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Heat shock factors (HSFs) are principal regulators of plant responses to several abiotic stresses. Here, we show that estradiol-
dependent induction of HSFA4A confers enhanced tolerance to salt and oxidative agents, whereas inactivation of HSFA4A results in
hypersensitivity to salt stress in Arabidopsis (Arabidopsis thaliana). Estradiol induction of HSFA4A in transgenic plants decreases, while
the knockout hsfr4a mutation elevates hydrogen peroxide accumulation and lipid peroxidation. Overexpression of HSFA4A alters the
transcription of a large set of genes regulated by oxidative stress. In yeast (Saccharomyces cerevisiae) two-hybrid and bimolecular
fluorescence complementation assays, HSFA4A shows homomeric interaction, which is reduced by alanine replacement of three
conserved cysteine residues. HSFA4A interacts with mitogen-activated protein kinases MPK3 and MPKG6 in yeast and plant cells.
MPK3 and MPK6 phosphorylate HSFA4A in vitro on three distinct sites, serine-309 being the major phosphorylation site. Activation of
the MPK3 and MPK6 mitogen-activated protein kinase pathway led to the transcriptional activation of the HEAT SHOCK
PROTEIN17.6A gene. In agreement that mutation of serine-309 to alanine strongly diminished phosphorylation of HSFA4A, it also
strongly reduced the transcriptional activation of HEAT SHOCK PROTEIN17.6A. These data suggest that HSFA4A is a substrate of the

MPK3/MPKG6 signaling and that it regulates stress responses in Arabidopsis.

Heat shock factors (HSFs) are transcriptional regu-
lators that mediate the activation of large set of genes
induced by high temperature or other stress condi-
tions. HSFs are important regulators of cellular stress
responses in plants and animals (Kotak et al., 2007;
Akerfelt et al., 2010; Scharf et al., 2012). HSFs recognize
the heat stress elements (HSEs), conserved motifs in
promoters of heat-induced targets, such as heat shock
protein (HSP) genes (Pelham, 1982; Wing et al., 1989;
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Akerfelt et al., 2010; Scharf et al., 2012). The yeast
(Saccharomyces cerevisiae) and Drosophila melanogaster
genomes encode a single HSF, whereas mammals have
four HSF genes (Akerfelt et al., 2010). Plants possess
diverse families of HSFs that are encoded by 21
genes in Arabidopsis (Arabidopsis thaliana) and 52
loci in soybean (Glycine max; Nover et al., 2001; Scharf
et al.,, 2012). Remarkable differences in their trans-
criptional regulation indicate that plant HSFs under-
went considerable functional diversification (von
Koskull-Déring et al., 2007).

HSFs share a conserved modular structure. The
N-terminal DNA-binding domain is responsible for the
HSE recognition in the promoters of HSF target genes.
The hydrophobic heptad repeat region for oligomeriza-
tion (HRA/B) located close to the DNA-binding domain
mediates trimerization, which is prerequisite for their
transcription factor activity (Nover et al,, 2001; Kotak
et al,, 2004; Anckar and Sistonen, 2011; Scharf et al.,
2012). Accumulating evidence suggests that activation of
plant and mammalian HSFs is regulated by a similar
mechanism, but the regulation of plant HSFs is much less
understood compared with their mammalian counter-
parts (Akerfelt et al., 2010; Scharf et al., 2012). In the
absence of stress, human HSF1 is inactive and forms a
cytoplasmic complex with the heat shock protein HSP90.
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Accumulation of denatured proteins during heat stress
consumes HSP90 and releases HSF1 from the complex,
which then undergoes phosphorylation, sumoylation,
and trimerization prior to its nuclear import. Subsequent
binding of HSF1 to the HSE facilitates its interaction with
the RNA polymerase II complex and initiation of tran-
scription of target genes (Akerfelt et al., 2010; Anckar and
Sistonen, 2011).

Certain HSFs are thought to function as molecular
peroxide sensors that respond to alterations in levels of
reactive oxygen species (ROS) during stress by con-
formational change and multimer formation, leading
to subsequent transcriptional activation of their target
genes (Miller and Mittler, 2006). ROS accumulate in
response to biotic and abiotic stress and represent im-
portant signaling molecules in the coordination of stress
acclimation pathways (Foyer and Noctor, 2005; Miller
et al., 2010; Suzuki et al., 2012). Generation of ROS
signals, in particular hydrogen peroxide (H,O,), dur-
ing heat and oxidative stress mediates the activation of
various HSFs and induction of their downstream tar-
get genes (Miller and Mittler, 2006; Volkov et al., 2006;
Kotak et al., 2007). Specific HSFs are involved in sig-
naling cross talk with key components of ROS signal-
ing, including the mitogen-activated protein (MAP)
kinases MPK3 and MPK6 and members of the zinc-
finger transcription factor families, and thus also con-
tribute to transcriptional control of a large battery of
oxidative stress-responsive genes (Davletova et al,
2005b; Miller and Mittler, 2006; Pucciariello et al., 2012;
Evrard et al., 2013).

Due to considerable redundancy of Arabidopsis
HSF genes, only few hsf mutants display identifiable
phenotypic changes (Scharf et al.,, 2012). Most func-
tional data rely on overexpression or combination of
multiple mutations of HSFs (Liu et al., 2011). Based on
these studies, the HSFA1 subfamily is defined as a
master regulator of heat stress responses (Mishra et al.,
2002; Liu et al., 2011), whereas HSFA2, which is also
induced by high light intensity and osmotic and oxi-
dative stress, is proposed to act in multiple stress-
signaling pathways (Nishizawa et al., 2006, Banti
et al.,, 2010). HSFA1 and HSFA2 form heterodimers
resulting in synergistic transcriptional activation of
target genes (Chan-Schaminet et al., 2009), and over-
expression of HSFA2 was shown to confer tolerance to
several stress stimuli (Banti et al., 2010). HSFA3 is ac-
tivated by dehydration-responsive element-binding
protein 2A, which is likely involved in the coordina-
tion of drought and heat stress signaling and activa-
tion of both water and heat stress-responsive genes
(Sakuma et al., 2006; Yoshida et al., 2008). The function
of the HSFA4 group is not well known. HSFA4A of
wheat (Triticum aestivum) and rice (Oryza sativa) were
reported to increase cadmium tolerance (Shim et al.,
2009). HSFA4 from tomato (Solanum lycopersicum) was
shown to activate heat stress-induced genes and in-
teract with HSFA5-generating inactive heterooligomers.
HSFA4 and HSFAS belong to a separate group within
the class A HSFs, sharing similarities in the DNA-
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binding and oligomerization domain and C-terminal
conserved sequence motifs (Baniwal et al., 2004; Kotak
et al., 2004; Baniwal et al., 2007). In the rice spotted leaf/
mutant, one base substitution in the DNA-binding do-
main of HSFA4D resulted in the appearance of necrotic
lesions on leaves, suggesting stress hypersensitivity
(Yamanouchi et al., 2002). Arabidopsis HSFA4A was im-
plicated in regulation of responses to high light and
oxidative stress by regulating the transcription of
ASCORBATE PEROXIDASE1 (APX1) and ZAT12 genes
(Davletova et al., 2005a). These observations supported
the hypothesis that the HSFA4 group functions as
antiapoptotic factors through regulation of plant ROS
homeostasis (von Koskull-Déring et al., 2007). While
most HSFs act as activators of gene expression, HSFB
and HSFAS function as repressors, which inhibit other
HSFs, including HSFA4, in interaction with general
transcription factors (Czarnecka-Verner et al., 2004;
Baniwal et al., 2007). HSFs are also known to respond to
upstream Ca** and ROS signaling and modulate trans-
cription of heat-, abscisic acid-, and salicylate-responsive
genes (Scharf et al., 2012).

Here, we report on the functional characterization of
HSFA4A, which was identified as a factor conferring salt
tolerance when expressed in an estradiol-inducible fash-
ion in Arabidopsis cells. Whereas inactivation of HSFA4A
by an insertion mutation enhances salt sensitivity and
lipid peroxidation, estradiol induction of HSFA4A con-
fers salt tolerance, reduces lipid peroxidation and H,0O,
accumulation, and decreases the sensitivity to oxidative
agents. Nuclear accumulation of HSFA4A is enhanced by
salt treatment in parallel with ROS accumulation and
reduced by Ala replacement of three Cys residues.
HSFAA4A interacts with and is phosphorylated in vitro
by the MAP kinases MPK3 and MPK6 on three resi-
dues, Ser-309 being the major, which, when mutated,
diminishes the transactivation of the heat shock pro-
tein gene HSP17.6A. Based on these data, we propose
that HSFA4A may regulate plant responses to salt and
oxidative stress as a substrate of MPK3/MPKe.

RESULTS

Estradiol Induction of HSFA4A Confers Salt Tolerance in
Cultured Cells

The previously described Conditional Overexpression
System (COS; Papdi et al.,, 2008) was used to perform
large-scale Agrobacterium spp.-mediated transformation
of an Arabidopsis cell culture (Supplemental Fig. S1).
From three separate transformation experiments, we
obtained a total of 1.2 million hygromycin-resistant cell
colonies, from which 290 microcalli showed wvarious
levels of viability and growth in the presence of 175 mm
NaCl and 5 um estradiol (Fig. 1A; Supplemental Fig. S1;
Supplemental Table S1). When selected calli were further
cultured on salt-containing medium, four of the trans-
formed calli showed salt tolerance in the presence of estra-
diol, while they were sensitive in the absence of the inducer
(Fig. 1, B-E, depicts an example of estradiol-dependent
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Figure 1. Identification of salt-tolerant COS-transformed Arabidopsis
calli. A, Screening of COS-transformed cell culture on MS medium
containing 175 mm NaCl and 5 um estradiol. B and C, Growth of
transformed line number 1 on high-salt medium without (B) and with
estradiol (C). D and E, Wild-type Arabidopsis calli on high-salt me-
dium in the absence (D) or presence (E) of estradiol. F and G,
pPER8GW-HSFA4A-transformed Arabidopsis colonies growing on high-
salt medium containing 5 um estradiol. Transformation frequency was
approximately 5% in this experiment. H, Transformed cells are unable
to grow on high-salt medium in the absence of estradiol. Bar = 5 mm.
[See online article for color version of this figure.]

salt tolerance in a transformed colony and in wild-type
cell culture). The genes were isolated from the COS
expression vector by PCR amplification using DNA
samples prepared from these salt-tolerant transform-
ants. Sequencing of the amplified complementary
DNAs (cDNAs; Supplemental Table S2) indicated that
two transformants (lines no. 1 and 7) carried two transfer
DNA (T-DNA) inserts with full-length or truncated
cDNAs encoding NITRILASE2 (NIT2), HSFA4A,
CYTOCHROME B5 ISOFORM D, and MINI-
CHROMOSOME MAINTENANCE2, whereas cDNAs of
single COS vector inserts in the other two lines derived
from the XYLOGLUCAN ENDOTRANSGLUCOSYLASE/
HYDROLASE11 and GLUTATHIONE S-TRANSFER-
ASE9 genes. As HSFA4A corresponds to an uncharac-
terized member of the Arabidopsis HSF family (von
Koskull-Déring et al., 2007), which shows high sequence
identity with other HSFs only in its DNA-binding do-
main (Supplemental Fig. S2), we addressed the question
whether the observed salt tolerance phenotype was
conferred by estradiol-inducible overexpression of the
HSFA4A cDNA. In fact, we found that, in contrast to
NIT2, Agrobacterium spp.-mediated retransformation of
HSFA4A cDNA by the estradiol-inducible pERSGW
vector (Papdi et al., 2008) into Arabidopsis cells revealed
that chemically induced expression of HSFA4A is sulffi-
cient to confer salt tolerance and sustain growth of calli in
the presence of 175 mm NaCl (Fig. 1, F-H).
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Effects of HSFA4A on Growth and Abiotic Stress
Tolerance in Transgenic Plants

HSFA4A is a yet uncharacterized member of the
Arabidopsis HSF family but has closely related members
in a broad range of plant species showing high sequence
identity with other HSFs in its DNA-binding domain
(von Koskull-Déring et al, 2007; Scharf et al., 2012;
Supplemental Fig. S2). To demonstrate that HSFA4A
confers stress tolerance also in plants, the estradiol-
inducible pPERSGW-HSFA4A construct was introduced
into Arabidopsis (ecotype Columbia [Col-0]) plants.

Overexpression of HSFA4A in transgenic lines resulted
in 20% to 30% reduction of plant growth compared with
wild-type plants on one-halfstrength Murashige and
Skoog (MS) media supplemented with 5 um estradiol (Fig.
2A). However, when grown in the presence of salt and
estradiol, root growth was inhibited by 60% in the wild
type, but only a reduction of 10% to 20% was detected in
HSFA4A overexpressing (HSFA4ox) plants (Fig. 2B).
Similarly, the average rosette growth of the wild type
was reduced by more than 50%, while growth of the
HSFA40x2 line was only slightly inhibited by salt (Fig. 2C).

Because ROS generation and signaling is known to play
an important role in mounting salt tolerance (Miller et al.,
2010; Huang et al., 2012), we also examined the effects of
H,0O,, paraquat, and anoxia on the growth of plants
overexpressing HSFA4A. HSFA4ox2 seedlings grew bet-
ter and showed less anthocyanin accumulation than the
wild type on media containing estradiol and either 0.1 or
0.3 um paraquat (N,N-dimethyl4,4-bipyridinium dichlo-
ride), a herbicide that generates oxygen radicals and
promotes anthocyanin accumulation (Fig. 2D; Kytridis
and Manetas, 2006). When grown in the presence of
5 mm H,0O, and estradiol, the HSFA40x2 line devel-
oped 30% to 40% larger rosettes and displayed less
root damage than the wild type (Fig. 2E). In addition,
overexpression of HSFA4A conferred better survival
rate under anoxia. Following 8 and 10 h of anoxia, only
8% and 3% of the wild type survived compared with
20% to 25% and 12% to 17% of HSFA4ox plants, re-
spectively (Fig. 2F). Activation of anoxia-responsive
marker genes ALCOHOL DEHYDROGENASE1 (ADH1)
and PYRUVATE DECARBOXYLASE1 (PDC1) in wild-
type plants confirmed low oxygen conditions in this
experiment (Fig. 2F).

HSFA4A Overexpression Reduces Oxidative Damage

Enhanced tolerance of HSFA4ox plants to H,O, and
paraquat suggested a potential increase of antioxidant
capacity. We found that estradiol induction of HSFA4A
lowered the levels of salt-induced H,O, accumulation
and lipid peroxidation. Whereas under normal growth
condition H,O, levels were comparable in wild-type and
HSFA4ox plants, treatment with 150 mm NaCl for 6 and
24 h increased the amount of H,0O, by 70% in the wild
type but only by 20% and 30% in HSFA4ox plants (Fig.
3A). Furthermore, the end products of lipid peroxidation
generated by peroxide-triggered oxidative damage and
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Figure 2. HSFA4A overexpression confers stress tolerance to Arabi-
dopsis. A, Growth of Col-0 wild-type and HSFA4A-overexpressing
(HSFA40x2) plants on one-half-strength MS media with estradiol
(control media). Graph shows growth of relative rosette sizes. B, Root
growth of Col-0, HSFA40x1, and HSFA40x2 plants on high-salt me-
dium (100 mm NaCl, 12 d) supplemented with estradiol. Graph shows
average root lengths after 12 d of growth. C, Rosette growth of Col-0
and HSFA4ox2 plants on control and high-salt medium (100 mm NacCl)
for 12 d. Graph shows relative growth rates calculated from linear
trend of average rosette sizes measured in each time point, where
1 equals growth of wild-type plants in control media. All media con-
tained estradiol. D, Paraquat-triggered anthocyanin accumulation in
Col-0 and HSFA40x2 plantlets (0.3 um paraquat, 12 d). Graph shows
percentage of anthocyanin-accumulating plants treated with 0.1 or
0.3 um paraquat for 12 d in the presence of estradiol. E, Effect of H,O,
on seedling development of wild-type and HSFA40x2 plants (12 d on
5 mm H,O, with estradiol). Relative rosette size graph indicates growth
of wild-type and HSFA4ox2 plants calculated from the increase of
rosette size in a given time point, relative to the average rosette size of
each line at the beginning of the treatment (day 0). F, Tolerance to
anoxia. Seedlings were treated with estradiol and subjected to anoxia,
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measured by malondialdehyde were elevated in the wild
type by 60% to 70% following salt treatment compared
with a 30% to 40% increase in HSFA4ox plants (Fig. 3B).
In correlation with lower accumulation of H,O,, HSFA4ox
plants displayed higher APX activities at 24 h of salt treat-
ment, which suggested enhanced removal of H,O, through
oxidation of ascorbate to dehydroascorbate (Fig. 3C).

Inactivation of HSFA4A Confers Hypersensitivity to Salt

Characterization of the FLAG 571A11 T-DNA in-
sertion mutant, which carries a T-DNA insert in the
promoter at position -671 of the ATG of the HSFA4A
(At4918880) gene (Fig. 4A) provided further evidence
for the involvement of HSFA4A in salt tolerance.
Transcription of HSFA4A was induced by salt treat-
ment in wild-type plants, while in the hsfada mutant,
the T-DNA insertion abolished both basic and salt-
inducible expression of HSFA4A (Fig. 4B). In stan-
dard growth conditions, growth and fertility of the
wild type and hsfa4a mutant were indistinguishable. In
the presence of 100 mm NaCl, the hsfa4da mutant
showed 40% reduction of rosette growth compared
with the wild type. The salt tolerance of hsfa4a could be
genetically complemented by constitutive expression
of HSFA4A (Fig. 4C). Whereas the hsfa4a mutant
showed reduced growth and viability in the presence
of salt, its responses to osmotic stress and anoxia did
not reveal significant differences compared with the
wild type (Fig. 4D). We detected enhanced H,O, ac-
cumulation and higher lipid peroxidation rate in re-
sponse to salt treatment in the hsfa4a mutant compared
with the wild type, and this molecular phenotype
could also be genetically complemented by constitu-
tive expression of HSFA4A (Fig. 4, E and F).

Transcriptional Regulation of HSFA4A

Similarly to salt, H,O, and paraquat treatments
stimulated HSFA4A transcription within 1 h, leading
to a peak of transcript levels at 6 h and decline of ex-
pression at 24 h. By contrast, heat stress increased
HSFA4A mRNA levels at 1 and 6 h but was highest at
24 h (Supplemental Fig. S3A). H,O, also elevated
HSFA4A mRNA within 1 h and remained high for 96 h
but never reached as high level as estradiol-induced
mRNA of the overexpression HSFA4A construct
(Supplemental Fig. S3B). According to transcript profiling

and survival was scored 7 d after recovery. Average survival rates of
plantlets after 6, 8, 10, and 12 h of anoxia are shown on left graph.
Expression of anoxia-induced marker genes ADH1 (AT1G77120) and
PDCT (AT4G33070) in anoxia-treated wild-type seedlings (right graph)
in control (0 h) and anoxic (4 h) conditions. All treatments included
5 um estradiol. For stress treatments, 5-d-old in vitro-germinated
seedlings were transferred to different culture media. Bars = 1 cm.
Error bars indicate ses, and different letters show significant differences
at P < 0.05 (Duncan’s test).
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Figure 3. HSFA4A overexpression reduces oxidative damage during
salt stress. A, H,O, accumulation in Col-0 wild-type, HSFA40x1, and
HSFA40x2 plants treated with 150 mm NaCl for 6 and 24 h. B, Lipid
peroxidation in salt-stressed plants calculated by malondialdehyde
accumulation. One hundred percent corresponds to lipid damage in
wild-type nonstressed plants. C, APX activities in salt-treated plants. In
vitro-grown plantlets were used for the experiments at age of 14 d.
Error bars indicate ses, and different letters show significant differences
at P < 0.05 (Duncan’s test). Five micromolar estradiol was included in
all treatments. FW, Fresh weight.

data deposited at the eFP Browser database (http://
bar.utoronto.ca/efp_arabidopsis; Winter et al., 2007),
HSFA4A expression is moderately increased by heat
but more dramatically stimulated by salt, osmotic and
cold stress, UV-B irradiation, Pseudomonas spp. infec-
tion, and effectors N-terminal 22-amino acid fragment
of flagellin and Harpin HrpZ (Supplemental Figs. S4
and S5). HSFA4A changes upon stress were noticeably
distinct in roots compared with shoots for a number of
stresses, as was previously noted (Kilian et al., 2007).

To visualize spatial pattern of HSFA4A expression
during development, the activity of a pHSFA4A-GUS
gene construct was analyzed in various organs. The
HSFA4A promoter proved to be active in a broad range of
organs and cell types, including leaves, cotyledons, hy-
pocotyls, and roots, expressed in stipules and trichomes,
and abundant in growing tissues, such as in young leaves,
the meristematic zone of root tips, and the elongation
zone of lateral roots (Supplemental Fig. S6).
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Identification of HSFA4A-Regulated Genes

To screen for genes showing differential transcrip-
tion due to HSFA4A overexpression and to relate this
to ROS responses, we performed an RNA sequencing
(RNA-Seq) transcript profiling experiment (Gene
Expression Omnibus accession GSE40735). We used
wild-type and HSFA4Aox2 plants that were treated
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Figure 4. The hsfa4a T-DNA insertion mutant is hypersensitive to sa-
linity. A, Position of FLAG_57A11 T-DNA insertion in the At4g18880
gene and primers used for reverse transcription (RT)-PCR. B, RT-PCR
analysis of HSFA4A transcription in wild-type and hsfa4a mutant
seedlings treated with 100 mm NaCl for 6 h. C, Rosettes of the wild
type, hsfa4a mutant, and complemented mutant (hsfa4a/C). Five-day-
old seedlings were transferred to and grown on medium supplemented
by 100 mm NaCl for 9 d. Graph shows relative rosette sizes on 100 mm
NaCl, where 1 corresponds to size of wild-type seedlings on day 0. D,
Survival of wild-type, hsfa4a mutant, and hsfa4a/C plants on high-salt
medium (200 mm NaCl, 5 d). Viability of plants was scored 7 d after
stress recovery. Graph shows survival rates after high-salt, osmotic (600
mm mannitol, 5 d), and anoxia treatments (8 h; see Fig. 2E). E and F,
Accumulation of H,0, (E) and lipid peroxidation rates (F) in plants
subjected to salt stress (150 mm NaCl, 6 and 24 h); for these assays,
whole seedlings were used. Bars = 1 cm. [See online article for color
version of this figure.]
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with 5 uM estradiol in the presence or absence of 1 mm
H,0O, for 6 h. We did three pairwise comparisons for
differentially expressed genes: (1) wild type * H,0,, (2)
wild type versus HSFA4Aox2, and (3) wild type versus
HSFA4Aox2 in the presence of H,O, (Supplemental
Fig. S57; Supplemental Data S1). Gene Ontology analysis
of the up- and down-regulated gene categories obtained
in transcript profiling experiment are summarized in
Supplemental Figure S8, A to C. We selected genes that
were common in these three comparisons (Supplemental
Table S3) and annotated to stress responses for quanti-
tative reverse transcription (qRT)-PCR analysis and
ended up with a set of eight HSFA4A-regulated genes:
small heat shock protein HSP17.6A (AT5G12030), copper
transporter CTP1 (AT5G52760), C2H2 zinc finger proteins
ZAT6 (AT5G04340) and ZAT12 (AT5G59820), transcrip-
tion factor WRKY30 (AT5G24110), cysteine-rich receptor
kinase-like protein CRK13 (AT4G23210), and ubiquitin
ligase ARABIDOPSIS TOXICOS EN LEVADURA31
(ATL31; AT5G27420) were all up-regulated, while the
isopropylmalate isomerase IPMI1 (AT3G58990) gene was
reduced. Expression of HSF4Aox2 up-regulated genes
could be further elevated by H,O,, while heat stress did
not changed the induction of most of these genes. The
HSF4Aox2 down-regulated gene IPMI1 was repressed by
H,0, and heat treatments (Fig. 5A). Transcription of most
HSFA4A-induced genes, such as WRKY30, CTP1, and
ZAT12, was also enhanced by salt stress (Fig. 5B). The
hsfa4a mutation reduced salt-induced expression of
WRKY30, CTP1, and ZAT6 but did not alter transcription
of the CRK13, ZAT12, and HSF17.6A genes compared
with the wild type (Fig. 5C). In conclusion, HSFA4A
modulated the transcription of a subset of heat-, H,O,-,
and salt-responsive genes.

Next, we examined whether the promoters of
HSFA4A-responsive genes carry consensus heat shock
response elements. Among the 57 genes activated by
HSFA4A and by H,O, in both Col-0 and HSFA4Aox
background, 33 promoters carried one or more con-
served HSEs, whereas putative HSFB-binding sites
were identified in 12 promoters (Supplemental Table
S3). By contrast, 11 promoters with HSE elements and
four with HSFB-binding sites were uncovered in the
42 genes that showed analogous down-regulation
by HSFA4A and H,O, (Supplemental Table S4).
HSE elements and putative binding sites for HSFB,
Trihelix, and MYC_MYB transcription factors were more
frequent in the promoters of HSFA4A and H,O, up-
regulated genes, while promoter sequences of down-
regulated genes showed an enrichment of predicted
GROWTH-REGULATING FACTOR, C2C2(Zn)GATA,
MADS, and homeodomain/leucine-zipper transcrip-
tion factor sites (Supplemental Table S5). According to
coexpression analysis (hierarchical clustering) with the
Genevestigator database, 80% of these genes are en-
hanced in various abiotic and biotic stress conditions
in the ROS-overproducing catalase? (cat2) and fluorescent
in blue light (flu) mutants but down-regulated during
germination, while 75% of genes down-regulated by
HSFA4A and H,0, are repressed by several abiotic
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stress stimuli, including salicylic acid, but induced during
germination (data not shown).

Previous studies demonstrated that different plant
HSFs can cross regulate the expression of other HSF
genes (Scharf et al., 2012). In our RNA-Seq data, from
16 HSF genes, 14 showed similar regulation, whereas
transcription of HSFA8 was increased and HSFA6B re-
duced by estradiol induction of HSFA4A (Supplemental
Fig. S9).

HSFA4A Shows Nuclear Redox State-Dependent
Homomeric Interaction

Similarly to other plants HSFs (Scharf et al, 2012),
HSFA4A in C-terminal fusion with the yellow fluorescent
reporter protein (YFP) showed cytoplasmic and nuclear
localization when expressed in Arabidopsis protoplasts
under the control of the Cauliflower mosaic virus (CaMV)
35S promoter (Fig. 6A). During their activation preceding
nuclear import, animal HSFs undergo trimerization,
which is thought to be stimulated through oxidation of
their Cys residues by H,0O,, accumulating during heat
stress (Ahn and Thiele, 2003). To examine whether
HSFA4A shares the conserved feature of homomeric
interaction, HSFA4A was fused to both the activation
domain (AD) or DNA-binding domain (BD) of the
transcription factor GAL4 and expressed in yeast by
the pGAD and pGBT9 vectors, respectively. Only cells
carrying both vectors grew on selective 3-amino-1,2,4-
triazole medium, indicating homomeric interaction of
HSFA4A-AD and HSFA4A-BD proteins (Fig. 6B). Ara-
bidopsis HSFA4A carries six Cys residues, three of which
(C229, C267, and C295) are conserved in Brassicaceae
spp. (Supplemental Fig. S2). The homomeric interaction
in the yeast two-hybrid (Y2H) assay was abolished
when these three conserved Cys residues were replaced
with Ala by site-directed mutagenesis of HSFA4A
cDNA (Fig. 6B; AD fusion, mHSFA4-A and BD fu-
sion, mHSFA4-B).

To detect homomeric interaction of HSFA4A in plant
cells, we created HSFA4A-nYFP and HSFA4A-cYFP fu-
sions with the N- and C-terminal domains of split YFP,
respectively, and expressed either in Arabidopsis proto-
plasts or in Agrobacterium spp.-infiltrated tobacco (Nico-
tiana benthamiana) leaves. Due to reconstitution of split
YFP by interaction of HSFA4A-nYFP and HSFA4A-cYFP
proteins, bimolecular fluorescence complementation
(BiFC) was observed in both assays (Fig. 6, C and F).
In parallel experiments, using similar fusions with
mHSFA4A carrying the Cys-to-Ala replacements, the
BiFC signal intensity was 75% lower compared with
wild-type HSFA4A (Fig. 6, C and D), indicating that the
Cys residues are functionally important to aid in vivo
homomeric interaction of HSFA4A. Control immuno-
blotting with anti-GFP antibody, which also detects YFP,
revealed that reduced BiFC signal intensity detected with
the mHSFA4A constructs was not due to different levels
of expression or stability of wild-type and mutant ver-
sions of HSF4A (Fig. 6E). Treatment of tobacco leaves
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Figure 5. HSFA4A regulates the expression of a set of stress-related
genes. A, Transcript analysis of eight HSFA4A target genes in
HSFA40x2 and Col-0 wild-type plants using qRT-PCR: HSP17.6A
(AT5G12030), CTP1 (AT5G52760), ZAT6 (AT5G04340), ZAT12
(AT5G59820), WRKY30 (AT5G24110), CRK13 (AT4G23210), ATL31
(AT5G27420), and IPMI1 (AT3G58990). Plants were treated with 1T mm
H,O, or heat stress (37°C) for 6 h. All plants were treated with 5 um
estradiol. B and C, HSFA4A-regulated genes can be induced by salt. B,
Expression of selected HSFA4A-regulated genes in HSFA40x2 and Col-
0 plants in control conditions (Ctr) or treated with 100 mm NaCl for 6 h
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with 100 mmM NaCl led to ROS accumulation and
increased the BiFC signal intensity 2-fold by parallel
enhancement of nuclear localization of interacting
HSFA4A-nYFP and HSFA4A-cYFP proteins (Fig. 6, F
and G).

HSFA4A Interacts with and Is Phosphorylated by MPK3
and MPK6

In yeast and mammals, phosphorylation by either
MAP kinases or the glycogen synthase kinase3 is re-
quired for activation or repression of HSFs (Chu et al.,
1996; Kim et al., 1997; Hashikawa and Sakurai, 2004). In
Arabidopsis, the MAP kinases MPK3 and MPK6 were
implicated in ROS signaling (Liu et al., 2010). Therefore,
we examined whether HSFA4A can be a substrate for
the ROS-stimulated MPK3 and MPK6 through their
immunoprecipitation from wild-type plant protein ex-
tracts followed by in-gel kinase assays with purified
HSFA4A. Due to cross reactivity of commercial anti-
bodies, both MPK3 and MPK6 were immunoprecipi-
tated by the anti-MPK3 and anti-MPK6 IgGs but could
nevertheless be identified by their different mobilities.
The in-gel assays indicated that HSFA4A was used as a
phosphorylation substrate by both MPK3 and MPKS6,
though the two kinases showed slightly different activi-
ties (Fig. 7A). To corroborate these results, His.-tagged
forms of MPK3 and MPK6 were purified and used in
kinase assays with HSFA4A, which was purified by the
help of an N-terminal maltose-binding protein (MBP)
tag. HSFA4A was phosphorylated both by MPK3 and by
MPKG6 to a similar level as the commonly used MAP
kinase substrate myelin basic protein (MyelinBP Fig. 7B).

MAP kinases are known to interact with their sub-
strates (Déczi et al., 2012). To detect HSFA4A-MPK3 or
-MPK6 interactions, we performed Y2H assays. MPK3
and MPK6 showed Y2H interactions when HSFA4A was
part of the Gal4 DNA-binding domain and the kinases
were fused to the Gal4 activation domain (Fig. 7C). For-
mation of HSFA4A-MPK3/MPK6 complexes was sub-
sequently confirmed in planta. HSFA4A-nYFP, carrying
the N-terminal domain of split YFP, showed strong BiFC
interaction in the nuclei and occasionally in the cytoplasm
of tobacco leaf epidermal cells MPK3-cYFP and MPK6-
cYFP harboring the C terminus of split YFP (Fig. 7D).

To identify the phosphorylation sites, purified MBP-
HSFA4A was phosphorylated in vitro by MPK3 and
digested with trypsin, and the peptide mixture was an-
alyzed by mass spectrometry. Liquid chromatography-
tandem mass spectrometry analysis of the tryptic digests
confirmed the presence of the HSFA4A protein with high
sequence coverage (>90%). Mass spectrometry analysis

(all plants were treated with 5 um estradiol). C, Expression of the
selected genes in hsfa4a mutant and wild-type plants (ecotype
Wassilewskija [Ws]) in control conditions (Ctr) or treated with
100 mm NaCl for 6 h. Plants were 2 weeks old when subjected to treat-
ments; whole seedlings where used. Transcript abundance was calculated
with the 2—AACt method according to Fohgrub and Kempken (2012).
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Figure 6. Localization and dimerization of A
HSFA4A in plant cells. A, Intracellular localiza-
tion of HSFA4A-YFP fusion protein. B, Homodi-
meric interaction of HSFA4A in Y2H system.
Yeast growth on selective medium (-Leu, -Trp,
-His, -Ade, and 3-amino-1,2,4-triazole [3-AT])
indicates interaction of the assayed proteins.
HSFA4-A and HSFA4-B indicate HSFA4A fused to
activation and DNA-binding domains of GAL4,
respectively. mHSFA4-A and mHSFA4-B indicate
triple Cys mutant HSFA4A (C229A, C267A, and
C295A). Ctr-B indicates empty vector with DNA-
binding domain. C, BIFC in Arabidopsis proto-
plasts: transient expression of HSFA4A-nYFP and
empty cYFP vectors (left), HSFA4A-nYFP and
HSFA4A-cYFP (middle), and triple Cys mutant
MHSFA4A-nYFP and mHSFA4A-cYFP (right). D,
Quantitative evaluation of YFP signals in proto-
plasts transfected by wild-type (HSFA4) and tri-
ple Cys mutant HSFA4A-YFP gene constructs
(mHSFA4). E, Western detection of HSFA4-cYFP
in protoplasts of the transient BiFC experiment.
The GFP-specific antibody (Roche) detects the
C-terminal fragment of YFP. F, BIFC in tobacco
cells. Transient expression of HSFA4A-nYFP and
HSFA4A-cYFP in tobacco mesophyll cells. Leaves
were treated with 100 mm NaCl for 20 min (right).
Arrows indicate positions of nuclei, and insert
shows enlarged image of a cell nucleus. Right F
and left sections display the same microscopic
field before and after salt treatment. 3,3'-
diaminobenzidine (DAB), H,O, accumulation in
control and salt-treated tobacco leaves visualized
by DAB staining, which was used to monitor the
ROS production in salt-treated tobacco leaves. G,
Quantitative evaluation of YFP signal in nuclei of
20 transfected tobacco cells. Microphotographs
in all figures show representative images. Bars =
20 wm. Error bars indicate ses, and different letters
show significant differences at P < 0.05 (Dun-
can’s test).
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BiFC

o\

White light

BiFC

DAB

Control

of the TiO,-enriched samples revealed the presence of
multiple phosphopeptides enabling the assignment of
four phosphorylation sites (Fig. 8B). Ser-198 and Thr-238
or Ser-239 were found to be phosphorylated exclusively
in the MPK3-treated samples (incomplete fragmentation
of the corresponding phosphopeptide prevented exact
assignment for the latter site). Two further sites, Ser-309
(Fig. 8A) and Thr-396, were found to be phosphorylated
both in the control and the kinase-treated samples.
However, the level of phosphorylation is clearly elevated
by MPK3. Comparison of the mass spectrometry peak
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areas of the corresponding precursor peptides in the
control and the MPK3-treated samples indicated about
5-fold increase for Ser-309 phosphorylation, repre-
sented by LKSPPS(Phospho)PR, mass-to-charge ratio
(m/z) 481.247 (2+), [304-311] of HSFA4A, and approx-
imately 10-fold increase for Thr-396 phosphorylation,
represented by NVNAITEQLGHLT(Phospho)SSERS, m/z
1018.476 (2+), [384-401] of HSFA4A, in the kinase-
treated samples (Supplemental Data S2).

Ala exchange of all five candidate phosphorylation
sites completely abolished HSFA4A phosphorylation
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MPK6 Figure 7. Phosphorylation and inter-

MPK  + +
MyelinBP -+
MBP-HSFA4 - -

MBP-HSFA4-

IP-MPK3
IP-MPK6
IP-MPK3
IP-MPK6

PLANT
PLANT

MPKS - - —
MPK3 -

P

his-MPK86-

HSFA4A Control

MyelinBP-

IID

c -Leu,-Trp

-His,-Ade
+3-AT

HSFA4-B MPK3-B  Ctr-

BiFC

White light

HSFA4A-nYFP
empty-cYFP

HSFA4A-nYFP | MPK3-cYFP

by MPK3 and MPKG6 (Fig. 8C). HSFA4A mutated at
four predicted phosphosites, except Ser-309 was
phosphorylated almost as well as wild-type HSFA4A
by MPK3 and MPK6. By contrast, when unaltered
Ser-198, Ser-238, or Thr-239 residues were combined
with Ala replacements of other four predicted phos-
phosites, phosphorylation of HSFA4A by MPK3 was
strongly reduced but remained still detectable (Fig.
8C). Consequently, this combinatorial analysis of
phosphosite Ala replacements indicated that, in in
vitro conditions, Ser-309 is the most preferred site in
HSFA4A for phosphorylation by both MPK3 and
MPKB6.

Phosphorylation of HSFA4A Enhances Transient
Transactivation of HSP17.6A Transcription

To assay the in vivo function of the MPK3 and
MPK6 phosphosites, we designed a cell-based pro-
moter activation assay by HSFA4A on the HSP17.6A
promoter-reporter gene construct. HSP17.6A pro-
moter sequences 2 kb upstream of translation start
were fused to a firefly luciferase (LUC") reporter
gene and cotransformed into Arabidopsis protoplasts
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- with immunoprecipitated MPK3 and
MPK6 kinases analyzed by in-gel ki-
nase assay. Anti-MPK3 and anti-MPK6
antibodies (Sigma) partially recognize
both kinases. PLANT indicates extracts
obtained from wild-type Arabidopsis
(Landsberg erecta). Control indicates
gel without HSFA4A substrate. B, In
vitro phosphorylation of purified HSFA4A
by MPK3 and MPK6. MyelinBP was
used as artificial substrate in positive
control reaction. His-tagged MPK3/
MPK6 was used in phosphorylation
reactions. HSFA4A was tagged with
maltose-binding protein (MBP-HSFA4).
C, Interaction of HSFA4A with MPK3
and MPK6 in Y2H system. A indicates

Ctr-B proteins fused to the activation domain,

B indicates proteins fused to the DNA-
binding domain, and Ctr indicates
empty vector with the DNA-binding
domain. D, Interaction of HSFA4A-
nYFP, MPK6-cYFP, and MPK3-cYFP in
A. tumefaciens-transformed tobacco
leaf cells. BIFC indicates interacting
proteins. Bars = 20 um.
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along with CaMV 35S promoter-cDNA constructs
expressing either wild-type or Ser-309Ala mutant
HSFA4A (HSFA4m). By monitoring luciferase ac-
tivity at different time points up to 40 h after
transformation (Fig. 9A), we observed that trans-
activation by wild-type HSFA4A increased the ac-
tivity of pHSP17.6A-LUC reporter construct 15-fold
compared with basic LUC levels. In comparison,
HSFA4m carrying the Ser-309Ala replacement
showed 30% to 40% lower transactivation of the re-
porter gene (Fig. 9B). The MAP kinase kinase4
(MKK4) is known to activate MPK3 and MPK6 (Asai
et al., 2002; Kim et al., 2011). Next, we transformed
cells with constitutive active MKK4®F to activate
downstream MAP kinases MPK3 and MPK6 (Bartels
et al., 2009) together with either the wild type or Ser-
309Ala mutant of HSFA4A, which led to a steady
increase of pHSP17.6A-LUC transactivation reach-
ing about 18-fold increase upon 40 h with the wild
type but was around 50% less with the Ser-309Ala
mutant form of HSFA4A (Fig. 9C). These results
suggested that MPK3 and MPK6 activation increases
the HSFA4A transactivation function in vivo, while
mutating the Ser-309 to nonphosphorylatable Ala
abrogates it.
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Figure 8. Identification of HSFA4A phosphorylation sites. A, Identifi-
cation of HSFA4A phosphorylation site by mass spectrometry. The
collision-induced dissociation (CID) spectrum of m/z 481.247 (2+)
representing the phosphorylated [304-311] sequence of HSFA4A
(Uniprot ID O49403). Fragment ions b, (unmodified) and y5 and vy,
(phosphorylated) unambiguously prove that the site of modification is
Ser-6, i.e. Ser-309 of HSFA4A. P denotes the 98-D neutral loss of the
phosphate from the corresponding fragment ions. Observed peptide
backbone cleavages are indicated in the sequence. B, Amino acid
sequence of HSFA4A with MPK3 phosphorylation sites boxed. C,
Phosphorylation of wild-type and mutant HSFA4A by MPK3 and
MPK®6. 5x mutant indicates all identified Ser and Thr residues changed
to Ala, and 4xmut indicates all Ser and Thr changed to Ala, except the
indicated one. MyelinBP was used in positive control reactions. Top
section shows phosphorylation reaction, and bottom section shows
Coomassie-stained gels indicating equal loading. [See online article
for color version of this figure.]

DISCUSSION

HSFA4A Confers Salt Tolerance in the COS
Selection System

The HSF transcription factor family has 21 members in
Arabidopsis, with considerable functional redundancy
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(Scharf et al., 2012). Due to overlapping regulatory
functions of HSFs, the classical genetic approach based
on characterization of individual gene mutations has a
relatively low resolution power (Liu et al., 2011). Over-
expression of individual HSFs, on the other hand, could
alter tissue, cell type, or developmental stage-specific
functions, combinatorial interactions, and transcrip-
tional regulation of HSFs, leading to biased conclusions
on their function. Therefore, in this work, we used a
combination of knockout mutation with chemically in-
duced overexpression, site-specific mutagenesis, in vivo
and in vitro protein interactions and kinase assays, mass
spectrometric and mutational analysis of phosphoryla-
tion sites, transcript profiling, and various physiological
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Figure 9. Activation of pHSP17.6A-LUC reporter construct in transient
expression system. A, Scheme of the experiment. Arabidopsis proto-
plasts were transformed with the LUC reporter construct and the wild-
type HSFA4A (HSFA4wt) or Ser-309 mutant HSFA4A (HSFA4m) under
the control of the CaMV 35S promoter at 0 h. Luciferine was added at
16 h, and LUC activity was detected 16, 22, 28, 34, and 40 h after
transformation. (B) Trans activation of HSP17A-LUC with wild type
and mutant HSFA4A constructs. C, Transactivation of HSP17.6A by
HSFA4A constructs and constitutively active MKK4, In both graphs,
normalized LUC activities are shown, where activities of control (Luc-
ctr) is 1.
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tests to gain insights into regulatory functions of Arabi-
dopsis HSFA4A, one of the hitherto noncharacterized
members of the functionally redundant HSF family.

HSFA4A was identified in a large-scale screening for
cDNAs that confer tolerance to salinity when expressed
in an estradiol-inducible manner in Arabidopsis cells.
From 1.2 million microcalli transformed with an
estradiol-inducible cDNA expression library, we recov-
ered four transformants capable of proliferating in the
presence of 175 mm NaCl. One of these expressed the
full-length cDNA-encoded HSFA4A, from which recur-
rent expression of HSFA4A in calli and seedlings reca-
pitulated the enhanced salt tolerance phenotype. A
possible role of HSFA4A in modulation of salt tolerance
was corroborated by the observation that while its
overexpression enhanced salt tolerance, the hsfa4a
knockout mutation conferred sensitivity to salt stress.
Subsequently, we showed that transcription of HSFA4A
is inducible by salt, H,0,, paraquat, and heat treatments,
which are all known to induce ROS accumulation. In
addition, mining the depository of public transcript
profiling data indicated that HSFA4A transcription is
also stimulated by drought, cold, UV-B light, hypoxia,
and ozone (Davletova et al., 2005a; Gadjev et al., 2006),
as well as several pathogens and their effectors (Libault
et al,, 2007), and the flu mutation characterized by singlet
oxygen production in the light (op den Camp et al., 2003;
Gadjev et al,, 2006). This suggested that HSFA4A is a
target of a ROS-mediated signal transduction pathway.
By contrast, expression of HSFA4A is inhibited by mu-
tations that disrupt salicylic acid biosynthesis and sali-
cylic acid-related pathogen defense (e.g. salicylic acid
induction deficient2 phytoalexin deficient4 nonexpresser of
PR1 genesl and enhanced disease susceptibilityl Chaouch
et al., 2010; Straus et al., 2010).

Study of the effects of estradiol-inducible HSFA4A
overexpression revealed that induction of HSFA4A con-
fers enhanced tolerance not only to NaCl, but also to
osmotic stress, paraquat, H,O,, and anoxia, which gen-
erate oxidative stress. It is thus not surprising that po-
tential HSFA4A orthologs from wheat and rice were
reported to confer cadmium tolerance when expressed in
yeast and transgenic rice, and the putative rice hsfada
mutant was found to be hypersensitive to cadmium
(Shim et al, 2009). In comparison, overexpression of
HSFA2 enhances salt and osmotic stress tolerance
(Ogawa et al., 2007), while HSFA3 confers drought tol-
erance (Yoshida et al.,, 2008), suggesting that particular
members of the HSF family are implicated in responses to
various environmental stress conditions. Analogously to
overproduction of C-REPEAT/DRE BINDING FACTOR
transcription factors, which confer tolerance to cold stress
(Achard et al., 2008), estradiol induction of HSFA4A thus
conferred some growth inhibitory effect in the absence of
stress while decreased growth inhibition under salt stress.

Despite activation of HSFA4A by ROS-generating
stress conditions, the hsfa4a mutant does not show en-
hanced sensitivity to osmotic stress and anoxia, indi-
cating that other HSFs likely compensate for the lack of
HSFA4A to mount sufficient tolerance to these stresses.
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The salt-stressed hsfa4a mutant displays enhanced H,O,
accumulation and lipid peroxidation compared with
the wild type, suggesting that oxidative stress tolerance
is lowered by inactivation of HSFA4A. On the other
hand, enhanced oxidative stress tolerance of HSFA4Aox
plants can partly be due to increased APX1 activity
leading to lower H,O, content and reduced lipid per-
oxidation. These data suggest that HSFA4A is involved
in the modulation of ROS metabolism and responses
to oxidative stress. HSF-dependent regulation of Apx
genes has been previously documented (Panchuk et al.,
2002; Li et al., 2005; Banti et al., 2010), underlining the
importance of HSFs as mediators of oxidative stress
responses.

HSFA4A-Regulated Genes

We identified genes that are controlled by HSFA4A
and peroxide signals and are annotated to respond to
diverse range of stresses, such as heat, salt, heavy metals,
and/or pathogens. gRT-PCR analysis confirmed that
HSFA4A is involved in transcriptional activation of
HSP17.6A, ZAT6, ZAT12, CTP1, WRKY30, and CRK13,
which play pivotal roles in the regulation heat, salt, oxi-
dative, osmotic, heavy metal, pathogenic, and starvation
stress responses (Sun et al., 2001; Davletova et al., 2005b;
Devaiah et al., 2007; Libault et al., 2007; Peng et al., 2012).
Most of these genes are up-regulated by salinity, indi-
cating that they are involved in defenses to salt stress.
Similarly to H,O,, ZAT12 stimulates the induction of the
APX1 gene in response to light stress, providing a feed-
back regulatory circuit for H,O, removal (Davletova
et al., 2005b). WRKY30 is induced by superoxide anions
generated in damaged chloroplasts (Scarpeci et al., 2008),
whereas ZATb6 is activated by osmotic and salt stress (Liu
et al., 2013). These results suggest that HSFA4A can act in
common pathways with these transcription factors. The
expression of several APX and HSP genes is known to
be controlled by HSF complexes in response to H,O,-
derived signals during heat stress (Volkov et al., 2006).
Similarly, HSFA4A seems to modulate transcription of a
set of target genes involved in mounting defense to abi-
otic and biotic stress stimuli. Data obtained from RNA-
Seq pointed to a substantial overlap between the
HSFA4A-regulated gene set and those deregulated in
mutants enhancing ROS production (e.g. cat2 and flu; op
den Camp et al., 2003; Gadjev et al., 2006). Promoters of
many HSFA4A-regulated genes contain one or more HSE
motifs, suggesting that HSFA4A and/or other HSFs
might directly control their transcription

Homomeric Interaction of HSFA4A

Activation of HSFs involves the formation of
homotrimers, which is required for their nuclear im-
port and high-affinity binding to conserved HSEs in
the promoters of target genes (Anckar and Sistonen,
2011). Our yeast and BiFC protein interaction studies
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illustrate that HSFA4A forms homodimers (or trimers)
in both yeast and plant cells, which is stimulated by
salt treatment. Similarly, Arabidopsis HSFA1A and
HSFA1B were reported to form homo- and hetero-
dimers, which is thought to be essential for transcrip-
tional activation of their target genes (Li et al., 2010).
Repression of the activity of HSFA4 through interac-
tion of HSFA5 was reported in tomato and Arabi-
dopsis (Baniwal et al., 2007). Such interaction can be
responsible for the regulation of HSFA4 in other spe-
cies as well. As transcript levels of HSFA5 were not
affected significantly by enhanced HSFA4A expres-
sion, balance between the two factors was probably
changed, leading to HSFA4A excess in the over-
expressing plants. Importance of proper control of
HSFA4A activity can be illustrated by the fact that
HSFA4Aox plants displayed growth deficit in non-
stress conditions when compared with the wild type.
Oligomerization of mammalian HSFs in response to
oxidative stress is thought to be mediated by H,O,-
dependent oxidation of Cys residues (Ahn and Thiele,
2003). Although oligomerization domains were shown
to be essential for interactions between HSFAla and
HSFA1b in Arabidopsis (Li et al., 2010) and HSFA1
and HSFA2 in tomato (Chan-Schaminet et al., 2009),
the importance of conserved Cys residues in homo-
meric interactions of plant HSFs has not been clearly
demonstrated. Our data support a likely role of Cys
residues in dimerization of Arabidopsis HSFA4A,
because exchanging conserved Cys residues to Ala
greatly reduces the formation of HSFA4A dimers
without affecting protein stability. However, the fact
that these residues are conserved in HSFA4A homo-
logs in Arabidopsis-related species but not in HSFA4A
proteins of orange (Citrus sinensis) grapevine (Vitis
vinifera), and poplar (Populus spp.) suggests that for-
mation of redox-sensitive disulfide bonds of Cys resi-
dues is probably not a sole requirement for HSFA4A
dimerization. Therefore, the prediction that plant HSFs
function as molecular sensors of ROS signals (Miller
and Mittler, 2006) remains to be revisited by further
studies.

Phosphorylation of HSFA4A by Interacting MPK3 and
MPKe6 Kinases

Our data demonstrate that HSFA4A interacts with
MPK3 and MPK6 in both yeast and plant cells and
that these kinases phosphorylate HSFA4A as sub-
strate in vitro. Phosphorylation of heat shock factors
by MAP kinases was reported in several organisms,
including mammalian cells (Chu et al.,, 1996; Kim
et al.,, 1997; Chen et al., 2001), yeast (Hashikawa and
Sakurai, 2004), and plants (Link et al., 2002; Evrard
et al.,, 2013). While phosphorylation repressed HSF1-
dependent transcriptional activation in human cells
(Chu et al., 1996), multimerisation of yeast HSF in
connection with hyperphosphorylation enhanced in-
duction of target genes (Hashikawa and Sakurai,
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2004). Heat-activated MAP kinases were shown to
transduce heat stress signals by phosphorylating
HSFs in tomato or promoting HSP gene expression in
tobacco (Link et al., 2002; Suri and Dhindsa, 2008).
Recently, phosphorylation and activation of Arabi-
dopsis HSFA2 by MPK6 was reported (Evrard et al.,
2013). MPK3- and MPK6-dependent phosphorylation
of HSFA4A and their physical interaction therefore
correlate with earlier observations indicating that
some HSFs can be substrates for MAP kinases. We
identified Ser-309 as the preferential MPK3 and MPK6
phosphorylation site in HSFA4A in vitro, which is
located between two activator domains. This residue
is conserved in closely related homologs of Eutrema
salsugineum and Brassica napus but not in more dis-
tantly related plants, such as orange, grapevine, or
poplar. Whether HSFA4A is phosphorylated on Ser-
309 site after MPK3 and MPK6 activation in vivo re-
mains to be established, but these experiments are
challenging (Dephoure et al., 2013). To overcome this
limitation, we decided to perform in vivo functional
studies by site-directed mutagenesis. We established
that Ser-309 phosphorylation of HSFA4A can have a
regulatory function in plant cells because exchange
of this Ser for Ala reduces the transactivation of
pHSP17.6A-LUC reporter by HSFA4A in a cell-based
transient transformation assay in cell culture-derived
protoplasts. Furthermore, the constitutively active
form of MKK4 stimulates transactivation of the
HSP17.6A promoter-driven LUC expression, both
alone and in combination with HSFA4A. These results
suggest that HSFA4A could act in concert with the
MKK4 MPK3/MPK6 phosphorylation cascade con-
trolling the transcription of HSP17.6A. However, fur-
ther studies are needed to characterize the function of
MAP kinase-mediated HSFA4A phosphorylation in
transcription regulation of other target genes.

It is therefore intriguing that MPK3 and MPK6 were
identified as central regulators of plant innate immu-
nity, hypoxia, and salt and osmotic stress responses,
which control cross talk between different stresses,
hormonal signals, and second messengers, such a ROS
(Droillard et al., 2002; Teige et al., 2004; Chang et al.,
2012; Rasmussen et al., 2012; Smekalova et al., 2013).
MAP kinases were reported to phosphorylate other
transcription factors such as WRKY33, which is in-
volved in regulation of ethylene biosynthesis (Li et al.,
2012), or MYB44, which regulates abscisic acid sensi-
tivity (Nguyen et al., 2012b). MPK3 and MPK6 can
form in vivo complexes with ZAT10/salt tolerance
zinc finger, regulating plant defense responses (Mittler
et al., 2006; Nguyen et al., 2012a), while under salt and
osmotic stress, MPK6 interacts with and phosphory-
lates ZAT6 (Liu et al., 2013). Thus, MPK3/MPK6
appear to regulate a wide range of biotic and abi-
otic defense responses mediated by ROS signals and
coordinate the activity of various transcription fac-
tors such as WRKY, MYB, ZAT, and HSF that, in
turn, control the transcription of a large set of target
genes.
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MATERIALS AND METHODS
Plant Materials and Growth Conditions

Arabidopsis (Arabidopsis thaliana; Col-0) plants were grown in sterile con-
ditions using one-half-strength MS culture medium under controlled condi-
tions with an 8-h-light/16-h-dark light cycle at 22°C and 100 uE m™ s™" light
intensity. For HSFA4A transcription activation studies, in vitro-grown wild-
type plants were incubated in liquid one-half-strength MS medium as control
and one of the following additives: 1 mm H,O,, 1 um paraquat, 150 mm NaCl,
or 300 mmM mannitol. Heat treatments were performed at 37°C in a growth
chamber (70% relative humidity, 100 uE m~2 s7Y). The knockout Arabidopsis
line (FLAG_571A11) containing a T-DNA insertion in the promoter region of
the HSFA4A gene was obtained from the Institut National de la Recherche
Agronomique Versailles T-DNA collection (ecotype Wassilewskija; http://
urgv.evry.inra.fr/FLAGdb). Homozygous hsfa4a mutant line was generated
by PCR-based genotyping using gene-specific and T-DNA-specific primers
(Supplemental Table S6). Tolerance to stress conditions, such as salinity and
osmotic and oxidative stress, was tested in vitro conditions as described
(Verslues et al., 2006; Papdi et al., 2010). For details, see Supplemental
Materials and Methods S1.

Transformation and Screening of Arabidopsis
Cell Cultures

Root-derived Arabidopsis cell suspension culture (Mathur et al., 1995) was
used for large-scale transformation and screening. Cell suspension culture was
transformed with the COS cDNA library as described (Papdi et al., 2008; Rigd
et al., 2012). Briefly, 25 mL of cell suspension was infected with Agrobacterium
tumefaciens culture of the COS cDNA library and cocultivated for 2 d under
continuous shaking. Subsequently, cells were collected by centrifugation,
washed with and subcultured in liquid culture medium, and supplemented by
400 mg L™ Claforan and 15 mg L™ hygromycin. Transformed cell cultures
were subcultured at weekly intervals with 10X volume of fresh culture me-
dium. The hygromycin-resistant cell culture was plated onto 100 petri dishes
(150-mm diameter) containing agar-solidified callus culture medium (Mathur
et al., 1995) supplemented with 400 mg L™ Claforan, 5 um estradiol, and 175
mmM NaCl. Transformation efficiency was estimated by plating an aliquot of
transformed cell suspension on medium supplemented with 400 mg L™ Cla-
foran and 15 mg L™ hygromycin. After 3 weeks of culture, growing microcalli
were split and moved to fresh agar plates containing 175 mm NaCl with or
without 5 um estradiol. Calli growing on estradiol-containing plates were used
for rescuing cDNAs carried by the T-DNA inserts.

Analysis of Physiological Parameters

H,0, content and lipid peroxidation were determined in 2-week-old plants
as described (Zsigmond et al., 2012). APX activity was assayed according to
Nakano and Asada (1981). Histochemical detection of GUS enzyme activity in
pHSFA4A-GUS-expressing plants was performed in five independent trans-
genic lines as reported (Jefferson et al., 1987). All experiments were repeated at
least twice. Anthocyanin accumulation in paraquat-treated seedlings was
scored according to Kortstee et al. (2011; see Supplemental Materials and
Methods S1).

Molecular Methods

HSFA4A was isolated by PCR amplification of cDNA insert from genomic
DNA of the selected Al callus. Nucleotide sequence of the PCR fragment was
determined, and the fragment was cloned in pDONR201 vector and subse-
quently inserted into the plant expression vector pPERSGW as described (Papdi
et al.,, 2008; Rigé et al., 2012). Full-length ¢cDNA of MPK3 and MPK6 was
cloned from an Arabidopsis cDNA library as described in Supplemental
Materials and Methods S1. Gene cloning, in vitro-targeted mutagenesis, and
vector construction is described in Supplemental Materials and Methods S1.

Total RNA was isolated from plant tissues using the Tri Reagent method
(Chomczynski and Sacchi, 1987). ¢cDNA templates were prepared from
DNase-treated RNA. Transcript analysis was made with qRT-PCR or semi-
quantitative RT-PCR as reported (Papdi et al, 2008; for details, see
Supplemental Materials and Methods S1). Sequences of PCR primers are listed
in Supplemental Table S6. Each experiment was repeated at least twice.
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For transcript profiling and gene expression analysis, 2-week-old Col-0 and
HSFA4Aox2 plants were treated with 5 um estradiol in the absence or presence
of 1 mm H,0, for 6 h in liquid one-half-strength MS medium. Total RNA was
isolated with RNeasy Kit (Qiagen), RNA quality and quantity was measured on
Bioanalyzer (Agilent Technologies) and Qubit (Life Technologies), and total
RNA samples were processed using the SOLiD Total RNA-Seq Kit (Life Tech-
nologies), according to the manufacturer’s instructions. RNA samples were
processed using the SOLiD Total RNA-Seq Kit (Life Technologies), and the
templates were sequenced on a SOLiD 5500x] instrument using the 50-base se-
quencing chemistry. Basic bioinformatic analysis of the RNA-Seq data was
performed with Genomics Workbench 4.7.2 (CLC Bio). RNA-Seq reads were
mapped onto the Arabidopsis reference genome (The Arabidopsis Information
Resource 10), and the number of sequencing reads generated from each sample
was converted into reads per kilobase of exon model per million mapped reads
(Mortazavi et al., 2008; see Supplemental Materials and Methods S1).

Gene Ontology analysis was performed with the Gene Ontology annotation
search tool of The Arabidopsis Information Resource database (http://www.
arabidopsis.org/tools/bulk/go/index.jsp). Coexpression analysis and clus-
tering was made with Genevestigator (http://www.genevestigator.com/gv;
Zimmermann et al., 2004). Identification of predicted promoter elements was
done with AthaMap (http://www.athamap.de; Steffens et al., 2005) and
Promomer (http:/ /bar.utoronto.ca; Toufighi et al., 2005) tools.

Y2H Assay

For Y2H analyses, yeast (Saccharomyces cerevisiae) PJ69-4a was cotrans-
formed with pGAD424 and pGBT9 vectors carrying the cloned inserts as
described (James et al., 1996). Transformants were grown on appropriate
dropout media to select for transformed cells as well as to monitor the acti-
vation of the Adenine requiring? and/or Histidine3 reporter genes in the pres-
ence of 1 mm 3-aminotriazol.

Protein Localization and Detection

In vivo microscopic observations were made with an Olympus confocal laser-
scanning microscope. For transient expression, Arabidopsis protoplasts were iso-
lated from cell suspension, and polyethylene glycol-mediated transformation was
performed as described (Mathur et al, 1995). Typically, 10° protoplasts were
transformed with 20 ug plasmid DNA of 35S-HSFA4A-nYFP and 35S-HSFA4A-
cYFP constructs or their mutant versions and cultured for 24 h prior to fluorescence
observation or western-blot analysis. The average value of YFP intensity per area of
mHSFA4A-n/cYFP-expressing protoplasts was normalized to HSFA4A-n/cYFP-
expressing cells, measuring at least 20 cells for each BiFC combination. Every
experiment was repeated three times. For western-blot analysis, protoplasts trans-
formed with 355-HSFA4A-cYFP or 355-mHSFA4A-cYFP were harvested and
boiled with SDS sample buffer. Protein samples were separated by 10% (w/v) SDS-
PAGE and western blotting was performed as described (Zsigmond et al., 2008)
using anti-GFP mouse monoclonal antibody (Roche) for the detection of cYFP-
tagged proteins. BiFC assays in tobacco (Nicotiana benthamiana) were per-
formed as described (Lumbreras et al., 2010). Tobacco leaves were transfected
with equal volumes of combined A. tumefaciens solutions carrying 35S-HSFA4A-n/
cYFP, 355-MPK6-n/cYFP, and 355-MPK3-n/cYFP or 355-n/cYFP control con-
structs. YFP-derived fluorescence was monitored 24 h after infiltration. Stress
treatments were performed by application of saline solution (100 mm NaCl in one-
half-strength MS medium) on immobilized infiltrated leaves. Fluorescence was
monitored in 20-min intervals in the same microscopic field. Reconstituted YFP
signal intensities were measured with the Image]J software.

In Vitro and In-Gel Kinase Assays

The kinases (His,-MPK3 and His,-MPK6) and the substrate proteins (His-
HSFA4A, MBP-HSFA4A, and MBP-tagged mutant versions of HSFA4A) were
expressed in Escherichia coli strain BL21(DE3) Rosetta (Novagen) and purified
by affinity chromatography on nickel-nitrilotriacetic acid agarose affinity
(Qiagen) or Amylose resin (New England Biolabs) following the manufac-
turer’s instructions. In vitro phosphorylation assays with purified His,-MPK3
or His;-MPK6 and MBP-HSFA4A, MBP-tagged mutant versions of HSFA4A,
Myelin Basic Protein (MyelinBP; Sigma), or the MBP tag were carried out with
1 ug His,-MPK3/MPKG6 in 20 uL kinase buffer (25 mwm Tris-HCl, pH 7.5, 20 mm
MgCI2, 1 mm dithiothreitol, and 5 uCi [y-?PJATP) containing 2 g MBP-
HSFA4A constructs, 2 ug MyelinBP, or 2 ug MBP as substrate at 24°C for
30 min. Reactions were boiled with SDS sample buffer, and size was separated
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in 12% (w/v) SDS-PAGE. Gels were stained with PageBlue Protein Staining
Solution (Thermo Scientific), dried, and subjected to autoradiography (Nguyen
etal., 2012a). In-gel kinase assay and MPK3/MPK6 protein immunoprecipitation
were performed as previously described (Lumbreras et al., 2010). Fifty micro-
grams of crude plant proteins and MPK3 and MPK6 precipitates were extracted
from wild-type plants (ecotype Landsberg erecta) and loaded onto a 10% (w/v)
SDS-PAGE gel containing 0.5 mg mL™ His,-HSFA4A. The control polyacryla-
mide gel was assayed without substrate.

Identification of HSFA4A Phosphorylation Sites

MBP-HSFA4A was phosphorylated by His,-MPK3 in a kinase reaction
performed in the presence of 200 um cold ATP. As control, a parallel reaction
without kinase was included. Samples were resolved by SDS-PAGE as de-
scribed, and MBP-HSFA4A protein bands were excised after gel staining with
PageBlue Protein Staining Solution. One-dimensional SDS-PAGE gel samples
containing the recombinant HSFA4A protein were treated with the general in-
gel digestion protocol (reduction and alkylation of Cys side chains followed by
tryptic digestion for 4 h; for detailed protocol, see http:/ /msf.ucsf.edu/ingel.
html). Approximately 20% of the resulting peptide mixture was analyzed
directly, and the remaining 80% was subjected to TiO, enrichment (Larsen
et al.,, 2005) prior to mass spectrometry analysis on an Orbitrap Elite mass
spectrometer (Thermo Scientific). Phosphopeptides were identified by data-
base search, and all identifications were inspected manually. For detailed
experimental setup, see Supplemental Data S1 and S2.

Transient Expression Assays

Protoplasts were transformed with 10 ug plasmid DNA of pHSP17.6A-LUC
construct and 20 ug plasmid DNA of 355-HSFA4A-cYFP (HSFwt) or 355-Ser-
309HSFA4A-cYFP (HSFm). When indicated, 10 ug of pK2GW7-mycMKK4""
were included. All transformations were performed in triplicates. After 16-h
culture, protoplasts were transferred to a dark 96-well microtiter plate, sharing
each single transformation into two wells containing 3 mm p-luciferin solution.
Luciferase activity was determined with an automated luminometer (TopCount
NXT; Perkin-Elmer) for 24 h as described (Palagyi et al., 2010).

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers: AEE84101, ESQ55497, ADX69244, XP_002267171,
EEE97421, and XP_006467594.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Schematic illustration of COS screening and clon-
ing strategy.

Supplemental Figure S2. Multiple protein sequence alignment of the Ara-
bidopsis HSFA4A and related transcription factors from five plant spe-
cies.

Supplemental Figure S3. Regulation of HSFA4A transcription.

Supplemental Figure S4. Transcriptional activation of the HSFA4A gene
by abiotic stress conditions.

Supplemental Figure S5. Transcriptional activation of HSFA4A by biotic
stress.

Supplemental Figure S6. Spatial expression of pHSFA4A-GUS in trans-
genic plants.

Supplemental Figure S7. HSFA4A regulates the expression of a large set of
target genes.

Supplemental Figure S8. Gene Ontology categorization of gene sets that
were up- or down-regulated by H,0, or HSFA4A or both.

Supplemental Figure S9. Expression profiles of Arabidopsis heat shock
factors in wild-type and HSFA4A-overexpressing plants.

Supplemental Table S1. Summary of results of cell suspension transfor-
mation with the COS library.
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Supplemental Table S2. Arabidopsis cDNAs identified in COS-transformed
cell cultures.

Supplemental Table S3. Genes up-regulated by HSFA4A and H,0,.
Supplemental Table S4. Genes down-regulated by HSFA4A and H,0,.

Supplemental Table S5. Predicted transcription factor-binding sites in pro-
moter regions of HSFA4A- and H,0,-induced or -repressed genes.

Supplemental Table S6. List of oligonucleotides used in this study.

Supplemental Materials and Methods S1. Gene cloning, RNA-seq analy-
sis, mass spectrometry, analysis of stress tolerance, and gene expression.

Supplemental Data S1. Compiled RNA-Seq transcript profiling data.

Supplemental Data S2. Mass spectrometry data showing phosphorylation
of HSFA4A peptides.
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