(described above) or through a direct interaction with transcription factors or chromatin
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modulators. Studies that monitored expression profiles upon NO treatment in Arabidopsis are
mostly based on large scale transcriptional analysis [118][119][120][121]. Using a cDNA-
amplification fragment length polymorphism method, 120 genes were demonstrated to have
altered expression patterns in response to infiltration of Arabidopsis leaves with 1 mM of the
NO donor, SNP [122]. In microarray analysis 342 genes were found to be regulated in a dose-
dependent manner upon SNP treatment. In total, 124 and 261 genes were induced after
0.1mM and 1mM SNP treatment, respectively [123]. With the development of high-
throughput sequencing, NO-responsive genes were also analyzed using RNA-seq technology.
In total, 3263 genes were found to be differently regulated upon treatment with 1 mM GSNO,
and among those 1945 genes were showed different expression patterns in leaves and roots
[124].

In general, NO mediates changes in expression of genes involved in a wide range of
physiological functions, such as disease resistance, defense, photosynthesis, signaling
transduction and more. For instance, application of NO donors (GSNO and SNAP) or
recombinant mammalian NOS to tobacco plants or tobacco suspension cells triggers the
induction of defense-related genes such as pathogenesis related protein and phenylalanine
ammonia lyase [91]. Moreover, treatment of soybean cells with SNP resulted in enhanced
transcript levels of PAL and chalcone synthase, which levels were reduced by cPTIO [64].
NO-dependent activation of defense- and stress-related genes, including glutathione S-
transferases, cytochrome P450, and other genes encoding PR proteins was also reported [39].
The function of endogenous NO/SNO on gene transcription was analyzed using a GSNOR
null mutant (hot5-2), which exhibits higher SNO content than wild type plants. 99 up- and
170 downregulated genes were observed in hot5-2 in comparison to wild type which were
closely related to genes involved in pathogen response, redox regulation and signaling [125].
Microarray data of hot5-2 and wild type plants fumigated with 3 ppm of NO revealed that
pathways associated with photosystem, flavonoids and phenylpropanoids as well as genes
involved in amino acid and protein synthesis are highly upregulated [100][101].
Transcriptomic data gives a clear answer about the impact of NO on gene expression.
However, gene induction alone does not necessarily result in metabolomic changes and a
physiological response of the cell. Therefore, additional studies are required to reveal the
exact mechanism of NO functions/signaling and to avoid misinterpretation of transcript data

[127]. An overview of NO-mediated regulation of gene expression is illustrated in Figure 3.
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Figure 3: NO-mediated gene expression.

Modified from[128]. A and B) NO-dependent interaction with proteins (P) and transcription factors (TF) can
result in changes of protein activity andtranslocation and therefore modulate a signaling pathway. C) NO may
directly affect DNA-binding proteins and induce epigenetic modifications of chromatin structure. All these
events may result in transcriptional changes. Dashed arrow, signaling pathway.

1.15.1 Via modification of transcription factors

It was demonstrated that transcription factor SoxR of E. coli, which is responsible for
regulation of oxidation responses in bacteria, is only activated by oxidation of its iron —sulfur
cluster (2Fe-2S) [129]. Later on, it was found that SoxR became activated after exposure to
NO gas as well. Activation of SoxR was induced by formation of a dinitrosyl-iron-dithiol
complex, in which the sulfide ligands were displayed through Fe-NO bonds. It was also
shown that nitrosylated SoxR exhibits similar binding affinity and structural effects as its
oxidized form [130]. A bacterial transcription factor OxyR regulates expression of genes
involved in H,O, detoxification through the redox modification at cysteine residues [131].
More evidence for direct NO-dependent modification of transcription factors was reported in
mammals. It was demonstrated that S-nitrosylation of several transcription factors, such as
multiple zinc finger transcription factors, tumor suppressor protein, etc., results in regulation
of gene expression [132][133].

Using a bioinformatics approach, promoter regions of NO-regulated genes in plants were
analyzed to identify their transcription binding sites. Several families of transcription factors
appeared in this screen, including WRKY, GBOX, OCSE, OPAC and MY CL motifs that are
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highly present in upregulated genes, while TBPF and MIIG elements were found in
downregulated genes [121]. Nevertheless, less is known about direct regulation of plant
transcription factors by NO. MYB domain proteins are a large family of transcription factors
which control a wide range of physiological processes, e.g. response to biotic and abiotic
stress, development, metabolic pathway, differentiation and so on. [134]. It was reported that
R2R3 MYB proteins consist of two cysteines residues that need to be reduced to enable DNA-
binding activity [135]. AtMYB2 has been shown to undergo NO-dependent posttranslational
modification. Reversible S-Nitrosylation of Cys-53 was detected using biotin switch
technique. This result provided evidence for the first time that transcriptional activity of plant
MYB proteins is regulated by NO [136]. Another MYB member, AtMYB30, is a positive
regulator of a hypersensitive response, and was also shown to be reversibly S-nitrosylated by
NO. The authors speculated that during hypersensitive response, which is accompanied by
oxidative burst, S-nitrosylation of AtMYB30 and subsequent loss of its DNA-binding activity
is mediated by nitrogen species to prevent uncontrolled cell death initiated by a hyperactive
AtMYB30 [137]. The transcriptional coregulatory non-expressor of PR1 (NPR1) plays a key
role in activation of systemic acquired resistance by interacting with salicylic acid (SA) [138].
Usually, after pathogen infection, SA accumulates in the cell, which leads to changes in the
redox state and consequently to the reduction of disulfide bonds of NPR1. Reduction of NPR1
results in its active monomeric form, which is further translocated to the nucleus where it
interacts with TGAL transcription factor and stimulates the expression of pathogenesis-related
genes [139]. S-Nitrosylation of NPR1 leads to its oligomerization and keeps NPR1 in the
cytosol. This process seems to be important for NPR1 homeostasis upon SA induction.
Monomerization of NPR1 is catalyzed by thioredoxins, which reduce NPR1 and allow its
migration into the nucleus [140]. Surprisingly, NO can also promote nuclear translocation of
NPR1, suggesting that S-nitrosylation is rather an intermediate prior to monomerization and
therefore, does not have an inhibitory effect on NPR1 signaling. Furthermore, in the presence
of GSNO, TGAL and NPR1 are both S-nitrosylated resulting in the enhanced DNA-binding
affinity of TGAL It was suggested that GSNO mediates conformational changes of TGA
and/or NPR1, which result in more efficient TGA1-NPR1 interaction [141]. Another example
of NO-dependent regulation of transcription factors is a fer-like Fe deficiency-induced
transcription factor (FIT). It is not only activated and stabilized by NO, but it is also protected
from proteasomal degradation in the presence of NO. FIT is required for regulation of

controlled iron uptake in Arabidopsis. It was proposed that NO functions in parallel with
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another signaling molecules, e.g. ethylene and jasmonate, which are also necessary for

regulation of iron deficiency responses [142][143].

1.15.2 Via chromatin modification

On the genome level, cells of multicellular organisms are very similar. However, each cell
differs from others through the differences in gene expression pattern that might occur in a
temporally and spatially-dependent manner. Genes might be silenced/switched off and
switched on again only when they are required. Over the last few decades it was found that
chromatin is an important regulator of transcription.

Genetic material of all eukaryotic organisms has to be packed into the nucleus to protect it
from becoming damaged. Since the length of eukaryotic DNA is far greater than the diameter
of a nucleus, it has to be organized in a very tightly packaged structure, known as chromatin.
The core subunit of chromatin is an octamer which is composed of two copies of the histone
proteins, H2A, H2B, H3 and H4, which are positively charged and enable an electrostatic
interaction with negatively charged DNA. Around 145-147 bp of DNA are wrapped around a
histone complex forming repeating nucleosomal units, which are connected with each other
by short DNA fragments (also called ‘linker DNA”). Linker histone H1 is located between the
nucleosomes and stabilizes chromatin structure, resulting in highly condensed 30 nm fibers
[144].

Chromatin structure in eukaryotic organisms is very dynamic, and can be changed in response
to environmentally stimuli. Chromatin marks are able to induce chromatin remodeling and
therefore to control important molecular processes such as gene transcription, replication,
repair and recombination [145]. DNA methylation and histone modifications are the key
mediators of epigenetic modifications. DNA methylation is usually associated with long-term
silencing of genes, whereas histone modifications contribute to both activation and repression
of gene transcription and can be removed after several cell cycles (Figure 4) [146][147].
Histones play an important role in the regulation of chromatin structure and in subsequent
gene transcription. N-terminal histone tails which are exposed outside the nucleosome may
interact with neighboring nucleosomes and therefore manipulate the chromatin structure
[145]. Histone tails can also undergo different posttranslational modifications (PTMs) such as
acetylation, methylation, phosphorylation, and ubiquitination, resulting in different molecular
changes that effect DNA accessibility. Meaning, that if the way of how DNA is wrapped

around histone proteins changes, then gene transcription can change as well [148].



Introduction

NO/GSNO
HDAs inhibitor

Chromosome

Figure 4: Epigenetic modifications of chromatin structure.

Modified from [149]. Epigenetic modifications of chromatin structure play an important role in regulation of
gene expression and consist of two main pathways: DNA methylation and histone modifications. Adding a
methylgroup to the DNA molecule might lead to generepression, especially if it binds to thepromoterregion of
a gene. Posttranslational histone modifications such as acetylation (Ac), methylation (Me), phosphorylation (P)
and ubiquitination (Ub) might affect physiological properties of chromatin and DNA accessibility. There is
evidence demonstrating that inhibition of HDAs by NO/GSNO might result in acetylation of histone tails and
therefore in activation of gene transcription.

In studies in the human field, a direct link between NO-induced inhibition of JmjC-domain
containing histone demethylases and enhanced histone methylation was demonstrated [150].
Fifteen critical lysine residues on the core histones (H3 and H4) were found to be post-
translationally modified after the treatment of human triple-negative breast cancer cells
(MSA-MB-231) with NO donor DETA/NO. Moreover, NO-dependent changes in H3K9me2
correlated with changes in gene expression [151]. In Arabidopsis, arginine methyltransferase
PRMT5 was found to be S-nitrosylated and activated in response to salt stress. Salt stress-
induced arginine (Arg) demethylation was abolished and correlated with aberrant splicing of
pre-mRNA when the NO-sensitive cysteine was replaced by serine (Ser) [152].

Histone acetylation plays a key role in regulation of gene transcription. This modification is
very dynamic and is catalyzed by two families of enzymes: histone acetyltransferases (HATS)
and histone deacetylases (HDAS). Histone acetylation removes a positive charge from histone
tails and therefore decreases histone-DNA interaction. Loss of electrostatic interaction
between DNA and histone proteins results in “opening” of chromatin making it more
accessible for the transcriptional machinery. Therefore, acetylation is usually associated with

gene transcription. For instance, acetylation of histone 4 at lysine 16 (H4K16ac) induced by
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MOF (Males absent On the First) results in transcriptional activation of many genes during

dosage compensation in Drosophila [153]. In turn, acetylation can be removed by HDAs
maintaining chromatin in “closed” and inactivated state [154].

There is increasing evidence that the catalytic activity of some HDAs is regulated by redox
modifications, which are further involved in the regulation of unwinding and wrapping of
chromatin (Figure 4). Most studies of redox regulation of HDAs have been done in human
and animal cells. It was reported that HDAZ2 in neurons gets S-nitrosylated upon NO signaling
triggered by brain-derived neurotrophic factor. S-Nitrosylation of HDAZ2 results in chromatin
acetylation and activation of gene expression that are involved in neuronal development.
Notably, S-nitrosylation does not affect the enzymatic activity of HDA2 but stimulates its
release from chromatin. The effect of NO on HDA2-cromatin interaction was confirmed,
when redox-sensitive cysteines were mutated to alanine. It was shown that mutated HDA2
could not dissociate from chromatin [155]. S-Nitrosylation of HDA2 was also demonstrated
in muscles of dystrophin-deficient MDX mice. The catalytic activity of this enzyme was
impaired by NO in-vivo and in-vitro [156]. Human HDA8 was also identified as potential
target for NO. It was shown in-vitro that HDAS is S-nitrosylated by GSNO. Moreover, the
protein activity was significantly reduced by GSNO and another NO donor, S-nitrosocystein
(Cys-NO), in time- and concentration-dependent manner. Interestingly, application of SNP to
HDAS8 had no effect on the catalytic activity of this protein, indicating that a special structure
for transferring NO might be present [157]. NO-dependent inhibition of gene expression was
measured in human umbilical vein endothelial cells (HUVECSs). It was demonstrated that
upon NO production, protein phosphatase becomes activated and associates with a histone
deacetylase complex pCamklVV/HDACSs, promoting its dephosphorylation. This process leads
to the shuttling of HDA4 and HDA5 (members of pCamklVV/HDACs complex) into the
nucleus and deacetylation of histones. As a consequence, gene expression is inhibited. Under
non-stressed conditions, when the NO level in the cell is low, HDA4 and HDA5 remain in the
cytosol, allowing hyperacetylation of chromatin [158]. In sum, NO-dependent regulation of
HDAs can be considered as a key mechanism in regulation of histone acetylation and gene
expression.

In Arabidopsis there are 18 members of HDAs which are divided into 3 families: RPD3-like,
HD-tuins and sirtuins. The first family is the largest one and is composed of 12 putative
members (HDA2, HDA5-10, HDA14-15, HDA17-19), which, based on their structure, can be
further divided into 3 classes. This type of HDAs is homologous to yeast reduced potassium

deficiency 3 (RPD3) proteins that are present across all eukaryotes. All members of this
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family contain a specific deacetylase domain that is required for their catalytic activity. It
should be highlighted that this class of HDAs is able to deacetylate more targets than just
histones. Lysine acetylome profiling uncovered 91 acetylated proteins in Arabidopsis leaves
after the treatment with deacetylase inhibitors apicidin and trichostatin A. Of these, only 14
were histone-like proteins [159]. The second family contains the HD-tuins (HD2) and was
originally found in maize. This type of proteins is only present in plants, although their
homologue cis-trans prolyl isomerases are also present in other eukaryotes [160]. HD2s are
structurally distinct from RPD3-like members, but display a sequence similarity with FK506-
binding proteins. In total 4 members of HD-tuins have been identified in Arabidopsis: HDT1
(HD2A), HDT2 (HD2B), HDT3 (HD2C) and HDT4 (HD2D). These consist of a N-terminal
domain that has a conserved pentapeptide MEFWG region, which is required for gene
repression activity. This region is followed by a high-charged acidic motif that is rich in
glutamic and/or aspartic acid and a variable C-terminal region [161]. Moreover, HDT1 and
HDT3 possess a zinc-finger motif that probably is involved in protein-protein interaction and
DNA-binding. The third family of plants HDAs is represented by sirtuins (SIR2-like proteins)
which are homologues to yeast silent information regulator 2 (SIR2). These HDAs are unigque
because they require a NAD cofactor for their function and unlike RPD3 proteins, they are not
inhibited by trichostatin A (TSA) or sodium butyrate. Moreover, sirtuins use a wide variety of
substrates beyond histones. For instance, human SIRT1 deacetylates nuclear factor-kB, p53
protein and peroxisome proliferator-activated receptor y coactivatorl-o. [162]. So far, 2
members of SIR2 are known in plants: SRT1 and SRT2 [163]. Notably, SRT2 is a NAD" -
dependent lysine deacetylase, which is mainly located at the inner mitochondrial membrane
and is involved in energy metabolism and metabolite transport [164]. Recently, it became
possible to measure the activity of durum wheat (WM) sirturin, offering a new tool for
studying physiological roles of plant sirtuins [165].

Biological functions of HDAs are very diverse. It was demonstrated that HDA19 is an
important player in transcriptional regulation. More than 7% of Arabidopsis transcriptome
were either up- or downregulated in T-DNA insertion line of HDA19 (athd1-tl) [166]. Via
the interaction with HATs (GCN5 and TAF1L/HAF2) HDA19 is part of a complex that is
required for expression of light-regulated genes [167]. Plants overproducing HDA19 exhibit
higher expression of ethylene response factorl and enhanced resistance to A. brassicicola by
inducing the transcription of pathogen related genes: basic chitinase and B-1,3-glucanase
[168]. HDAG6 mediates silencing of ribosomal RNA [169], transgenes [170] or transposons
[171]. Moreover, HDAG6 is required to enhance DNA-methylation [172]. Together with
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HDA19, HDAG6 regulates repression of embryonic properties after germination [173].
Furthermore, both HDA6 and HDA19 are involved in regulation of ABA and salt stress
response [174]. Additionally, HDAG6 seems to be required in cold acclimation [175]. HDA18

has been revealed as a key regulator of Arabidopsis root epidermis [176]. HDA15 participates
in repression of chlorophyll biosynthesis and photosynthetic genes in etiolated Arabidopsis
seedlings [177]. Through the direct targeting of floral activator agamous-likel9, HDA9

prevents early flowering under short day conditions [178].

1.2 Aim of this study

A posttranslational protein modification caused by NO may induce a signaling cascade which
results in altered gene expression. A direct interaction of NO with transcription factors or
other regulatory regions in the eukaryotic genome leads to extensive transcriptional
reprogramming. Moreover, in mammals NO is able to modify chromatin structure and
therefore cause the accessibility of DNA for transcriptional machinery by S-nitrosylation of
HDAZ2 [155]. In plants, however, nothing is known about the influence of NO on chromatin
remodeling.

Two plant specific histone deacetylases were found to be S-nitrosylated in Arabidopsis cell
cultures after pathogen treatment suggesting that NO may regulate epigenetic processes in
plants [104]. A published study about a reversible NO-dependent inhibition of HDAS activity
in nuclear extracts and protoplasts contribute to the hypothesis that NO plays an important
role in chromatin modulation and therefore in regulation of gene transcription [179][180].
Based on these facts, the first aim of this study was to investigate the influence of NO on
histone acetylation. This was analyzed by using suspension cells and seedlings. A mass
spectrometry-based approach as well as an immunaoblotting technology were used to identify
lysine residues which are regulated by NO-sensitive HDAs. This was done after the treatment
of suspension cell cultures or 7-days old Arabidopsis seedlings with NO donor, GSNO, or
after induced endogenous NO production by a chemically synthesized analog of a plant
hormone SA, INA.

The second aim was to find out the mode of action of NO to modulate chromatin structure. A
gPCR approach was used to evaluate the influence of NO on the expression of Arabidopsis
HDAs. Moreover, since it was demonstrated that total HDASs activity is reversibly inhibited

upon NO treatment as well as it was supposed that Arabidopsis HDAG6 and 19 might be NO-
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sensitive HDAs [179], the influence of NO on HDAG activity was also investigated in-vitro.

The third aim was to investigate a physiological role of NO in the regulation of chromatin
structure. This was done by the omission of pharmacological approach (adding of chemical
compounds) and using instead plants grown on soil. Since there is evidence indicating that
NO production is light-dependent [38], NO accumulation and histone acetylation level were
analyzed in wild type and SNO-accumulating (hot5-2) plants under different light conditions.
The aim of these experiments is to analyze whether there is a link between light-induced SNO
accumulation/S-nitrosylation and chromatin modulation. Additionally, the functions of NO on
photosynthetic performance as well as on histone acetylation of photosynthesis-related genes
were investigated. This was performed by comparison of H3K9/14ac as well as transcriptional
activation of photosynthesis related-genes (found hyperacetylated in response to GSNO
treatment in Arabidopsis seedlings [180]) in wild type and hot5-2 plants under dark and high
light/temperature conditions. Moreover, H3K9ac was analyzed under dark and moderated
light conditions, in order to find photosynthesis-related loci regulated by light-induced NO

accumulation.
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2 Results

2.1 Effect of NO on chromatin remodeling

HDAs are responsible for maintaining chromatin in deacetylated and inactivated state. It was
demonstrated that NO donors, GSNO (S-nitrosoglutathion) and SNAP (S-nitroso-N-
acetylpenicillamine), inhibit total HDAs activity in Arabidopsis nuclear extracts (in-vitro) and
protoplasts (in-vivo) [179][180]. Therefore, the question arises whether NO-dependent
inhibition of HDAs activity influences total protein acetylation and/or impacts chromatin

structure?
2.1.1 Tendency towards induced histone acetylation by exogenously applied NO

To investigate the effect of exogenously applied NO on the acetylation state of a plant cell,
total protein extracts as well as histone acetylation were analyzed in Arabidopsis cell cultures
by immunoblotting using an anti-acetyl protein antibody.

First, suspension cells were incubated for 4 h with water, 500 uM GSNO and 500 uM INA
(2,6-dichloro-isonicotinic acid) which is known to induce endogenous NO production. Total
protein was isolated with DPBS buffer and analyzed for acetylated lysine residues (Figure 5).
No obvious differences could be observed in the global acetylation level between the control
and GSNO and INA treated samples.
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Figure 5: No changes in global protein acetylation lewel after
GSNO and INA treatment in wt suspension cells.
Cell cultures were incubated for 4 h with 500 uM GSNO, 500 uM INA
and water (negative control). Total protein was isolated in DPBS
'~ buffer.50 pg of proteins were separated on the 12 % SDS-PAGE gel.
A) Proteins were transferred onto nitrocellulose membrane. Acetylated
proteins were detected with anti-acetyl protein primary antibody
(1:5000) by incubating the membrane overnight at 4 °C. A secondary
antibody was an anti-rabbit HRP (1:2500). In total three independent
experiments were performed (N=3). Shown is one representative
experiment. B) A loading control is represented by a Coomassie
brilliant blue stained gel.
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To analyze histone acetylation, cell cultures were incubated for 4 h with 500 M GSNO and
1uM TSA, a well-known HDA inhibitor, and then nuclear proteins were prepared (Figure
6A). Immunoblotting demonstrated a 1.7-fold enhanced acetylation level on histone 3 (acetyl-
H3) after treatment with GSNO as well as a 2.3-fold increase after TSA compared to the

water treated control (Figure 6B).
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Figure 6: Enhanced H3 acetylation in wt suspension cells after GSNO and TSA treatment.

A) Cell cultures were incubated for 4 h with 500 uM GSNO, 1 uM TSA (positive control) and water (negative
control). Nuclear pellet was directly dissolved in 50 pl laemmli buffer and heated for ca. 10 min at 95 °C. The
supernatant was transferred intoa new tube and concentration measured with RCDC Assay. 15 ug of nuclear
protein were separated on the 12 % SDS-PAGE gel and transferred onto nitrocellulose membrane. The
membrane was incubated over night with anti-acetyl H3 primary antibody (1:20000) at 4 °C and for 1 h with a
secondary antibody coupledto HRP (1:2500). Shown is one representative experiment. B) Quantitative analysis
of A. Signalintensity was determined with Image Jsoftware. Shown is a =SE of three independent experiments
(N=3). The relative intensity of the control group in all N=3 was set up to 1 [181]. One way ANOVA (DF=2,
p=0,005) with Holm-Sidak post-hoctest foreach treatment group vs. the control group was performed, *p<0.05,
**p<0.01.

Relative intensity

Next, a more detailed analysis of histone acetylation was examined by mass spectrometry and
immunoblotting in Arabidopsis seedlings. For more effective application of chemicals, 7-days
old seedlings grown in liquid medium were used. 250 uM GSNO was applied to mimic NO
production. The decompensation of GSNO results in formation of GSH and NO. Since the
latter is able to activate biosynthesis of GSH [182], a 250 uM GSH treatment was used as an
additional control to distinguish between a direct effect of GSNO-released NO and those
which are induced by an enhanced GSH concentration. A NO scavenger cPTIO (500 uM) was
additionally applied to seedlings treated with GSNO to demonstrate the NO-specificity of
GSNO. 5uM TSA was used as a positive control for inhibition of histone deacetylase
activity.

The experimental workflow of LC-MS/MS approach is illustrated in Figure 7A. Histone

bands were cut out from the polyacrylamide gel and derivatized by d6-deuterated acetic
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anhydride followed by trypsin digestion. During this process generated peptides of 5 to

10 amino acids in length were further used for LC-MS/MS measurement. N-terminal amino

acid sequences of H3 and H4 as well as their different modifications are shown in Figure 7B.
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Figure 7: Mass spectrometry workflow.

A) 7-days old seedlings grow in liquid medium were treated for 16 h with H,0, 250 uM GSNO, 250 uM GSH,
250 uM GSNO/500 UM cPTIO and 5 uM TSA. Histone proteins were extracted using a Histone extraction Kit.
Core histones were cutfromthe geland digested by trypsin followed LC-MS/MS. Mass spectra were analyzed
with Xcalibur ™ software (Thermofisher). B) Amino acid sequences of H3 and H4. Trypsin digestion occurs
afterevery arginine (R) which is shown with ablue bolt. Lysines which might be acetylated are marked in red.

Treatment of seedlings with GSNO results in a slight but not significant increase (9 %) in
acetylation level on peptide 9-17, that contains lysine 9 (K9) and lysine 14 (K14) on H3, and
no changes were observed on peptide 18-26, that contains lysine 18 (K18) and lysine 23
(K23) (Figure 8A). Peptide 4-17 on H4 shows an elevated but not significant acetylation level

(31.6 %) after GSNO treatment in comparison to the water treated samples. Seedlings treated
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with TSA demonstrated a significant rise in acetylation on H3 (between 37 % to 47 %) as well
as on H4 (174 %). It should be noted that plants supplied with GSH or NO scavenger cPTIO,
showed a decreasing acetylation tendency on H3 and H4, respectively, compared to GSNO

treatment alone, indicating that NO might be involved in regulation of histone acetylation.
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Figure 8: LC-MS/MS analysis revealeda slight but not significant increase of H3 and H4 acetylation lewel
after GSNO treatment in seedlings.

Seedlings growing in liquid culture were treated for 16 h with H,O, 250 uM GSH, 250 uM GSNO, 250 uM
GSNO plus 500 uM cPTIO, and 5 uM TSA.. Histones were extracted usinga commercial histone purification kit
(Active Motif) and loaded on 12 % precastpolvacrvlamide ael (Bio-RAD). Histone bands were cut out together
and distained. Lvsines were blocked with deuterated acetic anhvdride (Siama Aldrich) and peptides were
digested by trypsin (Promega) followed by release fromthe gel pieces byacid extraction. Additionally peptides
were purified using SPEC18 Carbon (Aailent Technoloaies) and TOPTIP TT1CARmini-spin columns (Glysci)
before loading to LC-MS/MS. A) Total acetylation abundance was calculated according to [183]. Shown is the
+SE of tree independent experiments (N=3). One way ANOVA (DF=4; peptide 9-17: p=0,002; peptide 18-26:
p<0,001; peptide 4-17, p<0,001) with Holm-Sidak post-hoc test for each treatment group vs. the control group
(H,0 treatment) was performed. (B) Lysine acetylation on H3. All treatments were compared to H,O treatment.
One way ANOVA (DF=4; Kl4ac: p=0,015; K9/14ac: p=0,009; K18ac: p=0,004; K18/23ac: p<0,001) with
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Holm-Sidak post-hoctest foreach treatment group vs. the control group was performed. *p<0.05
***p<0.001.

, ¥*¥p<0.01 and

The lysine acetylation pattern of H3 is quantified and compared to H,O (control) treatment

(Figure 8B). A slightly enhanced acetylation level is observed after GSNO treatment at K14
(11.5 %), K23 (11 %) and K18/23 (12 %). Notably, histone acetylation is reduced at these
marks when cPTIO was additionally applied. Treatment of seedlings with GSH resulted in
increased acetylation at K23 (16 %) and K18/23 (9.7 %). Although the observed results for

GSNO and GSH treatment are not statistically significant, there seems to be a trend towards

an enhanced histone acetylation at several marks. A significant higher histone acetylation is

observed after TSA treatment at K14 (40 %), K9/14 (140 %), K18 (26.7 %)
(128 %). All other modifications do not seem to be affected after GSNO or TSA

the differences are too small to be detected by mass spectrometry.
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Figure 9: Treatment of seedlings with GSNO and TSA results in a triple acetylation motif on H4.
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Seedling in liquid culture were incubated for 16 h with water, 250 uM GSH, 250 pM GSNO, 250 uM GSNO
plus 500 uM cPTIO, and 5uM TSA. Histones were extracted and separated on 12 % precast polyacrylamide gel
and stained with Coomassie Brilliant Blue stainingsolution. H3and H4 bands were cut together and distained.
Lysines were blocked with deuterated acetic anhydride and peptides were digested by trypsin followed by
release fromthe gel pieces throughacid extraction. Peptides were purified using SPE C18 Carbon and TOPTIP
TT1CAR mini-spin columns before subjecting to LC-MS/MS. MS1 spectra were obtained from Xcalibur 2.2
SP1 software. Theoretical mass to charge (m/z) ratio was calculated using GPMAW 5.0software. 1-, 2-,3-Ac are
acetylated motifs present in the samples. No PTM is a m/z ratio of not posttranslational modified peptide. Shown
is one representative experiment of three independent replicates (N=3).

The N-terminal tail of H4 contains four lysine residues that are located at peptide 4-17. All
these lysines can be acetylated separately or in combination with each other. In total 15
modifications are possible at this peptide (Supplemental Figure 1). Because of this
complexity it was not possible to distinguish the differences among those sites in Arabidopsis
seedlings. But from the MS1 spectra it is clearly seen that after GSNO and GSH treatment a
double acetylation motif is present which was not found after H,O treatment or when
seedlings were incubated together with GSNO and cPTIO. A triple acetylation motif could be
identified after GSNO and TSA treatment (Figure 9).

The same experimental set up was used to analyze a global histone acetylation of A. thaliana
seedlings by immunoblotting. GSNO enhanced the abundance of all dissected histone marks
compared to the water treatment, namely a significant increase was observed on H3ac (2.3-
fold) and H3K9ac (2.2-fold). The levels of the histone marks H4ac (2.2-fold) and H4K5ac
(4.5- fold) are also more than 2-fold enhanced compared to the control group, however the
results are not significant because of the too high relative intensity observed after TSA
treatment. If this group would be excluded in the one way ANOVA test, the results for GSNO
treatment would become significant. For H3K9/14ac there also seems to be a trend towards a
higher histone acetylation level (2.1- fold) in the GSNO treated samples in comparison to the
water treated seedlings, however the results did not reach a statistical significance (Figure
10). Enhanced histone acetylation was also observed after application of 5 uM TSA. A
significant 2.5-fold increase was detected on H3ac, whereas the increase on H3K9ac (1.4-
fold) and H3K9/14ac (1.8-fold) was not significant. Notably, TSA shows a stronger effect on
H4. Acetylation of H4 and H4K5 demonstrates a significant 18-fold and 32-fold increase,
respectively, compared to the control. Treatment of seedlings with GSH also seems to induce
an increase in histone acetylation at the analyzed histone marks, however the results are not
significant. Simultaneous application of cPTIO and GSNO to the seedlings seems to explain
the decreased acetylation abundance of all analyzed histone marks versus GSNO treatment
alone, suggesting again that the tendency of the observed histone acetylation changes might

be a result of NO functions on chromatin modulation.
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Figure 10: GSNO and TSA treatments of Arabidopsis seedlings result in H3 and H4 acetylation.

7-days old seedlinas arownin liguid mediumwere incubated for 16 h with water, 250 uM GSH, 250 uM GSNO,
250 UM GSNO plus 500 uM cPTIO, and 5uM TSA. Histones were extracted using a commercial histone
purification kit and separated on 12 % precast polyacrylamide gel followed by transferring them into
nitrocellulose membrane. Antibodies used for analysis: acetylated-H3 (1:20000), acetylated-H3K9 (1:5000),
acetvlated-H3K9/14 (1:2000), acetvlated-H4 (1:20000), and acetvlated-H4K5 (1:10000). A second antibody was
an anti-rabbit HRP (1:2500). The band detection was performed ona FusionFx7. B) Quantitativeanalysis of A.
Signalintensity was determined with Imacge J software. The relative intensity of the controlaroup in N=3 was set
up to 1 [181]. Shown is a +SE of three independent experiments (N=3). One way ANOVA (DF=4; H3ac:
p=0,029; H3K9%ac: p=0,020; H3K9/14ac: p=0,153; H4ac: p<0,001; H4K5ac: p<0,001) with Holm-Sidak post-
hoc test foreachtreatment group vs. the control group was performed. *p<0.03, **p<0.01and ***p<0.001. This
result was published in [180].

It appears that an analysis of histone acetylation via immunoblotting seems to be more
sensitive than via mass spectrometry for our experimental system. For example, a 18-fold
increase in acetylation level was detected on H4 after TSA treatment by immunoblotting
(Figure 10) whereas only a 2.7-fold increase by mass spectrometry (Figure 8A).

All in all, these results provide evidence that there could be an effect of GSNO-released NO
on H3ac and Hd4ac, since the level of the analyzed histone marks in the GSNO treated
seedlings is higher than in the corresponding water treated seedlings and in the same time was
decreased by cPTIO. However, it has to be emphasized that the differences were not

significant for all analyzed histone marks.

2.1.2 Tendency towards enhanced histone acetylation by endogenously produced NO

The use of GSNO as NO donor is prevalent in many studies. However, several indications
avoid a widespread view of GSNO as spatially controlled production of NO. First, GSNO

itself cannot be directly resorbed by a cell. GSNO can release NO to media, but this process is
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strongly dependent on media conditions [184]. Second, it can cause artificial results, since it
might not match with the range of physiological NO concentration and moreover it may act in
areas other than endogenous produced NO [185]. Therefore, a plant hormone, salicylic acid
(SA) and its functional chemical analogue 2,6-dichloro-isonicotinic acid (INA), are used to
look for biological NO effects, since both are known to stimulate endogenous NO production
[186][180]. The effect of SA and INA on the HDAs activity in protoplasts was analyzed. It
was found that HDAs activity is inhibited by both compounds in a concentration dependent
manner [179][180].

Subsequently, the impact of INA on global histone acetylation was analyzed by
immunoblotting. 7-days old Arabidopsis seedlings grown in liquid were treated for 16 h with
500 M INA, 500 uM INA /500 uM cPTIO and methanol as a control. It seems that there is
a tendency of enhanced histone acetylation induced by INA, however the results were not
statistically significant. INA treatment lead to a slight increase of the histone acetylation
abundance on the following marks: H3ac (1.4-fold), H3K9/14ac (1.6-fold), H4ac (1.5-fold)
and H4Kb5ac (1.8-fold), whereas acetylation level at H3K9ac seems not to be effected (Figure
11A and B). Simultaneous application of INA/cPTIO seems to lead to a tendency towards a
deceased histone acetylation (with the exception of H3K9ac and H3K9/14ac) in comparison

to INA treatment alone.
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followed by a transfer into nitrocellulose membrane. Antibodies used for analysis: acetylated -H3 (1:20000),
acetvlated-H3K9 (1:5000), acetvlated-H3K9/14 (1:2000), acetvlated-H4 (1:20000). and acetylated-H4K5
(1:10000). A second antibodywas an anti-rabbit HRP (1:2500). Bands detection was performed at Fusion Fx7.
B) Quantitative analysis of A. Sianal intensity was determined with Image J software. The relative intensity of
the controlgroupin n=3 was set up to 1[181]. Shown is a +SE of three independent experiments (N=3). One
way ANOVA (DF=2; p=0,439) was performed. C) SNO content was measured using Nitric oxide analyzed
NOA 280i. Shown is a +SE of three independent experiments (N=3). One way ANOVA (DF=2; p=0,328) was
performed. No significant changes are observed. These results are published in [180].

Often SNO formation is associated with a “’NO reservoir’> where NO bioactivity is stored
[187]. Therefore, SNO content was measured in the same samples. As demonstrated in
Figure 11C INA treatment leads to more than two times increase (not significant) in
formation of SNOs than in control seedlings. However, in INA/cPTIO treated seedlings the
SNO amount is unexpectedly as high as in seedlings treated with INA alone.

All in all, although the results are not statistically significant, there seems to be a tendency
that the chemical analog of a plant hormone SA, INA, is able to induce SNOs production in
Arabidopsis seedlings as the observed SNOs amount was higher than in control plants.
Furthermore, there is a tendency of INA-induced H3 and H4 acetylation, however a larger

sample size would be required to achieve statistically more robust results.

2.1.3 Correlation between histone acetylation and gene expression

Histone acetylation is often associated with active chromatin. Since there is a tendency of NO
modulation of histone acetylation, the question arises whether NO is involved in regulation of
gene transcription? A link between NO and H3K9/14ac has been demonstrated previously
[180] (some parts of this thesis were published in this publication). In this study an anti-
H3K9/14ac antibody was used for a ChlP-seq experiment because it has not been used before
in profiling genome-wide studies in plants. Moreover, in [180] as well as in this thesis the
acetylation level at this position was two times higher than in water treated seedlings,
however the increase was statistically not significant in this thesis because one way ANOVA
was chosen over t-test in the collaboration work (Figure 10). In total 746 NO specific loci
were identified after 3 h and 16 h GSNO treatment. Functional classification of these loci
demonstrated that most of them are involved in plant defense and cold stress response as well
as in chloroplast organization [179][178]. To analyze whether H3K9/14 acetylation of target
genes correlates with gene expression, the transcriptional level of several randomly selected
genes was dissected by gPCR using the same plant material as for the ChIP-seq. 5 of 14
analyzed genes are upregulated after GSNO treatment, whereas all other genes are
transcriptionally inactive despite their high acetylation levels (Figure 12), suggesting that

histone acetylation does not necessarily correlate with gene expression.
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Figure 12: GSNO-altered H3K9/14ac of some genes does not necessarily lead their gene expression.

Acetylationof genes afterincubation of Arabidopsis 7-days old seedlinas arown in liquid medium with 250 uM
GSNO was found and analyzed [17911801. aPCR analvsis was performed on ABI 7500. mRNA was isolated
from the same plant material as for the ChlP-seq and normalized to S16 and UBQ. Shown is a £SE of two

independentexperiments. One way ANOVA is performed. No significant changes are observed. These results
are published in [180].

2.14 NO-dependent modulation of chromatin structure

Several of the previous results point in the direction that there might be a trend in NO-induced
modulation of histones. Therefore, the question arises how NO mediates these modifications?
Two hypotheses are available to examine this question. The first hypothesis is based on the
influence of NO on the expression level of Arabidopsis HDAs. The second hypothesis is
based on the direct effect of NO on HDAs functions, since it has already been demonstrated
that plant total HDAs activity is reduced upon GSNO or SNAP treatment [180][179].

To investigate whether NO effects an expression of HDA genes, transcripts of HDAs were
analyzed in 7-days old seedlings of A. thaliana after 16 h treatment with 250 uM GSNO or
250 M GSH. H,0 treated seedlings were used as a control. No significant changes were
observed within the treatments (Figure 13), suggesting that NO might affect histone

acetylation by posttranslational modifications.
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Fiagure 13: GSNO and GSH treatments do not chanae transcriptional level of HDAs.

7-days old seedlinas arown in liauid mediumwere incubated for 16 h with water, 250 uM GSH and 250 uM
GSNO. 100 mg of seedlings were used for RNA extraction with Rneasy Plant Mini Kit. cDNA was synthetized
usina QuantiTect Reverse Transcription Kit and diluted for analysis 1:20. aPCR was performed on ABI 7500.
mRNA level of HDAs was normalized to S16. Shown is a +SE of three independent experiments (N=3). One
way ANOVA is performed. No significant changes are observed. These results are published in [180].

In the second step the influence of NO on HDAs functions was investigated. Moreover, a
search for a putative NO-sensitive HDA was conducted. Since the inhibition of total HDAS
activity induced by NO donors has been shown [178][179], it remains to be defined which of
the 18 in Arabidopsis present HDAs is/are sensitive to NO. Mouse HDAZ2 was reported to be
S-nitrosylated at the cysteine residues Cys-262 and Cys-274 [155]. A BLAST search
identified two histone deacetylases, HDA6 and HDAL19, as the closest homolog to mouse
HDAZ2 with 61 % and 57 % identity, respectively (Figure 14).
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AtHDAG: PMENLNT PKDMERIRNTLLEQLSGLIHAPSVOFOHTPPVNRVLDEPEDDMETRPEPRIWS 380
AtHDR1G: MMENKNSRQMLEEIRNDLLENLSKLQHAPSVPFQERPPITETPEVDE - - -DQEDGDERWD 353
FOEORD L pELELLD FrLiE R RRRLE R OF HEH . HE
mHDAZ : IBAS-————- D--KRI-—-ACDEEFSDSEDEGEGGRENVADHEEGAKKARIEEDKKETED 386
LtHDRE: GTATYESDSDDDDEPLHGYSCRGGATT-————————————————————— DRDSTGEDEMDD 389
AtHDA1S: PDSDMD--VDDDREPIPSRVEREAVEP-DTEDKDGLEGIMERGEGCEVEVDESGSTEVIG 410
. * * . -
mHDAZ : -KETDVEEEDKSKDNSGERTDPEGAKSEQLSNE —- 428
AtHDAG: DNEEP DVNEESS 411
AtHDR19: VNEVGVEEASVEMEE——EGTN-KG-GREQAFPPKT 441
. - "

Figure 14: Arabidopsis thaliana HDA6 and HDA19 showa high amino acid sequence homology to mouse
HDA2.

Aliagnment was performed using Clustal Omeaa. Conserved cysteines are marked in red, cvsteines that are S-
nitrosylated in mouse HDAZ2are indicated with asterisks. Catalytically important residues are shown in blue.
Histone deacetylase region is marked in green.

It should be also noted that cysteines, which are nitrosylated in HDAZ2 are highly conserved in
HDAG6 and HDA19 and are located at the same positions in the 3D structure of the enzymes
(Figure 15).

C-term \ mHDA2 AtHDAG C-term \ AtHDA19
v P '

Cys-152
N-term

Cys-274

Cys-312

‘) /
Cys-111 7> Cys-122

e Cys-112 Cys-269 Cys-108 Cys-118

Figure 15: Arabidopsis thaliana HDA6 and HDA19 demonstrate a similar protein folding as mouse HDA2.
The HDA domains of HDAG (amino acids 18 — 386, Uniprot entry Q9FML2) as well as of HDA19 (amino acids
16 — 382, Uniprot entry 022446) were modelled using the SwissProt Modelling server with mammals HDA?2 as
a template (4lxz.1.A). The models were visualized with Swiss-PdbViewer. Conserved cysteine residues are
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shown in blue and marked with an arrow. Cysteines thatare S-nitrosylated in mouse HDA2 as well as predicted
redox-sensiti_ve cysteines of HDA6 and HDA19 are_in_d ica_lted in red. The acti\_/e center is depicted in areen.
Moreover, it was found that total HDAs activity is not affected neither by TSA nor SNAP in

hda6 suspension cells [179]. Additionally to this finding, H3ac was analyzed in hda6 cell
culture. H3 acetylation remains unchanged after GSNO and TSA treatment (Figure 16),
although under the same conditions enhanced H3ac was observed in wild type suspension

culture (Figure 6).
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Figure 16: GSNO and TSA treatments do not induce H3 acetylation in hda6 suspension cells.

A) Cell cultures were incubated for 4 h with 500 pM GSNO, 1 uM TSA (positive control) and water (negative
control). Nuclear pellet was directly dissolved in 50 pl laemmli buffer and heated for ca. 10 min at 95 °C. The
supernatant was transferred intoa new tube and concentration measured with RCDC Assay. 15 g of nuclear
protein was separated on 12 % SDS-PAGE gel and blotted into nitrocellulose membrane. The membrane was
incubated over night with anti-acetyl H3 primary antibody (1:20000) at 4 °C and for 1 h with a secondary
antibody coupled toHRP (1:2500). A) Shown is one representative experiment. B) Quantitative analysis of A.
Signalintensity was determined with Image J software. Shown is a £SE of three independent experiments (N=3).
The relative intensity ofthe controlgroup in N=3 was set up to 1 [181]. One way ANOVA was performed. No
significant changes were observed.

To find out whether HDAG is NO sensitive, a recombinant Flag-HDAG6 was produced in A.
thaliana. A pEarleyGate202 was used to transform wild type plants by floral dip. Presence of
Flag-HDAG6 gene in transformed lines was demonstrated by RT-PCR (Figure 17A). Lines
Al18 and A23 were chosen for further selection of homozygous line. Recombinant Flag-
HDAG6 was purified as described [169]. Immunoblotting analysis using an anti-Flag antibody
confirmed the presence of recombinant protein in transgenic lines, with a predicted size
around 55 kDa, which was absent in non-transgenic plants (Figure 17B). Catalytic activity of
Flag-HDAG6 was demonstrated by its incubation with 1 uM TSA that reduces the activity of
Flag-HDAG6 to 36 % (64 % inhibition) in comparison to the control, indicating that the
recombinant protein is functional. The influence of NO at the protein activity was measured

according to [188] or by using a commercial kit. Both methods proved the hypothesis of NO-
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sensitivity of HDAG. Treatment of recombinant protein with 0 — 500 M GSNO results in a
slight reduction of HDAG activity (Figure 17C and D, Supplemental Figure 2). Application
of 1mM GSNO leads to 30 % inhibition of HDA activity. However, its activity was not
restored by a subsequent treatment with 5 mM DTT how it normally would be expected if the
inhibition would be a result of S-nitrosylation; even more DTT leads to a higher reduction of
HDAG activity. Treatment of Flag-HDA6 with GSH does not impair the catalytic activity at
all (Supplemental Figure 2).

A B 35S:Flag-HDAG wit
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Figure 17: GSNO inhibits an activity of recombinant 35S:Flag-HDAG.

A)RT-PCR of transgenic 35S:Flag-HDAG. Five heterozygous lines A18-A21, and A23were determined. cDNA
of wt was used as a negative control. Predicted size of 35S:Flag-HDAG is around 1470 bp. B) Immunoblot of
overexpressed 35S:Flag-HDAG. Total protein (TP) was extracted from 1g of freshly ground leaves of A18
transgenic and wt line using CelLytic P buffer. Not bounded proteins (FT) to FLAG resin were discarded.
Recombinant protein was eluted with 200 ng/ml Flag peptide for three times (E1-E3). Anti-Flag tag antibody
(1:2000) was used for detection. Predicted size of 35S:Flag-HDAG6 is around 57 kDa. Shown is one
representativeexperiment of at least of three replicates. C) Inhibition of 35S:Flag-HDAG6 activity by GSNO. The
recombinant plant HDAG6 was incubated with 0.1 — 10000 uM GSNO for 20 min. D) Activity of 35S:Flag-
HDAG after its treatment with 1 uM TSA, 1 mM GSNO and 1 mM GSNO/5 mM DTT. HDA activity was
measured using Fluorogenic HDA Activity Assay. Shown is a +SE of at least three independent experiments
(N>3). One way ANOVA (DF=3; p<0,001) with Holm-Sidak post-hoc test for each treatment group vs. the
control group (Flag-HDAG activity) was performed, **p<0.01, ***p<0.001.

In conclusion, these results let assume that the observed NO-induced trends in histone

acetylation are due to NO-dependent inhibition of HDAs activity. Moreover, two putative
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Arabidopsis HDAs (HDA6 and HDA19) were identified as candidates for NO-sensitive
HDA:s.

2.2 Interaction between NO and light/temperature

Five genes, which were coincidently selected in chapter 2.1.3 and whose transcriptions
correlate with enhanced H3K9/14ac function in chloroplast organization. Analyzing the
functions of these genes in more detalil, it was found that they are encoding for different light
harvesting complex proteins and for photosystem | subunit L (Table 1). Interestingly, the
same genes are upregulated after fumigation of 4-weeks old Arabidopsis plants with NO as
well [77]. This indicates that NO might be involved in the regulation of the photosynthetic
apparatus. Since photosynthesis is a light-dependent process, the influence of light on NO
production and the impact of NO and light on chromatin structure were investigated. To
investigate the physiological functions of SNO/NO in these processes a hot5-2 Arabidopsis
mutant, which is impaired in GSNO reductase function and therefore results in GSNO
accumulation, was used for all further experiments instead of a pharmacological approach
with NO donors.

Table 1: NO-induced hyperacetylation and upregulation of photosynthesis-related genes.

Hyperacetylated gens (ChIP-Seq) after Microarray data of fumigated plants with 3 ppm

TAIR Name

3 h GSNO treatment in the dark (Col-0) over the vegetation period (Was)
Log?2 fold change Fold change
wt vs. wt 250 pM GSNO wt vs. wt 3 ppm
At3g54890 Lhcal 4.17 2.09
At3g47470 Lhcad 0.86 2.65
AT5g54270 Lhcb3 3.15 2.53
At2g34420 Lhb1B2 4.5 2.61
At4g12800 PsaL 1.79 2.03

ChIP-seq experiment was performed by comparison of 7-days old seedlings treated either with H,O or 250 uM
GSNO [180]. Microarray experiment was performed by comparison 4-weeks old plants grown on soil and
fumigated with Mock or 3 ppm NO over the vegetation period [77].

2.2.1 Effect of enhanced endogenous SNO/NO on photosynthetic apparatus

To quantify the effect of enhanced levels of SNO on photochemical and non-photochemical
properties of photosystem Il, a MINI-PAM fluorometer was used. The electron transport rate
(ETR), an important parameter indicating the photosynthetic performance of plants
(efficiency of carbon uptake), seems to be reduced in hot5-2 mutant (20 % at 616 PAR)
compared to wild type plants (Figure 18A).
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Figure 18: SNOs seems to induce changes in some photosynthetic parameters.

Plants were grown for 4weeks on soilunder short day conditions (10/14 h dark/light, 20/17 °C). A) Photosystem
Il (PSII) electron transport rate under increasing irradiance (ETR). B) Maximal efficiency of PSII
photochemistry (Fv/Fm). C) Non-photochemical quenching (NPQ). Values are means +SE (N=16). Student t-test
is performed.

There is tendency indicating that accumulation of SNOs leads also to a decrease of non-
photochemical quenching (NPQ, 26 %), which is a protective mechanism that plants use to
dissipate excess of light energy (Figure 18B). Notably, maximum quantum efficiency
(Fv/Fm), which also describes how well plants can assimilate light, does not seem to be
affected by an elevated SNO level (Figure 18C). These results support the idea that NO
might selectively attacks photosynthetic parameters and may act in different ways depending

on environmental conditions and NO concentration [189].

2.2.2 Light-dependent production of NO

To investigate, whether light is involved in NO production, the NO amount was analyzed by
measuring NO emission of a single plant in a closed cuvette using a CLD Supreme NO
analyzer. No differences between low light (LL, 200 pmol m?s™, T 22°C) and dark (D, T
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22°C) conditions could be observed (Figure 19A), probably because the NO emission of

Arabidopsis plants under this condition is below the detection limit.

Additionally, endogenous SNO concentration was measured during the short day conditions
(10/14 h light/dark, 20/17°C) when 4-weeks old plants were exposed to light for 3 h (at
10:00), 5.5 h (at 11:30) and 7 h (at 14:00) after the light in the growing chamber was switched
on and finishing when light was switched off again for 1 h (18:00), 4 h (21:00) and 15 h (at
06:00), respectively. SNO content seems to be light-dependent. A tendency to enhanced SNO
concentration was measured under light exposure and lower SNO amounts were observed in
the dark. hot5-2 pointed in the direction of higher levels of SNOs as wild type plants (Figure
19B).
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Figure 19: NO emission and SNO content of 4 weeks old plants in light and dark conditions.

Plants were grown on soil for 4-weeks at a short day cycle (10/14 h light/dark, 20/17 °C). A) To obtain the
emission only froma plant, the soil was covered with a transparent plastic foil. In asecondstepit was measured
without a plant. The released emissionwas then subtracted fromthe plant emission. Light or dark was applied
for 4 h using the same temperature (T 22 °C) condition. B) Total S-nitrosothiol level was determined at 06:00,
10:00, 11:30, 14:00, 18:00 and 21:00 o'clock. The light in the chamber was switched on at 07:00 and switched
off at 17:00 o’clock. SNOs were reduced with triiodide and the emitted NO was photochemically detected
through its reaction with ozone. Shown is a £SE of at least three independent experiments (N>3). One way
ANOVA was performed. No significant changes are observed.

To analyze the role of NO under physiological conditions without application of NO donors,
environmental conditions are required which enable a controlled endogenous NO production
(production which could be switched on and off). Since under low light exposure only a slight
NO production could be observed, a high light condition was applied. Under the natural
conditions high light intensity is usually associated with high temperature. Therefore 30°C
were adjusted for the high light intensity experiments. The enhanced light intensity
(1000 pmol m?s™) and high temperature (T 30°C) demonstrate a stronger emission of NO in
both wild type (ca. 5-fold) and hot5-2 (ca. 10-fold) than under low light and low temperature
conditions (LL, 200 pmol m?%™ T 22°C) (Figure 20A). Under low light and high
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temperature conditions (LL, 200 pmol m?s™, T 30°C) the NO emission was the same as
under low light and low temperature (LL, 200 pmol m?s™, T 22°C) conditions. Moreover,
NO emission was analyzed under low and high light intensity without increasing the
temperature (Figure 20B). Here again NO emission in wild type seems to be increased only
under the enhanced light intensity and reaches a similar amount (ca. 5 pmol m?s™) as under
high light and high temperature conditions (Figure 20A), concluding that the observed NO

emission is probably a response to the light intensity and not a result of higher temperature.
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B \ Figure 20: Enhanced light intensity
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A\ plants.
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Besides the NO emission, the SNO content in Arabidopsis leaves was measured. Plants were
grown for 4 weeks under short day conditions (14 h dark/10 h light) and transferred at noon
(after 4h exposure to light) for 4h to low light (LL, 200 pmol m?s™, T 22°C), dark (D,
0 pmol m?s™, T 22°C) and intense light (HL, 1000 pmol m?s™, T 30°C) (Figure 21A). The
SNO concentration is increased with the light intensity (Figure 21B). More than 2-fold higher
SNO content was observed under LL (45 and 88 fmol/yg) and HL (55 and 78 fmol/Lg)
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conditions than under D (19 and 44 fmol/pg) in wild type and hot5-2, respectively. However,

there is no difference between LL and HL condition in both lines. It should also be noticed
that SNO concentration in hot5-2 is almost 2.5 and 1.5-times higher than in wild type under
D, LL and HL conditions, respectively. Nitrite measurement is often used as another
possibility to display NO production. Nitrite concentration correlates well with SNO content
under different light conditions (Figure 21C). Namely 1790 fmol/ug and 2461 fmol/ug nitrite
were observed under LL and 2341 fmol/pg and 2165 fmol/pg nitrite under HL conditions,
whereas only 834 fmol/yg and 900 fmol/pg nitrite was measured under D in wild type and
hot5-2, respectively. It should be noted that nitrite levels in hot5-2 are not significantly
different from that in wild type plants.
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Figure 21: Different light and temperature conditions induce changes in S-nitrosothiol and nitrite
concentration of Arabidopsis plants.

A) 4-weeks old plants grownon soilat shortday cycles (10/14 h light/dark, 20/17 °C) were transferred at noon
(11 o'clock) for4 hto dark (D, T 22 °C). low liaht (LL, T 22 °C) and hiah light (HL. T 30 °C). B and C) Total S-
nitrosothioland nitrite levels were determined after 4 h. SNOs were reduced with triiodide and the emitted NO
was photochemically detected by its reaction with ozone. Shown is a #SE of three independent experiments
(N=3). Two-way ANOVA was performed. B) Difference amona light and temperature conditions — p=0.009,
difference amonag wt and hot5-2 mutant— p=0.004. Pairwise comparisonwas performed using Holm-Sidak Test:
D, Tvs HL, T — p=0.020, D, T vs LL, T - p=0.014. C) Difference among light and temperature conditions —
p=0.011. Pairwise comparisonwas performed using Holm-Sidak Test: D, T vs HL, T — p=0.017,D, Tvs LL, T -
p=0.029.
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2.2.3 Tendency towards light/NO-induced histone acetylation

Previously, an observation was done, pointing in the direction that exogenous applied (by
GSNO) and endogenous induced (by INA, not significantly) NO results in histone
modifications probably via inhibition of HDAs activity (Figure 10, Figure 11). It should be
investigated whether NO production under different light/temperature conditions also leads to
chromatin remodeling. Hence, global histone acetylation was analyzed. Because the
acetylation level of H4 is lower in older plants than in seedlings (Supplemental Figure 3),
only acetylation of H3 was investigated. 4-weeks old plants were grown on soil under short
day cycles (10/14 h light/dark) and transferred at noon (11 o’clock, when plants were already
exposed to LL for 4 h) for 4 h to low light (LL, 200 pmol m?s™, T 22°C), dark (D, O pmol m’
25, T 22°C) and high light/temperature (HL, 1000 pmol m?s™, T 30°C) (Figure 21A). It can
be seen that in wild type plants histone acetylation level tends to increase with rising light
intensity (Figure 22). In detail, when plants were transferred to the dark (D, 0 umol m?s®, T
22°C) a minimum 1.5-fold decrease of H3ac (statistically not significant), H3K9ac
(statistically significant) and H3K9/14ac (statistically not significant) was observed in wild
type plants, whereas hot5-2 exhibits a tendency of a 1.2-fold and 1.3-fold reduced H3ac and
H3K9ac, respectively. No changes between light and dark conditions could be detected at
H3K9/14ac of hot5-2. It is notable, that hot5-2 demonstrates a tendency towards a higher
histone acetylation than wild type, when plants were transferred to dark. Hot5-2 shows here
ca. 1.5-fold higher H3ac and H3K9%ac as well as 1.2-fold higher H3K9/14ac than wild type.
When plants were transferred from low light (LL, 200 pmol m?™, T 22°C) to high
light/temperature (HL, 1000 umol m?s®, T 30°C) a tendency towards the enhanced histone
acetylation was observed. A 1.6-fold and 1.3-fold increase of histone acetylation was
observed for H3 and H3K9/14 in wild type plants. However, no changes in histone acetylation

of hot5-2 mutant were detected under these conditions.
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Figure 22: Different light conditions lead to altered H3 acetylation in wild type and hot5-2 plants.
4-weeks plants grown onsoilat short day (10/14 h light/dark, 20/17 °C) were transferredat noon (11 o'clock) for
4 htodark (D, T 22 °C), low light (LL, T 22 °C) and high light (HL, T 30 °C). Histones were extracted using a
commercial histone purification kit and separated on 12 % polyacrylamide gel followed by a transfer into
nitrocellulose membrane. Antibodies used for analysis: acetylated-H3 (1:20000), acetylated-H3K9 (1:5000),
acetylated-H3K9/14 (1:2000), acetylated-H4 (1:20000), and acetylated-H4K5 (1:10000). A second antibody was
an anti-rabbit HRP (1:20000). The bands detectionwas performed at Fusion Fx7. B) Quantitative analysis of A
for H3 acetylation. C) Quantitative analysis of A for H3K9 acetylation. D) Quantitative analysis of A for
H3K9/14 acetylation. Signal intensity was determined with Image J software. Shown is a +SE of at least three
independentexperiments (N>3). The relative intensity ofthe histone acetylation in wt under D conditions was
set up to 1 [181]. One way ANOVA (DF=2; H3ac: p=0,025; H3K%ac: p=0,005; H3K9/14ac: p=0,043) with
Holm-Sidak post-hoc test was performed, *p<0.05, **p<0.01.

HDAG6 and HDA19 were identified as main candidates, whose enzymatic activity might be
regulated by NO (s. Chapter 2.1.4). To analyze whether these two enzymes are involved in
regulation of histone acetylation under different light conditions, global histone acetylation
level was analyzed in hda6 and hdal9 knockout mutants under the same light/temperature

conditions as described above (Figure 21A).
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Figure 23: Different lightand temperature conditions induce changes in H3 acetylation of Arabidopsis wt,
hda6 and hda19 knockout mutant plants.

4-weeks old plants grownon soilat short day cycles (10/14 h light/dark, 20/17 °C) were transferred at noon (11
o'clock) for 4 h to dark (D, T 22 °C), low light (LL, T 22 °C) and high light (HL, T 30 °C). A) Histones were
extracted using a commercial histone purification kit and separated on 12 % polyacrylamide gel followed by
transferring them into a nitrocellulose membrane. Antibodies used for analysis: acetylated -H3 (1:20000),
acetylated-H3K9 (1:5000), and acetylated-H3K9/14 (1:2000). The secondantibody usedwas an anti-rabbit HRP
(1:20000). The bands detectionwas performed at Fusion Fx7. B) Quantitative analysis of A) for H3 acetylation.
C) Quantitative analysis of A for H3K9 acetylation. D) Quantitative analysis of A for H3K9/14 acetylation.
Signal intensity was determined with Image J software. Shown is a +SE of at least three independent
experiments (N>3). The relative intensity of the histone acetylation in wt under D conditions was set up to 1
[181]. One way ANOVA (DF=2; H3K9ac: p=0,034; H3K9/14ac: p=0,038) with Holm-Sidak post-hoc test was
performed, *p<0.05.

No significant changes were observed within the mutants under different light/temperature
conditions (Figure 23). However, there is a tendency towards increased acetylation in these
mutants under low light and especially when plants were transferred to the dark acetylation is
highly increased compared to wild type plants. When plants were transferred to the dark a 2.2-
fold higher acetylation was detected on H3 (statistically not significant) and H3K9 as well as

a 3.6-fold increase in H3K9/14 (statistically not significant) in hda6 in comparison to wild
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type. Similar trends were obtained in hdal9 with a 1.5- and 1.8-fold enhanced rate of H3ac
and H3KO9ac, respectively and a 2-fold higher acetylation on H3K9/14. Under low light
condition ca. 1.4-fold, 1.3-fold and 1.8-fold higher H3, H3K9 and H3K9/14 acetylation were

observed in hda6 and hdal9 than in wild type, respectively. However, it has to be emphasized

that the observed differences in histone acetylation are not statistically significant and reflect
only trends. No differences have been detected between the mutants and wild type plants
under intense high light/temperature conditions.

Taken together, this data indicates that NO might be involved in a daily modulation of
chromatin structure. Moreover, when plants are transferred to dark HDA6 and HDA19 might
be responsible for deacetylation of H3 prominent marks.

2.24 Light/NO-dependent histone acetylation and expression of photosynthesis

related genes

The previous results demonstrate that NO production is light-dependent. Moreover, there are
hints that light-induced NO accumulation might be involved in regulation of histone
acetylation. Therefore, a question arises whether the NO-sensitive photosynthesis-related loci
found in ChIP-seq change their acetylation level and expression by NO under physiological
conditions (without adding NO donors). Since the most pronounced and significant changes in
histone acetylation (Figure 22) as well as SNO content (Figure 21B) were obtained when
wild type plants were transferred from low light to dark or high light/temperature conditions,
the same experimental setup (see Figure 21A) was used to analyze acetylation and
transcription of those genes.

Histone acetylation of photosynthesis-related genes was analyzed using the same anti-
H3K9/14ac antibody as in the ChlP-seq experiment [180]. After a 4 h exposure of the plants
to dark or high light/temperature their leaves were harvested and vacuum infiltrated with 1 %
formaldehyde, of which the suitable concentration was determined experimentally
(Supplemental Figure 4). Isolated chromatin was sheared to the size of 500-1000 bp and
incubated overnight either with anti-H3K9/14ac or anti-lgG (as negative control) antibodies.
ChIP-gPCR was performed using gene specific primers. The amount of measured chromatin
was normalized to Input and peaklpos, a gene which display higher acetylation after 3 h and
16 h GSNO treatment. At5g38430 (RBCS1B) was used as a control, since it was reported that
acetylation and transcription of this gene is light-dependent [190]. 4% to 8% higher
H3K9/14ac was observed at At2g34420 (LhblB2, statistically significant), At5g54270
(Lhcb3, statistically not significant) and At5g38430 (RBCSI1B, statistically not significant)
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when plants were transferred to the intense light/temperature compared to the dark conditions
in both hot5-2 and wild type plants (Figure 24). However, there is no difference in the

acetylation level of these genes between hot5-2 and wild type.
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Figure 24: Light leads to aslight increase in H3K9/14 acetylation of some photosynthesis-related genes.
4-weeks old Arabidopsis plants grown on soilat short day cycles (10/14 h light/dark, 20/17 °C) were transferred
at noon (11 o'clock) to dark (D, T 22 °C) and high light (HL, T 30 °C). After 4 h leaves were pooled and
incubated in 1% formaldehyde. Relative amount of DNA associated with acetylated H3K9/14 for Lhcal, Lhca4,
Lhb1B2, Lhch3, psaLand RBCS1B were determined by ChIP-gPCR in wt and hot5-2 mutantplants. Chromatin
was extracted and immunoprecipitated with acetylated-H3K9/14 (1:2000). gPCR-amplifiered ChIP-DNA was
normalized to input DNA and peaklpos. Shown is a +SE of four independent experiments (N=4). Two way
ANOVA is performed. Difference amona of liaht/T conditions — DF=1; p=0.03, difference amona of wt and
hot5-2 mutant — DF=1; p=0.009. Pairwise comparison was performed using Holm-Sidak Test: p<0,05.



Resuls

Using the same experimental setup transcription of photosynthesis-related genes was analyzed
via gPCR (Figure 25).
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Figure 25: Different light and temperature conditions change transcriptional level of photosynthesis-
related genes.

4-weeks old plants grownon soil (10/14 h light/dark, 20/17°C) were transferred at noon to dark (D, T 22°C), low
light (LL, T 22°C) and high light (HL, T 30°C). After 4 h leaves (100 mg) were pooled for RNA extraction.
cDNA was diluted 1:20. qPCR was performed on ABI 7500. mRNA level was normalized to PDF, UBC and
SAND. Shown is a £SE of three independent experiments (N=3). Two way ANOVA (Holm-Sidak Test) is
performed. Difference among of light and T conditions — DF=1; p<0.001, difference among of wt and hot5-2
mutant — p=0.011. Pairwise comparison was performed using Holm-Sidak Test: p<0,05.
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In wild type plants there seems to be a tendency towards increased transcript levels of
At3g54890 (Lhcal, 1.2-fold, statistically not significant), At3g47470 (Lhca4, 1.7-fold,
statistically not significant), At2934420 (Lhb1B2, 1.6-fold, statistically not significant) and
At4g12800 (PsaL, 1.2-fold, statistically not significant) when plants were transferred to the
dark compared to high light/temperature conditions. The differences in mRNA abundance of
the same genes in hot5-2 were even more pronounced, namely 1.5-fold for Lhcal and PsaL as
well as 3-fold for Lhcad4 and Lhb1lB2, respectively. However, also the results are statistically
not significant. Interestingly, the transcripts of all photosynthesis-related genes in hot5-2
mutant in the dark seems to be higher (1.5-2 times) than in wild type plants, although no
differences in H3K9/14ac were observed in those genes among wild type and mutant plants
(Figure 24). The mRNA level of At5g38430 (RBCS1B) is at least 6 times higher when wild
type and hot5-2 were transferred to the intense light/temperature than to the dark and
correlates with a slight increase in H3K9/14ac of this gene. Moreover, hot5-2 exhibits a
significant higher transcript (1.4-fold) of RBCS1B than wild type under bough conditions.
Taken together, these results demonstrate, first, that genes showing enhanced acetylation at
H3K9/14 after GSNO treatment remained unchanged in the mutant with elevated SNOs
content. This suggests that exogenous application of SNO (in form of GSNO) is different
from the enhanced endogenous SNO levels and cannot be compared with each other. Second,
light-induced H3K9/14ac of Lhb1B2 and Lhcb3 does not correlate with their transcriptional
level, indicating that except of NO another mechanism might be involved in transcriptional
regulation of these genes. However, a positive correlation between H3K9/14ac and mRNA
level of RBCS1B as well as a higher transcript abundance of this gene in hot5-2 suggests that
NO might be involved in transcriptional regulation of photosynthesis-related genes, but under
physiological conditions other photosynthesis-related genes (not those which were found after
GSNO treatment) are regulated by NO.

2.25 Light/NO-dependent H3K9 acetylation of photosynthesis-related genes

H3K9ac is usually associated with active promoters and this histone mark is more abundant
(however, not significant) in hot5-2 (Figure 22C) and hda6 (Figure 23C) mutants,
respectively, in comparison to wild type under both, dark and low light conditions. Therefore,
a ChIP-seq experiment was performed using an anti-H3K9ac antibody in order to look for

photosynthesis-related genes which might be regulated by light-induced NO. To determine a
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genome-wide light/dark-dependent H3K9ac profile, 4-weeks old wild type, hot-2 and hda6

plants were either exposed to low light or transferred to the dark condition for 4 h.

Crosslinked chromatin was sheared to small fragments (100 — 400 bp) using Covaris E220
evolution and the size was verified by 1.5 % agarose gel and Agilent 2100 Bioanalyzer
(Supplemental Figure 5). Immunoprecipitated and Input chromatin were used for library
construction and deep sequencing by IGA Technology Services. Sequencing was performed
using NextSeg500 and 30 M (75 bp) reads.

2.25.1 Genome-wide mapping of H3K9ac

An ultrafast memory-efficient short read aligner, Bowtie [191], was used to align sequenced
reads to the reference genome (TAIR10). The alignment results are presented in
Supplemental Table 1. All ChiP-seq data aligned well with A. thaliana genome, resulting in
total of 95.31-99.34 % aligned reads. Furthermore, principle compound analysis (PCA) as
well as a heatmap of all sequenced peaks were performed to visualize a relatedness between
replicates. Plots of two biological replicates are located next to each other and clustered
together, suggesting that sequencing data are of high quality (Supplemental Figure 8).

Distribution of H3K9ac peaks along the five Arabidopsis chromosomes was analyzed by
normalizing of H3K9ac reads to the Input read counts and mapping them to genome. The
highest peak density was found along chromosome arms, whereas centromeric and

pericentromeric regions were considerably less enriched (Figure 26).
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Further, to determine the abundance of H3K9ac sites along the gene bodies in more detail a

coverage analysis around transcription start sites (TSS) was performed as well as the location
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of H3K9ac enriched regions was identified. The majority of enriched reads is located in
proximity to TSS. And the strong enrichment of H3K9ac was observed within 1000 bp
relative to the nearest TSS (Figure 27A). It was also found that 44 % of the peaks are located
within coding sequence (CDS) followed by 21 % and 20 % within intergenic and intragenic
regions, respectively. Only 8.5% and 3.4 % of the peaks were observed in five prime and
three prime untranslated (5°- and 3-UTR) regions, respectively (Figure 27B).
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Figure 27: Genomic distribution of H3K9ac among Arabidopsis genome.

A) Histogram of peak distribution, where transcription start site (TSS) is centered. The x-axis demonstrates
distance fromTSS and the y-axis represents frequency. The distance is calculated between the central point of
the peakto the nearest TSS. Negative and positive values correspond to sequences upstreamand downstream to
TSS. B) Distribution of H3K9ac peaks along different regions of A. thaliana genome. Two independent ChiP-
seq experiments were performed (N=2).

2.2.5.2 H3K9ac level dependent on light/dark condition

To identify differential abundance of H3K9ac loci, the DiffBind software package version
2.8.0 was applied. In total 15290 peaks were found specific for H3K9ac. Analyzing each
genotype based on the light/dark condition (e.g. hda6 light vs. hda6 dark) a high number of
peaks was found to be significantly hyperacetylated (FDR<0.05) in wild type and hda®,
namely 2774 and 3621, respectively. Whereas 1481 and 1004 peaks were detected as
hypoacetylated (peaks which are more acetylated in the dark). In contrast, almost an equal
number of peaks in hot5-2 was identified as hyper- (1305) and hypoacetylated (1782) under
low light conditions (Figure 28A).
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Figure 28: H3K9ac depends
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To examine biological response to light on histone acetylation, first it was looked for all
possible relations between the genotypes. Venn diagrams show that all three plant lines share
a quite high number of hyper- and hypoacetylated peaks in light relative to dark. In pairwise
comparisons, 1872, 678 and 880 identical peaks were found hyperacetylated between
wt+hda6, wt+hot5-2 and hotb5-2+hda6, respectively. 554 of those highly acetylated peaks
appeared in all three lines (Figure 28B). At the same time the plant genotypes showed
overlapping peaks that are less acetylated under the light than under the dark conditions. 473
identical peaks were found between wt+hda6, 568 - wt+hot5-2 and 606 - hot5-2+hda6,
whereas 328 of them are shared by all genotypes (Figure 28C). It is important to mention,
that shared peaks remain still of high interest for further analysis, because it is not clear from
the venn diagrams, whether these loci are more or less acetylated in the mutants than in wild
type.

Second, a GO enrichment analysis was performed for the hyperacetylated peaks of each
genotype and their overlap across all genotypes. H3K9ac seems to play an important role in
various biological processes under the dark and light condition. In the response to light,
molecular functions of H3K9ac among the genotypes are very diverse and are involved in
metabolism, transport and stress responses (Supplemental Figure 9). Remarkably,
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hyperacetylated peaks of hot5-2 contain loci related to photosynthesis and light reaction,
supporting the hypothesis that NO might be involved in regulation of photosynthetic
machinery. Peaks that were hyperacetylated in all three genotypes were enriched for
chloroplast-related gene function, consistent with the effect of light expected from prior
knowledge. However it is not possible to conclude from this observation whether H3K9ac of

these loci is more abundant in the mutants than in wild type plants.

2.2.5.3 H3K9ac level dependent on genotype

Analyzing histone acetylation between the mutants and wild type, it was found that hot5-2 has
a higher H3K9ac than wild type. In detail, 3438 and 829 exclusively hyperacetylated peaks
are present in hot5-2 under light and dark conditions, respectively, whereas only 585 and 133
peaks were hypoacetylated, respectively. Remarkably, four times more hot5-2-specific

H3K9ac loci were observed in the light than in the dark (Figure 29).
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In contrast, hda6 consists of more hypoacetylated peaks than hyperacetylated ones in
comparison to wild type. In total, 4417 and 6928 specific hypoacetylated peaks were detected
under light and dark conditions, respectively. Interestingly, almost double amount of
hyperacetylated H3K9 peaks was observed in the dark (1452) than in the light (857).
Comparing the mutation effect between the two mutants, it was found that hda6 and hot5-2
share 640 specific loci that are hyperacetylated in the light and 271 loci in the dark. In
contrast 1452 and 115 loci were observed less acetylated in both mutants than in wild type
under light and dark conditions, respectively.

To examine biological functions affected by the mutations, GO analysis was performed for

hda6 and hot5-2 shared and specific loci (Supplemental Figure 10). Under light condition
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hyperacetylated loci shared by both mutants are significantly enriched in genes located in the

chloroplast. Interestingly, also in the dark condition hot5-2-specific hyperacetylated loci are

enriched for functions related to chloroplast, photosynthesis and light reaction.

2.25.4 H3K9ac loci affected by both condition and genotype effects

To find out what are the chloroplast-related genes that are possibly regulated by the NO-
depended inhibition of HDAG®, the intersection between light/dark condition and genotype
effects was analyzed. Specifically, we were interested in peaks at chloroplast genes that were
hyperacetylated by light and significantly hyperacetylated in mutants compared to the wild
type (resulting in a significantly higher acetylation level in mutants under light than in wild
type under dark) (Figure 30). The first set of candidate peaks was derived as the overlap
between peaks hyperacetylated by light in the wild type (wt light vs. wt dark) and peaks
hyperacetylated in mutants compared to the wild type in light (hot5-2 light vs. wt light, hda6
light vs. wt light). The second set of candidate peaks was derived as the overlap between
peaks hyperacetylated in the mutant compared to the wild type in dark (e.g. hot5-2 dark vs. wt
dark) and peaks hyperacetylated in light in that mutant (hot5-2 light vs. hot5-2 dark).

. Figure 30: Step-wise induction of
Left pathway Right pathway peaks at chloroplast genes.
It was looked, first, for the peaks that
are hyperacetylated by light in wild
- type and even higher acetylated in
mutant light hot5-2 and hda6 (left pathway).
Second, peaks that are more H3K9
acetylated in the mutants thanin wild
- type, when plants were transferred to
wt light mutant dark the dark and loci that are
hyperacetylated in both mutants by
light (right pathway).

Acetylation level

wt dark

Both sets of candidate peaks are visualized in a heatmap, where each peak is represented by a
column (Figure 31A). The majority of found chloroplast-related genes in wild type are more
acetylated under light than under dark condition. 74 of these loci showed a significant
increase (FDR <0.05, log2FC >0) in H3K9ac when plants were exposed to low light
compared to dark. Both mutants show even higher histone acetylation than wild type under
this condition. 80 and 16 significantly higher hyperacetylated sites were found in hot5-2 and
hda6, respectively. Among hyperacetylated peaks, 65 (hot5-2) and 7 (hda6) peaks were light-
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induced in wild type as well; however these loci are significantly less acetylated than in the

mutants (Figure 31B).

Under the dark condition, 37 and 17 chloroplast-related genes were more acetylated in hot5-2

and hda6 than in wild type, respectively. When the condition effect was analyzed within each

mutant, 59 and 76 H3K9ac loci were found hyperacetylated in hot5-2 and hda6 when plants

were exposed to light, respectively. It was found that 26 and 15 loci in hot5-2 and hda6,

respectively, were more acetylated in the mutants by light than in the dark and in the same

time are more acetylated in the mutants than in wild type under the dark conditions (Figure

31C).
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In total, 91 (the sum of peaks appeared hyperacetylated in mutants under the light conditions:
65+7+26+15) chloroplast-associated genes were covered by the peaks sets from the left and
the right pathways (Supplemental Table 2). In order to better understand the underlying
biological processes of these genes, a GO enrichment analysis was performed, in which many
GO terms were found significantly enriched (FDR <0.05, log2FC >0). Among those are
terms involved in chloroplast organization, response to far red light, regulation of proton
transport, pigment biosynthesis, sulfur compound metabolism and biosynthesis, alcohol
metabolism and oxidation-reduction processes. However, the most significantly enriched
terms are photosynthesis and glyceraldehyde-3-phosphate metabolism (Figure 31D).
Selected light-induced H3K9ac loci are summarized in (Table 2, for a complete list see
Supplemental Table 2). In total, 20 genes (e.g. Lhca6, Lhch3, PSBY) which are directly
involved in photosynthesis were found significantly acetylated under the light in mutants in
comparison to wild type. Moreover, several other interesting candidates (e.g. TRX-M4,
PGDH3, AOR) involved in redox-processes, which are a crucial part of photosynthesis, were
discovered.

All in all, it was found that NO induced specific changes in H3K9ac pattern of
photosynthesis-related genes. Loci acetylated by light in wild type were found even more
acetylated in hot5-2 mutant (e.g. HCEF1), supporting the hypothesis that NO might be an
important player of photosynthetic machinery by modulating the chromatin structure of
photosynthesis-associated genes. An increase of histone acetylation level might be due the
inhibition of HDASs activity. This is underpinned by the fact that both mutants, hda6 and hot5-
2, share a big number of hyperacetylated genes in comparison to wild type (70 % and 16 % of
H3K9ac specific sites of hda6 were also found acetylated in hot5-2 under light and dark
conditions, respectively). However, only few chloroplast-related candidates were found to be
regulated by HDAG6. Lhcb3 (gene involved in photosynthesis) was significantly acetylated in
both mutants, suggesting that this locus might be directly regulated through the NO-dependent
inhibition of HDAG activity.
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Table 2: List of selected significantly changed H3K9ac sites identified in both mutants.

Appeared H3K9ac in

TAIR Name Description Function left pathway right pathway
AT1G14345 na.  NAD(P)-linked oxidoreductase superfamily protein Photosynthesis, light reaction / GA3P metabolism hot5-2
AT1G19150 Lhca6 PSI type Il chlorophyll a/b-binding protein (Lhca2*1) Photosynthesis, proton transmembrane transport / GA3P metabolism hot5-2
ATI1G55480 ZKT  Protein containing PDZ domain a K-box domain and a TPR region Photosynthesis, response to light stimulus hot5-2
AT1G65230 n.a.  Transmembrane protein putative (DUF2358) Photosynthesis / GA3P metabolism hot5-2
AT1G67740 PSBY Photosystem Il BY Photosynthesis, light reaction hot5-2
AT1G74880 NdhO NAD(P)H:plastoquinone dehydrogenase complex subunit O Photosynthesis, light reaction hot5-2
AT2G26500 n.a.  Cytochrome b6f complex subunit (petM) Photosynthesis, light reaction hot5-2
AT2G30570 PSBW Photosystem Il reaction center W Photosynthesis, light reaction hot5-2
AT3G13120 n.a.  Ribosomal protein S10p/S20e family protein Photosynthesis, chlorophyll biosynthetic process / GA3P metabolism hot5-2
AT3G21055 PSBTN Photosystem Il subunit T Photosynthesis, light reaction hot5-2
AT3G54050 HCEF1 High cyclic electron flow 1 Photosynthesis, electron transport in photosystem | / GA3P metabolism hot5-2 hot5-2
ATAG04640 ATPCl ATPase F1 complex gamma subunit protein Photosynthesis, ATP synthesis coupled proton transport / GA3P metabolism hot5-2
ATA4G09650 ATPD F-type H+-transporting ATPase subunit delta Photosynthesis, ATP synthesis coupled proton transport hot5-2
ATA4G22890 na. PGR5-LIKE A Photosynthesis, electron transport in photosystem | / GA3P metabolism hot5-2
ATAG27800 TAP38 Thylakoid-associated phosphatase 38 Photosynthesis, electron transport chain hot5-2
ATA4G28660 PSB28 Photosystem Il reaction center PSB28 protein Photosynthesis, photosystem 11 / GA3P metabolism hot5-2 hot5-2
AT5G04140 GLU1 Glutamate synthase 1 Photosynthesis, response to light stimulus hot5-2 hot5-2
AT5G08050 n.a.  Wiskott-aldrich syndrome family protein putative (DUF1118) Photosynthesis, nonphotochemical quenching (NPQ) / GA3P metabolism hot5-2
AT5G38520 na. Alpha/beta-Hydrolases superfamily protein Photosynthesis, chlorophyll metabolic process hot5-2
AT5G54270 Lhch3  Light-harvesting chlorophyll B-binding protein 3 Photosynthesis, response to light stimulus hot5-2, hda6
AT5G43750 PnsB5 NAD(P)H dehydrogenase 18 Response to oxidative stress hot5-2 hot5-2
AT1G23740 AOR  Oxidoreductase zinc-binding dehydrogenase family protein Oxidation-reduction process hot5-2
AT3G15360 TRX-M4 Thioredoxin M-type 4 Cell redox homeostasis / GA3P metabolism hot5-2
AT3G19480 PGDH3 D-3-phosphoglycerate dehydrogenase Oxidation-reduction process hot5-2 hda6
AT5G21430 NdhU Chaperone DnaJ-domain superfamily protein Oxidation-reduction process hot5-2
AT5G18660 PCB2 NAD(P)-hinding Rossmann-fold superfamily protein Oxidation-reduction process, chlorophyll biosynthetic process hot5-2
AT4G15110 CYP97B3 Cytochrome P450 family 97 subfamily B polypeptide 3 Oxidation-reduction process, carotenoid biosynthetic process / GA3P metabolism hot5-2
AT3G51820 G4 UbIA prenyltransferase family protein Chlorophyll biosynthetic process / GA3P metabolism hot5-2
ATA4G18350 NCED2 Nine-cis-epoxycarotenoid dioxygenase 2 Oxidation-reduction process, abscisic acid biosynthetic process hda6
ATA4G33010 GLDP1 Glycine decarboxylase P-protein 1 Oxidation-reduction process / GA3P metabolism hda6
AT1G24280 G6PD3 Glucose-6-phosphate dehydrogenase 3 Oxidation-reduction process / GA3P metabolism hot5-2
AT5G44520 n.a. NagB/RpiA/CoA transferase-like superfamily protein Pentose-phosphate shunt / GA3P metabolism hot5-2

Depicted are the genes thatdemonstrate a higher acetylation level in hot5-2and hda6 than in wild type under the light condition (left pathway) and genes that are hyperacetylated
in the mutants when they were exposed to light in comparison to the dark condition (right pathway). GA3P — glyceraldehyde-3-phosphate metabolism.
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3 Discussion

Before entering into a detailed discussion, it should be emphasized that the research
conducted provides evidence to support several of the hypothesis stated in this thesis.
Although statistical significance couldn’t be shown for all results, tendencies are visible for
the remainder which seems to be backing the hypothesized cause-effect relationships. In order
to ensure a more robust statistical foundation for further research some of the experiments

would ideally need to be repeated with larger sample sizes where possible.
3.1 NO-dependent histone acetylation

The role of NO on histone modification pattern of 7-days old Arabidopsis seedlings grown in
liquid was analyzed in this study. The seedlings were treated with GSNO to mimic NO
production and NO signaling. Two methods were used to quantify histone acetylation: LC-
MS/MS and immunaoblotting. The first approach provides a powerful tool in monitoring total
histone acetylation in a single experiment and is based on a mass shift if lysine modification is
present. Moreover, it exhibits a huge advantage owver traditional immunoblotting methods
because there is no need in using/generation of new antibodies, as it is well known that a
success of an immunoblotting experiment depends on quality, specificity and performance of
an antibody [192][193]. Treatment of seedlings with TSA resulted in enhanced H3 and H4
acetylation (Figure 8), indicating that this approach is suitable to analyze plant histone
modifications. Treatment of seedlings with GSNO led to a slight but not significant increase
of H3 and H4 acetylation as well. However, the quantification of H4 acetylation turned out to
be difficult, because of the high number of lysine residues within the analyzed N-terminal H4
peptide (Figure 7B). In order to overcome this problem, a traditional antibody-based method
was applied. Immunoblotting confirmed that exogenously applied GSNO might affect histone
acetylation in liquid grown seedlings. However, it should be noted that the measured
differences in histone acetylation are not statistically significant for all analyzed histone
marks and treatments. Nevertheless, a trend of GSNO-induced histone acetylation could be
observed (Figure 10). NO donor increased histone acetylation abundance in all tested
epigenetic marks. A more than 2-fold enhanced histone acetylation level was observed in
H3ac (statistically significant), H3K9ac (statistically significant), H3K9/14ac (statistically not
significant), H4ac (statistically not significant) and more than a 4-fold increase in H4K5ac
(statistically not significant) in comparison with water treated seedlings. Coapplication of

cPTIO mostly prevented GSNO-mediated hyperacetylation of chromatin, indicating that
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observed histone acetylation changes might be caused by NO. Treatment of seedling with
GSH demonstrated unexpectedly a tendency towards induced histone acetylation at several
lysine residues, for instance H4Kb5ac, although the effect was weaker than after GSNO
treatment. It was assumed that GSH might also indirectly lead to the formation of NO. This
result is in line with a similar observation where GSH-dependent production of nitrite and
NOx was found in human umbilical vein endothelial cells (HUVECSs) [194]. In agreement
with the previous results, GSNO-mediated H3ac was also detected in Arabidopsis suspension
cells (Figure 6). Moreover, a tendency towards an increased H3ac (1.5-fold) and H3K9ac (ca.
1.3-fold) level was observed in SNO-accumulated hot5-2 plants compared to wild type under
dark and low light conditions (Figure 22), indicating that endogenous SNO/NO might affect
histone acetylation. It should be also mentioned that since global histone acetylation is
analyzed in this study only moderate changes/tendencies rather than clear-cut differences can
be expected. To obtain statistically significant results the sample size would have to be
increased. This assumption is strengthened by other published studies where e.g. a relatively
small but significant increase in histone acetylation at almost all lysine sites (ca. 1.5-fold,
N>3) with the notable exception at H3K14ac and H3K56ac (ca. 3-fold and 3.5-fold,
respectively) was observed in embryonic cells that are double knockout in HDA1/2, enzymes
which regulate access to DNA by modulating chromatin structure [195].

Plant hormone SA is known to participate in endogenous NO synthesis [186]. Therefore, the
role of its chemical analog, INA, was investigated. SNO formation was analyzed after the
treatment of liquid-grown seedlings for 16 h with INA or INA/cPTIO (Figure 11C). A trend
towards increased SNOs accumulation was observed. The SNO formation in INA treated
seedlings increased twice as much as in control plants, however the results were statistically
not significant. The obtained results are in line with findings where differences in NO
accumulation upon SA treatment were detected in Arabidopsis plants with normal or impaired
NO homeostasis [186], [196]-[198]. Moreover, an increased NO production was also
observed in protoplasts after stimulation for 1 h with 100 pM SA or INA in a time and
concentration dependent manner [180][179]. However, the SNO formation could not be
prevented by cPTIO in this study (Figure 11C). Similar observation was obtained after long-
term cPTIO treatment. A 10 min incubation of cell culture with cPTIO was able to scavenge
SA-mediated NO, however a pre-treatment for 60 min resulted in a strong decrease of
scavenging efficiency, indicating that time might be a limiting factor for cPTIO functions

[199]. This evidence is in accord with another study where 3 h incubation of liquid grown
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Arabidopsis seedlings with GSNO/cPTIO caused a slight reduction of SNO content, whereas

no scavenging effect was observed after 16 h treatment [179].

Since SA as well as INA induce endogenous NO production [179][180], the influence of INA
on global changes of histone acetylation was analyzed by western blot (Figure 11A and B).
Incubation of liquid-grown seedlings with INA for 16 h demonstrated a tendency towards an
elevated H3ac, H3K9/14ac, H4ac and H4Kb5ac (however the results were statistically not
significant) which cannot be prevented by INA/cPTIO treatment. However, the acetylation
level was still lower than after INA treatment alone, indicating that the observed tendency
towards hyperacetylation of the histones by INA is probably based on INA-induced NO
production. A possible role of INA-dependent chromatin modulation might indicate the
functions of NO in a disease resistance. Treatment of tobacco plants or cell suspensions with
NO donors resulted in expression of defense related genes, such as phenylalanine ammonia
lyase (PAL) and pathogenesis-related protein 1 (PR1) which are marks for phenyl propanoid
pathway and salicylic acid (SA)-mediated signaling [64]. The application of NO synthase
inhibitors or scavenger attenuated a systemic acquired resistance (SAR) induced by SA. NO
was proposed as a positive regulator of transcriptional expression of defense genes, acting
upstream of SA-regulated pathway [65]. Other studies demonstrate that dependent on the
concentration SA fulfills an important function during abiotic stress responses as well [200].
The data of this study provide hints that NO might be involved in chromatin modulation. In
many other studies it was shown that different biotic and abiotic stresses induce NO
accumulation and also structural changes of chromatin. Exposing maize seedlings to heat
stress resulted in increase of total H3ac, H3K9ac and H4K5ac [201]. An elevated level of
H3K9%ac and H4K5ac was also measured in maize roots after 200 mM NaCl treatment [202],
suggesting that these changes could be associated with enhanced expression and activity of
two HATs, HAT-B and GSN5. Moreover, dynamic changes in H3 phosphorylation and
acetylation of H4 seem to correlate with the activation of stress-related genes in tobacco and
Arabidopsis cells in response to high-salinity, cold stress and ABA treatment [203].
According to these observations and our results, it could be assumed that NO might be a part
of a signaling cascade which induces a defense mechanism through changes in chromatin

structure.

3.11 Redox-regulation of HDAG

Histone modifications are highly dynamic. These reactions are catalyzed by two groups of
enzymes HATs and HDAs (s. 1.1.5.2). There is some evidence which indicates that NO-

induced histone acetylation is mainly based on a negative regulation of HDAs activity. First
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of all, it was shown that total HDAs activity is reduced (about 20 %) after the treatment of
protoplasts and nuclear extracts with 500 M GSNO and SNAP. It should be highlighted,
when a reduced agent DTT was additionally added, the enzymatic activity was restored,
indicating that NO-induced inhibition of HDAs activity is reversible. Moreover, SA- and
INA-induced NO synthesis also inhibit catalytic activity of HDASs in protoplasts. This
inhibition is NO specific, as the effect of SA and INA could be abolished by NO scavenger
cPTIO [179][180]. Aside from that, the influence of NO on a transcriptional regulation of
HDAs was analyzed. No effect of GSNO on HDAs expression was observed at the analyzed
time point (Figure 13). Together these data suggests that NO might modulate histone
acetylation through the redox regulation of HDAs activity (Figure 32).
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Figure 32: A possible NO mode of action in regulating histone acetylation.

Tightly wrapped around histones DNA form an inactive and closed chromatin structure which is usually
associated with gene repression. The dynamic state of chromatin is regulated by HATs and HDAs enzymes.
Histone acetylation leads to opened chromatin and allows transcriptional regulators bind to DNA. Histone
acetylationis usually associated with gene transcription. NO promotes inhibition of HDAs and leads to the

acetylated, active chromatin structure.

There is evidence demonstrating that HDAs might be important enzymes involved in
chromatin modifications. Two plant specific nuclear HDTs, HDT2 (HDT2B) and HDT3
(HDT2C), were found S-nitrosylated in Arabidopsis suspension cell cultures after pathogen
infection [104], however less is known about these modified proteins. It was demonstrated
that HDT3 is involved in ribosome biogenesis and plays an important role in rRNA

processing [204]. Redox-sensitive Cys residues have been observed in plant HDA19 and
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HDAZJ in response to SA treatment. It was suggested that the oxidation of HDA19 and HDA9
promotes their deactivation and enhances histone acetylation and expression of associated

genes [205]. Redox-regulation of HDAs has been already described in the animal field. It was
demonstrated that a brain-derived neurotropic factor (BDNF) causes NO synthesis and S-
nitrosylation of HDA2 at Cys-262 and Cys-274 in neurons. Remarkably, S-nitrosylation does
not inhibit its deacetylase activity, but causes the release from a CREB-regulated gene
promoter. Oxidation of HDA2 results in enhanced H3 and H4 acetylation at neurotrophin-
dependent promoter regions and facilitates transcription of many genes [155]. A different
study reports about the S-nitrosylation of HDAZ2 in muscle cells of dystrophin-deficient MDX
mice [156]. Although NO-sensitive Cys of this enzyme are not identified yet, it was clearly
shown that the enzymatic activity of muscle HDAZ2 is impaired upon NO donors. The fact that
the catalytic activity of neurons HDA2 remains unchanged in response to NO, leads to the
hypothesis that S-nitrosylation of HDAZ2 in muscles occurs at different cysteine residues than
in neurons. Moreover, it was assumed that HDA2 in neurons might be a member of another
cell-type specific repressive complex than in muscle cells which might influence an
association of HDA2 with chromatin as well as its deacatylase activity [206]. Another study
partially confirms this hypothesis demonstrating that NO-induced inhibition of HDAs activity
depends also on the subcellular location of HDAs. It was shown that GSNO inhibits total
HDAs activity in neuronal cytoplasmic fractions, whereas in nuclear fraction the enzymatic
activity is not changed in response to GSNO treatment [207]. Recombinant mammals HDAG
and HDAS8 have been reported to undergo S-nitrosylation which results in inhibition of their
activity [157][208]. Moreover, HDA4 and HDAD5, as parts of a large protein complex, migrate
into the nucleus upon S-nitrosylation of protein phosphatase 2A [158]. According to the
studies above there is a strong hint that animal HDAs are part of redox-signaling pathways.

Mammal HDAZ2 is the only HDA where NO-sensitive cysteines were identified and
demonstrated to be crucial for its biological functions. Therefore, amino acid homology of
HDAZ2 to HDAs of A. thaliana was analyzed. Plant HDA6 and HDA19 showed the highest
similarity to mammal HDAZ2, i.e. ca. 60 % identity (Figure 14). All three proteins contain
seven Cys which are located within the HDAs domain. Moreover, the secondary structure of
plant HDAs, according to their 3D modeling (based on crystal structure of HDAZ2), is almost
identical to the folding of HDA2 (Figure 15). Additionally, corresponded Cys-273 and Cys-
285 of HDAG6 and Cys-269 and Cys-281 of HDA19 are located in similar positions as NO-
targeted Cys of HDAZ2, indicating that plant HDA6 and HDA19 are promising candidates for

being redox regulated.



Discussion

HDAG was suggested as a target for NO since acetylation of H3 in hda6 was not enhanced
(Figure 16) in comparison to wild type suspension cells (Figure 6). Moreover, the catalytic
activity of recombinant purified Flag-HDAG6 was partially inhibited by GSNO (Figure 17,
Supplemental Figure 2).

HDAG is one of the most studied HDAs in plants. It is involved in various physiological
processes, such as silencing of transgenes and rDNA [209][169], postgermination growth
[173], plant pathogen interactions [210], leaf development [211] and flowering [212]. The
role and diversity of HDAG6 functions imply that its catalytic activity might be strictly
controlled. However, it remains unclear whether NO-induced inhibition of HDAG6 activity is

regulated by its posttranslational modification.

3.2 NO regulates gene transcription via modulation of chromatin structure

Histone modifications are essential for the regulation of transcription. In many cases,
modification of histone H3 and H4 is associated with the decondensation of chromatin. For
instance, the acetylation of H3K9, H3K14 and trimethylation of H3K4 are corresponded to
euchromatic regions and associated with the activation of gene transcription while the
deacetylation of H3K9, H3K14 and demethylation of H3K9 are the marks of silenced
heterochromatin sites [213]. Since it could be demonstrated that NO exhibited enhanced
histone acetylation, the link between NO-induced chromatin modifications and gene
transcription was investigated. Recently, it was demonstrated that ca. 700 NO-sensitive loci of
liquid grown Arabidopsis seedlings are associated with H3K9/14ac. In total, 194 NO-targeted
H3K9/14ac sites were found after 3 h of GSNO treatment. 148 loci were hyper- and 46 loci
were hypoacetylated. After 16 h of GSNO treatment 552 NO-sensitive H3K9/14ac sites were
identified whereas 393 genes demonstrated an increased and 159 genes a decreased
acetylation [180][179]. gPCR analysis revealed that only 5 of 14 randomly selected loci
displaying enhanced H3K9/14ac showed an enhanced expression after GSNO treatment,
whereas the rest of the genes remained unchanged despite being hyperacetylated (Figure 12).
The general view that histone acetylation of specific regions leads to opening of chromosomal
domains and therefore is correlated with a transcriptional activation of those genes per se, is
not necessarily correct. It is more likely that the acetylation of those regions is of
transcriptional competence [214]. Similar results were also observed in studies done in maize.
The loss of maize HDA101 activity resulted in an increased H4K5ac throughout the entire
genome, however more than 90 % of the direct targets of HDA101 did not change their

expression in the hdal101 mutant [215]. A weak correlation between histone modifications and
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transcriptional response was also observed in Arabidopsis seedlings exposed to salt stress

[216]. Sometimes only a subsequent stress facilitates gene expression of chromatin regions
modified by a pre-stress, indicating a role of histone memory for information storage. Such
kind of mechanism is also known under the term of “priming”, meaning that primed
chromatin allows a faster or stronger response to further challenges [217][218][219]. The role
of NO and SNO formation as priming agents was analyzed in several studies. It was observed
that the growth of Pseudomonas syringae pathovar tomato strain DC3000 (Pst DC3000) is
significantly reduced after spraying 4-weeks old Arabidopsis plants with 1 mM GSNO [182].
These results are in line with studies performed in potato inoculating with necrotrophic
pathogen Phytophtora infestans. It was assumed that NO together with chromatin
modifications are important for the coordination of a potato defense response to a subsequent
pathogen attack [220].

Taken together, this data implies that the observed tendency of NO-mediated changes of
chromatin landscape might, on the one hand, directly lead to the transcriptional activation of
certain genes, but, on the other hand, NO might be responsible for keeping some chromatin

regions in a “caution” state for subsequent stress.

3.3 Function of NO in photosynthesis

Photosynthesis is the main source of energy in plants and thus is very important for their
viability. The influence of NO on photosynthetic system was analyzed in this study. Electron
transport rate (ETR) and non-photochemical quenching (NPQ) seems to be repressed in hot5-
2, whereas no differences were observed in maximum quantum efficiency (Fv/Fm) of PSII
between mutant and wild type plants (Figure 18), indicating that NO/SNO might selectively
effect PSII photochemistry. The reduction of ETR in SNOs accumulating plants could be
explained by the competition of NO with bicarbonate. The last is known to influence the
processes related to both the electron acceptor and donor sides of PSII and therefore, regulates
the electron flow in order to mitigate the impact of stress conditions [221]. NO was
demonstrated to compete with bicarbonate for binding to non-heme iron located between Qa
(a one-electron acceptor plastoquinone) and Qg (a two-electron acceptor plastoquinone)
binding sites [222]. By replacement of bicarbonate, NO is able to reduce photosynthetic ETR
that leads to decreasing of thylakoid transmembrane potential and ATP synthesis [74][223].
The significant decline of NPQ values as well as no changes in Fv/Fm were also found when
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Arabidopsis leaves were incubated with SNP and SNAP or in spinach thylakoid membranes
treated with NO, respectively [224][74].
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Figure 33: Schematic presentation of NO binding sites in photosynthetic apparatus.

Modified from [225]. Light energy is absorbed by pigment molecules of PSII and PSI and is convereted to
chemicalenergy. In the first stage of photosynthesis NADPH and ATP are produced, which are required later to
producesugarsin Calvin cycle (second stage of photosynthesis). NO is known to influence different compounds
of photosynthesis, suchas PSlland PSI, electron transport flow, and ATP synthase complex NO may effect on
photosynthetic rate and chlorophyll florescence parameters. Possible NO-binding sites are demonstrated by red
stars.

Several other studies reported about the involvement of NO on photosynthetic apparatus as
well (Figure 33). It was demonstrated that the exposure of oats and alfalfa leaves to NO
decreases their net photosynthesis rates [226]. Many photosynthesis genes were identified as
S-nitrosylated in a site-specific nitrosoproteomic approach [227]. Moreover, it was shown that
different NO donors, such as GSNO, SNAP and SNP result in changes of photosynthetic
parameters [72]-[74], [228], [229]. However, the results are contradictory, probably because
of different chemical properties of NO donors and different experimental conditions.

The fact that photosynthesis-related genes were found hyperacetylated and transcriptionally
activated after GSNO treatment [180] as well as upregulated after NO fumigation [77]
suggests that NO might be also involved in the regulation of photosynthetic efficiency

through the modulating of chromatin structure.
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3.3.1 Effect of light on NO production

Experimental results of this study show that light stimulates NO production. First of all, SNO
concentration of wild type and hot5-2 mutant plants demonstrates a tendency towards an
inverted U-shape behavior during a typical light-dark cycle (Figure 19). A tendency towards
the increased SNOs formation was detected during the light conditions, whereas a drop in the
SNO amount was observed in the dark. Moreover, when light intensity alone or in
combination with temperature were temporarily increased, a NO emission was determined
which was not detectable when only the temperature was enhanced (Figure 20). Furthermore,
SNO and nitrite levels were significantly higher when plants were exposed to light compared
to the dark (Figure 21). A similar observation was also made by other groups who
demonstrated that an endogenous NO production in Arabidopsis leaves exhibits a diurnal
rhythm. At night the NO concentration was reduced by 30 % in comparison to the NO amount
which was measured during the day [38]. This indicates that light seems to be important for
the intercellular accumulation of NO. However, this observation does not exclude that light
might have only an indirect role in this process by controlling enzymes that synthetize NO in
a cell. For instance, it was shown that nitrate-fertilized sunflowers and spinach leaves emitted
less NO in the dark than in the light, suggesting that NO emissions in the light are mainly
based on light-triggered activation of NR activity [16], since it was shown that NR activity is
decreased during darkening [230]. However, NO emission of nitrite reductase (NiR)-deficient
tobacco leaves dramatically increased in the light compared with wild type leaves and
dropped immediately in the dark phase [231]. This indicates that other factors besides NR
activity may regulate NO emission, too. It might be also assumed that NO is produced due to
the reduction of nitrite (NO;). It was shown that the reduction of NO, is related to
photosynthetic electron flow where ferredoxin is probably a donor in a leaf tissue. However,
some studies demonstrated that the amount of the reduced NO, was stoichiometrically
associated with the production of a-amino nitrogen [232]. Reduction of NO, to NO is also
possible in mitochondria from plants and animals in the presence of NADH. However, this
reaction is only feasible under oxygen free condition [233]. NO production in mammals
correlated with the expression and activity of NOS which was triggered by light [234][235].
Although NOS enzymes have not been found in plants yet, it was demonstrated that NO can
be produced in chloroplast via NADPH-dependent oxidation of L-arginine, which is the NOS
substrate. It was shown that L-arginine is one the most common amino acid in chloroplast and

is available in nanomolar concentrations [236]. The synthesis of L-arginine is controlled by
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photosynthetic light reaction, suggesting that oxidative NO production might also follow a
circadian-like pattern [237].

Since there is a positive correlation between photosynthesis and stomatal reactions, the
conclusion may be derived that NO emission can be attributed to a stomatal conductance,
since stomata is usually opened in the day and closed at night [238]. According to our results
from the measurement of NO emission, it cannot be ruled out that the observed NO emission
is a result of a stomatal opening at high light intensity. However, the enhanced formation of
SNOs and nitrite at moderate and highly irradiance conditions indicates that the process of
NO production in light is independent of stomatal conductance (Figure 21).

One can also assume that the light-induced NO production is based on the day-night cycle of
ROS homeostasis. It was demonstrated that the expression of ROS-responsive genes displays
a time-of-day specific pattern and is under circadian control. Moreover, H,O, production and
scavenging is also dependent on the time of the day, with more H,O, produced during the
light phase and an obvious dip at midnight [239]. It should be highlighted that NO and H,0O,
contribute to the production of each other [240], indicating that a daily rhythm of H,O, might

also lead to an enhanced NO level in light.

3.3.2 Light-induced SNOs formation seems to affect histone acetylation

The results of this study provided hints that light is playing an important role in the regulation
of histone acetylation. First, it was found that there seems to be a tendency which indicates
that under different light conditions NO accumulation correlates with changes in histone
acetylation. A tendency towards histone acetylation changes were observed when light
intensity was manipulated: the higher the light intensity, the higher the tendency towards
increased H3, HK9 and H3K9/14 acetylation levels (Figure 22, Figure 23). However, at this
point of time it cannot be ruled out weather an increased histone acetylation under intensive
light/temperature conditions is mainly related to the high amount of SNOs generated during
this treatment (Figure 21) or due to the increased temperature of the experimental assembly,
since it is known that heat stress is also able to induce histone modifications [241][201].
However, temperature used to induce the heat stress in these studies was 37°C and 45°C,
respectively and is much higher than in our experimental set up. Second, histone acetylation
level in hda6 and hdal9, the main candidates that might be regulated by NO, seems to be
higher under low light and dark conditions than in wild type plants indicating that these two

HDAs might be involved in H3 deacetylation under these conditions (Figure 23).
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Light is known as a major regulator of plant development and plays direct and indirect roles

in mediating histone modifications and chromatin remodeling [242] which induces a
reprogramming of thousands of plant genes [243]. A direct binding of a repressor of
photomorphogenesis (DET1) to a nonacetylated H2B provided evidence about the
involvement of light signaling in chromatin reorganization [244]. One of the first examples of
light-induced histone acetylation was demonstrated in pea [245], [246]. It was shown that
activation of PetE gene, which encodes plastocyanin protein that transfers electrons from
cytochrome bf complex into PSI reaction center, is enabled by hyperacetylation of H3 and H4
at its promoter region. Moreover, the requirement of histone acetylation for PetE transcription
was confirmed by analyzing of transgenic tobacco GUS plants after treatment with HDA
inhibitors (TSA and sodium butyrate). Based on microarray data comparing in dark- and
light-grown Arabidopsis seedlings [247], it was found that histone acetylation and gene
transcription are positively correlated and regulated in response to light changes [190].
Furthermore, it was demonstrated that the enrichment of H3K9ac in analyzed genes is higher
in hdal9 mutant plants than in wild type, indicating that HDA19 is required to reduce
H3K9%ac in a light-dependent manner. Moreover, HDA19 represses transcription of several
light-responsive genes [167]. Similarly, HDA15 is involved in a deactivation of transcription
of chlorophyll biosynthetic and photosynthesis-related genes in etiolated seedlings by
interaction with PIF3 transcription factor by deacetylating and decreasing RNA polymerase
Il1-associated transcription [177]. It should be noted that a HDAIL5-PIF3 complex was
dissociated from target genes by exposure to red light. Taking these studies into account, it is
assumed that the transcription of genes which display a day-night rhythm might be partially
regulated by HDAs. Moreover, these observations are in accordance with the hypothesis of
this thesis, as our results indicate that, on the one hand, NO production demonstrates a
tendency towards a typical light-dark cycle and, on the other hand, light-induced SNOs
formation seems to mediate histone acetylation which is probably a consequence of SNO/NO-
dependent inhibiting of HDASs activity. These observations indicate that light-triggered

SNO/NO might have signaling functions in regulation of gene transcription.

3.3.2.1 Light-induced H3K9/14ac is not associated with expression of photosynthesis-

related genes

NO-sensitive H3K9/14 loci which were found hyperacetylated in GSNO-treated seedlings
include a superfamily of light-harvesting complex proteins (LHC) which are subunits of

photosynthesis reaction center (Table 1). LHCs are required for the absorption of sunlight and
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transferring of excitation energy to the reaction center. Photosystem | (PSI) and photosystem
Il (PSII) are associated with LHCI and LHCII, respectively, although a part of LHCII can also
form a PSI-LHCII complex when there is an imbalance in excitation between PSI and PSII. In
higher plants, LHCII is a trimer and is composed of three homolog isoforms, Lhcbl-3,
whereas LHCI is made up of four apoproteins: Lhcal-4 [248]. Data of this study demonstrate
that only two of five photosynthesis-related genes (Lhb1B2 and Lhcb3) display an enhanced
H3K9/14 acetylation in wild type plants under an intensive light condition. The acetylation
pattern of hot5-2 at the same loci follows an identical tendency but is not more noticeable
than in wild type as it would be expected if NO/SNOs would affect H3K9/14 acetylation at
these loci (Figure 24). Reasons for this might be: (i) NO may regulate gene histone
acetylation until certain level. When this is reached, it does not matter how much NO is
present, histone acetylation would not be higher. (i) Whereas both systems (GSNO treatment
and hot5-2) display an elevated SNO/NO level, they can be differed in properties and
functions of NO. For instance, genes affected by NO-derived from GSNO might be different
from those in the hot5-2 mutant. This observation is in line with another result where
transcription of analyzed genes seems to be accompanied by the daily NO production but the
MRNA level of them is significantly lower in hot5-2 than in wild type (Supplemental Figure
6). Although the mRNA abundance of these genes was much higher after GSNO treatment
compared to the control plants (Figure 12). Moreover, in the H3K9/14ac ChIP-seq study
seedling were “flood” with GSNO, whereas hot5-2 plants may have cell- and tissue-specific
differences in SNO/NO level which might lead to conversable results between GSNO-treated
and mutant plants. It might be further assumed that other factors were activated upon GSNO
treatment which resulted in the hyperacetylation of these loci.

It was also noticed that despite a trend towards the enhanced H3K9/14ac, transcription of
photosynthesis related genes (with the exception of RBCS1B) seems to be reduced under high
light/temperature conditions (Figure 25). Similar findings were also observed in the
unicellular green alga Chlamydomonas reinhardtii, where a decreased expression of genes of
light-harvesting components was demonstrated at high irradiance [249]. It was suggested that
a drop of PSII antenna size leads to the protection of photosystem against photoinhibition.
However, the reason for loss of PSI at the high light intensity is not clear yet. Notably,
acetylation of RBCS1B, a member of Rubisco small subunit, at H3K9 results in a
transcriptional activation of this gene at light [190]. In our experimental setup there is a
tendency of a higher acetylation of RBCS1B at H3K9/14 in response to light than in the dark

conditions and it is positively correlated with its mRNA abundance. Furthermore, the



Discussion

transcript of RBCS1B is significantly higher in hot5-2 than in wild type plants under both,

light and dark conditions, indicating that NO indeed might be involved in a transcriptional
activation of photosynthesis-related genes probably via acetylation of H3K9. This idea
contributes to the explanation of the results observed from the mMRNA level of photosynthesis-
related genes in the dark (Figure 25): transcript level of these genes seems to be higher in
hot5-2 than in wild type plants, although no significant differences between both lines in
H3K9/14ac at corresponding loci were observed (Figure 24). Hence, it might be assumed that
other NO-induced histone modifications or histone acetylation marks are involved in light
responsive and regulation of gene expression in hot5-2. According to the global histone
acetylation NO-induced H3ac or H3K9ac might be responsible for this phenomenon (Figure
22).

3.3.2.2 Light-induced SNOs formation effects H3K9ac of chloroplast-related genes

ChIP-seq analysis on H3K9ac was performed to examine the functions of SNO and light on
chromatin structure. More than 15000 of H3KO9ac sites were found in chromatin of the
Arabidopsis leaf tissue. The large number of peaks was resided within gene rich areas and
almost depleted from pericentromeric regions (Figure 26). This observation is in line with
reports from other plant species or other histone acetylation marks, e.g. H3K9ac and
H3K27ac in Physcomitrella patens as well as H3K9ac in rice showed a strong enrichment in
genic regions [250][251]. A genome-wide profiling of H3KO9ac revealed that this histone
modification is predominantly located within the regions surrounding the TSSs of genes
(Figure 27). This findings are in a strong accordance with published data for other histone
marks such as H3K14ac, H3K56ac, H3K4me2 and H3K4me3 suggesting that a depletion of
nucleosomes might be occurred immediately upstream to TSSs or there are two adjacent
nucleosomes flanking the binding sites which might induce a chromatin configuration
[252][253][254].

ChIP-seq data provided evidence which supports a model in which H3K9 acetylation of genes
is controlled by light-induced NO production/accumulation that might be involved in
inhibition of HDAG activity. First, it was found that transferring plants into dark for 4 h was
accompanied by dramatic changes in H3K9ac (Figure 28). Second, hot5-2 and hda6 share
more than 640 and 250 loci that demonstrate a higher level of H3K9ac than wild type under
light and dark conditions, respectively (Figure 29C). These results are consistent with the
findings of many studies where histone acetylation is required to control light-dependent gene

expression that is regulated by light-responsive HATs and HDAs [167][255]. For instance,
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illumination negatively regulates HDA activity which leads to the H4 hyperacetylation and
transcription of C,-PEPC promotor gene in maize [256]. Since there are hints to a correlation
between light-dependent histone acetylation and NO/SNO formation, it was assumed that NO
might control gene expression by regulation of HDAs activity during the day. However,
further studies, e.g. RNA-seq analysis should be done to proof whether light-dependent
acetylation of H3K9 correlates with gene transcription.

The primary aim of the ChlP-seq study was to find out whether histone acetylation is involved
in regulation of photosynthetic processes and what are the photosynthesis-related genes whose
H3K9%ac level is altered in response to SNO/NO and HDAG activity. To specifically identify
NO- and HDAG-related changes, chloroplast associated peaks were filtered by the peaks that
demonstrate a higher H3K9ac level in both mutants than in wild type under the light (left
pathway, Figure 31B) and peaks that are more acetylated in mutants when they were exposed
to light than in the dark (right pathway, Figure 31C). In total, 20 photosynthesis related genes
with wide range of functions were identified. The most of them were involved in light-
dependent reactions that are based on an electron flow which is accompanied by redox
reactions.

Photosynthesis is known as a self-regulated process which is determined by a molecular redox
signaling. It is suggested that redox state of chloroplast molecules involved in photosynthesis
couples the expression of nuclear photosynthesis genes with the degree of photosynthetic
efficiency. Such mechanism helps plants to adapt changes in light quality and quantity and to
carry on photosynthesis in varying environmental conditions. Redox signaling acts not only
within the chloroplast but it is also a key regulator in coordinating expression of nuclear-
encoded photosynthetic genes [257][258]. Thereby, anterograde (from nucleus to chloroplast)
and retrograde (from chloroplast to nucleus) signaling pathways play an important role in
communication between both organelles. During the anterograde regulation the nucleus
consists of regulators, such as RNA-binding proteins and sigma factors that provide
information about the cell state and regulate the expression of genes required for appreciate
chloroplast functions. In contrast, during the retrograde signaling expression of nucleus-
encoded photosynthetic genes is regulated by signals generated during photosynthetic
processes, such as photosynthetic electron flow and oxidation-reduction activity [259][260].
According to the ChIP-seq data, the majority of photosynthesis related loci were found
hyperacetylated primarily in the hot5-2 mutant. Since there is a strong correlation between
light-dependent NO production and photosynthetic light reactions it might be assumed that

NO is a part of the retrograde signaling pathway, where it might serve as an antioxidant
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molecule preventing a cell from oxidative stress and therefore mediating the photosynthetic

performance through the regulation of gene expression. This hypothesis is supported by the
occurrence of H3K9 acetylated genes involved in antioxidant response which are linked to
photosynthetic performance as well.

PnsB5 (AT5G43750) encodes a NADPH dehydrogenase 18, which was identified as a NDH
(chloroplast NADH dehydrogenase-like complex) subunit that interacts via Lhcaé with PSI
and forms a NDH-PSI super complex. Although an exact molecular mechanism of this
complex remains unclear, it was suggested that the complex may facilitate a novel electron
transport required for stress tolerance [261]. Interestingly, Lhca6 (AT1G19150) was also
found in our study as a target for NO-dependent H3K9ac. NdhU or CRRL (AT5G21430) is
also a part of NDH-PSI complex which is required for NDH activity [262]. AOR
(AT1G23740) is a NADHP-dependent alkenal/one oxidoreductase residing in chloroplast and
catalyzes the reduction of the a,B-carbonyls. The activity of this enzyme is likely to contribute
to the maintenance of photosynthetic process via detoxification of reactive carbonyls
produced as a result on elevated ROS production [263][264]. Thioredoxins are important
antioxidants that facilitate a reduction of disulfides. Isoforms of this protein exist in most
organisms and seems to be relevant for intracellular communication in plants [265][266].
TRX-M4 (AT3G15360) is one of the four isoforms which occurs in chloroplast stroma. It was
shown that M-type TRXs are involved in plant growth and CO, assimilation, suggesting their
role in the activation of Calvin cycle enzymes during photosynthesis [267]. Additionally,
TRX-M4 controls photosynthetic alternative electron pathways in Arabidopsis [268]. The
expression of CYP97B3 (AT4G15110), which belongs to cytochrome P450 family, is highly
correlated with the expression of carotenoid biosynthetic genes, indicating the role of this
enzyme in the carotenoid pathway [269]. Carotenoids itself act as photoprotectants and
antioxidants. Additionally, carotenoids may function as oxidative stress sensors during ROS
production [270].

In sum, there is evidence that light-induced NO production regulates H3K9ac of hundreds of
genes through the inhibition of HDAG activity. Moreover, it was identified that NO might be a
new player in regulation of photosynthetic machinery by controlling of photosynthetic gene
acetylation. However, it seems that found in this study photosynthesis-related genes are
regulated in NO/HDAG-independent manner, since in our data only a light-harvesting
chlorophyll  B-binding protein 3 (Lhcb3, AT5G54270) was found significantly
hyperacetylated in both mutants, hot5-2 and hda6, suggesting that these genes might be a
target for the NO-inhibited HDAG6. These results bring us again to the main question of this
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study about the NO/SNOs mode of action that mediates H3K9ac of photosynthesis genes. It
might be assumed that: (i) other HDAs apart of HDAG-complxe are required for light-
dependent H3K9ac of photosynthesis-related genes. (i) the presence of a third control
element, for example HATS, is necessary to control NO-induced histone acetylation.

A model summarizing all data is illustrated in Figure 34. Although the results of this thesis
are not always statistically significant, the observed trends provided hints to the existence of a
light-dependent mechanism for NO production in Arabidopsis. During the day SNO/NO is
synthesized from L-Arginine and/or NO; in chloroplast or cytoplasm. H,O, which is formed
during the reduction of O, by photosynthetic electron transport components may act as a
cofactor to promote NO generation as well [271]. NO as a signaling molecule gets to the
nucleus and acts negatively on HDASs activity resulting in H3K9 hyperacetylation of
photosynthesis-related genes. H3K9ac might further enable transcriptional activation of these
genes and therefore might be involved in regulation of photosynthetic machinery. When
plants are transferred to the darkness, chromatin might stay still acetylated until SNO/NO
production is reduced and HDAs activity is sufficient to remove the hyperacetylation state. In
this study hot5-2 was used as a tool to study the physiological role of NO/SNOs. The
observed trends presented above indicate that light-induced SNO formation might be involved
in regulation of histone acetylation. Accordingly, it is proposed that SNO/NO might involved
in regulation of photosynthetic performance through the transcriptional activation of

photosynthesis-related genes.
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Figure 34: A model of NO regulation of photosynthetic machinery.

lllumination is necessary to promote NO productionin a cell. During the day NO may be synthetized by NOS-
like activity fromL-Arginine or by nitrate reductase (NR) from NO," in chloroplastand cytoplasm. NO may also
be promoted by H,0O, that is generated by the electrontransport chain components during the reduction of O,".
NO may react with reduced glutathione (GSH) producing S-nitrosoglutathione (GSNO), the major cellular
reservoir of NO. The level of GSNO is controlled by the enzyme GSNO reductase (GSNOR), which catalyses
the reduction of GSNO to oxidized glutathione (GSSG) and ammonium(NH,). As asignaling molecule NO may
transport tothe nucleus and thereby may regulate the transcription of genes involved in photosynthesis via
inhibition of a HDA-complexwhere HDAG that was identified as a potential target for NO is a part of it.

4 OQutlook

Intense research has been performed in recent years trying to explain the biological functions
and mechanism of actions of NO. The results of this thesis in combination with other studies
indicate that NO might participate in changes of chromatin structure. Although it was shown
that H3K9/14 hyperacetylation does not necessarily lead to the gene transcription, further
studies should be performed in order to find out whether a H3K9ac mark, which is usually
associated with active chromatin, results in transcriptional activation of H3K9 hyperacetylated
loci.

Furthermore, it was observed that some selected genes found H3K9/14 hyperacetylated and
upregulated after GSNO treatment in Arabidopsis seedlings do not demonstrate the same
acetylation pattern in hot5-2 mutant, hence further questions should be addressed: (i) What
are the other factors which might be affected by GSNO treatment that result in H3K9/14ac

and their transcriptional activation? (i) Are there any differences in NO-induced biological
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functions between NO arisen from GSNO and NO originated from GSNOR-deficient mutant
(hot5-2)?

It was shown that there is a tendency demonstrating that NO might be involved in histone
acetylation and inhibition of HDAs activity, suggesting that NO might regulate gene
expression by S-nitrosylation of HDA-complex. Although HDA6 was found as NO-targeting
isoform, it should be still confirmed whether the inhibition of HDAG activity was induced by
S-nitrosylation of this protein. Moreover, measurements of HDAG6 activity demonstrate only
30 % inhibition induced by a high GSNO concentration (1 mM), indicating that other
members of HDAG-complex might be required for NO-dependent histone acetylation.
Therefore, it might be of interest to decode molecular functions of other members of the
HDAG-complex.

Besides that, first time evidence was presented indicating a tendency in the light-dependent
NO/SNOs production which might be accompanied by changes in histone acetylation. This
observation raises a question whether HDAs activity also demonstrates a circadian-like
pattern. Therefore, time course investigations of HDAS activity are recommended.

Moreover, findings of this study suggest a new role of NO signaling in regulation of
photosynthetic performance. However, it is not clear yet how NO mediates H3K9%ac of
photosynthesis related genes. Therefore, other HDA isoforms could be used to address this

question. Further, the role of NO on regulation of HATs might be studied in this process.
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5 Material and Methods

5.1 Materials
5.1.1 Plant Material and Soil

Table 3: Plant Material

Plant lines Background Description Source

Wild type Col-0 Wild type line

Hda6ko (axel -5) Col-0 Splice site mutant. Base substitution at the [170], [209]
third exon-intron junction

HDAG6/Compl axel -5 Complementation of genomic HDA6 (gHDA6)  self-made

under neutral promoter (2000 bp upstream of
ATG). Homozygous line (T3 generation) is

obtained
HDAG6/273 C/A axel —5 Point mutation of cysteine 273 to alanine.  self-made
Homozygous line (T3 generation) is obtained
HDAG6/285 C/A axel -5 Point mutation of cysteine 285 to alanine.  self-made
Homozygous line (T3 generation) is obtained
HDAG6/273/285 C/IA  axel -5 Point mutation of cysteines 273 and 285 to  self-made
alanine. Homozygous line (T3 generation) is
obtained
35S:FLAG-HDAG Col-0 Overexpression of cHDA6 under 35S  self-made
promoter. Homozygous line (T3 generation) is
obtained
Hdal9ko Col-0 T — DNA insertion line TAIR
Hot5 - 2 Col-0 GSNOR knock-out line [272]
N. benthamiana Tobacco wild type
Table 4: Cell lines
Cell lines Background  Description Source
Wild type Col-0 Generated from root tissue Lab
Hda6ko (axel —5) Col-0 Generated from root tissue Lab

Soil (Floraton 1, Floragard) for cultivation of A. thaliana was mixed with silica sand in a 5:1
ratio. For cultivation of N. benthamiana “Einheitserde Classic” (Einheitserde- und

Humuswerke, Gebr. Patzer GmbH) was mixed with perlite.

5.1.2 Bacterial strains

E. coli strains were used for Gateway® cloning, whereas Agrobacterium tumefaciens was

used to generate transgenic lines.
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Table 5: Bacteria strains

Species Strain Application Source
Escherichia coli DH5a Cloning Lab
Escherichia coli DB3.1 Maintain Gateway® vectors Lab
Agrobacterium tumefaciens  GV3101 (pMP90)  Plant transformation Lab

5.1.3 Plasmids and vectors

All plasmids and vectors used in this study are listed below. pDONR222 was used as the entry

vector for Gateway® cloning and was transformed into E.coli DH5a. pBGW,0 and

pAlligator3 were used as destination vectors for transforming of A.tumefaciens GV3101

(PMP90).

Table 6: Plasmids used for Gateway® cloning

Plasmid

Cloning procedure

P_gHDA6_pDONR222

P_gHDAG_273C/A_pDONR222

P_gHDAG_285C/A pDONR222

P_gHDAG_273_285C/A pDONR222

P_gHDA6_pBGW,0

P_gHDA6_273C/A_pBGW,0

P_gHDAG_285C/A pBGW,0

P_gHDA6_273_285C/A pBGW,0

P_gHDAG6_pAlligator3

gHDAG6 together with endogenous promoter (2000 bp
upstream of gHDAG) were amplified from gDNA of A
thaliana using primers # 1 and 3. The product was purified
and attB sites were added using primers # 2 and 4.
Afterwards the product was transferred into pPDONR222
by BP reaction.

Cysteine 273 was mutated to alanine trough the exchange
of TGT to GCT using primers #5 and 6.
P_gHDA6_pDONR222 was used as a template

Cysteine 285 was mutated to alanine trough the exchange
of TGT to GCT using primers #7 and 8.
P_gHDA6_pDONR222 was used as a template

Cysteines 273 and 285 were mutated to alanine trough the
exchange of TGT to GCT using primers # 7 and 8.
P_gHDAG6_273 285C/A pDONR222 was used as a
template

Entry clone P_gHDA6_pDONR222 was transformed into
a destination vector pBGW,0 by LR reaction

Entry clone P_gHDA6 273C/A pDONR222 was
transformed into a destination vector pBGW,0 by LR
reaction

Entry clone P_gHDA6 285C/A pDONR222 was
transformed into a destination vector pBGW,0 by LR
reaction

Entry clone P_gHDA6_273 285C/A pDONR222 was
transformed into a destination vector pBGW,0 by LR
reaction

Entry clone P_gHDAG6_pDONR222 was transformed into
a destination vector pAlligator3 by LR reaction
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P_gHDA6_273C/A _pAlligator3 Entry clone P_gHDAG6_273C/A pDONR222  was
transformed into a destination vector pAlligator3 by LR
reaction

P_gHDAG6_285C/A pAlligator3 Entry clone P_gHDA6 285C/A pDONR222 was
transformed into a destination vector pAlligator3 by LR
reaction

P_gHDAG6_273 285C/A pAlligator3 Entry clone P_gHDA6_273 285C/A pDONR222 was
transformed into a destination vector pAlligator3 by LR
reaction

HDAG_pEarlyGate202 [179]

Table 7: Vectors

Vector Source

pDONR222 Thermo Fisher Scientific

pBGW,0 Helmholtz Zentrum Minchen, lab ware

pAlliagator3 A35S

Zhang, unpublished

5.14 Primer

All primers were synthetized by Eurofins MWG Operon (Ebersberg, Germany). 100 puM

stock solutions were prepared by dilution with ddH,O according to descriptive data from

manufacturer and stored at — 20 °C.

Table 8: Primer used for cloning and mutagenesis

# Name Sequence 5> — 3’

1 P_HDA6_T-fw AGC CCG ATA ATG ACT GCC AC

2 attB P_HDAG6 T-fw GGGG ACA AGT TTG TAC AAA AAA GCA GGC TTC AGC CCG
ATA ATG ACT GCC AC

3 P_HDAG6 T-rv GGT GAT GAT GAG ACT TCAGTG GT

4 attB P HDA6_T-rv GGGG AC CAC TTT GTA CAA GAA AGC TGG GTC GGT GAT
GAT GAG ACT TCAGTG GT

5 gHDA6_273C/A fw CTT CAG GCT GGT GCT GAC TCC TTAAGT GGT GAT CGG

6 gHDA6_273C/A rv AGC ACC AGC CTG AAG AAC AAC TGC CTCTGG CTG ATAC

7 gHDA6_285C/A fw TTG GGT GCCTTC AACTTATCAGTC AAG GGT CACGCT G

8 gHDA6_285C/A rv GTT GAA GGC ACC CAA CCG ATC ACC ACT TAA GGAGTC

Table 9: Primer used for sequencing

# Name Sequence 5> — 3’

9 MO _fw GGA GAT AAA CGG TCAAGA TCG ACT

10 M1_fw GAC TCT GAG TGA GAG AGA GAT TCT GA
11 M2_fw ATC TACCTG AAA CCT TGAAGCCTT

12 M3_fw GGT TGG GTT GCT TCAACT TAT CAG

13 M4 _fw ACT TTC GGG ACT AAT ACACGC A
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14
15
16
17
18
19
20
21
22

M5 fw

M6_fw

M6_rv

M7_fw

M7 _rv

M8 _left border
M9 _right border
FLAG-HDAG6_fw
FLAG-HDAG6 rv

ACC TCT TCATGG TTACTC ATG TCG
GGC TCATAG CCT AAT CAT TCACTATC
GAT AGT GAA TGATTA GGC TAT GAG CC
GAT TCT GAG TGA GAG ACG GAG ATG
CTG GTT TAAGAC GAT GGAGGATTC A
CTGACG TAT GTGCTT AGC TC

CGC ACT AGT GAT ATC ACC ACT

GAC TAC AAA GAC GAT GAC GAC AA
ACG ATG GAG GAT TCACGT CTG

Table 10: Primer used for g°CR

#

Name

Sequence 5> — 3’

23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

At2g34420.1 fw
At2934420.1_rv
AT3G54890.1_fw
AT3G54890.1_rv
AT4G12800.1_fw
AT4G12800.1_rv
AT3G47470.1_fw
AT3G47470.1_rv
AT1G08380.1_fw
AT1G08380.1_rv
At5944240_fw
At5944240_rv
At5956870_fw
At5g56870_rv
At1g44170_fw
Atlg44170 rv
At3g55520 fw
At3g55520 rv
At5g27600_fw
At5g27600_rv
At3g23150_fw
At3923150_rv
At3g23050_fw
At3923050_rv
At3g03950_fw
At3g03950_rv
At2g03140_fw
At2g03140_rv

TCCTCAACCATGGCT TTGTCCTC
TTG GCG ACAGTCTTCCTCATGG
AGA TGG GCT ATGCTCGCT GTT C
TCCTGAGCCTTAACCCAGTTT CC
CCG AGC TGT TAAATC CGA CAA GAC
AAG GTA CCA CGC GAT CAATGG G
TGATTATCT CAC CGG CAG TCT TGC
TCT GGATCC TCT GCT AGA CCC AAC
AGC GCC AAG AAC CCT TTG AGAC
CCA GTT CCT CTC AAAGCA AGT GAC
AGA ACT TGT GGG AGC AAT TCAGC
ACC ATAGCT GAA GGC AAG CAA TC
ACA CAG AGAGTT CCGGTG TGAG
GCT GGT GTAGCAAAC GTAGACTTG
CGT GAT TCG TTC TCG ACC TAAGCC
TGG CAATGT GTG AAG TGC AAG ATG
TGA AGA GAG AGC CAG GCT AGA AG
CTT TCG CAG CTG CAG CAATCT C
CGG CTC AAG ATC ATA GAC AGG AAG
CGT GAATGA AAC ACT GCG AAA CG
TGT TAG ATT CTC CGG CGG CTATG
TTC CCATGA ATC AAC TGC ACC AC
AAG CTACCAGGATCT TTCTGATGC
ATT CCT TGT GCT CCATAG TTT CCC
TGG CGAATA ACG AGA ACAAGCC
CCCATGCTCCAGATT CACCTCTTG
TCC ATAGCT GGT CCT GCT GTT C
TGC CAA CAT TGC CAC AAT CCT ATC
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5.15 Chemicals

All chemicals used in this work were of high purity grade and were purchased either from

Sigma Aldrich (Taufkirchen, Germany), Carl Roth GmbH (Karlsruhe, Germany) or Merck

(Darmstadt, Germany). Some selected chemicals are listed below:

Table 11: Selected chemicals

Name

Source

S-nitrosoglutathione (GSNO)
S-nitroso-penicillamine (SNAP)
2-(4-Carboxyphenyl)-4,4,5,5-

No. ALX-420-002, Enzo
No. BML-CN210-0100, Enzo
No. ALX-430-001, Enzo

tetramethylimidazoline-1-oxyl-3-oxide (cPTIO)

Dichloro-isonicotinic acid (INA)

Trichostatin A (TSA)
Boc-Lys(Ac)-MCA
Trypsin

No. 5398-44-7, Sigma
No. T8552, Sigma
1-1875, Bachem

No. 37289, Serva

5.1.6 Enzymes

Table 12: Enzymes

Name Application Source
Phusion® High Fidelity DNA  Proof-reading polymerase No. M0530,
Polymerase New England Biolabs
iProof High-fidelity TM Proof-reading polymerase No. 1725300,
Phusion Polymerase Biorad
MangoTaq™ DNA High-yield polymerase No. BIO-21083,
Polymerase Bioline
Gateway® BP Clonase™ Gateway® cloning Invitrogen
Enzyme Mix
Gateway®_LR Clonase™ Gateway® cloning Invitrogen
Enzyme Mix
i(_mSJMleM SYBR Low-ROX Real time PCR analysis No. BIO-94005,
t Bioline

Trypsin/Lys-C Mix, Mass
Spec Grade

Proteinase K Solution
RNase A

Pvul

Xbal

Ndel

Digestion of chromatin

Removal of endogenous
nucleases
Degradation
stranded RNA
Restriction enzyme

of single-

Restriction enzyme

Restriction enzyme

No. V5072, Promega
No. AM2548, Thermo Fisher Scientific
No. EN0531, Thermo Fisher Scientific

No. ER0621,
Thermo Fisher Scientific

No. ER0681,
Thermo Fisher Scientific

No. ER0581,
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New England BioLabs

Sspl Restriction enzyme No. ERO771

New England BioLabs
Apal Restriction enzyme No. ER1411

New England BioLabs
BamHI Restriction enzyme No. ER0051,

Thermo Fisher Scientific
EcoRV Restriction enzyme No. ER0301,

New England BioLabs
Hpal Restriction enzyme No. RO105S,

New England BioLabs
Nhel Restriction enzyme No. ER0971,

New England BioLabs
Aval Restriction enzyme No. ER0381,

New England BioLabs
Dpnl Restriction enzyme No. ER1701,

New England BioLabs

5.1.7 Antibiotics

All Stock solutions were dissolved in ddH,O and sterilized using 0.22 um sterile filters
(Millipore, No. SLGPO033RS). Aliquots were stored at -20 °C.

Table 13: Antibiotic selection of bacteria

Name Stock concentration, Working concentration, Source

(mg/ml) (Mg/ml)
Ampicillin 100 100 Duchefa Biochemie
Kanamycin S0 50 Duchefa Biochemie
Chloramphenicol 34 25 Serva
Gentamycin 25 25 Roche
Rifampicin 50 50 Duchefa Biochemie

5.1.8 Antibodies

Table 14: Antibodies

Name Species Dilution Source

Anti-acetyl Histone H3 rabbit 1:20000 No. 06-599, Millipore
Anti-acetyl H3K9 rabbit 1:5000 No. ab4441, Abcam
Anti-acetyl H3K9K14 rabbit 1:2000 No. C15410200, Diagenode

Anti-acetyl Histone H4 rabbit 1:20000 No. 06-866, Millipoer
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Anti-acetyl H4K5 rabbit
Anti-acetylated protein rabbit
Anti-rabbit-1gG-HRP mouse

Goat anti-rabbit 1gG-HRP goat
Monoclonal anti-FLAG M2 mouse
Anti-FLAG tag rabbit
Anti-mouse-1gG-HRP goat

1:10000
1:5000
1:2500
1:20000
1:1000
1:5000
1:2500

No.
No.
No.
No.
No.
No.
No.

ab51997, Abcam
Ab463, Sigma
W401B, Promega
As09602, Agrisera
F3165, Sigma-Aldrich
ab1162, Abcam
W4021, Promega

5.1.9 Solutions and media

All media for plant and bacterial cultivation were autoclaved after adjustment of the pH.

Table 15: Media used for plant cultivation

Name Composition (per liter) Source
Y% MS agar 2.2 g MS plus Vitamins 5.7 (KOH)  Duchefa Biochemie
10 g Sucrose
10 g Phyto agar Duchefa Biochemie
Plant growth media 5.7 (KOH)  Duchefa Biochemie

10 g Sucrose

4.4 g MS plus Vitamins

0.5 g MES Monohydrate

Table 16: Media used for bacterial cultivation

Name Composition (per liter) Source
LB media 25 g LB broth high salt 7.0 (NaOH) Duchefa Biochemie
LB agar :
LB media
12.5 g Agar for microbiology
Table 17: Buffer for nucleic acid agarose gel
Name Composition
TAE-buffer 40 mM TRIS
1 mM EDTA
pH 8.0 (acetic acid)
DNA size standard

GeneRuler 1kb DNA ladder, No. SM0313,
Thermo Fisher scientific

Table 18: Glycin-SDS-Polyacrylamidgelelektrophoresis

Name

Composition

Resolving gel buffer

Stacking gel buffer

1.5 M Tris/HCI pH 8.8

4 % (w/v) SDS

0.5 M Tris/HCI pH 6.8

4 % (w/v) SDS
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10% SDS Running buffer

2 x sample buffer
4 x sample buffer

Protein ladder

250 mM Tris
2 M Glycin
1% (w/v) SDS

No. S3401, Sigma Aldeich
No. 1610747, Bio-Rad

PageRuler prestained protein ladder, No. 26616,
Thermo Fisher scientific

For SDS-PAGE applications either Mini-PROTEAN® TGX™ Precast Gels (12%) (No.

4561043, Bio Rad) or self-made gels were used.

Table 19: 2 x Glycin-SDS gel

Compound Stop gel Resolving gel Stacking gel
dH,O 575 ul 3.7ml 2.5 ml
Resolving gel buffer 625 pl 2.75 ml -

Stacking gel buffer - - 1.25 ml
Acrylamid (30%) 1.25 ml 4.4 ml 1ml

SDS (10%) 25 pl 110 pl 50 pl
TEMED 6.26 pl 5.5 ul 20 pl
Ammonium persulfate (10%) 18.75 pl 55 ul 40 ul

Table 20: Buffers for transfer and immunodetection of proteins (Western Blot)

Name

Composition

Transfer buffer

25 mM Tris

192 mM glycine

20 % (v/v) methanol
10 mM Tris/HCI pH 7.5

1xTBS

0.9 % NaCl

1 mM MgCl, x 6 H,O
TBST 1xTBS

0.05 % Tween 20
Blocking buffer 5 % BSA

TBST
Table 21: Buffers for protein staining
Name Composition

Coomassie R-250 staining solution

Coomassie R-250 destaining solution

Ponceau S solution

0.25 % (w/v) Coomassie brilliant blue R-250
50 % Methanol

10 % Acetic acid

30 % Methanol

10 % Acetic acid

No. 09276-6X1EA-F, Sigma-Aldrich
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Table 22: Buffers for plant transformation

Name Composition
Infiltration buffer 10 mM MES
10 mM MgSO,

Floral dip buffer

pH 5.6 (NaOH)

5 % Sucrose
0.05 % Silwet L77

Table 23: Buffers for protein extraction

Name Composition
CelLytic P buffer No. C2360, Sigma Aldrich
PBS buffer 137 mM NaCl

2.7 mM KCI

Nuclear lysis buffer (NLB)

Nuclear wash buffer 1 (NRBT)

Nuclear wash buffer 2 (NRB)

Nuclear protein lysis buffer (NPLB)

Nuclear storage buffer (NSB)

Nuclear protein extraction buffer (NPEB)

10 mM Na;HPQO,

1.8 mM KH,PO,

If necessary 0.8 % Triton x-100 was added to
solubilize membrane associated proteins

20 mM Tris/HCI, pH 7.4
25 % glycrol

20 mM KCI

2 mM EDTA

2.5 mM MgCl,

250 mM Sucrose

1 mMDTT

Protease inhibitor

20 mM Tris/HCI, pH 7.4
25 % glycrol

2.5 mM MgCl,

0.2 % Triton x-100

20 mM Tris/HCI, pH 7.4
25 % glycrol
2.5 mM MgCl,

1 x IP (Life technologies, Cat No. 158266100)
75 mM NaCl

2 mM MgCI2

1mMDTT

20 mM Tris/HCI, pH 7.4
25 % glycrol

2.5 mM MgCl,

250 mM Sucrose

1 x IP (life technologies)
100 mM NaCl

2 mM MgCl,
1mMDTT
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Protease inhibitor

Table 24: Buffers for HDA activity assay

Name Composition

HDA Buffer 25 mM Tris/HCI, pH 8.0
137 mM NaCl
2.7 mM KCI
1 mM MgCI2

sterile-filtered

2 x Stopping Buffer 100 mM Tris/HCI, pH 8.0

200 mM NacCl
sterile-filtered

Table 25: Buffers for chromatin immunoprecipitation

Name Composition

Crosslinking buffer 400 mM sucrose
10 mM Tris-HCI pH 8.0
5 mM B-mercaptoethanol
1 % formaldehyde

400 mM sucrose

10 mM Tris-HCI pH 8.0
5 mM B-mercaptoethanol
Protease inhibitor

50 mM Tris-HCI pH 8.0
10 MM EDTAPpH 8.0

1 % SDS

Protease inhibitor

50 mM Tris-HCI pH 8.0

150 mM NaCl

2 mM EDTAPpH8.0

1 % NP-40

0.5 % Sodium Deoxychlorate
0.1 % SDS

Protease inhibitor

0.1 % SDS

1 % Triton X-100

2 mM EDTA

20 mM Tris-HCI pH 8.0
150 mM NaCl

0.1 % SDS
1 % Triton X-100
2mM EDTA

Extraction buffer # 1

Nuclei sonication buffer

RIPA buffer

Low salt wash buffer

High salt wash buffer
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LiCl wash buffer

TE buffer

Elution buffer

20 mM Tris-HCI pH 8.0
500 mM NaCl

0.25 M LiCl

1 % NP-40

1 % Sodium Deoxychlorate
1 mM EDTA

10 mM Tris-HCI pH 8.0

10 mM Tris-HCI pH 8.0
1 mM EDTA

1% SDS
100 mM NaHCO;

5.1.10 Kits

Table 26: Applied Kits

Name Application

Source

RNeasy® Plant Mini Kit
iNnUPREP Plant RNA Kit

QuantiTect® Reverse
Transcription Kit
QIAquick® Gel Extraction

Kit

QlAprep® Spin Miniprep Plasmid DNA isolation
Kit bacteria

QlAprep® PCR Purification  Purification of PCR products
Kit

iProof High-Fidelity PCR DNA amplification

Kit

Epigenase™ HDAC
Activity/Inhibition Direct
Assay Kit (Fluorometric)

Histone Purification Mini Histone extraction

Kit
Agilent High Sensitivity Sizing and
DNA Kit fragmented DNA

RNA isolation from plant tissue
RNA isolation from plant tissue

cDNA synthesis for g°PCR

DNA extraction from agarose gel

Measurement of HDACs activity

guantitation

No. 74904, Qiagen GmbH

No. 845-KS-2060050, Analytic
Jena

No. 205311, Qiagen GmbH
No. 28704, Qiagen GmbH
from No. 27104, Qiagen GmbH
No. 28104, Qiagen GmbH
No. 1725331, Bio-Rad

No. P-4035, Epigentek

No. 40026, Active Motif

of No. 5067-4626, Agilent

Technologies

5.1.11 Other working materials

Table 27:Working materials

Name

Source

1.5 ml Bioruptor Pico Microtubes
Nitrocellulose membrane 0.45 pm
Miracloth

Anti-FLAG M2 affinity gel

Flag peptide

No. C30010016, Diagenode

No. 10600002, GE Healthcare Life Sciences
No. 475855, Merck Millipore

No. A2220, Sigma Aldrich

No. F3290, Sigma Aldrich
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PD 10 desalting columns

Zeba spin desalting columns, 7K MWCO

Dynabeads protein A

No. 17-0851-01, GE Healthcare Life Sciences

No. 89882, Thermo Fisher Scientific

No. 10001D, Thermo Fisher Scientific

Table 28: Devices and accessories

Name Type Source
Autoclave D-150 Systec
Balance PS600/C/2 Wégetechnik Miinchen
CPA225D Sartorius
L2200P Sartorius
Centrifuge 5415D Eppendorf
5417R Eppendorf
5810R Eppendorf
RC26+ Sorvall
Camera Powershot G2 Canon

Gel electrophoresis
Homogenizer

Magnetic stirrer
Mastercycler

Microscope

Microwave

Molecular imaging system
NO-Analyzer

pH meter

Photosynthesis yield analyzer
Protein electrophoresis system
Protein blotting system

Rotary evaporator

Scanner

Shaker

Spectrophotometer

Thermo Mixer
Transilluminator

Real time thermal cycler
UltraPure water system
Ultrasonic bath
Ultrasonic device
\Vortex

Water bath

Power Supply-EPS 601
Silamat S6
IKA-Combimag Ret
Nexus Gradient
BX700

Micromat

Fusion FX7

Sievers 280i

CLD Supreme

pH 523

Mini-PAM 11
Mini-PROTEAN Tetra system
SemiDry Electroblotter
Univapo 150H

Image Scanner 11
Unitherm

Infinite M1000 Pro
NanoDrop ND-1000
Ultrospec 3100 pro
Thermomixer comfort
UV Transilluminator
ABI 7500

UltraClear

BioRuptor Pico
Sonopuls HD2070
Genie 2

VBW 12

GE Healthcare
Ivoclar vivadent
IKA

Eppendorf
Olympus

AEG

IM Biotechnology
GE Healthcare
Eco Physics
WTW

Walz

Bio-Rad

Sartorius
UniEquip

GE Healthcare
UniEquip

Tecan

NanoDrop Technologies
Amersham
Eppendorf

UVvP

Applied biosystem
Siemens
Diagenode
Bandelin

Scientific Industries
VWR
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5.2 Methods

5.2.1 Plant cultivation

5.2.1.1 Cultivation on soil

A.thaliana seeds were sown on moist soil mixed in ratio 1.5 with sand to ensure proper
aeration and stratified for 48 hours in dark at 4 °C. Plants were grown under long day (14 h
light/10 h dark and 20 °C/18 °C, respectively) or short day (10h light/14 h dark and
20 °C/16 °C, respectively). The relative humidity during the day and night was 70 and 50 %,
respectively. Light intensity in both conditions was ca. 100 to 130 umol/smz. In the first week
plants were covered with plastic foil to maintain constant humidity. Plants were watered twice

a week.

5.2.1.2 Cultivation in liquid media

Around 50 pl of dry volume of seeds in 1.5 ml reaction vessel were quickly rinsed with 1 ml
of 70% MeOH (ca. 1 min) and sterilized with 1 ml of 50 % bleach solution rotating for
12 min at 4 °C. Seeds were washed at least 5 times with 1 ml of sterile water and stratified for
3 days in dark at 4 °C. Approximately 100 yl of wet seeds (equal to 3 drops of 200 p pipet)
were added to 70 ml of liquid 1 x MS media and let grow for 7 days on shaking platform

(120 rpm) under short day condition.

5.2.1.3 Cultivation of suspension cells

Suspension cells were grown shaking (200 rpm) in sterilized AS media in dark at 26 °C and

2.5 g of cells were subculted every week.

5.2.2 Molecular biology techniques

5.2.2.1 Quantitative RT-PCR analysis

Around 100 mg of Arabidopsis tissue was ground to a fine powder, followed by RNA
extraction using a RNeasy Plant Mini Kit (Qiagen, Cat No. 74904) according to the
manufacturer’s instruction. RNA  concentration and quality were determined by
NanoDrop 1000. 1 pg of total RNA was used for the cDNA synthesis employing a QuantiTect
Rev. Transcription Kit (Qiagen, Cat No. 205311). A gRT - PCR reaction was composed of
10 Wl of Sybr green (Bioline, Cat No. QT625-05), 5 of dH,O, 0.5 of 10 uM specific

primers and 4 pl of 1:20 diluted cDNA template. Thermocycling conditions were:
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Table 29:Cycler program for gpCR

Temoe rature Time Number of cycles
95 °C 10 min

95 °C 15s

55 °C 15 s 45

72 °C 45 s

Dissociation step

95 °C 15s

60 °C 60 s

95 °C 15s

Each sample was quantified by triplicate analysis and normalized to a house keeping gene as

internal control.

5.2.2.2 DNA extraction

1 to 3 young leaves were ground in liquid nitrogen. 250 Wl of CTAB buffer were added to the
powder. The mixture was incubated for 10 min at 65 °C. The sample was cool down and
200 Wl of chloroform/isoamylalcohol (24:1) were added and vortexed. The sample was
centrifuged for 5 min at max speed. Then the upper aqueous phase was transferred to a new
reaction vessel and 1 pl of 1% LPA followed by 600 ul of ice cold ethanol were added. The
mixture was short vortexed and incubated at — 20 °C for 1 h. The participated DNA was spun
down for 10 min at 4 °C and max speed. The supernatant was discarded and the pellet washed
with 70 % ethanol and centrifuged for 2 min. The pellet was air dried for approximately
10 min and resolved in 50 I dH,O. The concentration of DNA was determined by
NanoDrop 1000.

5.2.2.3 Polymerase chain reaction (PCR)

PCR was applied to amplify specific DNA regions. Presence of DNA fragments or colony
screening was obtained using MangoTaq polymerase. For high fidelty PCRs iProof
polymerase (Biorad, Cat No 1725301) was preferred. Usually 500 ng— 1 pg of cDNA or
genomic DNA, respectively as well 1 ng of plasmid was used to amplify a gene of interest.
Annealing temperature was altered depending on the melting temperature of primer pair while

an elongation step was dependent on the size of the product.
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5.2.2.4 BP reaction

To create an entry clone 150 ng of donor vector was incubated with 50 fmol attB sites
containing PCR product in the presence of 1 yl of BP - clonase buffer and 1 pl BP - clonase
mix. Ingest 5 Wl of reaction was incubated over night at 25 °C in a thermocycler. The reaction
was stopped by adding 0.5 Wl of Proteinase K and incubated for 10 min at 37 °C. In the end
2 ul of BP recombination reaction was transformed to DH5a competent cells. After one night
several bacterial colonies were picked and search for the presence of insert DNA was

performed by PCR.

5.2.25 LR reaction

150 ng of destination vector were incubated with 50 — 150 ng of entry clone together with 1
of LR clonase and LR clonase buffer. 5 pl of reaction were incubated for 4 h at 25 °C in a
thermocycler. 0.5 pl of Proteinase K were added and incubated for 10 min at 37 °C to stop the
reaction. 2 Wl of reaction were transformed to DH5a competent cells. Several bacterial
colonies were picked and grown over night in a LB media with appreciate antibiotic. Plasmid

was isolated using Plasmid mini kit (Qiagen, Cat No 12123) and sequenced (Eurofins MWG).

5.2.2.6 Site mutation

A single site mutation of genomic HDAG6 was based on a double primer mutation protocol
described in [273]. Genomic HDAG driven under endogenous promoter (2000 bp upstream
the HDAG6 sequence) was introduced into pDONR222 vector and used as a template. The
primers for the exchange of a Cys to Ala were designed in the way that the mutation position
was located in the 5” end of the primer pair that was complementary to each other. The 3° end
of the primer pair was consisted of the non-overlapping segment, which was larger than the
overlapping part to make the melting temperature of the non-complementary part higher. The
PCR reaction of 20 pl contained 50 ng of the template, 0.5 UM of each primer, 200 uM of
dNTP mix and 0.02 U/l of iProof polymerase (Bio-rad, Cat No 1725301). The PCR program

was as follow:

Table 30: Cycler program for site mutation

Temoe rature Time Number of cycles
98 °C 3 min
98 °C 255
62 °C 20 s 20 cycles
72 °C 3.5 min

72 °C 5 min
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8°C forever

The PCR reaction was treated with 5 units of DpNI under follows conditions:

Temperature Time
37°C 10 h
65 'C 7 min
8'C forever

5W of the PCR reaction was analyzed by the electrophoresis. 2 yl of reaction were
transformed in DH5a by heat shock and plated on the plate with an appreciate antibiotic.
After one night growth the plasmid was extracted using a plasmid extraction kit (Qiagen, Cat
No 27104) and sequenced (Eurofins MWG).

5.2.2.7 Heat shock transformation of chemically competent bacteria

50 — 100 ng of plasmid were added to 50 ul of chemically competent bacteria cells DHSa. that
were thawed on ice and mixed gently. The mixture was incubated on ice for 15 min followed
1 min heat shock in a 42 °C water bath. Subsequently the bacteria mixture was put on ice for
5 min. 800 Wl of LB media without antibiotic was added and bacteria were grown for one hour
in shaking incubator at 37 °C and 200 rpm. Afterwards ca. 50 gl of bacteria were plated on
the LB agar plate containing the appreciate antibiotic and let grow overnight in an incubator at
37 °C.

5.2.2.8 Transformation by electroporation

Ca. 100 ng of plasmid was mixed gently with 50 pl of Agrobacteria cell suspension GV3101
pMP90 by flicking the bottom of the tube and the mixture was added into a precooled cuvette.
The cuvette was placed in the holder of electroporation device and shocked one time at
1.25 kV with a 25 yF capacitance and the resistance of 400 Q. The transfected cells were
diluted with 2ml of LB medium without antibiotic and shacked one hour at 28 °C and
200 rpm. After that the cells were transferred into a new 2 ml tube and centrifuged 3 min at
3800 x g. The bacteria cells were resuspended in 500 pl of LB medium and 10 yl were plated
on the LB agar plate containing three antibiotics (gentamicin, rifampicin and a selection

antibiotic for a plasmid). Finally the bacteria were grown for 2 days at 28 °C.

5.2.29 Plasmid purification

Plasmid DNA was isolated from overnight bacteria culture using QlAprep Spin Miniprep Kit

(Qiagen, Cat No 27104) according to manufactory’s instruction.



Material and Methods

5.2.2.10 Restriction digest

A total reaction volume of 20 Wl was composed of 0.5 pg of PCR product that was incubated
with 1 Wl of restriction enzyme and a recommended buffer. After incubation at the optimal

reaction temperature usually at 37 °C for 2 h digestion was visualized by gel electrophoresis.

5.2.2.11 Agarose gel electrophoresis

Depending on the size of DNA fragments 1 to 2 % agarose gel (1 — 2 g agarose ultra-pure
solved in 100 ml of TAE buffer) supplemented with ethidium bromide (Roth) was used.
Electrophoresis of DNA was conducted under constant voltage condition of 120 V for 30 — 45

min and was visualized on UV transilluminator (MegaCapt).

5.2.2.12 DNA extraction from gel

DNA extraction from gel was performed using QIAquick® Gel Extraction Kit (Qiagen, Cat
No 28704) according to manufactory’s instruction.

5.2.3 Generation of transgenic lines

5.2.3.1 Agrobacterium-mediated transformation of A. thaliana by floral dip

Arabidopsis plants were grown until flowering stage. To get more floral buds, inflorescences
were cut to stimulate the growth of the secondary bolts. Plants were dipped when the
secondary inflorescences were 1 to 10 cm high.

One colony of Agrobacterium tumefaciens strain carrying a plasmid was grown shaking
overnight in LB medium with the appreciate antibiotics at 28 °C. The overnight culture was
diluted in a fresh prepared 300 ml LB medium with antibiotics and let grow shaking for one
more night. Afterwards the cells were harvested by centrifugation for 25 min at 4000 rpm.
The bacteria pellet was resuspended in an infiltration medium to a final ODgyo of 0.8 - 1.
0.05 % silwet L-77 was added to the infiltration medium just before the floral dipping. For the
transformation inflorescences were dipped into the infiltration medium and gentle agitated
there for ca. 30 sec. After infiltration the plants were coved with a plastic bag to maintain the
humidity and left overnight in a low light. The plants were returned in a growing chamber

next day.



Material and Methods

5.2.3.2 Selection of homozygous line

Seeds of the transformed plants (T1) were sawn on the soil and after one and a half week of
germination small seedling were sprayed with a BASTA. The spraying was repeated a week
after once more time. Up to ten survived plants were left to grow to produce the seeds of T2
generation. The seeds of T2 plants were collected separately and approximately 100 seeds of
each plant were sawn again. After the germination seedling were sprayed with a BASTA as
described above and the number of resistant plants was counted. The T2 generation should
have % resistant for a signal insertion. Each line of T2 generation that showed a deviation of
this rule was rejected. Up to 10 plants of each T2 line carrying a single insertion was left to
produce the seeds of T3 generation. The seeds were collected separately and sawn again. The

lines that showed 100 % resistance after the BASTA spraying were named as homozygous.

5.24 Protein methodologies

5.24.1 Nuclear protein extraction

Nuclear proteins were extracted from Arabidopsis cell culture or seedlings according to the
protocol of [274] with small modifications. Ca. 0.5- 0.6 g of grinded Arabidopsis tissue or
cell culture were homogenized in 3 ml of LB buffer and filtered through two layers of
miracloth and 40 pm nylon mesh sequentially. The homogenate was centrifuged for 10 min at
1500 g and 4 °C. The supernatant was discarded and the pellet was resuspended in 3 ml of
NRBT buffer and centrifuged as described above. This step was repeated two more times or
until the green color is gone (chloroplast contaminations). The triton X - 100 was removed
from the nuclei pellet by washing it in 3 ml of NRB buffer. If the nuclei were not used
immediately, they were resuspended in 400 pl of NSB buffer, frozen at liquid nitrogen and
stored at - 80 °C.

Two methods were used to break a nuclear envelope and solubilize proteins. For quick
detection of nuclear proteins by western blot, nuclear pellet was resuspended in 50 Wl of
laemmli buffer, heated for ca. 10 min at 95 °C and centrifuged for 15 min at maximal speed.
Protein concentration was measured using a RC DC protein assay (Biorad, Cat No 5000121).
The second method was based on the sonication procedure using micro tip MS 72 (Bandelin,
Cat No 492). The nuclei pellet was resuspended in ca. 300 pl of NPLB buffer and sonicated
for 30 sec, step 3 and 20 — 40 %. The sonication step was repeated in total 5 times with ca.
1min break in between. Protein concentration was measured using a Bradford reagent
(Biorad, Cat No 5000006).
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5.24.2 Crude extracts preparation

Cell suspension or plant samples were grounded to fine powder and homogenized in two
volumes of extraction buffer rotating for approximately one hour at 4 °C. For the extraction of
rec. FlagHDAG CelLytic P Puffer (Sigma, Cat No C2360) was used. Extraction of crude
extracts for other purposes was performed with DPBS buffer (Thermo Fisher Scientific, Cat
No 14190144). The extracts were filtered through two layers of miracloth and centrifuged at
max speed for 15 min. The supernatant was transferred in a new tube and protein

concentration was measured using a Bradford reagent (Biorad, Cat No 5000006).

5.24.3 Histone preparation

Histone proteins were extracted either from in liquid grown seedlings or from leaf tissue with
a Histone Purification Kit (Active Motif, Cat No. 40025) using manufacturing instruction
with some modifications. 0.5 — 0.6 g start material were ground to a powder and incubated for
2 h with 2.5 ml extraction buffer on a rotating platform at 4 °C. The extracts were centrifuged
at 4 °C for 10 min at maximal RCF. Afterwards the supernatants were transferred to PD 10
columns (GE Healthcare, Cat No. 17085101), which prior were equilibrated two times with
3.5ml pre-cooled extraction buffer. The proteins were eluted with 3.5 ml extraction buffer.
The eluates were neutralized with ¥4 volumes of 5 x neutralization buffer (0.875 ml) to reach a
pH of 8. Purification of core histones was the same as in the instruction following the buffer
exchange procedure using Zeba spin desalting columns 7K MWCO (Thermo Fisher, Cat No.
89882). Columns were prepared by adding three times 300 I dH,O with a Protease Inhibitor
EDTA-free tablet (Roche, Cat No. 04693132001). 100 Wl of purified core histones were added
to the column and centrifuged for 2 min at 1500 RCF. Histone amount was measured by
NanoDrop 1000 at 230 nm.

5.2.4.4 Bradford protein assay

Protein content was determined using a Bradford reagent (Biorad, Cat No 5000006). Initially
standard curve was generated using a bovine serum albumin (BSA) as a reference protein.
The dilution series from 0 to 10 pg/ml protein were prepared from a stock solution Img/ml of
BSA and were measured tree times to create a regression curve. The absorption was plotted
on the y - axis and BSA concentration on X - axis.

To determine a protein amount of extracts 1l of a sample was mixed with 200 pl of

Bradford reagent and 200 Wl of dH,O in a cuvette and incubated for 10 min at room
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temperature. The absorption was measured at 595 nm against a blank that was composed of

1 pl of extraction puffer instead of crude extract.

5.245 SDS - PAGE

Protein extracts were equally loaded on a precast 12% polyacrylamide (Biorad, Cat No
4561044) or self-made gel and subjected to a sodium dodecyl sulfate-polyacrylamide gel
(SDS-PAGE) using a Mini-PROTEAN® Electrophoresis cell (Biorad, Cat No 1658002EDU).
Gels were run at 130 V for ca. 60 min in 1 x running buffer. After separation of proteins a gel
was either stained for 30 min with Coomassie brilliant blue solution or further used for

western blot.

5.24.6 Western blot

Proteins were transferred to a nitrocellulose membrane (Abcam) using a semi - dry western
blot system. Pre-wet membrane and gel were sandwiched between whatman papers that were
pre-soaked before in a transfer buffer. A transfer was performed for 45 min at room
temperature. A flow rate of electric charged was dependent on length (L), width (W) and
amount (n) of membranes and was calculated as follows: mA=L x W x 2.5 x n. An efficient
transfer of proteins was determined by staining a membrane with Ponceau S solution (Sigma -
Aldrich, Cat No 6226-79-5). Afterwards a membrane was incubated for 1 h in a blocking
buffer shaking at room temperature followed by binding with primary antibody in
5% BSA/TBS-T buffer overnight at 4 °C. A membrane was washed three times for 5 min
with 1 x TBS-T buffer and incubated for 1 h at room temperature with horseradish peroxidase
(HRP) - linked secondary antibody in 5% BSA/TBS-T buffer. A membrane was washed first
once with 1 x TBS-T and two times with 1 x TBS buffer. The signal was developed using
Western  lightning  plus-ECL  chemiluminescence  substrate  (PerkinElmer, Cat No
NEL105001EA).

5.25 Recombinant expression and purification

A vector carrying a N-terminally Flag-targeted HDAG6 was obtained from [179] and was
transferred to DH5a followed by electroporation of GV3101 pMP90. Transgenic A. thaliana
lines overproducing 35S:Flag-HDAG6 were generated by floral dip method as described above.
Homozygous lines were selected and used for further studies.

Plants expressing recombinant Flag-HDAG6 were harvested three weeks after sowing. For

analytical studies around 4 g of ground material were used. Protein extracts were prepared in
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two volumes (ca.8 ml) of CelLyticP buffer (Sigma-Aldrich, Cat No C2360) with 1 % of a
Protease Inhibitor EDTA-free tablet (Roche, Cat No. 04693132001) by rotating for 1 h at
4 °C. Extracts were filtrated trough miracloth (Millipore, Cat No 475855-1R) followed by
15 min centrifugation at 6000 x g and 4 °C. 60 Wl of Flag-targeted beads (Sigma-Aldrich, Cat

No A2220) were equilibrated with TBS buffer according to the manufacturer’s instruction and
added to the extracted proteins. A binding of recombinant protein to the beads were
performed at 4 °C rotating for 4 h. Afterwards the resin was centrifuged for 30 sec at 8200 x g
and supernatant was discarded. The beads were washed tree times with TBS solution and
Flag-HDAG6 was eluted with 200 ng/ul of Flag-Peptide (Sigma-Aldrich, Cat No F3290) by
incubation the resin with synthetic peptide rotating for 30 min at 4 °C.

5.26 Measurement of HDA activity

HDA activity was measured using a commercially available Epigenase’™ HDAC
Activity/Inhibition Direct Assay Kit (Epigentek, Cat No. P-4035-48) according to the
manufacturer’s instruction. 3-17 yl of purified Flag-HDA6 per well were treated with
chemicals such as GSNO, GSH, TSA, DTT and incubated with 50 ng of substrate for 90 min
at RT. HDA-deacetylated product was immuno-recognized and the fluorescence at
530e4/590em Nm was measured in a fluorescent microplate reader (Tecan infinite 1000). The
RFU values were directly used for relative quantification of HDA activity.

HDA activity was also measured according to [188]. 3-17 pl of purified Flag-HDAG per well
were first treated with GSNO or TSA for 30 min in the dark at RT followed by incubation
with DTT (if it was required) for another 30 min. The HDA reaction was started by adding
200 pM of HDA-substrate (Boc-Lys(Ac)-MCA) in 25 ul of HDA buffer followed by 60 min
incubation at 37°C. The reaction was stopped by adding 45yl of 2 x Stopping solution
containing 10 mg/ml trypsin and 1 uM TSA. The mixture was incubated for an additional
20 min at 30°C to ensure the tryptic digestion. The release of 7-amino-4-methylcoumarin
(AMC) was measured by monitoring of florescence at 380g«/460g, nm.

5.2.7 NO measurements

5.2.7.1 Nitrosothiol and nitrite measurement

S-Nitrosothiols and nitrite were measured using Sievers Nitric Oxide Analyzer NOA 280i
(GE Analytical Instruments). The method is based on reduction of SNOs and nitrite to NO,
that is further oxidized by ozone to NO; (excited state) and O,. On the way to the ground state

NO, emits chemiluminescence which can be measured by photomultiplier.
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Ca. 300 — 500 mg of plant tissue were homogenized in the same volume of PBS solution and
incubated for 20 min rotating at 4 °C. Protein extracts were separated from plant debris by
centrifugation for 15 min at maximal speed. 20 — 100 I of analyte were injected into triiodide
solution. For the detection of SNO content sulfanilamide (1:9) was additionally added to
protein extracts to scavenge nitrite and 200 I were injected. Every measurement was
performed in duplicates. A standard curve was created with sodium nitrite.

5.2.7.2 Measurement of NO emission

NO emission was measured from 3.5 — 4-week old Arabidopsis plants using a CLD Supreme
chemiluminescence analyzer (ECO PHYSICS). The purified measuring gas with a constant
flow of 600 ml/s was first conducted through a cuvette, containing a plant, subsequently
through the chemiluminescence analyzer. The gas was purified from NO by pulling it through
charcoal column. GFS-3000 (Walz) was connected with a cuvette and used for simulating and
controlling parameters important for plant photosynthesis such as temperature, CO,
(400 ppm), H,O (13000 ppm), relative humidity (50 %) and light. Temperature and light were
dependent from the experimental setup. For the sunflecks experiment a plant was first adapted
to ambient conditions (200 pmol/m? PAR and 22 °C) for 1 h afterwards a light stress was
applied. A sunflecks pattern was created by increasing a light intensity to 1000 pmol/m?s
PAR and temperature to 30 °C for 10 min followed by returning both parameters back to
ambient conditions for other 10 min. This pattern was repeated in total for four times.
Additionally the emission of soil without a plant was measured and subtracted from plant

emission.

528 LC-MS/MS

5.2.8.1 Destaining

Ca. 20 pg of core histone proteins were separated on 20 % polyacrylamide gel by SDS Page
and stained with Coomassie brilliant blue solution. Bands corresponding to H3 and H4 were
cut into small pieces and washed with 200 Wl H,O shaking for 1 min at 37 °C. Supernatant
was removed and gel pieces were neutralized with 300 pl of 50 mM NH4HCOj3 shaking for 1
min at 37 °C. Supernatant was discarded and slices were distained in 300 Wl 50% ACN/50
mM NH4HCO; shaking at 37 °C until the color is completely gone. Distained gel pieces were
washed twice with H,O and supernatant was removed.
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5.2.8.2 Blocking of free lysines

Unmodified lysines were chemically blocked by adding to the gel pieces a master mix of
15 W d6-deuterated acetic anhydride (99% D, Sigma) and 150 Wl 0.1 M NH4HCO3. 5 min
after the start of the reaction 585 pl of 1 M NH4HCO3; were added and the pH was adjusted to
neutral (pH 7-8). Acetylation was performed for 1 h at 37 °C. Afterwards, gel pieces were
washed tree times with H,O for 5 min shaking at 37 °C and dehydrated by adding 150 pl of

ACN several times until the slices turned to white.

5.2.8.3 Trypsin digestion

Trypsin digesting was performed on ice by adding to the gel pieces a master mix containing
50 Wl of 50 MM NH4HCO3 and 5 pl of 200 ng/ul trypsin and incubating for 20 min to let the
slices absorb the trypsin and turn transparent again. 150 pl of ice-cold 50 mM NH;,HCO3; were

added and samples were incubated overnight shaking at 37 °C.

5.2.84 Acid extraction

Subsequently the tryptic peptides (supernatant) were transferred to a 2 ml low binding tube.
Parallel 250 Wl of 50 mM NH4HCO3; were added to the gel pieces, shacked for 15 min at
37 °C and the supernatant was added to the tube. After 100 pl of 0.25 % TFA/50% ACN were
added to slices and incubated shaking for 15 min at 37 °C. The supernatant was also added to
the tube. This step was repeated twice. Then 60 pl of ACN were supplied to the gel pieces and
the supernatant was also added to the tube. This step was repeated twice. Peptides were

vacuum concentrated and resuspended in 50 yl of 0.1 % TFA.

5.2.85 Peptide processing

Histone peptides were desalted using C18 OMIX Tips (Agilent Technologies, Cat No.
A57003100) which were equilibrated first three times with 20 Wl of ACN and three times with
20 pl of 0.1 % TFA. All centrifuge steps were performed at room temperature and 800 rpm.
Afterwards peptides were added to the C18 Tips, centrifuged and the flow trough was
returned back to the tip. This step was repeated two more times and the flow trough was saved
for the further application to Carbon TopTip (glysci). C18 Tips were washed three timed with
20 pl of 0.1 % TFA and eluted three times with 20 W 80 % ACN/0.25 % TFA. Carbon
TopTips were equilibrated by applying first of 100 Wl ACN and then 100 pl 0.1 % TFA for
three to four times separately. The flow through from C18 Tips was added to the Carbon
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TopTip and centrifuged. This step was repeated up to ten times. Afterwards the column was
washed three times with 100 pl of 0.1 % TFA and eluted with 60 Wl of 80 % ACN/0.25 %
TFA. The eluates from both columns were mixed together and vacuum concentrated. The

peptides were resuspended in 0.1 % TFA and used for LC-MS/MS measurements.

5.29 Chromatin immunoprecipitation followed by gPCR (ChIP-gPCR) or deep
sequencing (ChIP-seq)

5.29.1 Experimental design

Wild type and mutant plants were grown under chamber-controlled conditions (10/14 h
light/dark) for 4 weeks. At this time plants achieved similar development stage.

At midday (11 am: 5 h after turn on the light) plants were transferred either to dark (D, O pE,
22 °C), low light (LL, 22 °C) or to high light (HL, 1000 pE, 30 °C) conditions for 4 h. After

all, they were harvested and immediately cross-linked.

5.29.2 Cross-linking

1-2 g of Arabidopsis leaves were put in a 50 ml plastic tube and fill up with 30 ml precooled
crosslinking buffer containing 1% formaldehyde. Concentration of suitable formaldehyde
amount was obtained experimentally. The tubes were put in desiccator and vacuum was
applied for 10 min. Crosslinking was stopped by adding to each tube glycine with the end
concentration of 0.125 M followed by vacuum infiltration for another 5 min. After that leaves
were washed twice with cooled water and dried on paper towels. Collected material was

frozen in liquid nitrogen and stored at -80 °C.

5.2.9.3 Antibody coupling to magnetic beads

For each IP 20 pl of magnetic beads A were used. Beads of one biological replicate were
washed together by pipetting up and down for 4 times with 1 ml buffer RIPA plus protease
inhibitor. After, beads were suspended in the same volume with RIPA. Following antibodies
were used to immunoprecipitate protein-DNA complex: anti-H3K9/14ac antibody (1 pg/IP),
anti-H3K9ac antibody (1 pg/IP), 1gG antibody (1 pg/IP, negative control) were added.
Coupling of the antibodies to the beads was performed at 4°C on a rotation platform for
approximately 7 h. In between chromatin isolation steps were performed.

After coupling the AB-coated beads were washed with 500 yl RIPA for 3 times and
resuspended with the same buffer. The beads were divided into new clean tubes (20 W/IP).
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5.29.4 Chromatin isolation

Leaves were ground to fine powder with mortar and pistil in liquid nitrogen. 2.3 g and 1.3 g of
grounded material for ChIP-gPCR and ChlP-seq respectively were transferred in a 50 ml
plastic tube and mixed with 20 ml Extraction buffer # 1. The suspension was incubated for
15-20 min at rotation platform at 4°C, followed by centrifugation at 4°C and 2800 g for
20 min. After that, supernatant was removed and pellet was suspended in total with 3 ml
NRBT buffer. First 1 ml of buffer was added, pellet was suspended with a pipet tip, and then
the rest 2 ml were added. Further, the nuclei were extracted using the same procedure as

described before.

5.295 Sonication

After nuclei were isolated, they were carefully suspended (avoiding foam formation) with
nuclei sonication buffer. Bioruptor® Pico ultrasonic bath and Covaris E220 Evolution were
used to shear isolated chromatin for ChIP-gPCR and ChIP-seq, respectively. To perform
DNA shearing for ChIP-gPCR 320 yl of sonication buffer were added to nuclei and
transferred to 1.5 ml Bioruptor Microtubes (Cat No. C30010016). In total, 14 cycles with 30
sec ON/OFF was used. To perform DNA shearing for ChlP-seq nuclei were resuspended in
220 Wl of sonication buffer and transferred to micro Tube AFA Fiber Pre-SlitSnap Cap (Cat
No. 520245). Following sonication conditions were used: PIP - 175, DF — 10 %, CPB - 200,
600 sec. After this, sonicated samples were spun for 5 min at 16000 g and 4°C and the
supernatant was used directly for immunoprecipitation assay or for the detection of shearing

efficiency.

5.2.9.6 Shearing efficiency

50 and 20 Wl of sonicated chromatin for ChIP-qCR and ChIP-seq, respectively, were
diluted to 100 pl with sonication buffer. De-crosslinking was performed by adding 6 pl of
5M NacCl and samples were incubated for 20 min at 95 °C and 1300 rpm. After that, 2 pl of
RNaseA were added and samples were incubated for another 40 min at 37 °C and 1300 rpm.
DNA was extracted using MinElute PCR purification kit (Qiagen, Cat No. 28004) or by
phenol-chloroform followed by ethanol precipitation. DNA was eluted with 11 pl of dH,O.

Concentration was measured using NanoDrop.
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5.2.9.7 Immunoprecipitation and reverse crosslinking

For ChIP-gPCR 50 pl of sonicated chromatin were diluted with 200 Wl buffer RIPA (15).
10 ul of diluted chromatin were saved as “’Input’” (4%). For ChIP-seq sonicated chromatin
was diluted 1:10 with RIPA and 10 % were saved as “Input”. The diluted chromatin was
added to AB-coated beads and incubated over night at 4 °C on a rotating platform. After, the
beads were washed for 2 times with 1 ml of following buffers: low salt buffer, high salt
buffer, LIiCl buffer and TE buffer. Each wash step was performed on a rotating platform for
5min at 4 °C. Immunoprecipitated chromatin (IP) was eluted with 125l of elution buffer
plus proteinase inhibitor incubating at thermoblock for 15 min at 1200 rpm and 65 °C. Elution
was performed twice and bough eluates were mixed together.

For de-crosslinking to each “’Input’” sample elution buffer was added to reach the same
volume as for IP samples (250 pl). De-crosslinking was performed by mixing each sample
with 10 pl of 5 M NaCl (0.2 M NaCl end concentration) and incubating at 65 °C for at least 4-
5h and 1300 rpm. After that, samples were treated for 1 h with 4 yl of RNaseA (10 mg/ml) at
37 °C. Proteinase K treatment was performed for another two more hours by adding 2 i
Proteinase K (19.2 mg/ml), 5l of 0.5 M EDTA and 10 pl of 1 M Tris-HCI (pH 6.5). DNA
was purified as described above. The DNA was eluted with 21 pl of dH,0 for ChIP-gPCR or
15 Wl of EB elution buffer (Qiagen, Cat No. 154035622) for ChlP-seq. DNA concentration
was measured using Qubit™ dsDNA HS Assay Kit (Cat No. Q32851).

5.29.8 ChlP-seq

Size selection of fragmented DNA was additionally performed before library preparation
using AMPure XP beads (Beckman Coulter, Cat No. A63881). 21 pl of magnetic beads
(1.4:1, ratio of beads to sample) were added to each sample and incubated for 10 min at RT.
After, beads were placed to a magnetic stand and the supernatant was disposed. Beads were
washed three times with 20 pl of 80 % ethanol and dried. DNA was eluted with 12 yl of EB
elution buffer by incubation the beads for 3 min.

The size of immunoprecipitated and “Input” samples was analyzed using Agilent High
Sensitivity DNA Kit (Cat No. 5067-4626) at Agilent 2100 Bioanalyzer according to the
manufacturing instructions.

Library preparation and deep sequencing was performed by IGA Technology Services
(https://igatechnology.com/) using NextSeg500 and 30 M (75 bp) reads.
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5.299 ChIP-gPCR

To analyze the quality of IP, “’Input’” and immunoprecipitated with anti-H3K9/14ac and 19G
antibodies samples were diluted 1.5 with dH,O. The gPCR reaction was composed as
described in (QPCR). Peaklpos and peaklneg were obtained from [179] and used as quality
controls. Moreover, Actin2 was amplified as well to investigate whether it can be used as
external normalization control.

To investigate acetylation of genes of interest, “’Input’> and immunoprecipitated with anti-
H3K9/14ac antibody samples were diluted 1:10 with dH,O followed by ChIP-gPCR

amplification:

Table 31: Cycler program for ChIP-g°PCR

Temperature Time Number of cycles
95 °C 15 min

95 °C 30 sec

55 °C 30 sec 45

72 °C 0:45 sec

Dissociation step

95 °C 15 sec

60 °C 1 min

95 °C 0:15 sec

5.2.10 Programs and databases

All statistical analyses were performed using SigmaPlot 12.0 (Systat Software GmbH,
Erkrath, Germany). All data are reported as the sample mean *SE. Significances were
analyzed using one way ANOVA or two way ANOVA with the Holm-Sidak post-hoc method
for each treatment group vs. the control group, or t-test for normally distributed datasets. The
data were considered significantly different with a p-value <0.05. At least 3 independent

experiments (N=3) were used for analyzing the statistical significance.

Quantitative analyzes of western blot were performed using Image J (National Institutes of
Health, Bethesda, USA). The relative intensity of the histone acetylation of a control group (a
group to which other groups were compared) was set up as 1. Therefore, the £SE value of this

group is O.

GO enrichment analysis was performed using a function fisher.test in R version 3.5.0.
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Multiple testing corrections by FDR was performed using a function p.ajust in R version 3.5.0
The GO annotation was taken from the org.At.tair.db package, version 3.6.0.

Bowtie2-2.3.4.1 was used to align the reads against TAIR10reference sequence.

Samtools-1.8 (-g2) was used to filter out ambiguous matches before peak calling, and to
convert alignment format from sam to bam for DiffBind.

MACS-1.4.2 with TAIR10 Arabidopsis genome size and otherwise standard parameters (100
as shiftsize, 200 as fragment length, model fold=10,30; p-value cutoff le-5) were used for

peak calling.

DiffBind 2.8.0 for different binding analysis, using consensus filtering of peaks across
biological replicates and the DESEQ2 method were used for a differential analysis.

Information about A. thaliana genome was obtained from TAIR database (Phoenix
Bioinformatics Corporation, Redwood City, USA).

Vector NT1 9.1.0 2004 Invitrogen Corporation was used for designing vector maps.

Primers for RT-PCR were designed using an OligoAnalyzer 3.1
(https://eu.idtdna.com/calc/analyzer).

Primers for g°PCR were obtained from QuantPrime [275] (http//www.quantprime.de).
gPCR results were analyzed using [276] (http://ewindup.info/miner/).

XCalibur 2.2 (Thermo Fisher Scientific) was used to quantify LS-MS data.
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Supplemental Figure 1: Possible acetylation motifs at H3 and H4.

Acetylation pattern is indicated with a green box. After trypsin digesting there are two peptides at H3 that
contain lysines, peptide 9-17 with lysine 9 (K9) and lysine 14 (K14), as well peptide 18-26 with lysine 18 (K18)
and lysine 23 (K23). H4 consists of one peptide 4-17 with four lysine residues, lysine 5 (K5), lysine 8 (K8),
lysine 12 (K12) and lysine 16 (K16). Each of these lysines might be modified alone or in combinations with
other lysines.
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Supplemental Figure 2: 35S:Flag-HDA®G transgenic line.

A) Inhibition of 35S:Flag-HDAG6 activity by GSNO. The recombinant plant HDA6 was incubated with 0 — 500
UM GSNO. B) Inhibition of 35S:Flag-HDAG activity by GSNO and TSA. Recombinantprotein was incubated in
the presence of 500 uM GSH, 500 uM GSNO, 4 pM TSA and water. HDA activity was measured using
Fluorometric HDA Activity Kit. Values are normalized to control treatment as 100%. Shown is a £SE of three
independent experiments. One-way ANOVA (Holm-Sidak Test) is performed, **p<0.01.

S P S P S P S P
’
.
A’,’(:'_;
.
bl W'.
by N
! By % A X )
a-H3ac o-H3K9ac o-H4ac a-H4K5ac

Supplemental Figure 3: Immunoblot analysis of acetylated H3 and H4 in 4 weeks old plants and 7 days old

seedlings.

Histone proteins were separated on 12 % polyacrylamide gel followed by Western Blot. Proteins were
transferredto nitrocellulose membrane and blocked in 5 % BSA. Antibodies used for analysis: acetylated-H3
(1:20000), acetylated-H3K9 (1:5000), acetylated-H4 (1:20000), and acetylated-H4K5 (1:10000). A second
antibody was anti-rabbit HRP (1:2500). The bands detectionwas performed at Fusion Fx7. P, 4 weeks old plants.
S, 7-days old seedlings.
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Supplemental Figure 4: Shearing efficiency of leaves chromatin using Bioruptor® Pico .

A) 4 weeks old plants were vacuum infiltrated either with 0 %, 1 % or 3 % formaldehyde. Aliquots of 100 pl
chromatin were taken after 5-12 cycles. B) One representative example of shearing efficiency of wt and hot5-2
afterexposure for4h to dark (D, T 22 °C) or high light (HL, T 30 °C). Aliquots separated on a 1.5% agarose gel
followed by staining with ethidium bromide.
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Supplemental Figure 5: Shearing efficiency of leaves chromatin using Covaris E220 ewolution.

4 weeks old plants were vacuum infiltrated with 1 % formaldehyde. Nuclei were resuspended in 130 pl of
sonication buffer and DNA was sheared using Covaris E220 evolution. A) 20 ul of each aliquot were
decrosslinked followed by treatment with Proteinase K and RNase A. DNA was extracted by phenol-
chlorophormfollowed by ethanol precipitation. Aliquots separated on a 1.5% agarose gel followed by staining
with ethidiumbromide. B) The size of H3K9ac ChlPed and Inputwas analyzed by Agilent Sensitivity DNA Kit
at Agilent 2100 Bioanalyzer following the manufacturing extractions. Shown is one reprehensive example.
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Supplemental Figure 6: Transcriptional level of photosynthesis related genes within a day.

4 weeks Arabidopsis plants grown on soil at a short day (10/14 h light/dark, 20/17 °C). Ca. 100 mg of leaves
were pooled at 06:00, 09:00, 12:00, 14:00, 17:00 and 20:00 o'clock. Light in a chamberwas switched onat 07:00
and switched offat 17:00 o’clock. RNA was extracted with RneasyPlant MiniKit. cDNA was synthetized using
QuantiTectReverse Transcription Kit and diluted for analysis 1:15. gPCR was performed on ABI 7500. mRNA
levelwas normalized to S16 and SAND. Shown is a +£SE of at least three independent experiments. Student t-test
was performed, *p<0.05, **p<0.01 and ***p<0.001.

273C/A  285C/A Supplemental Figure 7: Phenotype of hda6
(axe1-5) P/ mutant plants (53 days after sowing).

N 8 Complementation line was obtained by
)& transferring genomic HDAG sequence with ca.
B4 2000 bp of endogenous promoter into hda6
knockout (axel-5) plants. Cysteine mutants
were generated by an exchanging of cysteines
(©) to alanines (A) in the background of the
complementation line.
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Supplemental Table 1: Alignment of ChlP-seq results.

Sample / H3K9ac Total reads Aligned reads % Aligned
#1 34,199,863 33,850,292 98.98
#2 32,220,897 32,009,032 99.34
#3 41,628,968 40,949,279 98.37
#4 29,472,823 29,255,852 99.26
#5 37,107,389 35,368,288 95.31
#6 41,615,811 41,043,716 98.63
#7 30,642,389 30,149,906 98.39
#8 38,307,883 37,789,082 98.65
#9 31,514,260 31,025,656 98.45

# 10 32,189,165 31,922,537 99.17
#11 40,197,196 39,418,429 98.06
#12 31,646,176 31,131,291 98.37
#13 36834625 36,473,528 99.02
#14 33,323,404 32,984,252 98.98
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Hyperacetylation of H3K9 in light relative to dark
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Supplemental Figure 9: GO enrichment
analysis of H3K9 hyperacetylated loci
depending on the condition effect.

Hyperacetylationwas determined by comparison
of light to dark conditions within each genotype
(hot5-2LLvs. hot5-2D; hda6LL vs. hda6D; wtLL
vs. wtD). Hyperacetylated are the genes which
log2fold change > 0 and FDR < 0.05.
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Hyperacetylation of H3K9 in mutants relative to wild type
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Supplemental Figure 10:GO enrichment analysis of H3K9 hyperacetylated loci depending on the
genotyping effect.

Hyperacetylationwas determined by comparison of peaks between mutants and wild type under light and dark
conditions (hot5-2LL vs.wt LL; hot5-2Dvs.wt D; hda6LL vs.wt LL; hda6D vs. wt D). Hyperacetylated are the
genes which lo2fold change > 0and FDR < 0.05.
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Supplemental Table 2: List of significantly H3K9 hyperacetylated sites associated with chloroplast.
Appeared H3K9ac in

TAIR Description Symbol i
left pathway right pathway

ATA4G08870 Arginase/deacetylase superfamily protein ARGAH2 hot5-2
AT3G57030 Calcium-dependent phosphotriesterase superfamily protein n.a. hot5-2, hda6
AT5G43750 NAD(P)H dehydrogenase 18 PnsB5 hot5-2 hot5-2
AT2G42710 Ribosomal protein L1p/L10e family n.a. hot5-2 hot5-2
AT3Gh6710 Sigma factor binding protein 1 SIBl hot5-2 hot5-2
AT2G31230 Ethylene-responsive element binding factor 15 ERF15 hot5-2
AT2G31790 UDP-Glycosyltransferase superfamily protein n.a. hot5-2 hda6
AT5G04140 Glutamate synthase 1 GLU1 hot5-2 hot5-2
AT1G23740 Oxidoreductase zinc-binding dehydrogenase family protein AOR hot5-2
AT5G43400 Plant/protein n.a. hot5-2 hda6
AT2G05310 Transmembrane protein n.a. hot5-2
AT1G78930 Mitochondrial transcription termination factor family protein n.a. hot5-2
AT1G62870 Hypothetical protein n.a. hot5-2, hda6
AT1G67740 Photosystem Il BY PSBY hot5-2
AT2G26900 Sodium Bile acid symporter family BASS2 hot5-2 hot5-2
AT1G32380 Phosphoribosyl pyrophosphate (PRPP) synthase 2 PRS2 hot5-2 hot5-2
AT5G44600 S-adenosyl-L-methionine-dependent methyltransferases superfamily protein n.a. hot5-2
AT3G15360 Thioredoxin M-type 4 TRX-M4 hot5-2
AT3G05625 Tetratricopeptide repeat (TPR)-like superfamily protein n.a. hot5-2
AT3G19480 D-3-phosphoglycerate dehydrogenase PGDH3 hot5-2 hda6
AT4G09650 F-type H+-transporting ATPase subunit delta ATPD hot5-2
AT2G29180 Transmembrane protein n.a. hot5-2, hda6 hot5-2, hda6
AT5G38520 Alpha/beta-Hydrolases superfamily protein n.a. hot5-2
AT4G04640 ATPase F1 complex gamma subunit protein ATPC1 hot5-2

AT5G21430 Chaperone DnaJ-domain superfamily protein NdhU hot5-2
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AT3G27020 YELLOW STRIPE like 6 YSL6 hot5-2

AT1G64150 Uncharacterized protein family (UPF0016) n.a. hot5-2

AT1G19150 PSI type 11 chlorophyll a/b-binding protein (Lhca2*1) Lhca6 hot5-2

AT5G62720 Integral membrane HPP family protein n.a. hot5-2

AT4G27800 Thylakoid-associated phosphatase 38 TAP38 hot5-2

AT5G66530 Galactose mutarotase-like superfamily protein n.a. hot5-2

AT4G14970 Fanconianemia group D2 protein n.a. hot5-2

AT3G19180 Plastid division protein PARC6 hot5-2

AT3G28760 3-dehydroguinate synthase n.a. hot5-2

AT5G54270 Light-harvesting chlorophyll B-binding protein 3 Lhch3 hot5-2, hda6
AT1G57770 FAD/NAD(P)-binding oxidoreductase family protein n.a. hot5-2

AT1G64430 Pentatricopeptide repeat (PPR) superfamily protein n.a. hot5-2

AT1G66970 SHV3-like 2 SHV3-like 2 hot5-2 hot5-2
AT5G44520 NagB/RpiA/CoA transferase-like superfamily protein n.a. hot5-2

AT2G42210 Mitochondrial import inner membrane translocase subunit Tim17/Tim22/Tim23 family protein OEP16-3 hot5-2 hot5-2
AT1G18440 Peptidyl-tRNA hydrolase family protein n.a. hot5-2

AT5G18660 NAD(P)-binding Rossmann-fold superfamily protein PCB2 hot5-2

ATA4G00630 K+ efflux antiporter 2 KEA2 hot5-2

ATA4G28660 Photosystem Il reaction center PSB28 protein PSB28 hot5-2 hot5-2
AT4G15110 Cytochrome P450 family 97 subfamily B polypeptide 3 CYP97B3 hot5-2

AT1G77510 PDlI-like 1-2 PDIL1-2 hot5-2

AT1G65230 Transmembrane protein putative (DUF2358) n.a. hot5-2

AT2G21710 Mitochondrial transcription termination factor family protein EMB2219 hot5-2

AT4G03200 Catalytics n.a. hot5-2

AT2G34630 Geranyl diphosphate synthase 1 GPS1 hot5-2

AT2G04030 Chaperone protein htpG family protein CR88 hot5-2

AT3G56300 Cysteinyl-tRNA synthetase%?2C class la family protein n.a. hot5-2

AT3G21055 Photosystem Il subunit T PSBTN hot5-2

AT3G13120 Ribosomal protein S10p/S20e family protein n.a. hot5-2
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AT1G67950 RNA-binding (RRM/RBD/RNP motifs) family protein n.a. hot5-2
AT1G24280 Glucose-6-phosphate dehydrogenase 3 G6PD3 hot5-2
AT3G54050 High cyclic electron flow 1 HCEF1 hot5-2 hot5-2
AT2G36160 Ribosomal protein S11 family protein n.a. hot5-2
AT4G14100 Transferases transferring glycosyl groups n.a. hot5-2
AT5G08050 Wiskott-aldrich syndrome family protein putative (DUF1118) n.a. hot5-2
AT5G44785 Organellar single-stranded DNA binding protein 3 OSB3 hot5-2
AT2G26500 Cytochrome b6f complex subunit (petM) n.a. hot5-2
AT2G30570 Photosystem Il reaction center W PSBW hot5-2
AT1G07770 Ribosomal protein S15A RPS15A hot5-2
AT1G13540 Hypothetical protein (DUF1262) n.a. hda6 hda6
AT1G18310 Glycosylhydrolase family 81 protein n.a. hda6
AT5G07280 Leucine-rich repeat transmembrane protein kinase EMS1 hda6 hda6
AT3G28080 Nodulin MtN21 /EamA-like transporter family protein UMAMITA7 hot5-2
AT1G55480 Protein containing PDZ domain a K-box domain and a TPR region ZKT hot5-2
AT3G51820 UbiA prenyltransferase family protein G4 hot5-2
AT5G56600 Profilin PRF3 hot5-2
AT3G28070 Nodulin MtN21 /EamA-like transporter family protein UMAMIT46 hot5-2
AT3G51420 Strictosidine synthase-like 4 SSL4 hot5-2
AT4G22890 PGR5-LIKE A n.a. hot5-2
AT1G74880 NAD(P)H:plastoquinone dehydrogenase complex subunit O NdhO hot5-2
AT2G32650 RmIC-like cupins superfamily protein n.a. hot5-2
AT3G51510 Transmembrane protein n.a. hot5-2
AT5G62140 ATP-dependent Clp protease ATP-binding subunit n.a. hot5-2
AT2G15440 Polysaccharide biosynthesis protein (DUF579) n.a. hot5-2
AT1G23310 Glutamate:glyoxylate aminotransferase GGT1 hot5-2
AT1G11290 Pentatricopeptide repeat (PPR) superfamily protein CRR22 hot5-2
AT1G14345 NAD(P)-linked oxidoreductase superfamily protein n.a. hot5-2
AT3G25180 Cytochrome P450 family 82 subfamily G polypeptide 1 CYP82G1 hda6
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AT3G57020 Calcium-dependent phosphotriesterase superfamily protein n.a. hda6
AT4G18350 Nine-cis-epoxycarotenoid dioxygenase 2 NCED2 hda6
AT3G46390 NAC domain protein n.a. hda6
AT5G20740 Plant invertase/pectin methylesterase inhibitor superfamily protein n.a. hda6
ATAG17470 Alpha/beta-Hydrolases superfamily protein n.a. hda6
AT3G42050 Vacuolar ATP synthase subunit Hfamily protein n.a. hda6
AT4G33010 Glycine decarboxylase P-protein 1 GLDP1 hda6
AT2G32290 Beta-amylase 6 BAMG6 hda6

Shown are only the genes thatare more acetylated in the mutants in comparison to wild type under the light condition (left p athway) and genes that are more acetylated in the
mutants under the light thanunder the dark condition (right pathway). Genes are significantly hyperacetylated if FDR < 0.05 and log2FC> 0.
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