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Abstract

VIP1 is a bZIP protein in Arabidopsis thaliana. VIP1 accumulates in the nucleus under hypo-osmotic conditions and interacts
with the promoters of hypo-osmolarity-responsive genes, CYP707A1 and CYP707A3 (CYP707A1/3), but neither
overexpression of VIP1 nor truncation of its DNA-binding region affects the expression of CYP707A3 in vivo, raising the
possibility that VIP and other proteins are functionally redundant. Here we show further analyses on VIP1 and its close
homologs, namely, Arabidopsis group | bZIP proteins. The patterns of the signals of the GFP-fused group | bZIP proteins
were similar in onion and Arabidopsis cells, suggesting that they have similar subcellular localization. In a yeast one-hybrid
assay, the group | bZIP proteins caused reporter gene activation in the yeast reporter strain. VIP1 and other group | bZIP
proteins showed positive results in a yeast two-hybrid assay and a bimolecular fluorescence complementation assay,
suggesting that they physically interact. These results support the idea that they have somewhat similar functions. By gel
shift assays, VIP1-binding sequences in the CYP707A1/3 promoters were confirmed to be AGCTGT/G. Their presence in the
promoters of the genes that respond to hypo-osmotic conditions was evaluated using previously published microarray
data. Interestingly, a significantly higher proportion of the promoters of the genes that were up-regulated by rehydration
treatment and/or submergence treatment (treatment by a hypotonic solution) and a significantly lower proportion of the
promoters of the genes that were down-regulated by such treatment shared AGCTGT/G. To further assess the physiological
role of VIP1, constitutively nuclear-localized variants of VIP1 were generated. When overexpressed in Arabidopsis, some of
them as well as VIP1 caused growth retardation under a mannitol-stressed condition, where VIP1 is localized mainly in the
cytoplasm. This raises the possibility that the expression of VIP1 itself rather than its nuclear localization is responsible for
regulating the mannitol responses.
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be an osmosensor in baker’s yeast (Saccharomyces cerevisiae) ([6],
for a review), and one of the Arabidopsis histidine kinases,
ATHKI, has been suggested to be involved in dehydration
responses. Knockout of ATHK1 decreases drought tolerance and
expression levels of ABA-responsive genes, while overexpression of
ATHKI increases drought tolerance and the expression levels of
the ABA-responsive genes [7-10]. However, it is still unclear how

Introduction

Water availability is a key factor determining the growth,
productivity, and distribution of plants. When plants are
dehydrated or rehydrated, expression of certain subsets of genes
is changed, and this contributes to plant adaptation to dehydration
or rehydration. For example, in Arabidopsis thaliana, dehydration

induces the expression of NCED3, which plays a role in
biosynthesis of a stress-related phytohormone, abscisic acid
(ABA). This enhances the ABA level and thereby increases the
stress tolerance of plants [1-4]. On the other hand, rehydration
induces the expression of CYP707A1 and CYP707A3
(CYP707A1/3). CYP707A1/3 catalyze 8'-hydroxylation of ABA
to decrease the ABA level [3-3].

Dehydration- and/or rehydration-responsive genes are thought
to be under the control of osmosensory signaling, but upstream
components of the plant osmosensory signaling are largely
unknown. A transmembrane histidine kinase, SInl, is thought to
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ATHKI mediates transduction of dehydration signal.

VIP1 (VirE2-interacting protein 1) is an Arabidopsis bZIP
protein that has roles in Agrobacterium responses [11-13],
pathogen responses [14], [15] and low-sulfur responses [16]. In
additions to these responses, we recently showed that VIPI is
involved in the Arabidopsis osmosensory responses. VIPI is
localized mainly in the cytoplasm both when extracellular
osmolarity is stable and when cells are exposed to hyper-osmotic
conditions. When cells are exposed to hypo-osmotic conditions,
VIP1 accumulates in the nucleus and interacts with CYP707A41/3
promoters. On the other hand, neither overexpression of VIP1 nor
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truncation of its C-terminal DNA-binding region affects the
expression of CYP707A3 in vivo [17], raising the possibility that
VIPl and other proteins redundantly regulate the expression
hypo-osmolarity-responsive genes such as CYP707A3. Homologs
of VIPI are thought to be candidates for such factors. Arabidopsis
bZIP proteins have been classified into 11 groups on the basis of
similarities and features of their amino acid sequences. This
classification somewhat reflects the functions of plant bZIP
proteins. For example, group A bZIP proteins redundantly
function in ABA signaling ([18], for a review). VIP1 belongs to
Arabidopsis group I bZIP protein. The Arabidopsis group I
contains 11 other members, but they have not been well
characterized. Here we show that VIP1 and other group I bZIP
proteins are redundant in the subcellular localization and the
transcriptional activation function, and can interact with each
other. We also further address the relationship between the group
I bZIP proteins and Arabidopsis osmosensory responses.

Materials and Methods

Plant materials and growth conditions

Arabidopsis thaliana ecotype Columbia-0 (Col-0) was used
throughout the experiments. Seeds of vip!l (SALK_001014C) [13]
were obtained from ABRC (Arabidopsis Biological Resource
Center, https://abrc.osu.edu/). The T-DNA insertion was con-
firmed by genomic PCR analysis as previously described [13].
Seeds were surface sterilized and sown on 0.8% agar containing
0.5x MS salts (Wako), 1% (w/v) sucrose and 0.5 g/1 MES,
pH 5.8, with 0, 200 or 250 mM mannitol or 0.25 pM ABA,
chilled at 4°C in the dark for 48 h (stratified), and germinated at
22°Ci. Plants were grown at 22°C under 16-hour light/8-hour dark
condition (light intensity 120 pmol-m™2-s™'). Arabidopsis trans-
formation was performed by the Agrobacterium-mediated floral-
dip method [19], and T2 generation plants were used for analyses.
GIP fluorescence in individual plants was checked immediately
before measuring cotyledon lengths to confirm the expression of
the transgenes.

Reverse transcription-PCR (RT-PCR)

To analyze stage- and tissue-specific expression of the group I
bZIP protein genes, 10-day-old seedlings and roots, leaves, and
inflorescences of mature wild-type plants were sampled. To
analyze gene expression under a hypo-osmotic condition, 2-
week-old wild-type seedlings were sampled 0, 15 and 90 minutes
after being submerged in 20 mM Tris-HCI, pH 6.8. To analyze
transgene expression, 10-day-old seedlings of each transgenic line
were sampled. To analyze gene expression in transgenic plants,
18-day-old seedlings grown in the presence of 0 or 200 mM
mannitol were sampled. In each condition, 10-20 plants were
sampled and used for RNA extraction for one biological replicate.
Total RNA was extracted as previously described [20] and cDNA
was synthesized from 3 pg of the total RNA with PrimeScript
Reverse Transcriptase (Takara Bio) using an oligo (d'T) primer.
Reaction mixtures were diluted 25 times with distilled water and
used as templates for RT-PCR. To quantify the absolute transcript
levels of the group I bZIP protein genes, cDNA clones were
obtained from RIKEN BRC Experimental Plant Division [21] (see
Table S1 for their clone names). Partial fragments of cDNA of
UNE4 (AT2G12940), AtbZIP71 (AT2G24340), and AtbZIP74
(AT2G21235) were amplified by RT-PCR using cDNA synthe-
sized from total RNA from Arabidopsis seedlings as template, and
cloned into pBluescript SK™. Partial fragments of cDNA clones of
AthZIP31 (AT2G13150) and AthZIP33 (AT2G12900), were
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obtained by PCR as described in Table S2. These plasmids and
PCR products were used to make standard curves.

GoTaq Green Master Mix (Promega) was used for semi-
quantitative RT-PCR, and GoTaq qPCR Master Mix (Promega)
for quantitative RT-PCR. Quantitative PCR was run using a
StepOne Real-Time PCR System (Applied Biosystems). The
comparative Cp method was used to calculate the relative
expression levels, and the standard curve method was used to
calculate the absolute transcript levels. UBQ5 was used as an
internal control gene for normalization. Primers used for RT-PCR
are listed in Table S2 (for the group I bZIP protein genes), Table
S3 (for the transgenes) and Dataset S2 (for the genes that have
AGCTGT/G in their promoters).

Yeast one-hybrid (YTH) and two-hybrid (Y2H) assays

For YIH and Y2H, the open reading frames (ORFs) of the
group I bZIP protein genes and truncated versions of VIPI were
amplified by PCR using the RIKEN ¢cDNA clones as template,
and cloned into pGADT7-Rec and pGBK'T7 (Clontech). Primers
and restriction sites used to generate the constructs are listed in
Table S4. For Y1H, the Saccharomyces cerevisiae strain AH109
(Clontech) was transformed with the pGBK constructs. For Y2H,
AH109 was co-transformed with pGBK'T7 containing the ORF of
the C-terminal region (amino acids 165-341) of VIP1 (pGBK-
VIP1AN164) and the pGAD constructs. Reporter gene activation
was checked by observing cell growth on SD (synthetic dextrose)
media lacking adenine and histidine as previously described [17],
[22].

Bimolecular fluorescence complementation (BiFC) and
GFP localization studies

The ORFs of the group I bZIP protein genes and truncated
versions of VIP1 were amplified by PCR using the RIKEN cDNA
clones as template, and inserted into pBS-35S-nYFP-2, pBS-
35SMCS-cYFP [17], pBS-35SMCS-GFP [23] and/or pBI121-
35SMCS-GFP [24]. Primers and restrictions sites used to generate
the constructs are listed in Table S5. The ORFs of VIP1 variants
that have point-mutations in the putative phosphorylation sites
and the ORF of a VIPI variant that has the SV40 NLS in its N-
terminus were generated and inserted into pBS-35SMCS-GIFP
and/or pBI121-35SMCS-GFP as described in Table S6. The
ORI’ of the VIPl variants in the generated constructs were
sequenced to confirm the truncations, the mutations and the fusion
of the SV40 NLS. The BiFC constructs (nYFP and cYFP
constructs) and the pBS-35SMCS-GFP constructs were used for
transient expression experiments using onion cells, while the
pBI121-35SMCS-GFP constructs were used for Arabidopsis
transformation. Onion epidermal cells were transformed by
particle bombardment as previously described [25]. Arabidopsis
transformation was performed as described above. Fluorescence
was observed using an epifluorescence microscope (BX51,
Olympus) in all the experiments.

Gel shift assay

To express the GST-fused C-terminal region (the amino acid
position 292-553) of AthZIP29 (GST-AthZIP29AN291), the
pGBK construct containing AtbZIP29 (see above and Table S4)
was digested by EcoRI and Sall, and the resultant fragment
corresponding to AthZIP29AN291 was inserted into the EcoRI-
Sall site of pGEX-6P-3 (GE Healthcare). The resultant construct
was transformed into the Escherichia coli strain BL21 (DE3). To
induce GST-AthZIP29AN291, the transformed E. coli cells were
grown in liquid LB medium at 37°C. When the ODg reached
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0.5, IPTG was added to the medium to a final concentration of
0.2 mM. The cells were further grown at 28°C for 3 h, collected
by centrifugation (12000xg, 1 min), resuspended in 1x TBS
(150 mM NaCl, 20 mM Tris-HCI, pH 7.5) containing 1 mg/ml
lysozyme, frozen at —80°C, and thawed at room temperature.
The freezing and thawing were repeated twice more, and 2 units
recombinant DNase I was added to the solution. The solution was
incubated for 20 min at room temperature, and centrifuged at
12000 xg for 5 min at room temperature. GST-AthZIP29AN291
in the supernatant was bound to Glutathione Sepharose 4 Fast
Flow (GE Healthcare), washed five times by 1x TBS, eluted in
20 mM reduced glutathione in 50 mM Tris-HCI, pH 8.0, as
manufacturer’s instructions, and used as the purified protein
sample.

Gel shift assays were performed using DIG-labeled DNA probes
and the purified protein samples as previously described [17]. The
sequences of the probes are provided in Fig. S3. To prepare the
competitors for Fig. S4 and Fig. S5, two complementary
oligonucleotides were mixed in equal concentrations, incubated
at 90°C for 5 min, and gradually cooled to room temperature.
The sequences of the competitors are provided in Fig. S5. The
competitors were used at 0.5 pM unless otherwise stated.

Analysis of the VIP1-binding element in the promoters of
the rehydration- and submergence-responsive genes

The lists of the rehydration- and submergence-responsive genes
were obtained from the previous reports [26-29] (see Table 1 and
Dataset S1 for the criteria of those genes). The list of the genes
with promoters (regions either 500-bp or 1000-bp upstream of the
start codon) containing the VIP1-binding element (AGCTGT or
AGCTGG) was obtained with Patmatch in TAIR (https://www.
arabidopsis.org/cgi-bin/patmatch/nph-patmatch.pl). These lists
were used for one-sided binomial tests to evaluate the abundance
of the VIP1-binding element in the promoters of the rehydration-
and submergence-responsive genes. For the binomial tests, the
numbers of the rehydration- and submergence-responsive genes
were used as “the number of trials”, and the numbers of the
rehydration- and submergence-responsive genes with promoters
containing the VIP1-binding element were used as “the numbers
of success”. For “the probabilities of success”, the total number of
the genes with promoters containing the VIPI-binding element
was divided by the total number of genes in the Arabidopsis
genome, and the resultant values was used. Those numbers used
for the binomial tests are shown in Table 1 and Dataset S1.

Microarray

A custom microarray which contains approximately 1700 genes
of Arabidopsis [30] was provided by Dr. Yoshihiro Narusaka
(Research Institute for Biological Sciences, Okayama, Japan). For
the microarray analysis, total RNA was extracted from 10-day-old
seedlings of wild-type plants and transgenic plants expressing GFP-
fused VIPINLS using RNeasy Plant Mini Kit (Qiagen). cDNA
synthesis and hybridization were performed using 3 DNA Array
50 Cy3/Cy5 Kit (Genisphere) following the manufacturer’s
instructions. Signal detection and normalization (global normal-
ization) were performed at Hokkaido System Science, Japan.
Experiments were performed in triplicate and data were averaged.
The data are provided as Dataset S3. The genes that showed 2-
fold or higher expression levels in the transgenic plants than in the
wild type are indicated as up-regulated genes, and the genes that
showed 0.5-fold or lower expression levels are indicated as down-
regulated genes.
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Results and Discussion

Functional redundancies among Arabidopsis group |
bZIP proteins

The locus AT2G13130, which was listed as an Arabidopsis
group I bZIP protein gene in an early study [18], was excluded
from analyses because it matched a pseudogene in TAIR (The
Arabidopsis Information Resource: http://www.arabidopsis.org/).
The other 12 members of the Arabidopsis group I protein were
further classified into subgroups 1 and 2, and others (AtbZIP71
and AtbZIP74) on the basis of a phylogenetic analysis using their
amino acid sequences (Fig. 1A). The absolute transcript levels of
the genes encoding these proteins were compared by quantitative
RT-PCR (qRT-PCR). In all the tissues studied, the genes
encoding the subgroup 1 proteins were more highly expressed
than the genes encoding the proteins of the other groups. Among
the subgroup 1 protein genes, VIPI was the most highly expressed
in seedlings, leaves and roots, while AtbZIP52 was the most highly
expressed in flowers (Fig. 1B).

The nuclear-cytoplasmic shuttling of VIP1 is dependent on the
nuclear localization signal (NLS) and the nuclear export signal
(NES), which are present in the beginning and the end,
respectively, of the C-terminal bZIP domain of VIP1 [12], [13],
[17]. The NLS, the NES and the bZIP domain are highly
conserved among the Arabidopsis group I bZIP proteins (Fig. S1,
underlined region). Seven members of the Arabidopsis group I
bZIP proteins (VIP1, PosF21, AtbZIP29, AtbZIP52, AtbZIP31,
AtbZIP32 and AtbZIP33) were expressed as GFP-fused proteins in
onion epidermal cells to examine their subcellular localization.
GFP-fused AtbZIP31 showed intense signals in the nucleus, while
the other six showed clear signals in the cytosol (Fig. 1C). The
number of the amino acids following the putative NES is the
smallest in AtbZIP31 among the Arabidopsis group I bZIP
proteins (Fig. S1), and this might decrease the activity of the NES
of AtbZIP31. Treatment with a hypotonic solution, not with a
hypertonic solution, induces transient nuclear accumulation of
VIP1 [17]. GFP-fused PosF21 (PoskF21-GFP) and GIP-fused
AthbZIP29 (AtbZIP29-GFP) were expressed in Arabidopsis (Iig.
S2) to examine their subcellular localization under a hypo-osmotic
condition. When plants were incubated in a hypotonic solution,
the signals of both PosF21-GFP and AtbZIP29-GFP, as well as the
signals of GFP-fused VIP1, were first detected mainly in the
cytoplasm, then mainly in the nucleus, and then again mainly in
the cytoplasm (Fig. 1D), suggesting that the transient nuclear
accumulation under the hypotonic condition is somewhat
conserved among the group I bZIP proteins. Besides the C-
terminal bZIP domain, several conserved sites are present in the
N-terminal regions of the group I bZIP proteins (Fig. S1). These
conserved sites may be involved in regulating the subcellular
localization of the group I bZIP proteins.

The N-terminal region of VIP1 shows a transcriptional
activation function in yeast [17]. Transcriptional activation
functions of other five members of the Arabidopsis group I bZIP
proteins (AtbZIP52, PosF21, AtbZIP69, AtbZIP29, AtbZIP30)
were examined by a yeast one-hybrid (Y1H) assay. The bZIP
proteins were expressed as GAL4 DNA-binding domain
(GAL4BD)-fused proteins in a yeast reporter strain which has a
GAL4BD-binding site upstream of the auxotrophic marker genes
ADE?2 and HIS3. All of the proteins, as well as VIP1, enabled
yeast cells to grow on the selection medium lacking adenine and
histidine (Fig. 1E), suggesting that these proteins have transcrip-
tional activation functions in yeast.

The bZIP domain is responsible for the DNA-binding ability of
bZIP proteins, and the VIPl C-terminal region alone, which
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Table 1. Proportions of the genes with promoters (500 bp upstream of the start codon) containing AGCTGT/G in the
submergence- and/or rehydration-responsive gene sets detected in the previously performed microarray analyses.

Cumulative
binomial
distribution *4

Cumulative
binomial
distribution *4

Proportion of
genes with at least
two AGCTGT/G

0.504 0.033 0.508

0.986 + 0.068 0.983 +
0.652 0.032 0.724

0.989 + 0.056 0.985 +
0.5 0.029 0.604

0.839 0.069 ~1 ++
0.103 0.021 0.239

0.792 0.034 0.58

0.159 0.028 0.32

0.849 0.037 0.776

0.244 0.028 0.247

0.999 ++ 0.102 ~1 ++
0.908 0.027 0.478

0.618 0 0.789

0.683 0.017 0.037 *
0.409 0 0.582

0.561 0.036 0.729

0.1 0.031 0.587

0.498 0.036 0.736

0.01 * 0.033 0.569

0.304 0.033 0.529

0.008 ** 0.026 0.106

0.171 0.016 0.0786

includes the bZIP domain, can bind the CYP707A1/3 promoters
in vitro [17]. In a gel shift assay, the C-terminal region (the amino
acid position 292-553) of AthZIP29 caused a shift in the
electrophoretic mobility of the CYP707A1/3 promoter fragments,
and this mobility shift was blocked when an excess amount of
competitor DNA was present in the reaction mixture (Fig. 1F),
suggesting that AtbZIP29 as well as VIP1 binds the CYP707A1/3
promoters in vitro. A previous study predicted that plant group I
bZIP proteins form homodimers and heterodimers via their bZIP
domains [31]. Interactions between VIP1 and other Arabidopsis
group I bZIP proteins were examined by a yeast two-hybrid (Y2H)
assay and a bimolecular fluorescence complementation (BiFC)
assay. In the Y2H assay, six Arabidopsis group I bZIP proteins
(VIP1, PosF21, AtbZIP69, AtbZIP29, AtbZIP30 and AtbZIP52)
enabled yeast cells to grow on selection medium when co-
expressed with the C-terminal region (amino acids 165-341) of
VIP1 (VIP1AN164), which contains the bZIP domain (Fig. 1G).
In the BiFC assay, cYFP (the C-terminal region of yellow
fluorescent protein)-fused VIP1, PosF21 and AtbZIP52 all
recovered YFP fluorescence when co-expressed with nYFP (the
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*2These gene sets were prepared using the data in [29]. In this study, the genes that showed at least 2-fold higher expression with P-values <0.05 under the
submergence condition than the control condition (non-submergence condition) were defined as up-regulated genes, and the genes that showed at least 2-fold lower

*This gene set was prepared using the data in [27]. In this study, the genes that showed at least 5-fold higher expression after the 2-hour rehydration treatment
preceded by the 2-hour dehydration treatment were defined as up-regulated genes, and the genes that showed at least 2-fold lower expression as down-regulated

Proportion of

genes with at least
*1Gene set one AGCTGT/G
*Total in the genome 0.185
*2Up-regulated 30 min after submergence in root 0.263
*2Up-regulated 30 min after submergence in shoot 0.194
*2Up-regulated 1 h after submergence in root 0.235
*2p-regulated 1 h after submergence in shoot 0.176
*2p-regulated 3 h after submergence in root 0.198
*2p-regulated 3 h after submergence in shoot 0.147
*2p-regulated 6 h after submergence in root 0.194
*2Up-regulated 6 h after submergence in shoot 0.166
*2Up-regulated 12 h after submergence in root 0.196
*2Up-regulated 12 h after submergence in shoot 0.175
*3Up-regulated by 2-h rehydration and 2-h dehydration 0.293
*2Down-regulated 30 min after submergence in root 0.23
*2Down-regulated 30 min after submergence in shoot 0.143
*2Down-regulated 1 h after submergence in root 0.193
*2Down-regulated 1 h after submergence in shoot 0.125
*2Down-regulated 3 h after submergence in root 0.187
*2Down-regulated 3 h after submergence in shoot 0.133
*2Down-regulated 6 h after submergence in root 0.185
*2Down-regulated 6 h after submergence in shoot 0.142
*2Down-regulated 12 h after submergence in root 0.18
*2Down-regulated 12 h after submergence in shoot 0.155
**Down-regulated by 2-h rehydration after 2-h dehydration 0.16
*1-3ee Dataset S1 for the exact numbers of the genes and more gene sets, which include the gene sets detected in [26] and [28].
expression with P-values <0.05 as down-regulated genes.
genes.
*4 1. p>0.99; +: P>0.95; **; P<0.01; *; P<0.05 in cumulative binomial.
doi:10.1371/journal.pone.0103930.t001

N-terminal region of YFP)-fused VIP1 (Fig. 1H). These results
support the above prediction of the dimerization between the
bZIP domains of the group I bZIP proteins. bZIP domains are
thought to determine the dimerization specificity and the DNA-
binding specificity of the bZIP proteins [18], [31]. Together, it is
possible that the dimers between VIP1, AtbZIP29 and other group
I bZIP proteins have similar DNA-binding specificities, and share
target genes.

Characterization of VIP1-binding sequence as hypo-
osmolarity- and/or submergence-responsive element

In previous studies, VIP1 showed affinity to AGCNGT [15],
[32], and a tobacco (Nicotiana tabacum) group 1 bZIP protein,
RSG, bound to CAAGCTGG [33], [34]. The CYP707Al
promoter has AGCTGT at the position —256 to —251 from the
start codon, while the CYP707A3 promoter has a part of the
RSG-binding sequence, AGCTGG, at the corresponding position
(Fig. S3). By gel shift assays, the VIPI-binding region in the
CYP707A1 promoter was narrowed to approximately 80 bp
regions, and these regions contain AGCTGT (Fig. S4). The 21-bp
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Figure 1. Classification and functional redundancies of Arabidopsis group | bZIP proteins. (A) A rooted phylogenetic tree of the
Arabidopsis group | bZIP proteins. The alignment of the amino acid sequences of the group | bZIP proteins (see Fig. S1) was used to generate the
distance matrix and the neighbor-joining tree. AREB2 (a group A bZIP protein) was used as an outgroup. (B) Transcript levels of the Arabidopsis group
| bZIP protein genes. The absolute amounts of cDNA of the group | bZIP protein genes in the template solution were quantified by qRT-PCR using the
standard curve method. The values were normalized by the amount of cDNA of an internal control gene, UBQ5, and fold differences from the amount
of UBQ5 cDNA are shown as transcript levels. The expression levels of AtbZIP18 in the lower panel are the same as those in the upper panel, and
shown as control. Data are means of three biological replicates. Error bars indicate SD. (C) Subcellular localization of group | bZIP proteins in onion
cells. The indicated proteins were expressed as GFP-fused proteins in onion epidermal cells. For each construct, more than 10 cells were observed,
and a representative image is shown. Scale bars =100 um. (D) Subcellular localization of VIP1, PosF21 and AtbZIP29 under a hypo-osmotic condition.
GFP-fused VIP1, PosF21 and AtbZIP29 (VIP1-GFP, PosF21-GFP and AtbZIP29-GFP, respectively) were expressed in Arabidopsis. Roots of the transgenic
plants were submerged in 20 mM Tris-HCl, pH 6.8 (hypo-osmotic treatment), incubated for 0, 10, 60 minutes, and used for fluorescence microscopy.
For each genotype, more than five plants were used for observation, and representative images in the same root are shown. Scale bars =100 um. (E)
Transcriptional activation functions of group | bZIP proteins in yeast. The indicated proteins were expressed as GAL4 DNA-binding domain-fused
proteins in the yeast reporter strain AH109. Transformed cells were grown on the medium with or without adenine and histidine (Ade/His + or -,
respectively). For each construct, three individual colonies were assessed, and a representative result is shown. (F) Interaction between the C-terminal
region of AtbZIP29 and CYP707A1/3 promoters in vitro. The C-terminal regions of VIP1 and AtbZIP29 (the amino acid positions 165-341 for VIP1 and
292-553 for AtbZIP29) were expressed as GST-fused proteins (GST-VIP1A164 and GST-AtbZIP29A291, respectively) in E. coli, purified, and used for the
gel shift assay. The presence of GST-VIP1A164, GST-AtbZIP29A291 and GST alone, which was used as control, in the purified protein solutions was
confirmed by Western blotting using an anti-GST antibody (WB: GST, bottom panel). As probes for the gel shift assay, approximately 250-bp DIG-
labeled fragments of the CYP707A1 promoter (CYP707ATpro) and the CYP707A3 promoter (CYP707A3pro) were used. As the competitors, the non-DIG-
labeled DNA fragments that have the same sequences as the probes were used, and their presence and absence in the reaction mixtures are shown
as + and -, respectively (top and middle panels). The experiments were performed three times, and representative results are shown. (G) Interactions
between VIP1 and group | bZIP proteins in yeast. The VIP1 variants (VIP1FL: full-length VIP1; VIPTAN164: amino acids 165-341 of VIP1; VIP1N186:
amino acids 1-186 of VIP1) and the group | bZIP proteins were expressed as GAL4 activation domain-fused proteins (shown as AD:) with GAL4 DNA-
binding domain (BD)-fused VIP1AN164 (BD: VIP1A164) or BD alone (BD: alone) in AH109. VIPTN186 was used as a negative control. Transformed yeast
cells were grown on the medium with or without adenine and histidine (Ade/His + or -, respectively). For each combination of the constructs, three
individual colonies were assessed, and a representative result is shown. (H) BiFC between VIP1, PosF21 and AtbZIP52 in onion cells. The ORF of VIP1
was cloned in-frame in front of the coding sequence of the N-terminal region of YFP (nYFP) to express nYFP-fused VIP1 (nYFP: VIP1). The ORFs of VIPT,
PosF21, and AtbZIP52 were cloned in frame in front of the coding sequence of the C-terminal region of YFP (cYFP) to express the cYFP-fused proteins
(shown as cYFP:). These constructs were co-introduced into onion epidermal cells in the indicated combinations. Empty vectors which express nYFP
alone and cYFP alone were used for negative controls (shown as nYFP: alone and cYFP: alone, respectively). For each combination, more than 10 cells
were observed, and a representative image is shown. Scale bars =100 um.

doi:10.1371/journal.pone.0103930.g001

CYP707A1 promoter fragment containing AGCTGT inhibited
the VIP1-dependent band shift when used as competitor in gel
shift assays. When AGCTGT was point-mutated, the resultant 21-
bp fragment no longer inhibited the VIP1-dependent band shift.
The corresponding 21-bp CYP707A3 promoter fragment and the
CYP707A1 promoter fragment inhibited the VIPl-dependent
band shift to the same extent (Fig. 2A). These results suggest that,
in agreement with the previous studies, VIP1 has high affinity to
AGCTGT or AGCTGG (AGCTGT/G), and that AGCTGT/G
is largely responsible for the interactions between VIP1 and the
CYP707A1/3 promoters. RSG, a tomato group I bZIP protein,
VSF-1, and rice group I bZIP proteins, Rf2a and Rf2b, can
interact with DNA fragments that do not contain AGCTGT/G
[33], [35-39]. However, those DNA fragments were less effective
in inhibiting the VIPl-dependent band shift than either the
CYP707A1/3 promoter fragments or rbe (RSG-binding element),
which contains AGCTGG, when used as competitors in gel shift
assays (Fig. S5), suggesting that DNA containing AGCTGT/G has
higher affinity to VIP1. Even though the CYP707A1/3 promoter
fragments and rbe share AGCTGT/G, the CYP707A1/3
promoter fragments more effectively inhibited the VIP1-depen-
dent band shift than rbe (Fig. S5, left 4 lanes), suggesting that
sequences surrounding AGCTGT/G also affect the interaction
between VIP1 and DNA.

Previously microarray analyses were performed to examine
rehydration-responsive gene expression [26], [27] and submer-
gence-responsive gene expression [28], [29] in Arabidopsis. In
these studies, plants were exposed to hypotonic solutions as either
submergence treatment or rehydration treatment. These treat-
ments seemed similar to the treatment performed in our study,
thus those microarray data were utilized to evaluate whether
AGCTGT/G acts as a hypo-osmolarity-responsive element.
Interestingly, when the regions within 500 bp upstream of the
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start codons were assessed, the proportions of the genes with
promoters containing AGCTGT/G (or its complementary
sequence C/ACAGCT) were significantly higher in the gene sets
which were up-regulated in roots within 0.5-3 hours after the
submergence treatment (using a hypotonic solution) and in the
gene set which was up-regulated by 2-hour rehydration after 2-
hour dehydration than would be expected from the abundance of
AGCTGT/G in all the promoters in the whole Arabidopsis
genome (Table 1, upper rows). In addition, the proportions of the
genes with promoters (500 bp upstream of the start codons)
containing AGCTGT/G were significantly lower in the gene sets
which were down-regulated 1-12 hours after the root submer-
gence than is expected (Table 1, lower rows). When the promoter
regions assessed were extended to 1000 bp upstream of the start
codons, the proportions of genes with promoters containing
AGCTGT/G were not significantly higher in any gene sets which
were up-regulated by the root submergence. However, the
proportions of the genes with promoters containing AGCTGT/
G were still significantly lower in the gene set which was down-
regulated 1-12 hours after the submergence than is expected
(Dataset S1). These results raise the possibility that AGCTGT/G
within 500 bp upstream of the start codon acts as a cis-element
which activates early submergence-responsive genes and that
AGCTGT/G within the 1000 bp upstream of the start codon is
necessary for maintaining the basal gene expression during the
hypo-osmotic condition.

Expression of 26 genes with promoters (500 bp upstream of the
start codons) containing at least one copy of AGCTGT/G were
examined by qRT-PCR. Fourteen of those genes were more than
2-fold up-regulated either 15 or 90 minutes after the submergence
treatment (Fig. 2B). No clear correlation was observed between
the numbers of AGCTGT/G in the promoters and the
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Figure 2. Interaction between VIP1 and AGCTGT/G and its relevance to hypo-osmolarity- and/or submergence-induced gene
expression. (A) VIP1 binds AGCTGT/G. The gel shift assay was performed using purified GST-fused VIPTAN164 and a DIG-labeled CYP707A1
promoter fragment as the probe. The 21-bp CYP707A1/3 promoter fragments (A1 for the CYP707A1 promoter and A3 for the CYP707A3 promoter) and
point-mutated versions of A1 (m1-9) were used as competitors. In the left panel, sequences mutated from A1 in m1-9 are in lower case and
underlined. AGCTGT and AGCTGG in the competitors are indicated by black and gray boxes, respectively. “Competitor -” indicates the absence of the
competitors in the reaction mixture. The results of A1 and A3 are shown in both the middle and the right panels for controls. The experiments were
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performed three times, and a representative result is shown. (B) Quantitative RT-PCR analyses of expression of the genes with promoters containing
at least one copy of AGCTGT/G (see Dataset S2 for the exact copy numbers of AGCTGT/G in the promoters of these genes) under a hypo-osmotic
condition. Two-week-old wild-type seedlings were submerged in 20 mM Tris-HCl for 0, 15 and 90 minutes, and sampled for RNA extraction and cDNA
synthesis. Numbers on x-axes indicate the time points of sampling. Genes up-regulated (>2 fold) either 15 or 90 minutes after the hypo-osmotic
treatment are shown in the first two rows. Genes that were not up-regulated by the hypo-osmotic treatment are shown in the third and fourth rows.
Genes in the bottom row (SOST, WRKY22, ERF-1, NHX1 and RD29A) do not have AGCTGT/G in the promoters and are shown as controls. Relative
expression levels were calculated by the comparative cycle threshold (Cy) method using UBQ5 as an internal control gene. Data are means of three

biological replicates. Error bars indicate SD.
doi:10.1371/journal.pone.0103930.9002

submergence-induced fold changes of the expression of those
genes (Dataset S2).

Generation and characterization of constitutively
nuclear-localized variants of VIP1

Because VIPI variants that have different subcellular localiza-
tion from the subcellular localization of wild-type VIPI1 are
thought to be useful to examine the functions of VIP1, several
variants of VIP1 were generated and their subcellular localization
was examined. First, VIP1 mutants with either Ser — Asp
mutation at position 79 (VIP1S79D) or Ser — Ala mutation at
position 115 (VIP1S115A) were tested. In previous studies, S79D
enhanced the nuclear localization of VIP1 [14], and the mutation
corresponding to S115A in tobacco RSG enhanced the nuclear
localization of RSG [40], [41]. However, in our experiments, the
patterns of the signals of GFP-fused VIP1S79D and GFP-fused
VIP1S115A were both similar to the pattern of the signals of GFP-
fused wild-type VIP1 (VIP1-GFP) in Arabidopsis treated with a
hypotonic solution (Fig. S6), suggesting that neither S79D nor
S115A single mutation affects the nuclear-cytoplasmic shuttling of
VIPI under the hypo-osmotic condition. VIP1 has many possible
phosphorylation sites according to phosphorylation site-prediction
programs (NetPhos: http://www.cbs.dtu.dk/services/NetPhos/,
[42]; GPS: http://gps.biocuckoo.org/, [43]), thus multiple phos-
phorylation sites may be involved in regulating the subcellular
localization of VIPI.

Next, N-terminal truncated versions of VIP1 were generated
(Fig. 3A). When expressed as GIFP-fused proteins in onion
epidermal cells, the N-terminal 20 amino acid-truncated version
of VIP1 (VIP1AN20, form b) showed clear cytoplasmic signals
similar to the signals of VIP1-GFP (Fig. 3B, panels a and b), but
the 50 amino acid- and 80 amino acid-truncated versions
(VIP1AN50 and VIP1ANSO, forms ¢ and d, respectively) showed
weaker cytoplasmic signals and intense nuclear signals (Fig. 3B,
panels ¢ and d). The signals for the GFP-fused 164 amino acid-
truncated version (VIP1AN164, form e) were almost limited to the
nucleus (Fig. 3B, panel e). These results suggest that the N-
terminal truncations enhance the nuclear localization of VIP1.

SV40 (Simian virus 40) NLS functions as an active NLS in
plants [44]. The signals of a VIP1 variant which has SV40 NLS,
which functions in the N-terminus (VIPINLS, Fig. 3A, form f)
were detected only in the nucleus in onion cells when it was
expressed as GFP-fused protein (Fig. 3B, panel f), suggesting that
the N-terminal fusion of a functional NLS can convert VIP1 into a
constitutively nuclear-localized protein.

In a Y1H assay, VIPANS8O enabled yeast cells to grow on the
selection medium when expressed as a GAL4BD-fused protein,
while VIP1AN164 did not (Fig. S7), raising the possibility that
these VIP1 variants have different effects on the expression of
VIPI target genes. VIPIANS0, VIPIAN164 and VIPINLS were
expressed as GFP-fused proteins (VIP1AN8O-GFP, VIP1AN164-
GFP and VIPINLS-GFP, respectively) in Arabidopsis (Iig. S8) to
further examine the physiological roles of VIP1 and group I bZIP
proteins. In agreement with the results of the transient expression
experiments using onion cells (Fig. 3B), in Arabidopsis,
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VIPIAN80O-GFP, VIP1AN164-GFP and VIPINLS-GFP all
showed intense nuclear signals even when cells were not treated
with a hypotonic solution (Fig. 3C). In a previous study,
overexpression of VIP1-GFP did not affect the survival rate of
plants that were dehydrated and then rehydrated, but it retarded
plant growth in the presence of high concentrations of mannitol.
In the same study, VIP1-GFP was localized mainly in the
cytoplasm under the mannitol-stressed conditions [17]. In the
presence of 200 mM mannitol, cotyledon growth was more
severely inhibited in transgenic plants expressing VIP1-GFP,
VIP1AN80-GFP, VIP1AN164-GFP and VIPINLS-GFP than in
the wild-type plants (WT) and the other control plants (Fig. 3D).
The amount of VIP1 in the nucleus may be higher in VIP1-GFP-
overexpressing plants than in WT, and this may be sufficient to
cause the phenotype similar to the phenotypes caused by the
expression of the constitutively nuclear-localized variants of VIPI.
Alternatively, the expression of VIP1 itself rather than its nuclear
localization might be responsible for causing the growth-retarda-
tion phenotype under the mannitol-stressed condition. Because
VIPIAN80O and VIP1AN164, which showed different transcrip-
tional activation functions in yeast (Fig. S8), caused the similar
phenotype in the mannitol-stressed plants, the putative transcrip-
tional activation domain of VIPl may not be involved in
regulating the mannitol responses. CYP707A41/3, which play roles
in ABA catabolism [3-5], are two putative target genes of VIP1
[17], but no significant difference was observed between W'T' and
the transgenic lines in ABA-induced inhibition of seed germination
(Fig. S9).

In qRT-PCR, four out of the seven submergence-induced genes
with promoters containing AGCTGT/G were more highly
expressed in either the presence of 200 mM mannitol or its
absence in the transgenic plants overexpressing VIP1-GFP and
VIPINLS-GFP than in WT. However, the expression levels of
these genes were just slightly higher (less than 2 fold) in the
transgenic plants overexpressing VIPIAN8O-GFP, VIP1AN164-
GFP than in WT (Fig. 3E, CYP707A1, AT3G45970,
AT4G25810 and AT4G38400). In addition, a larger-scale gene
expression analysis using a custom microarray containing approx-
imately 1700 Arabidopsis genes [30] detected only 10 genes down-
regulated (more than 2-fold) in the VIPINLS-GFP-expressing
plants, and one gene up-regulated. No clear correlation was
observed between these genes and either AGCTGT/G in the
promoters or the submergence-responsive genes in the previously
published microarray data (Dataset S3), suggesting that compli-
cated mechanisms still underlie in regulating the hypo-osmolarity
and/or submergence-responsive gene expression. VIP1 and other
group I bZIP proteins can bind not only AGCTGT/G but also
other DNA sequences (Fig. S5), and these non-AGCTGT/G
sequences might also be involved in the hypo-osmolarity and/or
submergence-responsive gene expression. It may also be possible
that constitutively localizing VIP1 to the nucleus is not sufficient to
fully regulate the expression of VIP1 target genes. For example, an
Arabidopsis group A bZIP protein, AREBI, is constitutively
nuclear-localized, but requires phosphorylation to fully activate its
target genes [45]. In addition, Arabidopsis group C bZIP proteins,
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Figure 3. Generation and characterization of constitutively nuclear-localized variants of VIP1. (A) Schematic representations of the VIP1
variants. Numbers indicate amino acid positions of full-length VIP1. Lowercase letters (a—f) correspond to those in the panels B-D. NLS: nuclear
localization signal; NES: nuclear export signal. (B) Subcellular localization of the VIP1 variants in onion cells. The indicated forms of VIP1 (a-f) were
expressed as GFP-fused proteins in onion epidermal cells. For each construct, more than 10 cells were observed, and a representative image is shown.
Scale bars =100 um. (C) Subcellular localization of the VIP1 variants in Arabidopsis. Roots of the transgenic Arabidopsis plants expressing GFP-fused
VIP1 variants (forms a, d, e and f) were observed without being treated by a hypotonic solution. For each genotype, more than 10 plants were used
for observation, and a representative image is shown. Scale bars =100 um. (D) Expression of the VIP1 variants retards the cotyledon growth under a
mannitol-stressed condition. The transgenic plants expressing the GFP-fused VIP1 variants (355-VIP1AN80-GFP, for example) were grown in the
presence of 0 (Control) or 200 mM mannitol for 10 days, and their cotyledon lengths were measured. vip1, which lacks the 3’ region of the VIP1
transcript because of a T-DNA insertion in the genomic region of VIP1 [13], is shown as control. Values are means = SD. (n = 15-20). *: P<<0.05; **: P<<
0.01 vs. the wild type in Student’s t-test. (E) Quantitative RT-PCR analyses of expression of the genes with promoters containing AGCTGT/G in the
transgenic plants expressing the VIP1 variants. The transgenic plants were grown in the presence of 0 (Control) or 200 mM mannitol (+ Mannitol) for
18 days, and sampled for RNA extraction and cDNA synthesis. Relative expression levels were calculated by the comparative cycle threshold (Cy)
method using UBQ5 as an internal control gene. Data are means of three biological replicates. Error bars indicate SD.
doi:10.1371/journal.pone.0103930.g003

AtbZIP10 and AtbZIP25, form heterodimers with a group S bZIP Figure S9 Expression of VIP1 variants do not affect
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expression levels, are similar in the subcellular localization, the Table $3 Primers used for semi-quantitative RT-PCR
transcriptional activation function and the DNA-binding specific- analyses of transgene expression.
ity, and that the VIP1-binding sequence AGCTGT/G has a role (PDF)
in regulating the submergence-responsive gene expression. Further
studies are required to elucidate the physiological roles as well as
the above-described cytological and biochemical functions of the
group I bZIP proteins.

Table S4 Primer pairs used to generate constructs for
Y1H and Y2H assays.
(PDF)

Table S5 Primer pairs used to generate constructs for

Supporting Information expression of nYFP-, cYFP- and GFP-fused proteins.
PDF
Figure S1 Alignment of the amino acid sequences of (PDE)
Arabidopsis group I bZIP proteins. Table S6 Primers used to generate the point-mutated
(PDF) versions and the NLS-attached version of VIP1.
PD
Figure S2 An RT-PCR analysis of transcripts of GFP- (FDF)
fused PosF21 and GFP-fused AtbZIP29 in Arabidopsis. Dataset S1 The numbers and the proportions of the
(PDF) genes with promoters containing AGCTGT/G in the
. submergence-responsive genes.
Figure 83 Alignment of the sequences of the CYP707A41/ (XLS)

3 promoters.
(PDF) Dataset S2 Complete list of the genes with promoters

containing AGCTGT/G within 500 bp upstream of the
start codons and summary of RT-PCR analyses using
some of them.

(PDF) (XLS)

Figure S5 The CYP707A1/3 promoter fragments most Dataset S3 Data and summary of the microarray
effectively inhibit the VIP1-dependent band shift. analysis. distributions using 0.185 and 0.033 (values in the first
(PDF) row) as the probabilities.

Figure S6 Subcellular localization of VIP1 variants that (XLS)

have point mutations in the putative phosphorylation
sites. Acknowledgments

(PDF)

Figure S4 Gel shift assays for narrowing the VIPI1-
binding region in the CYP707A1 promoter.

We are grateful to Dr. Yoshihiro Narusaka and Dr. Mari Narusaka
(Research Institute for Biological Sciences, Japan) for providing the
microarray and technical advices. We thank ABRC for providing the
Arabidopsis mutant seeds, and Ms. Momoka Kobayashi (The University of

Figure S7 Transcriptional activation function of the
truncated versions of VIP1 in yeast.

(PDF) Tokyo, Japan) for assistance in experiments.
Figure S8 An RT-PCR analysis of expression of tran-

scripts for GFP-fused VIP1 variants in Arabidopsis. Author Contributions

(PDF)

Conceived and designed the experiments: DT SL TT. Performed the
experiments: DT SL TT. Analyzed the data: DT SL TT. Contributed

PLOS ONE | www.plosone.org 10 August 2014 | Volume 9 | Issue 8 | 103930



reagents/materials/analysis tools: DT TT. Contributed to the writing of
the manuscript: DT SL TT.

References

1.

20.

21.

23.

24.

Tuchi S, Kobayashi M, Taji T, Naramoto M, Seki M, et al. (2001) Regulation of
drought tolerance by gene manipulation of 9-cis-epoxycarotenoid dioxygenase, a
key enzyme in abscisic acid biosynthesis in Arabidopsis. Plant J 27: 325-333.

. Tan BC, Joseph LM, Deng WT, Liu L, Li OB, et al. (2003) Molecular

characterization of the Arabidopsis 9-cis epoxycarotenoid dioxygenase gene
family. Plant J 35: 44-56.

. Kushiro T, Okamoto M, Nakabayashi K, Yamagishi K, Kitamura S, et al.

(2004) The Arabidopsis cytochrome P450 CYP707A encodes ABA 8'-
hydroxylases: key enzymes in ABA catabolism. EMBO J 23: 1647-1656.

. Umezawa T, Okamoto M, Kushiro T, Nambara E, Oono Y, et al. (2006)

CYP707A3, a major ABA 8'-hydroxylase involved in dehydration and
rehydration response in Arabidopsis thaliana. Plant J 46: 171-182.

. Okamoto M, Tanaka Y, Abrams SR, Kamiya Y, Seki M, et al. (2009) High

humidity induces abscisic acid 8'-hydroxylase in stomata and vasculature to
regulate local and systemic abscisic acid responses in Arabidopsis. Plant Physiol

149: 825-834.

. O’Rourke SM, Herskowitz I, O’Shea EK (2002) Yeast go the whole HOG for

the hyperosmotic response. Trends in Genet 18: 405-412.

. Urao T, Yakubov B, Satoh R, Yamaguchi-Shinozaki K, Seki M, et al. (1999) A

transmembrane hybrid-type histidine kinase in Arabidopsis functions as an
osmosensor. Plant Cell 11: 1743-1754.

. Tran LSP, Urao T, Qin F, Maruyama K, Kakimoto T, et al. (2007) Functional

analysis of AHK1/ATHKI and cytokinin receptor histidine kinases in response
to abscisic acid, drought, and salt stress in Arabidopsis. Proc Natl Acad Sci USA
104: 20623-20628.

. Wohlbach DJ, Quirino BF, Sussman MR (2008) Analysis of the Arabidopsis

histidine kinase ATHKI reveals a connection between vegetative osmotic stress
sensing and seed maturation. Plant Cell 20: 1101-1117.

. Kumar MN, Jane WN, Verslues PE (2013) Role of the putative osmosensor

Arabidopsis histidine kinasel in dehydration avoidance and low-water-potential
response. Plant Physiol 161: 942-953.

. Tzfira T, Vaidya M, Citovsky V (2001) VIP1, an Arabidopsis protein that

interacts with Agrobacterium VirE2, is involved in VirE2 nuclear import and
Agrobacterium infectivity. EMBO J 20: 3596-3607.

. Tzira T, Vaidya M, Citovsky V (2002) Increasing plant susceptibility to

Agrobacterium infection by overexpression of the Arabidopsis nuclear protein
VIP1. Proc Natl Acad Sci USA 99: 10435-10440.

. LiJ, Krichevsky A, Vaidya M, Tzfira T, Citovsky V (2005) Uncoupling of the

functions of the Arabidopsis VIP1 protein in transient and stable plant genetic
transformation by Agrobacterium. Proc Natl Acad Sci USA 102: 5733-5738.

. Djamei A, Pitzschke A, Nakagami H, Rajh I, Hirt H (2007) Trojan horse

strategy in Agrobacterium transformation: abusing MAPK defense signaling.
Science 318: 453-456.

. Pitzschke A, Djamei A, Teige M, Hirt H (2009) VIP1 response elements mediate

mitogen-activated protein kinase 3-induced stress gene expression. Proc Natl
Acad Sci USA 106: 18414-18419.

. Wu Y, Zhao Q, Gao L, Yu XM, Fang P, et al. (2010) Isolation and

characterization of low-sulphur-tolerant mutants of Arabidopsis. J Exp Bot 61:

3407-3422.

. Tsugama D, Liu S, Takano T (2012) A bZIP protein, VIP1, is a regulator of

osmosensory signaling in Arabidopsis. Plant Physiol 159: 144-155.

. Jakoby M, Weisshaar B, Droge-Laser W, Vicente-Carbajosa J, Tiedemann J, et

al. (2002) bZIP transcription factors in Arabidopsis. Trends in Plant Sci 7: 106—
111.

. Clough SJ, Bent AF (1998) Floral dip: a simplified method for Agrobacterium-

mediated transformation of Arabidopsis thaliana. Plant J 16: 735-743.
Chomczynski P, Sacchi N (1987) Single-step method of RNA isolation by acid
guanidinium extraction. Anal Biochem 162: 156-159.

Seki M, Narusaka M, Kamiya A, Ishida J, Satou M, et al. (2002) Functional
Annotation of a Full-Length Arabidopsis cDNA Collection. Science 296: 141
145.

. Yamaji N, Huang CF, Nagao S, Yano M, Sato Y, et al. (2009) A zinc finger

transcription factor ART1 regulates multiple genes implicated in aluminum
tolerance in rice. Plant Cell 21: 3339-3349.

Tsugama D, Liu S, Takano T (2012) A putative myristoylated 2C-type protein
phosphatase, PP2C74, interacts with SnRK1 in Arabidopsis. FEBS Lett 536:
693-698.

Tsugama D, Liu S, Takano T (2012) Drought-induced activation and
rehydration-induced inactivation of MPK6 in Arabidopsis. Biochem Biophys
Res Commun 426: 626-629.

PLOS ONE | www.plosone.org

1

26.

27.

28.

29.

30.

31.

32.

33.

34.

36.

37.

38.

39.

40.

41.

42.

43.

44,

46.

VIP1 and Its Homologs in Osmosensory Signaling

. Zhang CQ, Nishiuchi S, Liu S, Takano T (2008) Characterization of two plasma

membrane protein 3 genes (PutPMP3) from the alkali grass, Puccinellia
tenuiflora, and functional comparison of the rice homologues, OsLti6a/b from
rice. BMB Rep 41: 448-454.

Seki M, Narusaka M, Ishida J, Nanjo T, Fujita M, et al. (2002) Monitoring the
expression profiles of 7000 Arabidopsis genes under drought, cold and high-
salinity stresses using a full-length cDNA microarray. Plant J 31: 279-292.
Oono Y, Seki M, Nanjo T, Narusaka M, Fujita M, et al. (2003) Monitoring
expression profiles of Arabidopsis gene expression during rehydration process
after dehydration using ca. 7000 full-length cDNA microarray. Plant J 34: 868—
887.

Lee SC, Mustroph A, Sasidharan R, Vashisht D, Pedersen O, et al. (2011)
Molecular characterization of the submergence response of the Arabidopsis
thaliana ecotype Columbia. New Phytol 190: 457-471.

Hsu FC, Chou MY, Peng HP, Chou SJ, Shih MC (2011) Insights into hypoxic
systemic responses based on analyses of transcriptional regulation in Arabidopsis.
PLoS One 6: ¢28888.

Narusaka M, Abe H, Kobayashi M, Kubo Y, Kawai K, et al. (2006) A model
system to screen for candidate plant activators using an immune-induction
system in Arabidopsis. Plant Biotech 23: 321-327.

Deppmann CD, Acharya A, Rishi V, Wobbes B, Smeckens S, et al. (2004)
Dimerization specificity of all 67 B-ZIP motifs in Arabidopsis thaliana: a
comparison to Homo sapiens B-ZIP motifs. Nucleic Acids Res 32: 3435-3445.
Lacroix B, Citovsky V (2013) Characterization of VIPIl activity as a
transcriptional regulator in vitro and in planta. Sci Rep 3: 2440.

Fukazawa J, Sakai T, Ishida S, Yamaguchi I, Kamiya Y, et al. (2000) Repression
of shoot growth, a bZIP transcriptional activator, regulates cell elongation by
controlling the level of gibberellins. Plant Cell 12: 901-915.

Fukazawa J, Nakata M, Ito T, Yamaguchi S, Takahashi Y (2010) The
transcription factor RSG regulates negative feedback of NtGA20oxI encoding
GA 20-oxidase. Plant J 62: 1035-1045.

. Torres-Schumann S, Ringli C, Heierli D, Amrhein N, Keller B (1996) In vitro

binding of the tomato bZIP transcriptional activator VSF-1 to a regulatory
element that controls xylem-specific gene expression. Plant J 9: 283-296.

Yin Y, Zhu Q, Dai S, Lamb C, Beachy RN (1997) RF2a, a bZIP transcriptional
activator of the phloem-specific rice tungro bacilliform virus promoter, functions
in vascular development. EMBO J 16: 5247-5259.

Ringli C, Keller B (1998) Specific interaction of the tomato bZIP transcription
factor VSF-1 with a non-palindromic DNA sequence that controls vascular gene
expression. Plant Mol Biol 37: 977-988.

Dai S, Petruccelli S, Ordiz MI, Zhang Z, Chen S, et al. (2003) Functional
analysis of RI2a, a rice transcription factor. ] Biol Chem 278: 36396-36402.
Dai S, Zhang Z, Chen S, Beachy RN (2004) RF2b, a rice bZIP transcription
activator, interacts with RF2a and is involved in symptom development of rice
tungro disease. Proc Natl Acad Sci USA 101: 687-692.

Igarashi D, Ishida S, Fukazawa J, Takahashi Y (2001) 14-3-3 proteins regulate
intracellular localization of the bZIP transcriptional activator RSG. Plant Cell
13: 2483-2497.

Ishida S, Fukazawa J, Yuasa T, Takahashi Y (2004) Involvement of 14-3-3
signaling protein binding in the functional regulation of the transcriptional
activator REPRESSION OF SHOOT GROWTH by gibberellins. Plant Cell
16: 2641-2651.

Blom N, Gammeltoft S, Brunak S (1999) Sequence- and structure-based
prediction of eukaryotic protein phosphorylation sites. ] Mol Biol 294: 1351~
1362.

Xue Y, Ren J, Gao X, Jin C, Wen L, et al. (2008) GPS 2.0, a tool to predict
kinase-specific phosphorylation sites in hierarchy. Mol Cell Proteomics 7: 1598—
1608.

Moes D, Himmelbach A, Korte A, Haberer G, Grill E (2008) Nuclear
localization of the mutant protein phosphatase abil is required for insensitivity
towards ABA responses in Arabidopsis. Plant J 54: 806-819.

. Furihata T, Maruyama K, Fujita Y, Umezawa T, Yoshida R, et al. (2006)

Abscisic acid-dependent multisite phosphorylation regulates the activity of a
transcription activator AREBI. Proc Natl Acad Sci USA 103: 1988-1993.
Alonso R, Oniate-Sanchez L, Weltmeier F, Ehlert A, Diaz I, et al. (2009) A
pivotal role of the basic leucine zipper transcription factor bZIP53 in the
regulation of Arabidopsis seed maturation gene expression based on hetero-
dimerization and protein complex formation. Plant Cell 21: 1747-1761.

August 2014 | Volume 9 | Issue 8 | 103930



