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ABF2 is a basic leucine zipper protein that regulates abscisic acid (ABA)-dependent stress-responsive gene expression. We
carried out yeast two-hybrid screens to isolate genes encoding ABF2-interacting proteins in Arabidopsis (Arabidopsis thaliana).
Analysis of the resulting positive clones revealed that two of them encode an AP2 domain protein, which is the same as
AtERF48/DREB2C. This protein, which will be referred to as DREB2C, could bind C-repeat/dehydration response element in
vitro and possesses transcriptional activity. To determine its function, we generated DREB2C overexpression lines and
investigated their phenotypes. The transgenic plants were ABA hypersensitive during germination and seedling establishment
stages, whereas primary root elongation of seedlings was ABA insensitive, suggesting developmental stage dependence of
DREB2C function. The DREB2C overexpression lines also displayed altered stress response; whereas the plants were
dehydration sensitive, they were freezing and heat tolerant. We further show that other AP2 domain proteins, DREB1A and
DREB2A, interact with ABF2 and that other ABF family members, ABF3 and ABF4, interact with DREB2C. Previously, others
demonstrated that ABF and DREB family members cooperate to activate the transcription of an ABA-responsive gene. Our

result implies that the cooperation of the two classes of transcription factors may involve physical interaction.

Plants are continually exposed to changing environ-
ments in nature and frequently encounter harsh envi-
ronmental conditions, such as drought, high salinity,
and extreme temperatures. Although they vary widely
in their adjustability, plants are nonetheless able to
respond adaptively to these and other “abiotic stresses”
(Bohnertetal., 1995). This adaptive response is in major
part controlled by the phytohormone abscisic acid
(ABA; Finkelstein et al., 2002; Xiong et al., 2002).

Numerous genes, which are involved in various
aspects of adaptive stress response, are up- or down-
regulated under stress conditions (Kreps et al., 2002;
Ramanjulu and Bartels, 2002; Takahashi et al., 2004).
Promoter analyses of these ABA-regulated genes re-
vealed a number of cis-elements known as “ABA
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response elements” (ABREs; Busk and Pages, 1998;
Gomez-Porras et al., 2007). Among the ABREs, those
sharing the ACGTGGC core sequence are found to be
ubiquitous, and their role in ABA-responsive gene
expression has been characterized in detail (Hattori
et al., 2002). The ABREs are similar to the G-box,
CACGTG, which is found in light-regulated gene
promoters (Menkens et al., 1995). Several studies
showed that the G-box-type ABRE, which will be
referred to as G-ABRE, is necessary but not sufficient
for ABA-induced gene expression. An additional ele-
ment is usually required for high level ABA induction.
These elements, generally known as “coupling ele-
ments,” constitute the ABA response complex together
with the G-ABRE (Shen et al., 2004). For example, CE1
(CCACC) functions as a coupling element to the
G-ABRE in barley (Hordeum vulgare) HVA22 promoter,
and the two elements constitute the ABA response
complex ABRC1 (Shen and Ho, 1995). Another cou-
pling element, CE3, constitutes, with a G-ABRE, the
ABA response complex (ABRC3) present in barley
HVA1 promoter (Shen et al., 1996). It is also known
that G-ABRE itself can function as a coupling element
to another copy of G-ABRE (Hobo et al., 1999a).

A subfamily of basic leucine zipper (bZIP) class
transcription factors that interact with the G-ABRE has
been reported. Referred to as ABFs (ABF1-ABF4; Choi
et al.,, 2000) or AREBs (AREB1-AREB3; Uno et al.,
2000), they not only bind G-ABRE in vitro but also
regulate ABA /stress response in planta (Fujita et al.,
2005; Furihata et al., 2006; Kim, 2006). Overexpression
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of ABF3 or ABF4 in Arabidopsis (Arabidopsis thaliana),
forinstance, confers ABA hypersensitivity and drought
tolerance (Kang et al., 2002; Kim et al., 2004a, 2004c),
whereas their knockout mutants are partially insensi-
tive to ABA and susceptible to drought (Kim et al.,
2004c; Finkelstein et al., 2005). Several studies indicate
that the in vivo functions of ABFs/AREBs are modu-
lated by various kinases (Choi et al., 2005; Furihata
et al., 2006; Chae et al., 2007). ABFs/AREBs are highly
homologous to ABI5 (Finkelstein and Lynch, 2000;
Lopez-Molina and Chua, 2000), sunflower (Helianthus
annuus) and Arabidopsis DPBFs (Kim et al., 1997; Kim
and Thomas, 1998; Kim et al., 2002), and rice (Oryza
sativa) TRAB1 (Hobo et al., 1999b).

There is a group of stress-responsive genes whose
expression is not regulated by ABA. Promoter analy-
ses of these ABA-independent genes have revealed the
presence of dehydration-responsive element (DRE;
TACCGACAT) and C-repeat (CRT) element (G/
ACCGACQC) in drought-responsive and cold-regulated
gene promoters, respectively (Baker et al., 1994;
Yamaguchi-Shinozaki and Shinozaki, 1994). The two
elements share the consensus sequence CCGAC, and
their cognate transcription factors are known as DREB
(for DRE-binding protein; Liu et al., 1998) and CBF (for
CRT-binding factor; Stockinger et al., 1997), respec-
tively. DREB and CBF belong to the same subfamily of
AP2/ERF domain transcription factors, and some
members of the DREB family (i.e. DREB1A, DREB1B,
and DREBI1C) are identical to CBF family members
(i.e. CBF3, CBF1, and CBF2, respectively).

Pathways leading to stress-responsive gene expres-
sion are generally divided into two broad categories,
ABA-dependent and ABA-independent pathways,
depending on the involvement of ABA (Yamaguchi-
Shinozaki and Shinozaki, 2005). The pathway(s) lead-
ing to ABF/AREB-dependent gene expression via
G-ABRE belongs to the former category. Meanwhile,
the pathway(s) leading to DREB1/CBF-dependent
cold/drought-responsive gene expression belongs to
the ABA-independent pathways. Several studies,
however, suggest that the two categories of signaling
pathways may cross talk to each other; thus, they may
be interdependent. For instance, the expression of
Arabidopsis CBF family members is ABA inducible
(Haake et al., 2002; Knight et al., 2004). ICE1, which is a
regulator of CBF expression, is also up-regulated by
ABA (Chinnusamy et al., 2003). In the case of maize
(Zea mays), DRE-binding AP2/ERF domain factors,
DBF1 and DBF2, are not only ABA inducible but also
regulate ABA response in vivo (Kizis and Pages, 2002).
These observations suggest that DRE/CRT-regulated
expression of some genes may be ABA dependent.
Furthermore, Narusaka et al. (2003) have demon-
strated that a DRE may function as a coupling element
to G-ABRE in the RD29A promoter. They also have
shown that ABFs/AREBs and DREBs/CBFs synergis-
tically activate the RD29A promoter in a transient
assay, although the mechanism of synergistic activa-
tion has not been reported yet.
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In this report, we show that ABF/AREB family
transcription factors physically interact with DREB/
CBF family members. To identify proteins that may
modulate the ABF function, we carried out yeast two-
hybrid screens employing ABF2 as bait. One of the
resulting positive clones was AtERF48, which is iden-
tical to the DREB family member DREB2C (Sakuma
et al., 2002; Nakano et al., 2006). The protein binds to
DRE/CRT in vitro, and its overexpression affected
both ABA sensitivity and stress tolerance. We further
show that ABF2 interacts with other DREB family
members, DREB1A and DREB2A, and that, conversely,
DREB2C interacts with other ABF family members,
ABF3 and ABF4. Our data suggest that the interaction
between ABA-dependent and ABA-independent path-
ways may involve physical interaction between ABF
and DREB family transcription factors.

RESULTS
Isolation of ABF2-Interacting Proteins

To identify ABF2-interacting proteins, we carried out
yeast two-hybrid screens (Kim et al., 2004b). Using a
partial fragment of ABF2 as bait, we screened approx-
imately 6.5 million yeast transformants and were able
to isolate five positive clones that specifically interact
with the bait protein (Fig. 1A). Sequence analysis of the
clones revealed that two of them encoded a protein
with an AP2/ERF domain. The three other clones
encoded an ARM repeat protein, which have been
reported elsewhere (Kim et al., 2004b).

The AP2 domain protein (At2g40340) encoded by
the two positive clones was partial, missing the
N-terminal 52 amino acids. Subsequently, a full-length
cDNA clone was isolated by PCR utilizing the se-
quence information available on the Arabidopsis da-
tabase (http://www.arabidopsis.org). The encoded
protein (Fig. 1B), which was originally named AAP
(for ABF2-interacting AP2 domain protein), consisted
of 341 amino acids with a calculated mass of 37.8 kD.
The protein was found to be DREB2C and belongs to
the group IV/A-2 subfamily of AP2/ERF proteins
(Sakuma et al., 2002; Nakano et al., 2006), which
includes DREB2 family proteins.

The interaction between ABF2 and the full-length
DREB2C was confirmed by glutathione S-transferase
(GST) pulldown assay. Recombinant ABF2 was
prepared as a fusion to the GST. Subsequently, its
interaction with DREB2C was determined using in
vitro-translated DREB2C. Figure 1C shows that
DREB2C was retained by the GST-ABF?2 fusion protein
but not by GST alone, indicating that DREB2C inter-
acted with ABF2 in vitro.

Expression Patterns of DREB2C

The effects of exogenous ABA and various stress
conditions on DREB2C expression were investigated
by reverse transcription (RT)-PCR analysis. As shown
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Figure 1. Isolation of an ABF2-interacting protein gene by yeast two-
hybrid screening. A, Specificity of interaction. Interaction between a
positive clone (clone 27) isolated from the initial screen and ABF2 or
nuclear lamin is shown. Reporter yeast containing the bait construct
(ABF2 or lamin) was transformed with the positive clone, and the
transformants were grown on SC-His-Leu-Trp-Ura (SC-HLWU; left) or
Gal/raffinose-His-Leu-Trp-Ura (Gal-HLWU; right) medium. The bottom
panels show the results of filter lift B-galactosidase assays of the
transformants shown in the top panels. B, Deduced amino acid
sequence of DREB2C. The first 52 amino acids missing in clone 27
are indicated by italicized characters. The schematic diagram at the
bottom depicts the overall structure of DREB2C. C, In vitro interaction
between ABF2 and DREB2C was investigated by GST pulldown assay.
In vitro-translated DREB2C, labeled with [*>S|Met, was incubated with
GST alone or with GST-ABF2 fusion protein, the bound protein was
eluted and electrophoresed on a polyacrylamide gel, and autoradiog-
raphy was carried out to visualize the protein. The arrow indicates the
position of DREB2C, and the numbers on the left indicate the positions
of size markers. [See online article for color version of this figure.]

in Figure 2A, ABA had little effect on DREB2C expres-
sion. However, a relatively high level of DREB2C RNA
was detected after salt treatment. Lower level induction
was observed after mannitol and cold treatments.

To investigate the expression pattern of DREB2C in
more detail, we generated transgenic plants harboring
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a promoter-GUS fusion construct and investigated its
promoter activity by histochemical GUS staining. Fig-
ure 2B shows that the DREB2C promoter was active in
mature embryo and the cotyledons of germinating
seedlings. As the seedlings grew, the promoter activity
gradually disappeared under normal growth condi-
tion. DREB2C promoter activity was induced, how-
ever, by treating seedlings with NaCl or mannitol,
which is consistent with the results of our RT-PCR
analysis (Fig. 2A).

We also determined the subcellular localization of
DREB2C by Agrobacterium tumefaciens infiltration of
tobacco (Nicotiana benthamiana) leaves. The coding re-
gion of DREB2C was fused to EYFP, and the construct
was employed to transform Agrobacterium (C58C1).
The Agrobacterium was then coinfiltrated with Agro-
bacterium containing p19 into tobacco leaves (Voinnet
et al.,, 2003; Witte et al., 2004). Observation of the
epidermal cells of the infiltrated leaves revealed that
yellow fluorescent protein (YFP) signals were local-
ized in the nuclei (Fig. 2D).

DNA-Binding and Transcriptional Activities of DREB2C

DREB2C belongs to the same subfamily of AP2/
ERF proteins as DREB2A, which is one of the DRE-
binding factors (Sakuma et al., 2002; Nakano et al.,
2006). Therefore, we examined whether DREB2C can
bind DRE. Recombinant DREB2C protein was pre-
pared as a fusion to the GST, and its DNA-binding
activity was determined by electrophoretic mobility
shift assay. Figure 3A (lane 2) shows that a shifted
band was observed with an oligonucleotide probe
that contained a DRE core (i.e. CCGACQ). In contrast, no
shifted band was detected when an oligonucleotide
with a mutated DRE core was employed as a probe
(lane 4). In the same assay, a shifted band was
observed with a Corl5a promoter fragment contain-
ing DRE sequence (lane 6) but not with the same
promoter sequence containing a mutated DRE (lane 8).
Thus, DREB2C could specifically bind DRE-containing
sequences.

The transcriptional activity of DREB2C was deter-
mined employing a yeast assay system. Full-length or
partial DREB2C fragments were fused to the GAL4
DNA-binding domain, and the fusion constructs were
introduced into a yeast strain (SFY526) harboring a
lacZ reporter gene, which had GAL4-binding sites in
its promoter. Transcriptional activity was then deter-
mined by measuring the 8-galactosidase activity. With
the full-length DREB2C, reporter activity much higher
than the control activity observed with the GAL4-
binding domain alone was detected (Fig. 3B). Even
higher reporter activity was observed with the
C-terminal fragment (DREB2C-C). On the other hand,
no reporter activity was observed with the AP2 do-
main or with the N-terminal fragment (DREB2C-N).
Thus, our results showed that DREB2C possesses
transcriptional activity and that the activity resides
within the C-terminal portion.

Plant Physiol. Vol. 153, 2010
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Figure 2. Expression patterns of DREB2C. A, Induction patterns of
DREB2C expression. ABA and stress induction patterns of DREB2C
were determined by RT-PCR. RNA was isolated from seedlings treated
with 100 um ABA (4 h), 250 mm NaCl (4 h), or 600 mm mannitol (4 h) in
quarter-strength Murashige and Skoog (MS) solution or with cold (24 h
at 4°C). Untreated indicates control plants without any treatments, and
Ya MS indicates treatment with quarter-strength MS solution without any
supplements. B, DREB2C promoter activity was determined by histo-
chemical GUS staining. a, Immature embryo. b, Mature embryo. c,
One-day-old seedling. d, Two-day-old seedling. e, Fifteen-day-old
seedling. f, Flower. g, Silique. C, High-osmolarity effects on DREB2C
promoter activity. Ten-day-old seedlings were treated with 250 mm
NaCl or 600 mm mannitol for 4 h before GUS staining. GUS staining
was for 12 h in B and C. D, Subcellular localization of DREB2C. Bright-
field, fluorescence (YFP), and merged images of tobacco leaves
infiltrated with Agrobacterium as described in “Materials and Methods”
are shown.

Overexpression of DREB2C Affects ABA Sensitivity

To investigate the in planta function of DREB2C, we
generated DREB2C overexpression (OX) lines. Trans-
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genic Arabidopsis plants expressing DREB2C under
the control of a cauliflower mosaic virus 355 promoter
were prepared, and after preliminary analysis of nine
homozygous lines (T3 or T4), three representative lines
with different DREB2C expression levels (Fig. 4A)
were analyzed in more detail.

The DREB2C OX lines germinated and grew nor-
mally, although they displayed minor growth retarda-
tion (data not shown). Because DREB2C interacts with
ABF2, a regulator of ABA and stress responses, we
asked if DREB2C overexpression would affect ABA
sensitivity. When the seeds of the 355-DREB2C plants
with high DREB2C expression levels (AP220 and
AP227) were germinated in the presence of ABA, their
germination rates were lower than those of untrans-
formed plants at ABA concentrations greater than 0.5
uM (Fig. 4B). The ABA effect was more pronounced
during postgermination growth. When seeds were
germinated and grown in the continuous presence of
ABA, seedling development was almost completely
inhibited after radicle emergence at 0.5 um ABA (Fig.
4C). With the AP218 line, in which DREB2C expression
level is relatively low, inhibition of shoot growth was
observed in approximately 80% of the seedlings. At
the same ABA concentration, only 20% of the wild-
type seedlings were affected. Thus, 355-DREB2C
plants were hypersensitive to ABA during germina-
tion and seedling growth.

ABA sensitivity of 3565-ABF2 plants is developmental
stage dependent (Kim et al., 2004c). We asked, there-
fore, whether 355-DREB2C plants also exhibit develop-
ment stage dependence in ABA response. 355-DREB2C
transgenic seeds were first germinated in ABA-free
medium for 4 d. Subsequently, seedlings were trans-
ferred to medium containing ABA, and root elongation
was measured 5 d after the transfer. Figure 4D shows
that primary roots of all three DREB2C transgenic lines
grew faster than those of wild-type plants in the pres-
ence of various concentrations of ABA. Thus, unlike
young seedling shoot development, root elongation of
355-DREB2C plants was partially insensitive to ABA,
suggesting that ABA sensitivity of 355-DREB2C plants
is developmental stage dependent.

Overexpression of DREB2C Affects Stress Response

One of the major functions of ABA is the control of
stomatal movement under water deficit conditions. To
address if DREB2C is involved in the process, we
determined the transpiration rates of 355-DREB2C
plants by measuring the rates of weight loss of de-
tached leaves. As shown in Figure 5A, relative fresh
weight of the transgenic leaves was consistently lower
than that of the wild-type leaves, indicating that their
transpiration rates are higher. Consistent with this
result, survival rates (i.e. approximately 40%) of soil-
grown plants under water deficit conditions were
lower than the wild-type rate (i.e. 66%; Fig. 5B).

Both ABF and CBF/DREB family transcription fac-
tors control the abiotic stress response. Hence, we
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Figure 3. DNA-binding and transcriptional activities of DREB2C. A,
DNA-binding activity of DREB2C was determined by electrophoretic
mobility shift assay. Oligonucleotides containing DRE, mutant DRE
(mDRE), Cor15a promoter fragment, or mutant Cor15a fragment were
employed as probes. The wild-type and mutant DRE/CRT core se-
quences in probe DNA are indicated by boldface. —, Probe without
recombinant DREB2C; +, probe with recombinant DREB2C. B, Tran-
scriptional activity of DREB2C. Transcriptional activity of DREB2C was
determined employing a yeast assay system, as described in “Materials
and Methods.” The various portions of DREB2C used in the assay are
shown schematically at the bottom. GBT9, Empty vector without any
insert; DREB2C-Full, full-length DREB2C; DREB2C-N, N-terminal por-
tion of DREB2C; DREB2C-AP2, AP2 region of DREB2C; DREB2C-C,
C-terminal portion of DREB2C. The numbers in parentheses indicate
amino acid positions. The values represent B-galactosidase activity in
Miller units, and the error bars denote st (n = 5 each).
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investigated whether DREB2C overexpression af-
fected other abiotic stress tolerance. We first examined
the freezing tolerance of DREB2C OX lines by deter-
mining their survival rates after exposing them to
subfreezing temperature. When plants were exposed
to —6°C for 24 h, 16% of the untransformed plants
survived. At the same condition, the survival rates of
AP218, AP227, and AP220 were 36%, 56%, and 73%,
respectively (Fig. 5C). Next, we investigated the heat
tolerance of the plants by determining their survival
rates under high-temperature conditions. Figure 5D
shows that both untransformed plants and DREB2C
OX lines survived at 43°C and 44°C. At 45°C, however,
DREB2C OX lines exhibited much higher survival
rates; whereas 37% of the wild-type plants survived
the temperature, the survival rates of AP218, AP227,
and AP220 were 76%, 96%, and 96%, respectively.
Thus, DREB2C OX lines were freezing and heat toler-
ant. We also investigated cold tolerance by growing
plants at low, nonfreezing temperature (i.e. 4°C), but
we did not observe differences in growth between
wild-type and DREB2C OX lines.

Overexpression of DREB2C Affects the Expression of
Stress-Responsive Genes

The altered ABA and abiotic stress responses sug-
gested that DREB2C is likely to have a regulatory role
in vivo. To test this possibility, we determined the
expression levels of a number of stress-responsive,
DRE/CRT-containing genes (Jaglo-Ottosen et al., 1998)
in 355-DREB2C lines. Figure 6 shows that the RNA
level of COR15a gene, to whose promoter DREB2C
binds (Fig. 3B), was elevated in the transgenic lines
compared with the wild-type level. Similarly, RD29B
(LT165) gene expression was elevated in the transgenic
plants. On the other hand, COR6.6 gene expression
was reduced slightly in 35S-DREB2C plants, and the
expression of COR47, COR78/RD29A, and RAB18 was
not affected. Thus, DREB2C overexpression affected
the expression of a subset of CBF/DREB-regulated
genes.

DREB Family Proteins Interact with ABF Family Proteins

As mentioned earlier, DREB2C belongs to the
same subfamily of AP2/ERF proteins as DREB2.
Narusaka et al. (2003) previously demonstrated that
DRE functions as a coupling element to ABRE to
induce ABA-dependent gene expression. Therefore,
we wanted to know whether ABF2 and other ABFs
would interact with DREB family factors, especially
with DREB1A and DREB2A, whose functions have
been characterized in depth (Liu et al.,, 1998;
Gilmour et al., 2000; Sakuma et al., 2006a, 2006b). We
first carried out a yeast two-hybrid assay to address
the question. Bait constructs containing partial frag-
ments of ABF2, ABF3, or ABF4 were prepared, and
their interactions with DREB2C, DREB2A, and
DREBIA were determined. The results showed that

Plant Physiol. Vol. 153, 2010
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Figure 4. ABA sensitivity of DREB2C
overexpression lines. A, RNA gel-blot
analysis of DREB2C expression in
transgenic lines. The bottom panel
shows an ethidium bromide-stained
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DREB2C interacted with ABF3 and ABF4 as well as
ABF2 (Fig. 7A, top). On the other hand, DERB2A
interacted with ABF2 and ABF4 but not with ABF3
(Fig. 7A, middle). DREB1A displayed the same inter-
action specificity as DREB2A (i.e. it interacted with
ABF2 and ABF4 but not with ABF3; Fig. 7A, bottom).

To confirm the result of the two-hybrid assay, ABF2
interaction with DREB1A and DREB2A was examined
by GST pulldown assay. Recombinant GST-ABF2 fu-
sion protein was prepared and allowed to bind the in
vitro-translated DREB proteins labeled with [*°S]Met.
Bound proteins were then visualized by autoradiog-
raphy after PAGE. Figure 7B shows that DREBI1A
bound the GST-ABF2 fusion protein but not GST alone.
Likewise, DREB2A was retained by GST-ABF2 but it

Plant Physiol. Vol. 153, 2010
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did not bind GST alone (Fig. 7B). Thus, our in vitro
binding assay also showed that ABF2 interacts with
DREB1A and DREB2A.

DISCUSSION

The ABF subfamily of bZIP factors consists of four
members, ABF1 to ABF4 (Choi et al., 2000). Analyses
of their overexpression and knockout lines showed
that ABF2, ABF3, and ABF4 play overlapping but
distinct roles in ABA and abiotic stress responses
(Kim, 2006). In particular, ABF2 plays an essential
role in seedling growth regulation and Glc response,
and its overexpression results in altered ABA /stress
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weighed at 20-min intervals. Relative leaf 2
weights (%) compared with initial weights b
are shown. Each data point represents the g 50
mean of quadruplicate measurements (n = o 40
12 each), and the error bars indicate st. B, 3 30 |
Drought tolerance of DREB2C overexpres-
sion lines. Nine-day-old seedlings were 20
withheld from water for 10 d (top row) or 10
15 d (bottom row) before photographs

. . 0
were taken. Survival rates were determined 0
3 d after rewatering at the end of the test.
The data represent means of three indepen-
dent experiments (n= 100 each, P=0.087),
and the error bars indicate se. C, Freezing P Ler ) st

tolerance of DREB2C overexpression lines.
Two-week-old plants were placed at —6°C
for 24 h without any pretreatment, returned
to normal growth temperature, and grown
for 5 d. The data show mean survival rates
of six independent measurements (n = 13
each). D, Heat tolerance of DREB2C over-
expression lines. Two-week-old plants were
placed at the indicated temperatures for 1 h
and grown at normal conditions for 4 d
before photographs were taken. The sur-
vival rates are means of five to 15 indepen-
dent measurements (n = 13 each), and the
error bars indicate se. In B to D, represen-
tative plants are shown with treatment con-
ditions and line numbers. In A and D, error
bars are generally smaller than the symbols.
Ler, Landsberg erecta.

responses. ABF2 is unique in that, unlike ABF3 and
ABF4, its overexpression phenotypes are developmen-
tal stage dependent (Kim et al., 2004c).

Our results indicate that ABF2 interacts with the
AP2/ERF domain factor DREB2C. DREB2C is a mem-
ber of the DREB2 subfamily of AP2/ERF domain
transcription factors, which consists of eight mem-
bers (i.e. DREB2A-DREB2H) and ABI4 (Finkelstein
etal., 1998). Among the subfamily members, DREB2C
exhibits highest sequence identity to DREB2H. The
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sequence identity (75%), however, is limited to the
AP2 domain region, because DREB2H lacks the
C-terminal half (i.e. it consists of only the AP2 do-
main). DREB2C does not show significant homology
to other DREB2 members outside the AP2 domain.
Several AP2/ERF family proteins, which do not
belong to the DREB2 subfamily, have been reported
that are involved in ABA response. ABI4 (Finkelstein
et al., 1998) is a positive regulator of ABA and sugar
responses. On the other hand, ABR1 (Pandey et al,,
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Figure 6. Expression of ABA-responsive genes in DREB2C overexpres-
sion lines. RNA was isolated from normal (untreated) or ABA-treated
(100 um for 4 h) plants, and the expression of ABA and/or cold-

responsive genes was determined by RNA gel-blot analysis. The bottom
panel shows an ethidium bromide-stained gel. WT, Wild type.

rab18

2005) and AtERF7 (Song et al., 2005) are negative
regulators. The maize AP2/ERF domain protein DBF1
(Kizis and Pages, 2002) is a DRE-binding factor that
positively regulates ABA-responsive expression of
RAB17. DREB2C is not homologous to any of these
AP2/ERF family proteins.

Little is known about the functions of the DREB2
family transcription factors except those of DREB2A
(Sakuma et al., 2006a, 2006b), which is involved in
drought and heat responses. Others (Lim et al., 2007;
Lee et al, 2009) previously showed that DREB2C
OX lines are heat tolerant. They also observed DNA-
binding and transcriptional activities of DREB2C and
reported a number of DREB2C-regulated genes. Our
results suggest that DREB2C is involved not only in
heat response but also in other stress responses. Fur-
thermore, we showed that DREB2C OX lines exhibit a
number of phenotypes that suggest its regulatory role
in ABA response. Germination of the DREB2C trans-
genic seeds and young seedling growth are ABA
hypersensitive (Fig. 4, B and C). Postgermination
root elongation, on the contrary, is ABA insensitive
(Fig. 4D). Transpiration rates of the transgenic plants
are higher than the wild-type rate, and the plants are
more susceptible to water-deficit conditions (Fig. 5, A
and B). DREB2C overexpression also affected the
expression of several ABA/stress-responsive genes
and promoted not only thermotolerance but also
freezing tolerance (Figs. 5, C and D, and 6). Together,
these observations strongly suggest that DREB2C may
play a regulatory role in ABA and stress responses,
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probably by regulating a subset of ABA/stress-
responsive genes via DRE/CRT.

Narusaka et al. (2003) showed that DRE/CRT in the
RD29A promoter can function as a coupling element to
ABRE; whereas a single copy of ABRE cannot direct
ABA-responsive reporter gene activation, DRE/CRT

A DREB2C
Lamin _ABF2  ABF3 ABF4

DREB2A
Lamin ABF2 ABF3 ABF4

DREBIA
Lamin ABF2 ABF3 ABF4

B DREBIA DREB2A
g
5 2 Rk

o° o 6‘5‘ c’%“
82y 82+
i 64+

m— l— 38

25 26 254

Figure 7. Interactions between ABF and DREB family members. A,
Two-hybrid assays were carried out to investigate the interactions
between ABF and DREB family members. DREB2C, DREB2A, and
DREB1A indicate prey constructs carried on pYesTrp-2. Lamin, ABF2,
ABF3, and ABF4 denote bait constructs. Yeast containing each bait
construct was transformed with individual prey constructs, transform-
ants were grown on Gal/raffinose-His-Leu-Trp-Ura medium, and col-
ony lift B-galactosidase assays were performed. B, In vitro interactions
between ABF2 and DREBs. ABF2 interaction with DREBTA or DREB2A
was investigated by GST pulldown assy. In vitro-translated DREB1A or
DREB2A, each labeled with [**S]Met, was allowed to bind GSTor GST-
ABF2 fusion protein, and bound protein was visualized by autoradiog-
raphy after SDS-PAGE. The numbers indicate protein size in kD. [See
online article for color version of this figure.]
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and ABRE together can. Furthermore, they showed
that coexpression of DRE-binding and ABRE-binding
factors synergistically activates the RD29A promoter.
A similar observation was also made by Xue and
Loveridge (2004), who reported that the barley AP2
domain protein HvDRF1 cooperates with HvABI5 in
the activation of the ABA-inducible HVA1 promoter.
These results imply that ABFs/AREBs and DREBs
may synergistically interact with each other in ABA-
responsive gene expression. The nature of the interac-
tion, however, was not yet known.

Our results suggest that the interaction between
ABFs/AREBs and DREBs may involve physical inter-
action. ABF2 interacts not only with DREB2C (Fig. 7)
but also with DREB1A and DREB2A in vitro and in
yeast. Moreover, ABF4 also interacts with DREBI1A
and DREB2A. The DREB2 subfamily (i.e. group IV/
A-2 subfamily) of AP2/ERF proteins consists of nine
members including ABI4, and DREB1A belongs to
another subfamily consisting of six members (Sakuma
et al., 2002; Nakano et al., 2006). ABFs/AREBs, on the
other hand, are members of a bZIP subfamily consist-
ing of nine members (Kim et al., 2002). At present, we
do not know whether other members of these bZIP
and AP2/ERF subfamilies also interact with each
other. Our limited analysis of interactions presented
in this paper, however, suggests that, if they do,
specificity would exist in their physical interactions.
It remains to be determined what determines the
putative interaction specificity between the two fam-
ilies of transcription factors. In addition, in vivo, their
interactions would be further limited by their spatial
and temporal expression patterns.

Although our data indicate that ABF2 interacts with
DREB2C and other DREB family members, we do not
know the biological significance of their interactions.
In the case of ABF2 and DREB2C, their expression
patterns are similar in several respects. ABF2 is nu-
cleus localized and highly inducible by high salt and
ABA (Kim et al., 2004c). Similarly, DREB2C is localized
in the nucleus and inducible by high salinity and high
osmolarity (Fig. 2), implying that they may interact in
vivo under these abiotic stress conditions. Considering
the diverse expression patterns of ABF and DREB
family members, it would be possible that different
members of the two protein families may interact with
each other, depending on tissue type and environ-
mental conditions.

Also, the interaction mechanism and the outcome of
their interactions need to be determined in the future.
Both ABF2 and DREB2C possess DNA-binding and
transcriptional activities, and other members of the
two protein families also possess DNA-binding and/
or transcriptional activities. It may be speculated
that ABFs/AREBs and DREBs might cooperate in
their binding to respective cognate cis-elements, or their
physical association might somehow modulate their
transcriptional activities. In the transient assay by
Narusaka et al. (2003), coexpression of ABFs/AREBs
and DREBs enhanced transcription of the RD29A
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promoter. In our case, overexpression of DREB2C
resulted in phenotypes that are different from those
of ABF2: shoot development of DREB2C OX lines was
hypersensitive to ABA, whereas root elongation was
insensitive to ABA. ABF2/AREB] activity is regulated
by ABA-dependent phosphorylation (Furihata et al.,
2006). Thus, part of the reason for the difference may
be the requirement of posttranslational modification
for ABF2 activity. Also, it may be speculated that
equimolar amounts of ABF2 and DREB2C need to be
present for cooperative interaction, and excess presence
of one of the proteins may have an inhibitory effect.

MATERIALS AND METHODS

Manipulation of DNA, RNA Isolation, and
Expression Analysis

Manipulation of DNA and RNA was according to the standard methods
(Sambrook and Russell, 2001). RNA isolation, RNA gel-blot analysis, and RT-
PCR were carried out as described previously (Kang et al., 2002; Kim et al.,
2004b). RNA samples used for RT-PCR analysis were treated with DNase I to
remove possible contaminating DNA. The first-strand cDNA synthesis was
carried out employing SuperScript III (Invitrogen) according to the supplier’s
instruction, and amplifications were carried out within linear range. The
primer set 5'-AGGATTGTAGCGATGAATATGTTCTC-3' and 5'-CCAGT-
CAAACGAAATTTGAAATCTTATG-3’ was used for the RT-PCR analysis of
DREB2C. Probes for northern-blot analysis were prepared by PCR, using
primer sets that span gene-specific regions whenever possible, and gel
purified. Primer sequences are available upon request.

Two-Hybrid Screen and Two-Hybrid Assay

Bait construction, two-hybrid screening, and the analysis of positive clones
have been described in detail elsewhere (Kim et al., 2004b). A full-length
DREB2C ¢DNA, which includes parts of 5° and 3’ untranslated regions, was
isolated from a c¢cDNA plasmid library by PCR, using the primers
5'-GCTATCGTCTTTGCTACTACTACTAC-3" and 5'-CTTGTTCATATGTCA-
TATGTATTCACAAG-3'. The PCR product was cloned into the TOPO-TA
cloning vector (Invitrogen), and the nucleotide sequence was confirmed by
sequencing the entire insert fragment.

Bait constructs for the two-hybrid assays shown in Figure 7 were prepared
by cloning various portions of ABF coding regions into pGilda (Clontech). The
ABF2 fragment containing amino acids 65 to 337 was prepared by PCR and
cloned into the EcoRI-Xhol sites of pGilda, whereas the PCR product of the
ABF3 fragment (amino acids 274-373) was cloned into the Smal-Xhol sites of
the same vector. The ABF4 fragment (amino acids 89-352) was cloned into the
EcoRI-Xhol sites of pGilda. Prey constructs were prepared using pYESTrp-2
(Invitrogen). For DREB2C, the original positive clone (no. 27) was used in the
assay. For DREB1A and DREB2A, entire coding regions were amplified and
cloned into the BamHI-NotI and the EcoRI-NotI sites of pYESTrp-2, respec-
tively. Primer sequences used in the bait and the prey constructs are available
upon request.

GST Pulldown Assay

To prepare the GST-ABF2 fusion construct, a partial ABF2 coding region
containing the N-terminal 337 amino acids but lacking the C-terminal 79
amino acids (i.e. the bZIP region) was prepared by PCR using primers
5'-ATGGATGGTAGTATGAATTTGG-3" and 5’-gagagctcgagCTCTA-
CAACTTTCTCCACAGTG-3' and, after Xhol digestion, cloned into the
Smal-Xhol sites of pGEX6P-2 (GE Healthcare). GST-ABE2 fusion protein was
prepared using a GST purification kit (GE Healthcare) according to the
supplier’s instructions. Briefly, fresh culture (optical density at 600 nm = 0.6) of
BL21(DE3) cells transformed with the GST-ABF2 fusion construct was in-
duced with 1 mm isopropyl-g-p-thiogalactoside for 2 h at 37°C to express the
recombinant protein, the cells were lysed by sonication, and the cell debris
were removed by centrifugation. The cleared lysate was loaded onto the
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glutathione-Sepharose 4B column (GE Healthcare). The column was washed
with 1X phosphate-buffered saline (PBS) buffer (140 mm NaCl, 2.7 mm KCl, 10
mwm Na,HPO,, and 1.8 mm KH,PO,, pH 7.4), and bound proteins were eluted
with a glutathione elution buffer (50 mm Tris-HCI, pH 8.0, and 10 mm
glutathione).

For in vitro translation, the open reading frame of DREB2C, DREB1A, or
DREB2A was cloned into pGEM-T Easy vector (Promega). In vitro translation
was performed using the TNT Quick coupled transcription/translation sys-
tem (Promega) according to the manufacturer’s instructions in the presence of
[PS]Met.

For the GST pulldown assay, in vitro-translated DREB2C, DREBIA, or
DREB2A product was incubated with 10 ug of GST and glutathione-Sepharose
4B resin for 1 h at room temperature in 1X PBS buffer. After brief centrifugation,
the supernatant was incubated with GST or GST-ABF2 fusion protein (5 ug) in
the presence of glutathione-Sepharose 4B resin for 1 h at room temperature with
constant rotation. At the end of binding, resins were washed three times with
1 mL of 1X PBS buffer to remove unbound proteins, and bound proteins were
eluted with a glutathione elution buffer. Proteins were separated on 12% SDS-
polyacrylamide gels and visualized by autoradiography.

Electrophoretic Mobility Shift Assay

To prepare recombinant DREB2C, the entire DREB2C coding region was
amplified using the primers 5'-ATGCCGTCGGAGATTGTTGACAG-3’' and
5'-ttttecttttgeggecgc AATCTTATGTAGATCCATGAACATC-3' and cloned into
pGEX 6P-2 (GE Healthcare) after NotI digestion. The GST-DREB2C fusion
construct was used to transform BL21 cells, and GST-DREB2C fusion protein
was prepared using a GST purification kit (GE Healthcare) from the trans-
formed cells according to the supplier’s instructions.

Electrophoretic mobility shift assay was carried out as described (Choi
et al., 2000). Briefly, 2 ug of GST-AP2 fusion protein was incubated with each
DNA probe for 30 min on ice in a binding buffer (25 mm HEPES, pH 7.6, 10%
glycerol, 1 mm MgCl,, 1 mm dithiothreitol, 1 mm EDTA, and 50 mm KCI)
containing 1 ug of poly(dI-dC). Sequences of the forward strand of probe
DNA (Stockinger et al., 1997; Liu et al., 1998), which were prepared by Klenow
fill-in reaction in the presence of [**P]dATP, are as follows: DRE, aattAGATA-
TACTACCGACATGAGTTCC; mDRE, aattAGATATACTACTTTTATGAGTTCC;
COR15a, ttAATTTCATGGCCGACCTGCTTTTTT; and mCOR15a, ttAATTT-
CATGGAATCACTGCTTTTTT.

Transcriptional Assay

Full-length or partial fragments of DREB2C were prepared by PCR using
the following primer sets: 5'-CATGCCGTCGGAGATTGTTGACAG-3' and
5'-AATCTTATGTAGATCCATGAA CATC-3' for the full-length construct;
5'-ATGCCGTCGGAGATTGTTGACAG-3' and 5'-CAAATCCCGTTTTCAGGT-
CCACC3' for DREB2C-N; 5'-TGACTATAGAGGAGTTAGACAGAG-3' and
5'-GAGCGATTTGTGATCTCGGGAAG-3' for DREB2C-AP2; and 5'-TTCTT-
CGACTGCTGCCACTGCC-3" and 5'-AATCTTATGTAGATCCATGAACATC-3’
for DREB2C-C. The PCR products were cloned into GBT9 (Clontech) digested
with Smal.

The constructs were individually introduced into SFY526 yeast strain by
transformation, and the resulting transformants were kept on SC-Trp-Ura
medium. For transcriptional assay, colonies from each transformant group
were grown in a SC-Trp-Ura medium to A, of approximately 1. The cultures
were diluted five times with fresh medium and grown further for 4 h. Ay, was
measured at the end of the growth period, and 1.5-mL aliquots were processed
according to the instructions for B-galactosidase assay provided by Clontech.
For each construct, five colonies were assayed. B-Galactosidase activity was
expressed in Miller units.

Plant Material, Preparation of Transgenic Plants, and
Phenotype Analysis

To prepare DREB2C OX lines, the coding region of DREB2C was amplified
using the primers 5'-ATGCCGTCGGAGATTGTTGACAG-3’" and 5'-AATCT-
TATGTAGATCCATGAACATC-3' from the full-length DREB2C ¢cDNA clone.
The amplified fragment was then cloned into pBI121 (Jefferson et al., 1987),
which was prepared by Xbal digestion followed by Klenow fill-in reaction
after removal of the GUS coding region.

To prepare the DREB2C promoter-GUS construct, the 1.1-kb promoter
fragment was amplified using the primer set 5'-acgcgtcgacGTTGTAGAT-
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TGAAAATGAGATAGCTC-3' and 5'-GTAAGAAAGCACTCGAACAAAG-
TAGC-3'. The amplified fragment was then cloned into Smal-Sall sites of
pBI101.2 after digestion with Sall. Arabidopsis (Arabidopsis thaliana) plants
were transformed according to the vacuum infiltration method (Bechtold and
Pelletier, 1998) using Agrobacterium tumefaciens strain GV3101. Nine homozy-
gous overexpression lines were recovered, and, after preliminary analysis,
three representative lines were analyzed in detail. Phenotype analysis, ABA
response, and various stress tests were carried out as described (Kang et al.,
2002; Kim et al., 2004a, 2004c) using T4 homozygous lines. For promoter
analysis, four transgenic lines were generated, which displayed the same GUS
staining pattern. GUS staining was conducted as described (Kang et al., 2002)
with T2 or T3 generation transgenic plants.

Subcellular Localization

The coding region of DREB2C was prepared by PCR using the primer set
5'-aaggagctc ATGCCGTCGGAGATTGTTGACA-3' and 5'-TGTAGATCCAT-
GAACATCTTTGTCTC-3’, and after Sacl digestion, the amplified fragment
was cloned into the Sacl-Smal sites of p35S-FAST/EYFP in frame with the
EYFP coding region. Tobacco (Nicotiana benthamiana) leaves were coinfiltrated
with the Agrobacterium strains (C58C1) containing the DREB2C-EYFP con-
struct and p19 according to Witte et al. (2004). The images of the tobacco
epidermal cells were obtained with a fluorescence microscope (Olympus
BX51) 30 to 40 h after infiltration.
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