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Histone acetylation, which is an important mechanism to regulate gene expression, is controlled by the opposing action of
histone acetyltransferases and histone deacetylases (HDACs). In animals, several HDACs are subjected to regulation by nitric
oxide (NO); in plants, however, it is unknown whether NO affects histone acetylation. We found that treatment with the
physiological NO donor S-nitrosoglutathione (GSNO) increased the abundance of several histone acetylation marks in
Arabidopsis (Arabidopsis thaliana), which was strongly diminished in the presence of the NO scavenger 2-4-carboxyphenyl-
4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide. This increase was likely triggered by NO-dependent inhibition of HDAC
activity, since GSNO and S-nitroso-N-acetyl-DL-penicillamine significantly and reversibly reduced total HDAC activity
in vitro (in nuclear extracts) and in vivo (in protoplasts). Next, genome-wide H3K9/14ac profiles in Arabidopsis seedlings
were generated by chromatin immunoprecipitation sequencing, and changes induced by GSNO, GSNO/2-4-carboxyphenyl-
4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide or trichostatin A (an HDAC inhibitor) were quantified, thereby identifying genes
that display putative NO-regulated histone acetylation. Functional classification of these genes revealed that many of them are
involved in the plant defense response and the abiotic stress response. Furthermore, salicylic acid, which is the major plant
defense hormone against biotrophic pathogens, inhibited HDAC activity and increased histone acetylation by inducing
endogenous NO production. These data suggest that NO affects histone acetylation by targeting and inhibiting HDAC
complexes, resulting in the hyperacetylation of specific genes. This mechanism might operate in the plant stress response by
facilitating the stress-induced transcription of genes.

Nitric oxide (NO) is a key messenger molecule in all et al., 2004; Hu et al., 2005; De Michele et al., 2009;

kingdoms. In plants, NO participates in the regulation
of various physiological processes like flowering, sto-
matal closure, germination, root development, gravi-
tropism, and the response to abiotic and biotic stresses
(Delledonne et al., 1998; Durner et al., 1998; Garcia-
Mata and Lamattina, 2002; Pagnussat et al., 2002; He
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Sirova et al., 2011). Mutants impaired in NO production
or turnover show pleiotropic and severe phenotypes,
highlighting the fundamental and multiple roles of NO
in Arabidopsis (Arabidopsis thaliana). NO belongs to the
group of redox-signaling molecules whose common
feature is the ability to covalently modify target resi-
dues (mainly Cys) on proteins, thereby altering the
function of the protein (Kovacs and Lindermayr, 2013).
This redox-signaling mechanism is very important in
plant development as well as in the response to abiotic
and biotic stresses (Suzuki et al., 2012; Yun et al., 2012).
In plants, most of the biological functions of NO
are mediated by protein S-nitrosylation. In this process,
NO reversibly binds to specific Cys residues of pro-
teins, resulting in the formation of S-nitrosothiols
(SNOs), thereby altering the catalytic activity, subcel-
lular localization, or association with binding part-
ners of the protein. In this context, the S-nitrosylated
form of the antioxidant tripeptide glutathione
(S-nitrosoglutathione [GSNOQ]) is considered to play a
major role as a stable and mobile cellular NO reservoir.
On the one hand, GSNO can directly release NO in the
presence of reduced glutathione (GSH), copper(Il), or
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hemoglobins (Singh et al., 1996; Spencer et al., 2000).
Therefore, GSNO is widely used as an in vivo NO do-
nor (Mur et al., 2013). The direct reaction of NO with
Cys thiols is too slow to occur in vivo (Folkes and
Wardman, 2004). Instead, it is assumed that NO reacts
rapidly with oxygen, resulting in the formation of N,O;,
which then directs the de novo formation of SNOs
(Ridnour et al., 2004). On the other hand, GSNO can
directly donate a nitrosonium ion (NO), without the
intermediate formation of NO, to thiol groups of target
proteins, a mechanism known as transnitrosylation
(Stamler, 1994; Hogg, 2002). This reaction allows us to
analyze the effect of S-nitrosylation on proteins in vitro
(Lindermayr et al., 2006; Wang et al., 2009; Yun et al.,
2011).

NO treatment leads to substantial transcriptional
reprogramming (Huang et al., 2002; Polverari et al.,
2003; Palmieri et al., 2008), which might be partially
mediated through the S-nitrosylation of transcription
factors (Serpa et al., 2007; Tada et al., 2008; Lindermayr
etal., 2010; Viola et al., 2013). It remains elusive whether
NO also might regulate transcription by affecting the
chromatin state, which constitutes the second layer of
transcriptional control in eukaryotes.

The basic building blocks of chromatin are nucleo-
somes, which consist of a histone octamer around
which the DNA is wrapped. The nucleosomes are
arranged into higher order structures, resulting in a
strong compaction of the contour length of the DNA
but still allowing the temporally and spatially con-
trolled access of the transcriptional machinery to certain
genes. This local accessibility of the DNA is determined
by posttranslational modifications of the N termini of
histones as well as cytosine methylation, large ATP-
dependent remodeler complexes, and histone variants
(Pikaard and Mittelsten Scheid, 2014). Among these,
histone acetylation plays a major role in the regulation
of transcription (Jenuwein and Allis, 2001). First, the
acetylation of Lys residues neutralizes positive charges
on the histone octamer, thereby weakening the inter-
action with the negatively charged DNA, resulting in a
local opening of the chromatin. Second, acetylated Lys
residues may serve as docking platforms for bromo
domain-containing proteins, which, in turn, can be
regulators of the chromatin state or direct transcrip-
tional regulators (Kurdistani and Grunstein, 2003).
Hyperacetylated chromatin often is associated with
high transcriptional activity, since the transcriptional
machinery has easy access to the DNA. In contrast,
hypoacetylated chromatin has a very dense structure,
which is usually transcriptionally inactive. Histone
acetylation supports the transcription of genes; how-
ever, recent reports suggest that histone acetylation
alone is not sufficient to activate transcription (Yang
et al., 2016).

Histone acetylation is controlled by two enzyme
superfamilies. Histone acetyl transferases (HATS)
catalyze the formation of the e-amino bond between
Lys residues and acetyl groups using acetyl-CoA as
a cofactor, whereas histone deacetylases (HDACs)
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hydrolyze these bonds. HATSs are classified into four
families in Arabidopsis, harboring different substrate
specificities (Earley et al., 2007). HDACs are grouped
into three families. The largest family consists of
12 members, characterized by a highly conserved
HDAC domain with a catalytic zinc ion, and shares
homology with yeast REDUCED POTASSIUM
DEPENDENCY PROTEIN3 (RPD3) or HISTONE
DEACETYLASE1 (HDAT; Pandey et al., 2002). Sirtuins
(two members in Arabidopsis) are homologs of yeast
SILENT INFORMATION REGULATOR?2 and display a
different catalytic mechanism using NADH as a cofac-
tor. The HD2-like family (HD2A, HD2B, HD2C, and
HD2D) is plant specific, since no homologs have been
identified in other organisms so far (Dangl et al., 2001).

In animals, NO participates in the regulation of his-
tone acetylation by targeting and modifying several
HDAGCs. In plants, no such link has been reported
so far. The aim of this study was to describe the impact
of NO on histone acetylation in Arabidopsis. Treat-
ment with the physiological NO donor GSNO in-
creased global histone 3 (H3) and H4 acetylation in
Arabidopsis. GSNO-induced hyperacetylation was
probably mediated by S-nitrosylation and subsequent
inhibition of HDACS, since GSNO and S-nitroso-N-
acetyl-pL-penicillamine (SNAP) significantly and re-
versibly reduced total HDAC activity in vitro (in
nuclear extracts) and in vivo (in protoplasts). Chro-
matin immunoprecipitation sequencing (ChIP-seq)
revealed that several hundred genes displayed
NO-regulated histone acetylation. Many of these genes
were involved in the plant defense response and the
abiotic stress response. Furthermore, salicylic acid (SA)
and its functional analog 2,6-dichloro-isonicotinic acid
(INA) inhibited HDAC activity and increased histone
acetylation in protoplasts by stimulating endogenous
NO production. Our data suggest that NO affects his-
tone acetylation by targeting and inhibiting HDAC:s,
thereby increasing histone acetylation at specific genes.
This mechanism might play a role in the plant stress
response by facilitating the stress-induced transcription
of genes.

RESULTS

SNO Content in Seedlings after GSNO, GSNO/cPTIO,
GSH, and Trichostatin A Treatment

To analyze the effect of NO on histone acetylation,
liquid-grown Arabidopsis seedlings were stimulated
either with the NO donor GSNO or a combination of
GSNO and the NO scavenger 2-4-carboxyphenyl-
4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (cPTIO).
In vivo GSNO treatment of plant tissue results in the
transient release of NO (Mur et al., 2013), which can be
prevented by coapplication of the specific NO scaven-
ger cPTIO (Akaike et al., 1993; Maeda et al., 1995). Thus,
the comparison of GSNO and GSNO/ cPTIO treatments
allows us to decipher the contribution of NO on a given
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process. Since reductive decomposition of GSNO re-
sults in the formation of GSH and, additionally, NO
induces a rapid change in the glutathione state by ac-
tivating the biosynthesis of GSH (Kovacs et al., 2015), a
GSH treatment was included as an additional control
to distinguish the direct effects of GSNO-released NO
from those mediated by an increase of the GSH con-
centration, similar to a recently published study
(Begara-Morales et al., 2014). As positive control, 5 um
trichostatin A (TSA) was applied, which is an inhibitor
of RPD3-like HDACs and possibly HD-tuins (Yoshida
et al., 1990; Bourque et al., 2011).

To ensure that the GSNO-mediated increase of cel-
lular NO lies within a physiologically meaningful
range, liquid-grown seedlings were treated with
different concentrations of GSNO and the total SNO
content (which correlates with the NO level) within
the tissue was measured subsequently. Treatment
with 250 um GSNO resulted in an mcrease of the SNO
level from 25 to 275 pmol mg ' protein after 3 h
(Supplemental Fig. S1), which was comparable to that
observed after the infection of Arabidopsis plants with
Pseudomonas syringae avrB (Feechan et al., 2005). At 16 h
after GSNO stimulation, SNO levels had decreased to
75 pmol mg ™' protein (Supplemental Fig. S1), which
can be explained either by nonenzymatic cleavage of
SNOs by GSH, copper(Il), and other cellular reductants
or by enzymatic degradation mediated by GSNO re-
ductase, an enzyme capable of degrading GSNO and,
thereby, also controlling the amount of protein SNOs
(Sakamoto et al., 2002). Coapplication of 500 um cPTIO
reduced the SNO level by 27.2% to 200 pmol mg™*
protein after 3 h, indicating that cPTIO can prevent the
formation of SNOs originating from GSNO-released
NO. Unexpectedly, we also observed slightly in-
creased total SNO levels after treatment with 250 um
GSH (115 pmol mg ™' protein after 3 h). These results
question the suitability of GSH as a no-NO control for
GSNO in our experimental setup (see below). Inter-
estingly, TSA also enhanced the formation of SNOs to
125 pmol mg ™! protein after 3 h and to 245 pmol mg ™~
protein after 16 h, suggesting that TSA might induce
NO formation in seedlings. This finding extends recent
data demonstrating TSA-induced hydrogen peroxide
(H,0,) and superoxide production (Wang et al., 2015).
In contrast to the GSNO treatment, the level of SNOs
after stimulation with TSA did not decline between
3 and 16 h. This might be due to the fact that TSA is stable
in cells and, therefore, imposes continuous stress, which
is generally associated with NO production on the plant.
Additionally, TSA-induced hyperacetylation might de-
regulate the expression of oxidant and antioxidant en-
zymes, resulting in long-lasting alterations of reactive
oxygen species and nitrogen species levels.

NO Enhances Global Histone Acetylation in Arabidopsis

To determine the impact of NO on global histone
acetylation levels, liquid-grown Arabidopsis seedlings
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were treated with 250 um GSNO, 250 um GSNO /500 um
cPTIO, 250 um GSH, or 5 um TSA. After 16 h, his-
tones were extracted and the acetylation level was
determined by western blot. GSNO significantly
increased the abundance of all histone acetylation
marks tested, namely H3ac (2.3-fold), H4ac (2.2-fold),
H3K9ac (2.2-fold), H3K9/14ac (2.1-fold), and H4K5ac
(4.5-fold), in comparison with water treatment (Fig. 1).
Coapplication of cPTIO largely prevented GSNO-
mediated hyperacetylation, suggesting that the in-
creased histone acetylation levels were caused by NO.
GSH treatment also enhanced histone acetylation of

H,0
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5uM TSA

15 kDa— °

' a-H3ac
15 KDa— — e S s O H3KOaC
15kDa— W D S sn  maee C-H3KaCK14aC
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Figure 1. Histone acetylation in Arabidopsis seedlings after GSNO,
GSH, GSNO/cPTIO, and TSA treatments. A, Histones were extracted
from liquid-grown seedlings treated with 250 um GSNO, 250 um GSH,
250 um GSNO/500 um cPTIO, 5 um TSA, or water (control) and probed
against different histone acetylation marks by western blot. As a loading
control, the Ponceau S-stained membrane is shown. One representative
experiment out of three is shown. B, Quantification of western-blot
results. Signal intensities were measured using Image) software and
normalized to the amount of loaded H3. Values are expressed as fold
change over the control treatment. Values shown are means * st of
three independent experiments. *, P < 0.05; **, P< 0.01; and ***, P <
0.001 by Student’s t test.
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some of the marks tested (e.g. H4Kb5ac), although the
effect was clearly weaker compared with GSNO. Since
GSH increased SNO levels (Supplemental Fig. S1),
it seems likely that the effect of GSH on histone acety-
lation might be indirect, via the formation of NO.
As expected, TSA enhanced H3ac (2.5-fold), H3K9ac
(1.4-fold), and H3K9/14ac (1.8-fold) as well as H4ac
(18-fold) and H4K5ac (32-fold). GSNO-mediated
histone hyperacetylation also was detected in Ara-
bidopsis suspension cells, in which 500 um GSNO
induced a significant 1.7-fold increase of total H3ac
(Supplemental Fig. 52).

To analyze whether the NO-mediated increase of
histone acetylation was caused by transcriptional
down-regulation of HDACs, the corresponding mRNA
levels were quantified by quantitative PCR (qPCR). For
the time of the treatment, GSNO did not change the
expression level of HDACs (Supplemental Fig. S3),
suggesting that NO might affect histone acetylation by
posttranslational mechanisms.

HDAC Activity Is Inhibited by Redox Modifications

To explain the observed NO-mediated histone
hyperacetylation, we hypothesized that NO might di-
rectly target HDACs and inhibit their activity, a
mechanism that has been described for some mamma-
lian HDACs (Colussi et al., 2008; Nott et al., 2008; Feng
et al.,, 2011; Okuda et al., 2015). To determine the effect
of NO on histone deacetylase activity, a commercial
fluorescence-based HDAC assay was modified to be
used in protoplasts. Protoplasts were chosen since the
assay relies on the diffusion of a membrane-permeable
substrate into the cells, which was not possible in sus-
pension cells, probably due to cell walls and cell clump
formation. Moreover, protoplasts provide a simple
model that has proven useful for studying signal
transduction mechanisms (Im and Yoo, 2014). GSNO
and SNAP, which is another widely used NO donor,
inhibited HDAC activity in a concentration-dependent
manner (20% inhibition for 500 um GSNO or SNAP;
Fig. 2A). HDAC activity could be restored by the ad-
dition of dithiothreitol (DTT), indicating that the inhi-
bition was mediated by oxidative Cys modifications
and excluding irreversible chemical side effects of GSNO
and SNAP (Fig. 2B). Furthermore, cPTIO prevented the
inhibition of HDAC activity by GSNO, demonstrating
that NO was responsible for this effect (Fig. 2C). As
expected, TSA efficiently blocked HDAC activity in
protoplasts, demonstrating the specificity of the as-
say (Supplemental Fig. S4A). Since GSH increased
the total SNO content in seedlings (Supplemental
Fig. S1) and also enhanced histone acetylation
(Fig. 1), the effect of GSH on HDAC activity in pro-
toplasts also was analyzed. GSH treatment resulted
in an inhibition of HDAC activity, but the effect was
clearly weaker compared with GSNO (Supplemental
Fig. S4A). GSH-induced inhibition of HDACs could
be largely prevented by cPTIO (Supplemental Fig.
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54B), implying that GSH activates endogenous NO
production, thereby affecting HDAC activity. These
data support our previous observations (Fig. 1;
Supplemental Fig. S1) and reinforce the conclusion
that GSH is not an appropriate in vivo control for
GSNO in our experimental system. To ensure that the
observed reduction of HDAC activity was not caused
by dying cells, we analyzed the viability of the pro-
toplasts after the addition of GSNO and SNAP
(Supplemental Fig. S5). Neither GSNO nor SNAP
affected the viability of the protoplasts within the
concentration range used.

NO mainly transduces its bioactivity by posttrans-
lational modification of Cys residues (Mengel et al.,
2013). To analyze whether NO inhibits HDAC activity
through NO-mediated posttranslational modifications,
we next studied the effect of GSNO and SNAP on
HDAC activity in vitro. In the absence of reduction
equivalents, both compounds do not release molecular
NO (Singh et al., 1996); instead, they can directly
transfer the nitroso group to susceptible protein Cys
residues without the intermediate formation of NO
(transnitrosylation). Therefore, GSNO and SNAP are
widely used to determine the susceptibility of proteins
toward S-nitrosylation in vitro (Lindermayr et al.,
2005; Chaki et al., 2015). GSH is a commonly used
control for in vitro S-nitrosylation studies, since it is
structurally similar to GSNO but lacks the ability to
modify Cys residues (Lindermayr et al., 2005; Dalle-
Donne et al., 2009). Nuclear extracts prepared from
Arabidopsis seedlings and suspension cells were in-
cubated with different concentrations of GSNO and
SNAP (10-1,000 um), and HDAC activity was recor-
ded using a modified ELISA-based assay. GSNO and
SNAP significantly inhibited nuclear HDAC activity
compared with water and GSH controls (Fig. 2, D and
E). The dose-response curve dropped sharply for in-
hibitor concentrations ranging from 0 to 50 um and
flattened for higher concentrations of GSNO and
SNAP (60% inhibition for 500 um GSNO or SNAP). The
inhibition of HDAC activity by GSNO and SNAP was
fully reversible upon the addition of DTT (Fig. 2, F and
G). The specificity of the assay was again demon-
strated by incubating nuclear extracts with 1 um TSA,
which strongly inhibited HDAC activity (residual
HDAC activity was less than 10%; Supplemental
Fig. S6). The importance of reduced thiol groups for
the catalytic activity of HDACs was further enforced
by the observation that incubation with 0.5 mm
N-ethylmaleimide (NEM), a chemical that blocks
thiols by alkylation, reduced total nuclear HDAC activ-
ity to 35% (seedlings) and 20% (suspension cells) com-
pared with control treatment (Supplemental Fig. S6).

Besides S-nitrosylation, GSNO also can mediate
S-glutathionylation (Ji et al., 1999). This redox modifi-
cation requires similar chemical characteristics of the
thiol (high nucleophilicity) but is sterically more de-
manding and often has comparable effects on the target
protein like S-nitrosylation (Dalle-Donne et al., 2009).
To analyze the effect of S-glutathionylation on HDAC
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Figure 2. Reversible inhibition of HDAC activity by GSNO and SNAP in protoplasts and nuclear extracts. A, HDAC activity after GSNO
and SNAP treatments in protoplasts. Water was used as a solvent control. B, DTT restored HDAC activity after GSNO and SNAP
treatments. Protoplasts were first incubated with GSNO and SNAP before the addition of DTT. Subsequently, HDAC activity was
measured. C, cPTIO prevented the inhibition of HDACs by GSNO. Protoplasts were preincubated with cPTIO for 5 min before the
addition of GSNO, and HDAC activity was recorded. D and E, HDAC activity after GSNO and SNAP treatment in nuclear extracts from
suspension cells (D) and liquid-grown seedlings (E). Nuclear extracts were treated with water (solvent control), GSH (control), GSNO, or
SNAP for 20 min at room temperature in the dark. After desalting, HDAC activity was measured. F and G, DTT restored HDAC activity
after SNAPand GSNO treatments. Nuclear extracts were first incubated with GSNO and SNAP before the addition of DTT. After desalting,
HDAC activity was determined. Values are normalized to untreated nuclear extracts or protoplasts. Values shown are means = st of three
independent preparations of nuclear extract or protoplasts. *, P < 0.05; **, P < 0.01; and ***, P < 0.001 by Student’s ¢ test.

activity, oxidized glutathione (GSSG) was incubated
with nuclear extracts or protoplasts and HDAC ac-
tivity was monitored. In contrast to GSH, GSSG
can S-glutathionylate Cys residues in the absence of
oxidizing compounds by a thiol disulfide exchange
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reaction (Dalle-Donne et al., 2009). GSSG also inhibited
total HDAC activity in nuclear extracts (35% inhibition
for 500 um GSSG) and protoplasts (12% inhibition for
500 uM GSSG; Supplemental Fig. 57), suggesting that S-
glutathionylation also might participate in the redox
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regulation of HDACs. In contrast, high concentrations
of H,0,, another major player in the concert of redox
signaling, only marginally affected HDAC activity
(Supplemental Fig. S7). Together, these data sug-
gest that certain plant HDACs might be targets for
redox regulation, being particularly sensitive to-
ward S-nitrosylation and S-glutathionylation.

Identification of NO-Regulated H3K9/14ac Sites and
Associated Genes by ChIP-Seq

Experimental Design

We used ChIP-seq to identify and quantify NO-
triggered alterations in the histone acetylation pattern
of Arabidopsis seedlings. Chromatin immunoprecipita-
tion (ChIP) was performed with an antibody directed
against H3K9/14ac (recognizing H3 acetylated at both
Lys-9 and Lys-14), since this modification increased
significantly after GSNO treatment (Fig. 1) and, in con-
trast to H3K9ac and H4K5ac, has not been profiled ge-
nome wide in plants (Widiez et al., 2014; Yang et al,,
2016). The antibody recognized a single band in nuclear
extracts and purified histone extracts from Arabidopsis
(Supplemental Fig. S8), thereby fulfilling the criteria for
ChlIP-seq antibodies of the ENCODE consortia (Landt
et al., 2012). An overview of the work flow is presented
in Supplemental Figure S9.

Liquid-grown Arabidopsis seedlings treated with
water (control), 250 um GSNO, 250 um GSH, 250 uMm
GSNO/500 um cPTIO, or 5 um TSA were cross-linked
and harvested 3 and 16 h after the onset of the treat-
ment, in order to compare early and later changes of
H3K9/14ac. The experiment was performed in two
independent biological replicates (Landt et al., 2012).
For each sample, a separate input control was kept.
Indexed libraries for all ChIP and input samples were
pooled and sequenced four times on an Illumina
HiSeq2500, resulting in at least 16 X 10° uniquely
mapped reads per sample. One replicate of control_16h
and one replicate of TSA_16h produced only very low
read numbers and, therefore, were excluded from fur-
ther analysis (Supplemental Fig. S10). All other samples
displayed relative strand coefficient values greater than
0.8 (Supplemental Fig. S11), indicating successful en-
richment of DNA fragments during the immunopre-
cipitation (Landt et al., 2012). H3K9/14ac peaks were
called for each sample using the corresponding input
DNA as a background control. Control experiments on
chromatin shearing, library preparation, and peak
calling are provided in Supplemental Figures 512 and
S13. Finally, differential H3K9/14ac sites were com-
puted for each treatment in comparison with the control
using the DiffBind software (Ross-Innes et al., 2012),
and NO-affected sites were selected by comparison of
the GSNO and GSNO/cPTIO samples (for details, see
below). Raw read files, peak files, and DiffBind output
files were deposited in the Gene Expression Omnibus
database (accession no. GSE82075).
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General Features of H3K9/14 Acetylation

To investigate general features of H3K9/14 acety-
lation, peaks of the control _3h sample (replicate 1,
13,882 peaks; Supplemental Fig. S11) were annotated
(using an annotation window of 2 kb upstream of
transcriptional start sites [TSSs] and 1 kb downstream
of transcriptional termination sites) and analyzed
using the ChIPseek tool (Chen et al., 2014). H3K9/
14ac was almost absent from centromeric and peri-
centromeric regions (Fig. 3A). A histogram of the
distance of peak centers to the nearest annotated TSS
demonstrates that H3K9/14ac was localized pre-
dominantly sharply downstream (around 400 bp) of
TSSs (Fig. 3B). Most of the H3K9/14ac sites were lo-
cated in exons (35%), followed by transcriptional
termination sites (23%), proximal promoter regions
(22%), and introns (15%), whereas only 5% of all
peaks were found in 5" or 3’ untranslated and inter-
genic regions (Fig. 3C). Motif enrichment analysis of
the peak regions revealed the presence of numerous
transcription factor target sites. The most significant
one (P = E-168) was found in 49% of all peaks and
closely resembled the ARR10 and AGP1 consensus-
binding sequences (Supplemental Fig. S14). No dif-
ferences of these general H3K9/14ac features across
the GSNO, GSH, and GSNO/cPTIO treatments could
be identified.

Identification of NO-Regulated H3K9/14ac Sites and
Associated Genes

Next, we aimed to identify putative NO-regulated
histone acetylation sites. First, differential H3K9/14ac
sites after GSNO, GSH, GSNO/cPTIO, and TSA
treatments in comparison with the control were com-
puted using the program DiffBind. DiffBind allows the
quantitative pairwise comparison of ChIP-seq data,
considering the appropriate input controls and bio-
logical replicates to perform statistical analysis (Ross-
Innes et al., 2012). For verification, ChIP-qPCR on six
randomly chosen differential H3K9/14ac sites was
performed, which confirmed the results predicted by
DiffBind (Supplemental Fig. S15). Moreover, visual
inspection of representative GSNO-regulated H3K9/
14ac sites using the CLC-genome browser also sup-
ported the results obtained by DiffBind (Supplemental
Fig. 516).

Consistent with our previous results, GSNO (and
GSH) enhanced acetylation of the majority of differen-
tially regulated H3K9/14ac sites after both 3 and 16 h of
treatment (Fig. 4, A and B). cPTIO clearly reduced the
number of peaks displaying increased histone acetyla-
tion, reinforcing that NO is responsible for or at least
substantially contributes to the GSNO-induced hyper-
acetylation of H3K9/14ac observed before (Fig. 4C;
Supplemental Fig. S517). Interestingly, the 3- and 16-h
responses were very distinct from each other; H3K9/
14ac sites, which were highly regulated at the 3- or 16-h
time point, were not or weakly regulated at the other
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Figure 3. General features of H3K9/14ac. A, H3K9/14ac distribution
along Arabidopsis chromosomes. Each vertical gray line represents
one H3K9/14ac peak. Arrows indicate the approximate positions of
centromers. This image was prepared using PAVIS. B, Histogram of the
distance of peak centers to the nearest annotated TSS. C, Location
annotation of peaks. Peaks were annotated to functional DNA elements.
TTS, Transcription termination site; UTR, untranslated region. B and C
were prepared using the ChlPseek software portal (Chen et al., 2014).

time point. As a result, the overlap of differentially
regulated H3K9/14ac sites between both time points
was very low (Supplemental Fig. S18). Although spec-
ulative, this might indicate that NO targets different
HDACs depending on the duration of the NO exposure.

NO-responsive H3K9/14ac sites were then identified
by comparison of the GSNO and GSNO/cPTIO treat-
ments. Peaks displaying up-regulation after GSNO
(fold change > 1.5 and P < 0.05) but no up-regulation
after GSNO/cPTIO treatment (fold change < 1.2 or P >
0.05) and peaks that displayed down-regulation
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after GSNO (fold change < 0.67 and P < 0.05) but
no down-regulation after GSNO/cPTIO treatment
(fold change > 0.83 or P > 0.05) were selected
and defined as putative NO-regulated H3K9/14ac
sites (Supplemental File S1). Totals of 194 and
552 putative NO-regulated H3K9/14ac sites were
identified after 3 and 16 h of treatment, respectively
(59.5% of all GSNO-regulated sites). Most of the
NO-responsive H3K9/14ac sites (3 h) were similarly
regulated in the TSA treatment (i.e. enhanced acet-
ylation after GSNO and TSA treatment), whereas
very few peaks showed opposite regulation (i.e.
enhanced acetylation after GSNO but decreased
acetylation after TSA treatment), reinforcing that
NO targets and inhibits a subset of TSA-sensitive
HDACSs (Supplemental Fig. 519).

Next, putative NO-regulated H3K9/14ac sites were
annotated to the nearest TSS and the corresponding
genes were functionally categorized using the Gene
Ontology (GO) hierarchy. The results were then vi-
sualized using Voronoi treemaps (Fig. 5). Genes with
NO-responsive H3K9/14ac were involved in differ-
ent biological processes (metabolism, transport, and
stress response) and displayed diverse molecular
functions (protein, DNA, and RNA binding, trans-
ferase activity, and hydrolase activity). However,
simple assignment of genes to GO categories does
not reflect whether certain GO terms are overrep-
resented. Therefore, separate GO enrichment anal-
yses were conducted for gene subsets with either
increased or decreased NO-regulated H3K9/14ac
(Supplemental File S2). Enriched GO terms (P <
0.01) could only be identified in the groups of genes
displaying increased H3K9/14ac. Among the cate-
gory biological process, the top-ranking terms were
response to cold (3 h) and defense response (16 h;
Supplemental Table S1), both being subtypes of the
parent term stress response. Defense genes showing
NO-responsive H3K9/14ac included intracellular
pattern recognition receptors, a mitogen-activated
protein kinase (MKK2), PR genes, WRKY, and TGA
transcription factors (Table I). Together, these data in-
dicate that NO-mediated histone hyperacetylation
might play a role in the plant’s stress response, partic-
ularly in the defense response.

Comparison of GSNO-Induced H3K9/14ac and Gene
Expression Changes

To analyze whether GSNO-induced H3K9/14ac
changes also affect the expression of the target genes,
the transcript levels of 14 selected genes were quanti-
fied by gPCR in GSNO-treated and control seedlings
using the same plant material as for the ChIP-seq
analysis. Five of these genes showed significantly en-
hanced H3K9/14ac and also were transcriptionally
up-regulated, whereas the mRNA levels of nine genes
remained unchanged despite a strong change of histone
acetylation (Fig. 6A). To obtain a more complete
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signed-rank tests were performed (P;coxon)-

picture, we also compared our ChIP-seq data with a
recently published study, which analyzed GSNO- and
GSH-induced transcriptomic changes after 3 h by RNA
sequencing (RNA-seq; Begara-Morales et al.,, 2014).
Thirty-five genes showing significant H3K9/14ac
changes after 3 h of GSNO treatment also displayed
significantly altered transcript levels (Supplemental
File S3). Approximately 50% of these genes displayed
enhanced H3K9/14ac and increased transcript levels
or vice versa (Fig. 6B). In these cases, changes in his-
tone acetylation might be the cause for transcriptional
regulation. Since histone acetylation also can be a
consequence of transcriptional regulation, acetylation
changes might be delayed compared with transcript
changes. Therefore, the correlation analysis also was
performed for all H3K9/14ac sites regulated after 16 h
of GSNO treatment. Again, roughly 50% of the over-
lapping genes showed the expected correlation between
histone acetylation and transcript levels (Fig. 6C). For
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these genes, changes of H3K9/14ac are probably not
the cause but rather the consequence of transcriptional
regulation. However, the correlation analysis and our
qPCR results clearly demonstrate that histone acetyla-
tion changes can be uncoupled from transcriptional
regulation. In summary, H3K9/14ac changes medi-
ated by GSNO do partially reflect GSNO-induced
transcriptional responses. However, a large proportion
seems to be independent of transcriptional activation or
repression. Similar results were obtained for the com-
parison of the GSH data sets (Supplemental Fig. 520).

SA-Induced NO Production Inhibits HDAC Activity and
Increases Histone Acetylation

To analyze whether NO-mediated inhibition of
HDACs might play a role in the defense response,
the effect of SA on HDAC activity was examined in
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Figure 5. Voronoi treemaps visualizing the
functional categorization of genes dis-
playing NO-responsive H3K9/14ac. Ato C,
Each section in the treemap represents a
specific GO term, according to the hierar-
chical structures depicted, based on GO
slim terms and their children (see “Materials
and Methods”). D and E, The maps show the
log, fold changes (GSNO versus control) of
H3K9/14ac for all genes (Voronoi cells)
that display NO-responsive H3K9/14ac
(at either time point). Red, Increased
H3K9/14ac; blue, decreased H3K9/14ac;
gray, no change. The term defense re-
sponse is highlighted in E.
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protoplasts. SA is the major plant defense hor-
mone against biotrophic pathogens (Boatwright and
Pajerowska-Mukhtar, 2013) but also fulfills important
functions during the response to abiotic stresses (Miura
and Tada, 2014). Moreover, SA was demonstrated to
induce NO production in various model systems
(Zottini et al., 2007; Hao et al., 2010; Sun et al., 2010;
Gémes et al., 2011). To confirm that SA and its func-
tional analog INA induce endogenous NO production,
protoplasts were loaded with 4-amino-5-methylamino-
2',7'-difluorofluorescein diacetate (DAF-FM DA), which
is a membrane-permeable NO-sensitive fluorescent dye
accumulating inside cells. One hour after stimulation
with 100 uM SA or INA, DAF-FM fluorescence was an-
alyzed by microscopy. A strong increase in fluorescence
indicated the induction of endogenous NO production
(Fig. 7A, left). Protoplasts pretreated with c¢PTIO
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displayed reduced fluorescence (Fig. 7A, left), dem-
onstrating the specificity of the NO measurement. More-
over, time-course measurements of DAF-FM fluorescence
revealed that the amplitude and starting point of the NO
burst correlated with the concentration of SA and INA
(Fig. 7A, right).

Next, HDAC activity was measured in proto-
plasts after stimulation with SA or INA. Both com-
pounds significantly inhibited HDAC activity in a
concentration-dependent manner (20% inhibition for
500 uMm SA or INA), whereas ethanol (solvent control)
and diluted HCI (with the same pH as SA solution;
acidic control) had no effect on HDAC activity (Fig. 7, B
and C; Supplemental Fig. S21A). Since SA is known to
bind directly to some proteins, thereby modulating
their activity, the effect of SA on HDAC activity in
nuclear extracts was tested. However, no changes of
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Table 1. Selected defense genes displaying NO-mediated H3K9/14 hyperacetylation

GO Term ATG Number Gene Name Description
Defense response AT2G38870 PR-6 proteinase inhibitor family protein
(biological process) AT3G25510 Putative TIR-NBS-LRR class disease resistance protein

AT4G08450 TIR-NBS-LRR class disease resistance protein
AT5G11250 TIR-NBS-LRR class disease resistance protein
AT5G15730 Probable Leu-rich repeat receptor-like Ser/Thr protein kinase
AT4G29810 MKK2 MEK2
AT5G27520 PNC2 Peroxisomal adenine nucleotide carrier2
AT2G46240 BAG6 BCL2-associated athanogene6
AT3G28930 AIG2 avrRpt2-induced protein AIG2
AT5G42980 TRX3 Thioredoxin H3
AT4G23810 WRKY53 Putative WRKY transcription factor 53
AT5G52830 WRKY27 WRKY DNA-binding protein27
AT5G06950 TGA2 Transcription factor TGA2
AT5G06960 TGAS5 OCS-element binding factor 5

HDAC activity could be detected, excluding a direct
binding of SA to HDACs (Supplemental Fig. S21B).
Remarkably, preincubation of the protoplasts with
cPTIO before SA or INA treatment completely (SA)
or largely (INA) prevented the inhibition of HDAC
activity, demonstrating that the observed inhibition
was due mainly to NO production (Fig. 7, B and C).

To analyze whether INA induces global changes of
histone acetylation, Arabidopsis liquid-grown seed-
lings were treated with methanol (control), 500 um INA,
or 500 um INA/500 um cPTIO. After 16 h, histones
were extracted and the abundance of several histone
acetylation marks was analyzed by western blot. INA
treatment significantly increased H3ac, H4ac, and
H3K9/14ac, whereas H3K9ac remained unchanged.
No significant changes of histone acetylation could be
detected after INA/cPTIO treatment, indicating that
INA-induced hyperacetylation was largely dependent
on the production of NO (Fig. 7, D and E). Together,
these results demonstrate that SA and INA affect his-
tone acetylation via the induction of endogenous NO
production, resulting in the inhibition of HDACs and
subsequent histone hyperacetylation.

DISCUSSION

Histone acetylation is an important mechanism to
control the chromatin structure and regulate tran-
scription. Here, the impact of the plant signaling mol-
ecule NO on histone acetylation and specifically on
H3K9/14ac was analyzed.

Redox Regulation of HDACs

Although HDACs are important transcriptional
regulators, information on how this enzyme family is
posttranslationally regulated in plants is sparse. Re-
ports on maize (Zea mays) HDACs demonstrated
that HD1 and HD2 are phosphoproteins. In the case of
HD1, phosphorylation changed the substrate specific-
ity of the enzyme whereas dephosphorylation of HD2

Plant Physiol. Vol. 173, 2017

resulted in the inactivation of this protein (Brosch et al.,
1992; Lusser et al., 1997; Kolle et al., 1999). Recently,
it was shown that NtHD2a and NtHD2b, both be-
longing to the plant-specific HDAC family, are rap-
idly phosphorylated after cryptogein treatment of
tobacco (Nicotiana tabacum) suspension cells, but the
precise function of this modification during the hy-
persensitive response remained elusive (Bourque
et al.,, 2011).

In vivo and in vitro HDAC activity assays revealed
that the physiological NO donors GSNO and SNAP as
well as the glutathionylating reagent GSSG revers-
ibly inhibited total and nuclear HDAC activity (Fig. 2;
Supplemental Fig. S7), strongly suggesting that certain
plant HDACs might be targets for redox regulation,
being particularly sensitive toward S-nitrosylation and,
to a somewhat lesser extent, S-glutathionylation. Both
S-nitrosylation and S-glutathionylation require a high
nucleophilicity of the targeted Cys residue, but since
the glutathione moiety is larger than the nitroso group,
S-glutathionylation is sterically more demanding (Dalle-
Donne et al., 2009). It is important to emphasize that both
modifications can be triggered by GSNO, since SNOs
are highly reactive toward glutathione, resulting in the
formation of the thermodynamically more stable glu-
tathionylated Cys, given that the steric constraints al-
low the attack by glutathione (Ji et al., 1999). Results
from our study suggest that certain plant HDACs (or
their regulators) contain nucleophilic and surface-
localized Cys residues, which are important for the
catalytic activity of these proteins and which are tar-
gets for redox regulation.

Several mammalian HDACs have been described to
be regulated by S-nitrosylation. HDAC2 is nitrosylated
at two Cys residues after stimulation of neurons with
brain-derived neurotrophic factor, which leads to its
dissociation from chromatin and subsequent chroma-
tin remodeling at genes involved in neuronal devel-
opment (Nott et al., 2008). HDAC6, which mainly
deacetylates cytosolic a-tubulin, is S-nitrosylated by
cytokine-induced NO production, resulting in the in-
hibition of this enzyme (Okuda et al., 2015). Finally,
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Figure 6. Correlation analysis of GSNO-mediated changes of H3K9/
14ac and gene expression. A, gPCR analysis of 14 genes displaying
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HDACS8 was demonstrated to be modified by NO in
vitro (Feng et al., 2011). Interestingly, the catalytic ac-
tivity of SIRTUINT1 is regulated by reversible S-gluta-
thionylation, which guides vascular development in
zebrafish (Brautigam et al., 2013).

HDACs generally operate in large multiprotein
complexes, which can affect their activity, subcellular
localization, or the genes to which they are targeted
(Sengupta and Seto, 2004). Interestingly, in a screen for
potential S-nitrosylated nuclear proteins, the plant-
specific HDtuins have been identified as putative tar-
gets (Chaki et al., 2015). HDtuins interact physically
with RPD3-like HDACs (Luo et al., 2012). Hence, these
data reinforce that NO directly targets HDAC com-
plexes to inhibit their activity (Fig. 2). The enzymatic
activity of HDAC complexes critically depends on the
presence of non-HDAC subunits (You et al.,, 2001).
At this stage, we do not know whether the observed
inhibition of HDAC activity is mediated by direct
S-nitrosylation of HDACs or indirectly by the modi-
fication of complex partners (or both), resulting in
structural alterations of the complex or even the dis-
sociation of regulatory subunits.

Genome-Wide Distribution of H3K9/14ac

The genome-wide distribution of H3K9/14ac was
mapped by ChIP-seq (Fig. 3). Similar to H3K9ac and
H3K27ac in Physcomitrella patens (Widiez et al., 2014),
H3K9ac in rice (Oryza sativa; He et al., 2010), and
H4K5ac in maize (Yang et al., 2016), H3K9/14ac was
found predominantly within genes and was almost
absent from intergenic and repetitive regions like cen-
tromeric and pericentromeric chromatin (Fig. 3A).
Genome-wide mapping of H3K9ac and H3Kl4ac in
mouse embryonic stem cells revealed that both marks
co-occurred in many regulatory regions around 200 to
400 bp downstream of the TSS (Karmodiya et al., 2012).
Similar observations were documented for H3K9ac and
H3K27ac in P. patens (Widiez et al., 2014), for H3K36ac
in Arabidopsis (Mahrez et al., 2016), and for H4K5ac in
maize (Yang et al., 2016). Consistently, it was found in
this study that H3K9/14ac is located primarily within
1 kb of the 5" end of genes, showing a maximum in its
distribution at 400 bp downstream of the TSS (Fig. 3B).
The majority of H3K9/14ac peaks were located in exons
followed by transcription termination sites and pro-
moter regions (Fig. 3C). Similarly, in P. patens, most of
the H3K9ac and H3K27ac sites were found to be within
promoters, coding sequences, and introns (Widiez

significant changes of H3K9/14ac after GSNO treatment in the ChIP-seq
experiment. RNA was isolated from the same samples that were used for
the ChIP-seq experiment (n = 2). mRNA levels are expressed as means = sk.
Since only two replicates per data point were used, a significance test
was omitted. B and C, Correlation analysis of genes displaying GSNO-
mediated H3K9/14ac changes after 3 h (B) or 16 h (C) and GSNO-
induced transcriptional changes (after 3 h), based on a recently published
RNA-seq data set (Begara-Morales et al., 2014). FC, Fold change.
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Figure 7. Effects of SA/INA-induced NO production on HDAC activity and histone acetylation. A, NO production after SA and
INA treatments. Fluorescence images show DAF-FM DA-loaded protoplasts after control (ethanol) and SA/INA * cPTIO treat-
ments. The experiment was repeated twice with similar results. EtOH, Ethanol. Bar = 100 um. Graphs at right show the quan-
tification of DAF-FM fluorescence in protoplasts stimulated with different concentrations of INA or SA. Fluorescence was detected
on a fluorescence microplate reader. Values are means * st (hidden by symbols) of 12 technical replicates. The experiment was
repeated twice with similar results. B and C, NO-dependent inhibition of HDAC activity in protoplasts after SA and INA treat-
ments. Protoplasts were incubated with INA (B) or SA (C) in the presence or absence of 100 um cPTIO. Ethanol was used as a
solvent control. Values are expressed as percentage of HDAC activity in untreated protoplasts. Values are means = st of three
independent protoplast preparations. *, P < 0.05; **, P < 0.01; and ***, P < 0.001 by Student’s t test. Asterisks below the white
circles mark statistically significant inhibition in comparison with the control treatment, whereas asterisks in proximity to triangles
indicate significant differences compared with SA or INA treatment. D, Histone acetylation in Arabidopsis seedlings after control
(methanol), INA, or INA/cPTIO treatment. Histones were extracted from liquid-grown seedlings treated with 500 um INA, 500 um

Plant Physiol. Vol. 173, 2017 1445
Downloaded from www.plantphysiol.org on March 21, 2017 - Published by www.plantphysiol.org
Copyright © 2017 American Society of Plant Biologists. All rights reserved.


http://www.plantphysiol.org/
http://www.plantphysiol.org

Mengel et al.

et al., 2014). In summary, the global H3K9/14ac dis-
tribution closely resembles those of other histone acet-
ylation marks. Therefore, our data extend the concept
that different histone acetylation marks display very
similar genome-wide patterns.

H3K9/14ac Changes and Gene Expression

To analyze whether H3K9/14ac changes triggered by
GSNO are associated with transcriptional regulation,
the transcript levels of several selected genes displaying
GSNO-regulated H3K9/14ac were quantified by gPCR.
Thirty-six percent of these genes showed significantly
enhanced H3K9/14ac and also were transcription-
ally up-regulated, whereas the mRNA levels of 64%
of the genes remained unchanged despite a strong
change of histone acetylation (Fig. 6A). Moreover, our
ChIP-seq data were compared with a recently pub-
lished RNA-seq data set (Begara-Morales et al., 2014),
which reported on the GSNO-induced transcriptional
response (Fig. 6, B and C). Although it was found that
several genes showed the expected interdependence of
histone acetylation and transcription, we could not
detect a clear correlation between both parameters,
which supported our qPCR results. These data clearly
show that GSNO can induce or repress H3K9/14ac
independently of transcriptional changes, excluding
the possibility that the histone acetylation differences
we detected are solely the consequence of altered
transcription. It was shown recently that histone
hyperacetylation is not sufficient to trigger gene ex-
pression. Loss of HDA101 (a maize HDAC) resulted in
increased histone acetylation at more than 2,500 genes,
but less than 5% of these genes were transcriptionally
up-regulated in the hda101 mutant (Yang et al., 2016).
Another study analyzed changes in the histone modi-
fication pattern and transcriptional changes triggered
by weak salt stress and could not detect a correlation
between both parameters, reinforcing that quantitative
alterations of histone modifications can be uncoupled
from transcriptional activation/repression (Sani et al.,
2013). The functional importance of histone modifica-
tion changes that occur independently of transcrip-
tional regulation remains to be established, but it
was proposed that they might prime the chromatin
for subsequent stress exposure and allow a faster/
stronger transcription of the corresponding genes
upon repeated challenge (Jaskiewicz et al., 2011; Sani
et al,, 2013). Interestingly, NO and the formation of
SNOs have been implicated in the priming response of
potato (Solanum tuberosum) against the necrotrophic

pathogen Phytophtora infestans (Floryszak-Wieczorek
et al., 2012). The authors found that different prim-
ing agents induced NO synthesis and hypothesized
that NO could sensitize epigenetic changes (Floryszak-
Wieczorek et al.,, 2012). Based on our data, it is
tempting to speculate that these changes are medi-
ated, at least partially, by NO-dependent inhibition of
HDAC:Ss.

In general, a rather low overlap between our ChIP-
seq study and the RNA-seq study was observed, which
could largely be explained by substantial differences in
the experimental setup and data analysis, since NO
elicits quite diverse transcriptional responses, depend-
ing on the tissue, method of NO application, and de-
velopmental stage (Huang et al., 2002; Polverari et al.,
2003; Palmieri et al., 2008). We used 7-d-old liquid-
grown seedlings to profile H3K9/14ac changes (using
250 um GSNO or GSH), whereas Begara-Morales et al.
(2014) separately analyzed GSNO-induced transcript
changes in the roots and leaves of 30-d-old plants
grown in a hydroponic system (stimulated with 1 mm
GSNO or GSH). Moreover, Begara-Morales et al. (2014)
filtered GSNO-regulated transcripts by those that
responded to GSH, which was not suitable for our data
set since GSH induced NO production in the experi-
mental setup used (Supplemental Figs. S1 and S4).
Despite the rather low overlap at the single gene
level, we found that GSNO-regulated genes belong to
similar functional categories to those displaying GSNO-
mediated H3K9/14ac changes. GSNO-regulated genes
were involved mainly in the response to stress, me-
tabolism, or transport and mostly showed binding,
hydrolase, and transferase activity (Begara-Morales
et al.,, 2014), thereby mirroring our ChIP-seq results
(Fig. 5). Furthermore, several reports analyzing tran-
scriptomic changes induced by NO also identified the
defense response as one of the top-ranking categories to
be influenced by NO (Huang et al., 2002; Polverari et al.,
2003; Palmieri et al., 2008; Begara-Morales et al., 2014),
again reflecting the results from this study (Table I;
Supplemental Table S1).

Possible Role of NO-Mediated H3K9/14ac Changes during
the Defense Response

Our ChIP-seq analysis revealed that NO affected
histone acetylation of genes involved in several differ-
ent physiological processes (Fig. 5). Many of the af-
fected genes were assigned to cellular and primary
metabolism, indicating that GSNO might influence the
chromatin state and thereby the expression of metabolic

Figure 7. (Continued.)

INA/500 um cPTIO, or methanol (control) and probed against different histone acetylation marks by western blot. As a loading
control, a fraction of the Ponceau-stained membrane is shown (HT). One representative experiment out of three is shown. E,
Quantification of western-blot results. Signal intensities were measured using Image) software and normalized to the amount of
loaded H1. Values are expressed as fold change over control treatment. Values shown are means = st of three independent

experiments. *, P < 0.05 and **, P < 0.01 by Student’s ¢ test.
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enzymes. This is supported by other reports that dem-
onstrated transcriptional alterations of metabolic en-
zymes in response to GSNO (Begara-Morales et al.,
2014). Moreover, NO might affect the activity of a va-
riety of enzymes involved in cellular metabolism by
posttranslational mechanisms (Holtgrefe et al., 2008;
Palmieri et al., 2010; van der Linde et al., 2011).
Together, these data suggest that GSNO induces a
metabolic shift in the cell, which is the result of tran-
scriptional as well as posttranslational regulation
of metabolic enzymes. We found that genes involved
in the plant defense response are overrepresented
among the genes displaying NO-regulated H3K9/14ac
(Table I). Moreover, SA, which is the major plant de-
fense hormone against biotrophic pathogens, inhibited
HDAC activity in vivo and increased global H3 and
H4 acetylation in a NO-dependent manner (Fig. 7). In-
terestingly, the effect of INA on global histone acety-
lation was weaker than for the GSNO treatment (Fig. 1),
indicating that endogenously produced NO might se-
lectively target a subset of NO-sensitive HDACs. To-
gether, these data strongly suggest that NO-mediated
histone acetylation changes might be important during
the expression of plant immunity, thus extending the
multiple roles of NO during plant-pathogen interac-
tions (Delledonne et al., 1998; Durner et al., 1998;
Feechan et al., 2005). We hypothesize that HDACs get
inactivated by NO upon pathogen attack, leading to
enhanced acetylation and a supportive chromatin
state for the expression of defense genes. Transcrip-
tion of these genes is then initiated by transcription
factors, which are activated by additional defense
signaling cascades. Interestingly, hyperacetylation of
defense genes after INA treatment has been observed
before. Choi et al. (2012) found that spraying with
INA enhanced H3K9 and total H3 acetylation at the
PR1, PR2, GDG1, and EDS5 genes, resulting in the
NPR1-dependent expression of these genes. Further-
more, it was demonstrated that PR1, PR2, and GDG1
are direct target genes of HDA19, which represses
their expression under nonchallenged conditions
by deacetylation of the corresponding promoters.
Therefore, the authors concluded that, in response to
pathogen attack, either HDA19 has to be excluded or
HATSs have to be recruited to mediate the hyper-
acetylation and expression of these genes (Choi et al.,
2012). Our data suggest that the HDA19 complex
might be targeted directly by NO, resulting in the
inhibition of its activity and subsequent hyper-
acetylation of HDA19 target genes. This hypothesis
is supported by the observation that HDA19 under-
went oxidative Cys modifications in response to sa-
licylate treatment, as demonstrated in a proteomic
approach aimed to identify early redox-regulated
proteins in the defense response (Liu et al., 2015). Fur-
thermore, approximately 12.5% of all NO-regulated
H3K9/14ac sites discovered in our work are putative
HDA19-binding sites (Zhou et al., 2013), reinforcing
that HDA19 might be one of the HDAC isoforms tar-
geted by NO.
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CONCLUSION

Global histone hyperacetylation has been observed
after heat, salt, and cold stress in a variety of plant
species (Sokol et al., 2007; Zhao et al., 2014; Wang et al.,
2015), and these stresses are generally characterized by
the extensive production of NO (Zhao et al., 2007, 2009;
Bouchard and Yamasaki, 2008; Cantrel et al., 2011). In
general, HDACs are transcriptional repressors of stress
responses (Choi et al., 2012; Luo et al,, 2012; Zheng
et al., 2016). Therefore, proper stress gene induction
requires the inactivation or exclusion of HDACs from
the corresponding promoter regions (Choi et al., 2012).
Our data suggest that the inactivation of HDACs upon
stress perception might be mediated by NO. We pro-
pose the following model. In nonstressed conditions,
HDAC complexes help to establish a repressive chro-
matin state by deacetylation of histones at stress genes.
Stress perception initiates NO production, which tar-
gets and inhibits HDAC complexes by redox modifi-
cations, thereby enhancing histone acetylation and
promoting a supportive chromatin state for the ex-
pression of stress genes (Fig. 8). This open-chromatin
state might be preserved to allow a more efficient in-
duction of stress genes upon subsequent stresses. Our
study suggests a new link between NO signaling and
chromatin remodeling and, in a broader perspective,
indicates how abiotic and biotic stresses might trigger
chromatin changes in plants.
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Figure 8. NO-mediated inhibition of HDACs might contribute to stress
gene induction. In nonchallenged conditions, HDAC complexes repress
the transcription of stress-responsive genes by deacetylation of the
corresponding chromatin regions. Upon exposure to stress, NO is
produced, resulting in the inhibition of HDAC complexes. This might
activate transcription in tight interplay with transcription factors.
Blue cylinders, Nucleosomes; green circles, acetyl groups (Ac); black
arrow, TSS.
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MATERIALS AND METHODS
Chemicals

All chemicals were purchased from Sigma unless stated otherwise.
Plant Material

Liquid-Grown Seedlings

Approximately 20 uL of surface-sterilized seeds (dry volume) from Arabi-
dopsis (Arabidopsis thaliana) ecotype Columbia-0 was incubated in 70 mL of
Murashige and Skoog medium supplemented with 1% Suc in 250-mL flasks.
Plants were grown for 7 d under continuous shaking (120 rpm) in short-day
conditions (10 h of light/14 h of dark) at a light intensity of 130 umol s'm™.

Cell Cultures

Suspension cells were generated from Arabidopsis Columbia-0 wild-type
seedling roots, which were cutinto small pieces and transferred on CIM medium.
After several days, calli were transferred to liquid CIM medium and subcultured
every 7 d untilhomogenous cell suspension cultures were obtained. Cell cultures
were grown in the dark at 23°C. In all experiments, 7-d-old cells were used.

Histone Extraction

Histones were extracted using the Histone Purification Kit (Active Motif;
catalog no. 40025) according to the manufacturer’s instructions with some
modifications. Amounts of 0.5 to 0.6 g of frozen seedlings were ground to a fine
powder in liquid nitrogen and incubated for 2 h in 2.5 mL of extraction buffer at
4°C with gentle agitation. After centrifugation at 4°C for 10 min at maximal
RCF, the supernatants were transferred to PD10 columns (GE Healthcare;
catalog no. 17085101) that had been equilibrated with extraction buffer. The
eluates were neutralized with one-quarter volumes of 5X neutralization
buffer (0.875 mL) to reach a pH of 8 and loaded onto anion-exchange columns
sent with the kit. Eluates were desalted using Zeba-Spin columns (Thermo
Fisher; catalog no. 89882).

Western Blot

Western-blot analysis was carried using 5 ug of purified histones following
standard protocols for western blotting. The antibodies and dilutions used were
as follows: anti-acetylated H3 (1:20,000; Millipore; catalog no. 06599), anti-
acetylated H3K9 (1:5,000; Abcam; catalog no. 10812), anti-acetylated
H3K9K14 (1:2,000; Diagenode), anti-acetylated H4 (1:20,000; Millipore;
catalog no. 06866), and anti-acetylated H4K5 (1:10,000; Abcam). Secondary anti-
body was anti-rabbit IgG (1:2,500; catalog no. W54011) coupled to horseradish
peroxidase, and the signal was developed using Western Lightning Plus-ECL
chemiluminescent substrate (Perkin-Elmer; catalog no. NEL103001EA).

Protoplast Isolation

Protoplasts were generated from Arabidopsis cell suspension cultures as
described (Chaki et al., 2015). Approximately 5 g of cells was resuspended in
20 mL of enzyme solution (0.4 M mannitol, 20 mm KCl, 20 mm MES, pH 5.7,
10 mm MgCl,, 0.1% BSA, 2% cellulase, and 1% macerozyme) and incubated for
3 to 4 h at room temperature with gentle agitation (60 rpm). The reaction was
stopped with 20 mL of W5 solution (2 mm MES, pH 5.7, 154 mm NaCl, 125 mm
CaCl,, and 5 mm KCl), and the suspension was filtered through two layers of
Miracloth. Protoplasts were washed two times with 20 mL of cold W5 (100g,
3 min, 4°C) and resuspended in cold W5. The concentration of the protoplast
suspension was adjusted to 10° cells mL ™.

Preparation of Nuclear Extracts

Liquid-Grown Seedlings

One gram of seedlings was ground to a fine powder in liquid nitrogen. The
powder was homogenized in 2 mL of LB buffer (20 mwm Tris-HCI, pH 7.4, 25%
glycerol, 20 mm KCl, 2 mm EDTA, 2.5 mm MgCl,, 250 mm Suc, 1 mm DTT, and
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cOmplete Protease Inhibitor EDTA-free Cocktail Tablets [Roche]) and filtered
first through Miracloth (Millipore) and then through 30-um nylon mesh
(Millipore). After centrifugation (1,500g, 4°C, 10 min), the pellet was washed
three times with 3 mL of NRBT buffer (20 mwm Tris-HCI, pH 7.4, 25% glycerol,
2.5 mm MgCl,, 0.2% Triton X-100, and cOmplete Protease Inhibitor EDTA-
free Cocktail Tablets) and once with 3 mL of NRB buffer (20 mm Tris-HCI, pH
7.4,25% glycerol, 2.5 mm MgCl,, and cOmplete Protease Inhibitor EDTA-free
Cocktail Tablets). To extract nuclear proteins, the nuclear pellet was resus-
pendend in 340 L of NLB buffer (10 mm Tris, pH 7.5, 500 mm NaCl, 1% Triton
X-100, 10% glycerol, 1 mm Na,P,0,, and protease inhibitor cocktail) and
subjected to sonification on a Bandelin Sonopuls HD2070 (25 s, 50% duty
cycle, 10% power output; repeat seven times with 1 min of rest on ice between
each cycle). After centrifugation (12,000g, 4°C, 15 min), the supernatant was
recovered and protein concentration was determined by the Bradford assay.
Nuclear extracts were stored at —80°C.

Suspension Cells

First, protoplasts were prepared from the suspension cells; then, nuclei were
isolated from protoplasts as described (Chaki et al., 2015).

Treatment of Nuclear Extracts

Ten micrograms of nuclear extract was incubated with various concentra-
tions of NEM, GSNO, SNAP, GSSG, and H,O, for 20 min at room temperature
in the dark. In the case of DTT treatment, DTT was added after this incubation.
Samples were then desalted using Zeba-Spin (Thermo Fisher) columns taking
care to avoid exposure to light. Five micrograms of desalted nuclear extracts
was subjected directly to HDAC activity measurement.

HDAC Activity Measurement in Nuclear Extracts

HDAC activity in nuclear extracts was measured using the Epigenase HDAC
Activity /Inhibition Direct Assay Kit (Fluorimetric, Epigentek; catalog no.
P-4035) according to the manufacturer’s instructions. Briefly, 5 ug of nuclear
extract per well was incubated with 50 ng of substrate for 90 min at room
temperature. Deacetylated product was immunodetected, and fluorescence at
excitation/emission = 530/590 nm was measured on a fluorescence microplate
reader (Tecan Infinite 1000).

In Situ HDAC Activity Measurement in Protoplasts

HDAC activity in protoplasts was measured using the InSitu HDAC Activity
Fluorometric Assay Kit from BioVision (catalog no. K339-100) with some
modifications. A total of 10° protoplasts per well were incubated with 1 uL of
substrate at room temperature in the presence or absence of effector chemicals
(cPTIO was added 10 min before addition of the substrate). The reaction was
stopped by adding fluorescence developer and mixing by pipetting up and
down to ensure proper lysis and homogenization of the cells. For each
treatment, one well was stopped directly after addition of the substrate (t = 0)
and a second well was stopped after 30 min (SA/INA) or 60 min (GSNO,
SNAP, GSSG, or H,0,). After lysis, the plate was incubated for 30 min at 37°C
to develop the signal. Fluorescence was measured at excitation/emission =
368/442 nm in a fluorescence microplate reader (Tecan Infinite 1000). The
difference in fluorescence between t = 0 and 30 or 60 min was used to quantify
HDAC activity. All chemicals used (GSNO, SNAP, GSSG, SA, INA, and
cPTIO) were tested for interference with the assay by performing standard
curves and by monitoring kinetics of the fluorescence development in the
presence of this chemical.

Measurement of NO Production in Protoplasts

A total of 2 X 10° protoplasts were incubated with 15 um DAF-FM DA for
15 min at room temperature in the dark. After centrifugation (100g, 2 min, room
temperature), protoplasts were resuspended in 200 uL of W5 bulffer. Then,
100 um cPTIO or water (control) was added. After 10 min at room temperature,
cells were centrifuged, resuspended in W5, and subsequently stimulated with
100 um SA or INA. After 1 h, protoplasts were visualized using an Olympus
BX700 microscope with a GFP filter set.

For quantitative measurement of 4-amino-5-methylamino-2’,7'-difluoro-
fluorescein fluorescence, DAF-FM DA-loaded protoplasts were stimulated with
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different concentrations of SA and INA and split into wells of a black 96-well
plate (Greiner; eight technical replicates per treatment, 2 X 10° protoplasts per
well). Fluorescence was measured on a Tecan Infinite 1000 microplate reader
every 10 min for a total of 20 cycles at excitation/emission = 485/535 nm.

Measurement of SNO Content

SNO content was determined as described (Kuruthukulangarakoola et al.,
2017). Briefly, SNOs were reduced with triiodide solution and photochemical
detection of the emitted NO after its reaction with ozone. Nitrite was scavenged
by sulfanilamide.

RNA Extraction, cDNA Synthesis, and qPCR

A total of 100 mg of 7-d-old liquid-grown Arabidopsis seedlings was ground
to a fine powder, followed by RNA extraction using the RNeasy Plant Mini
Kit (Qiagen; catalog no. 74904) according to the manufacturer’s instructions.
RNA concentration and quality were determined spectrophotometrically
(NanoDrop 1000). One microgram of total RNA was used for cDNA syn-
thesis with the QuantiTect Reverse Transcription Kit (Qiagen; catalog no.
205311). Quantitative reverse transcription-PCR consisted of 10 uL of Sybr
Green (Bioline; catalog no. QT625-05), 5 uL of deionized water, 0.5 uL of
10 uM specific primers, and 4 uL of 1:20 diluted cDNA template. Cycling
conditions were 95°C for 10 min followed by 45 cycles of 95°C for 15 s, 55°C
for 15 s, and 72°C for 45 s. Each sample was run in triplicate and normalized
to the mRNA level of the S16 housekeeping gene. Primers are listed in
Supplemental Table S2.

ChIP-Seq

ChIP was performed on 7-d-old liquid-grown Arabidopsis seedlings using
the Plant ChIP-seq kit from Diagenode (C01010150). Briefly, tissue was cross-
linked with 1% methanol-free formaldehyde, chromatin was isolated and
sheared to 200-bp fragments using the Bioruptor Pico (Diagenode), and im-
munoprecipitation was performed with 1 ug of an antibody directed against
H3K9/14ac (Diagenode; C15410200). An aliquot of the sheared chromatin was
kept as an input control. After reversal of the cross-links, DNA was purified
using the IPure Kit from Diagenode (C03010011). For each input and immu-
noprecipitation sample, an individual indexed library was prepared using the
MicroPlex Library Preparation Kit version 2 (Diagenode; C05010014) using 1 ng
of DNA and 11 amplification cycles. Ten microliters of each library was pooled,
and the combined library was sequenced on an Illumina HiSeq2500. After
demultiplexing, reads were filtered (only uniquely mapped reads were kept)
and mapped to the Arabidopsis TAIR10 reference genome, and peaks were
called using CLC genomics software version 8.5.1 (Qiagen) using a P value
cutoff of 0.05.

After removing low-quality samples (rep2_control_16h and rep2_TSA_16h),
differential binding sites were computed using the R package DiffBind (Ross-
Innes et al., 2012): chromosomic peaks outside the centromeric region that oc-
curred in at least six out of the 18 samples were used in the differential analysis
with the edgeR method, and log, fold changes as well as raw and false dis-
covery rate-adjusted P values were recorded for each treatment-versus-control
comparison. Peaks were annotated by genomic region and nearest gene using
the ChIPseek tool (Chen et al., 2014). Heat maps were plotted with the gplots R
package (Warnes et al., 2013), and other plots and data selections were created
with basic R functions (R Core Team, 2014). To compare the number of up- and
down-regulated peaks and the log fold changes between the up-regulated and
down-regulated sets, the sign test and the Wilcoxon rank-sum test were per-
formed using the R functions binom.test and wilcox.test, respectively (R Core
Team, 2014). Enrichment analyses of peak-derived gene lists against the GO,
KEGG, and AraCyc databases were done using the package org.At.tair.db
(Carlson, 2014) and the R functions fisher.test and p.adjust with the false dis-
covery rate method for multiple testing correction (R Core Team, 2014). Cor-
relations were computed with cor.test (R Core Team, 2014). For the treemaps,
GO slim terms below the basic terms molecular function, biological process,
and cellular component were taken from TAIR (https://www.arabidopsis.
org/download_files/GO_and_PO_Annotations/Gene_Ontology_Annotations/
TAIR_GO_slim_categories.txt) on April 26, 2016 (Berardini et al., 2004), and all
child terms regarding is_a relationships were determined from the go-basic.obo
file (release 2016-04-27) downloaded from http://geneontology.org/page/
download-ontology (Gene Ontology Consortium, 2015). Gene annotations
were obtained using org.At.tair.db (Carlson, 2014).
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ChIP-qPCR

Chromatin immunoprecipitated and input DNA was diluted 1:10 in sterile
water, and 4 uL was used for qPCR as described above. Values are expressed as
percentage of the input. Primers used are listed in Supplemental Table S3.

Accession Numbers

ChIP-seq raw data as well as peak files and DiffBind output files were de-
posited in the Gene Expression Omnibus database under accession number
GSE82075.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. SNO levels in liquid-grown Arabidopsis seed-
lings after GSNO, GSH, GSNO/cPTIO, TSA, and water (control) treat-
ments.

Supplemental Figure S2. GSNO increases H3ac in Arabidopsis suspension
cells.

Supplemental Figure S3. mRNA levels of HDACs after GSNO and GSH
treatments.

Supplemental Figure S4. Inhibition of HDAC activity by GSH.

Supplemental Figure S5. Viability of protoplasts after SA, INA, GSNO,
and SNAP treatments.

Supplemental Figure S6. Inhibition of nuclear HDAC activity by NEM
and TSA.

Supplemental Figure S7. Inhibition of HDAC activity by GSSG and H,0,.
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