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Gibberellins (GAs) regulate many aspects of plant development, such as germination, growth, and flowering. The barley
(Hordeum vulgare) Amy32b a-amylase promoter contains at least five cis-acting elements that govern its GA-induced expression.
Our previous studies indicate that a barley WRKY gene, HYWRKY38, and its rice (Oryza sativa) ortholog, OsWRKY71, block
GA-induced expression of Amy32b-GUS. In this work, we investigated the functional and physical interactions of HvWRKY38
with another repressor and two activators in barley. HvWRKY38 blocks the inductive activities of SAD (a DOF protein) and
HvGAMYB (a R2R3 MYB protein) when either of these proteins is present individually. However, SAD and HvGAMYB to-
gether overcome the inhibitory effect of HYWRKY38. Yet, the combination of HYWRKY38 and BPBF (another DOF protein)
almost diminishes the synergistic effect of SAD and HvGAMYB transcriptional activators. Electrophoretic mobility shift as-
says indicate that HvWRKY38 blocks the GA-induced expression of Amy32b by interfering with the binding of HvGAMYB to
the cis-acting elements in the a-amylase promoter. The physical interaction of HvWRKY38 and BPBF repressors is demon-
strated via bimolecular fluorescence complementation assays. These data suggest that the expression of Amy32b is modulated
by protein complexes that contain either activators (e.g. HYGAMYB and SAD) or repressors (e.g. HYWRKY38 and BPBF). The
relative amounts of the repressor or activator complexes binding to the Amy32b promoter regulate its expression level in bar-

ley aleurone cells.

GAs control many plant developmental processes,
such as germination, growth, and flowering (Olszewski
et al., 2002; Sun and Gubler, 2004). During germination
of cereal grains, GA is secreted from embryos into
aleurone cells to promote the expression of hydrolytic
enzymes, such as a-amylases, which degrade stored
starches within the endosperm for seed germination
and postgermination growth (Ritchie and Gilroy, 1998;
Lovegrove and Hooley, 2000).

The GA signal is perceived by receptors, such as
GID1 (for GIBBERELLIN INSENSITIVE DWARF]1) in
rice (Oryza sativa) and AtGID1a, AtGID1b, and AtGID1c
in Arabidopsis (Arabidopsis thaliana; Ueguchi-Tanaka
et al., 2005; Nakajima et al., 2006). The activated GID1
binds to the negative regulator, such as the DELLA
protein RGA, triggering the degradation of this
DELLA protein by the 26S proteasomes (Itoh et al.,
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2003; Sun and Gubler, 2004; Griffiths et al., 2006;
Nakajima et al., 2006). Recent studies revealed that
DELLA proteins modulate GA signaling by establish-
ing GA homeostasis via feedback regulation of GA
biosynthetic gene and GA receptors and by promoting
the expression of downstream negative regulatory
proteins in GA signaling (Zentella et al., 2007). Studies
of constitutively activated GA signaling mutants re-
veal that Arabidopsis SPY and its barley (Hordeum
vulgare) ortholog HuSPY encode a Ser/Thr O-linked
GlcNAc transferase, which is a repressor of GA sig-
naling (Jacobsen et al., 1996; Robertson et al., 1998).
SPY increases the activity of DELLA proteins such as
Arabidopsis RGA and rice SLR1, probably by attach-
ing a GlcNAc moiety to the Ser/Thr residues of a
targeted protein (Robertson, 2004; Shimada et al., 2006;
Silverstone et al., 2007). SPY also physically interacts
with two transcriptional repressors of a-amylase ex-
pression in aleurone cells (Robertson, 2004). Studies of
unresponsive GA signaling mutants have identified
positive regulators in GA signaling such as Arabidop-
sis SLY1 and PICKLE (Ogas et al., 1997; Steber et al.,
1998). SLY1 encodes an F-box protein, a component
of the SCF (SLY1) E3 UBIQUITIN (UBI) ligase that
targets the DELLA protein for degradation (McGinnis
et al., 2003; Griffiths et al., 2006). The PICKLE gene
encodes a CHD3 chromatin-remodeling factor, which
negatively regulates embryo-specific gene transcrip-
tion (Henderson et al., 2004). It is also known that the
activation of G-proteins (Hooley, 1998) and the enhance-
ment of cytoplasmic cGMP (Penson et al., 1996) and
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Ca*" concentrations (Gilroy and Jones, 1992) follow
GA treatment, although it is not entirely clear how
they are linked to upstream and downstream events.
Several types of cis-acting elements for the GA re-
sponses of high-pl and low-pl a-amylase genes have
been defined (Skriver et al., 1991; Gubler and Jacobsen,
1992; Lanahan et al., 1992; Rogers and Rogers, 1992;
Rogers et al., 1994; Tanida et al., 1994). These motifs
interact with various transcription factors controlling
seed germination. In the low-pl a-amylase promoter,
Amy32b, five elements, namely, O25/W-box, pyrimi-
dine box, GA response element (GARE), amylase box
(Amy), and downstream amylase element, are essen-
tial for the high level of GA-induced expression
(Lanahan et al., 1992; Rogers and Rogers, 1992; Rogers
et al., 1994; Gémez-Cadenas et al., 2001). Each of these
elements may be bound by one or more transcription
factor(s) of R2R3 MYB, R1 MYB, DOF, and zinc finger
protein families (Gubler et al., 1995; Raventos et al.,
1998; Diaz et al., 2002; Isabel-LaMoneda et al., 2003;
Washio, 2003; Mare et al., 2004; Peng et al., 2004; Zhang
et al., 2004; Rubio-Somoza et al., 2006; Xie et al., 2006;
Moreno-Risueno et al., 2007). However, it still remains
unclear how these repressors and activators interact
with each other in regulating gene expression.
WRKY proteins mediate plant responses to biotic
and abiotic stresses as well as anthocyanin biosynthe-
sis, senescence, and trichome development (Eulgem
et al., 2000; Ulker and Somssich, 2004). Our previous
studies indicate that a rice WRKY gene, OsWRKY71,
repressed GA-induced expression of the barley Amy32b
promoter in barley aleurone cells (Zhang et al., 2004).
We further showed that OsWRKY71, by forming a
complex with OsWRKY51, functionally interferes with
OsGAMYB, a transcriptional activator of GA signal-
ing, hence blocking the GA-induced expression of
Amy32b-GUS in barley aleurone cells (Xie et al., 2006).
We studied those rice WRKY genes in barley because
of the technical difficulties of using rice aleurone cells,
such as the high background of the GUS reporter
driven by the rice GA-inducible promoters and, hence,
the low level of induction (Zhang et al., 2004). Later,
we showed, unsurprisingly, that the putative barley
ortholog of OsWRKY71, HvWRKY38 (Mare et al,
2004), also represses the GA-induced expression of
Amy32b-GUS (Xie et al., 2007). This work paved the
road to addressing GA signaling in barley aleurone
cells using several barley effector genes and the barley
GA-inducible Amy32b promoter. Here, we present
data showing the biochemical basis of the HvWRKY38
and HvVGAMYB interaction. Electrophoretic mobility-
shift assay (EMSA) data explain the functional com-
petition of the WRKY and the R2R3 MYB proteins we
observed before (Xie et al., 2006). Furthermore, we
demonstrate the functional interactions of HvWRKY38
with another transcriptional repressor, HvBPBEF, and
another transcriptional activator, HvSAD. Together,
these data indicate that the ratios of the repressors
(e.g. HYWRKY38 and BPBF) to the activators (e.g.
HvGAMYB and SAD), regulate the expression level of
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Amy32b in barley aleurone cells. Also, at the same
molar concentration, a repressor is dominant over an
activator.

RESULTS

HvWRKY38 Represses GA Induction of the Amy32b
a-Amylase Promoter in Aleurone Cells

HvWRKY38 is a member of the group II WRKY
transcription factors, which contain only one WRKY
domain (Mare et al., 2004). It is capable of binding to
W-boxes/Box2 in the GA-responsive Amy32b pro-
moter (Mare et al., 2004). We showed that HUWRKY 38
suppressed the GA-induced expression of Amy32b-
GUS (Xie et al., 2007). This role was confirmed in a
dosage experiment in which the reporter construct
(Amy32b-GUS) concentration was kept constant,
whereas the effector construct (UBI-HvWRKY 38) varied
from 0% to 100% (Fig. 1). When the Amy32b-GUS
construct was transformed alone, treatment with 1 um
GA induced the expression of this gene construct by
37-fold. The expression of Amy32b-GUS in response to
GA was reduced to 7-fold in the presence of 10% of
the relative amount of effector. When the relative
amounts of effector were higher than 25%, GUS ex-
pression was reduced to 2-fold or less. These data in-
dicate that the effect of HvWRKY38 on the repression
of GA induction of the Amy32b a-amylase gene ex-
pression is dosage dependent, similar to what was
reported for OsWRKY71 (Xie et al., 2006).

Loss of HYWRKY38 Activity Leads to Increased
Expression of Amy32b in the Absence of GA

If HYWRKY?38 indeed encodes a negative regulator
of the GA pathway controlling the expression of
Amy32b in aleurone cells, knocking down its expres-
sion by double-stranded RNA interference (RNAi)
should enhance the expression of the Amy32b pro-
moter in the absence of GA. To test this hypothesis,
UBI-Null and UBI-HvW38(RNAi) constructs were pre-
pared (Fig. 2A). The UBI-Null control contains the
second intron (1,273 bp) of OsGAMyb, which is flanked
by the UBI promoter and the NOS terminator (Zhang
et al., 2004). The OsGAMyb intron functions as a loop
in the RNAIi construct. The UBI-HvW38(RNAi) con-
struct contains two HvWRKY 38 fragments in opposite
orientations. The Amy32b-GUS reporter construct was
cobombarded into aleurone cells along with the UBI-
Null or the UBI-HvW38(RNAi) construct. As shown in
Figure 2B, coexpression of UBI-Null had little effect
on Amy32b-GUS expression at 24, 48, and 72 h after
bombardment. In contrast, coexpression of UBI-
HuW38(RNAi) led to a 3-fold increase in Amy32b-GUS
expression without GA at the 72-h time point. The
relative low induction might be due to the presence of
WRKY genes with redundant functions, a phenome-
non commonly observed for supergene families. Al-
ternatively, the HvWRKY38 protein might be stable in
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Figure 1. HYWRKY38 specifically represses GA induction of the
Amy32b a-amylase promoter in aleurone cells. A, Schematic diagrams
of the reporter and effector constructs used in the cobombardment
experiment. B, The effector construct, UBI-HVYWRKY38, was cobom-
barded into barley aleurone cells along with the reporter construct,
Amy32b-GUS, and the internal control construct, UBI-Luciferase. The
amount of reporter and internal control plasmid DNA was always
constant, whereas that of the effector varied with respect to the reporter,
as shown on the x axis. One hundred percent means that the same
amount of effector and reporter DNA was used. GUS activity was
normalized in every independent transformation relative to the same
number of luciferase activity units (Lanahan et al., 1992). The lines
indicate GUS activities = st after 24 h of incubation of the bombarded
aleurone cells with (+) or without (=) T um GA. Data are means =* st of
four replicates.

the absence of GA, similar to what we observed for the
OsWRKY71-GFP fusion (Zou et al., 2004).

Physical Interactions of HvWRKY38 and HvBPBF
Proteins in the Nuclei of Aleurone Cells

To examine the subcellular localization of the
HvWRKY38 protein, the HYWRKY38 gene was fused
in frame to the 3’ end of a GFP gene that is driven by
the constitutive maize (Zea mays) UBI promoter. The
UBI-GFP control or the UBI-GFP:HvWRKY 38 plasmid
was introduced into barley aleurone cells by particle
bombardment, and GFP fluorescence was visualized
with confocal microscopy. In the control, GFP fluores-
cence was observed throughout the cells (Fig. 3A, I).
In contrast, GFP:HvWRKY38 fusion proteins were
localized exclusively in the nuclei (Fig. 3A, III), as
confirmed by staining with the red fluorescent nucleic
acid stain SYTO 17 (Fig. 3A, II and IV). These results
suggest that HYWRKY?38 is targeted to the nuclei of
aleurone cells.
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To understand how HvWRKY38 modulates the ex-
pression level of Amy32b, we studied whether
HvWRKY38 proteins physically interact with each
other in aleurone cells. The HYWRKY38 coding se-
quences were fused in-frame with sequences encod-
ing the N-terminal fragment of yellow fluorescent
protein (YFP; YN) or the C-terminal fragment (YC),
respectively. The complementation between different
combinations of fusion proteins was tested by intro-
ducing the corresponding constructs into barley aleu-
rone cells. Confocal microscopic studies showed that
YFP fluorescence was detected in the entire cells
bombarded with the UBI-YFP construct (Fig. 3B, I).
Consistent with the nuclear localization data in Fig-
ure 3A, YFP fluorescence was only observed in the
nuclei of the aleurone cells bombarded with UBI-
YFP:HvWRKY38 (Fig. 3B, II). No fluorescence was
detected when both YN and YC fusion constructs
were introduced into aleurone cells (Fig. 3B, III). How-
ever, yellow fluorescence was detected in the nuclei
of aleurone cells bombarded with UBI-YN:HvWRKY38
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Figure 2. Loss of HYWRKY38 activity leads to increased expression of
Amy32b in the absence of GA. A, Schematic diagrams of gene
constructs. Arrowheads indicate the orientations of the gene frag-
ments. Numbers below the effector constructs represent the size (in
base pairs) of every segment (not drawn to scale). B, The reporter
construct, Amy32b-GUS, and the internal construct, UBI-Luciferase,
were cobombarded into barley aleurone cells with the effector con-
struct, UBI-Null or UBI-HvW38(RNAI), using the same molar ratio of
effector and reporter constructs. GUS activity was normalized in
every independent transformation relative to the luciferase activity.
Lines indicate GUS activities *+ st after 24, 48, or 72 h of incubation of
the bombarded aleurone cells without GA. Data are means = st of
four replicates.
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and UBI-YC:HvWRKY38 constructs (Fig. 3B, IV), sug-
gesting that HYWRKY38 proteins interact in the nuclei
of aleurone cells.

We further studied whether the WRKY domain
of HvWRKY?38 is essential for the interaction. The
N-terminal and C-terminal regions of HYWRKY38 were
fused in-frame with UBI-YN to produce UBI-YN:
N-HoWRKY38 and UBI-YN:C-HvWRKY38, respec-
tively. The N-terminal region includes the first 199
amino acid residues. The WRKY domain is present in
the C-terminal domain, which is 154 amino acids in
length. Yellow fluorescence was detected in the nu-
clei of aleurone cells bombarded with UBI-YN:
N-HvWRKY38 and UBI-YC:HvWRKY38 (Fig. 3B, V).
However, no fluorescence was detected when UBI-
YN:C-HvWRKY38 and UBI-YC:HvWRKY38 (Fig. 3B,
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Figure 3. Visualization of interactions
between transcription factors of GA
signaling in aleurone cells by BiFC. A,
Barley half-seeds were bombarded
with either UBI-GFP (I and Il) or UBI-
GFP:HVWRKY38 (lll and 1V). After in-
cubation for 24 h, the aleurone cells
were stained with SYTO17 to localize
nuclei (Il and 1V), followed by exami-
nation of GFP fluorescence (I and III).
Arrows point to the same cell. Bars =
20 um. B, Barley aleurone cells were
bombarded with UBI-YFP, UBI-YFP:
HVWRKY38, or a combination of con-
structs encoding the indicated fusion
proteins. YN is the fragment containing
amino acid residues 1 to 154 of YFP, and
YC is the fragment containing amino
acid residues 155 to 238 of YFP. After
incubation at 24°C for 24 h, yellow fluo-
rescence was observed through a con-
focal microscope.

VI) were introduced into aleurone cells. These data
suggest that the interaction domain is located in the N
terminus.

A putative LZ motif from residues Leu-63 to Leu-91
was identified in this N-terminal fragment. To deter-
mine whether this putative LZ muotif is involved in
protein-protein interaction, a double mutant construct
was created in which Leu-63 and Leu-77 were
changed to Arg and His residues, respectively. The
LZ motif mutation of HYWRKY38 was then fused in-
frame with UBI-YN to produce UBI-YN:LZ-HvWRKY38.
Interestingly, no fluorescence was detected when
UBI-YN:LZ-HvWRKY38 and UBI-YC:HuvWRKY38 were
introduced into aleurone cells in the bimolecular fluo-
rescence complementation (BiFC) experiment (Fig.
3B, VII). These data further suggest that the putative
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LZ domain is necessary for the interaction of
HvWRKY38.

HvBPBF is also a negative regulator of the GA re-
sponse in aleurone cells (Mena et al., 2002). We hy-
pothesized that HvBPBF and HvWRKY38 physically
interact in a repression complex, because they bind to
cis-acting elements that are only 14 bp apart. To test
this hypothesis, the HvWRKY38 and HvBPBF coding
sequences were fused in-frame with sequences coding
the YN or the YC, respectively. Yellow fluorescence
was detected in the nuclei of aleurone cells bom-
barded with UBI-YN:HvWRKY38 and UBI-YC:HuBPBF
(Fig. 3B, VIII), indicating that HvWRKY38 interacts
with HvBPBF in the nuclei of aleurone cells.

HvWRKY38 Interferes with the Binding of HvGAMYB
to the Amy32b Promoter

HvGAMYB is a positive regulator mediating the
pathway between GA and a-amylase in aleurone cells
(Gubler et al., 1995). We showed previously that
OsWRKY71 (the putative rice ortholog of HvWRKY238)
functionally interferes with the activity of OsGAMYB
(Xie et al., 2006). HYWRKY38 behaved similarly to
OsWRKY71 in its functional interaction with GAMYB
(Supplemental Fig. S1). To understand the biochemi-
cal basis of these two regulators in modulating the
expression level of Amy32b, we studied whether
HvWRKY38 and HvGAMYB bind to the promoter of
Amy32b simultaneously or compete in binding to the
promoter. EMSAs were performed with glutathi-
one S-transferase (GST)-tagged HvWRKY38 and
HvGAMYB. A DNA fragment containing the Amy32b
promoter region from —171 to —111 was used as a
probe (Fig. 4A). No binding signal was detected in
reactions without protein (Fig. 4B, lane 1) or with GST
only (lane 2). Both HvWRKY38 and HvGAMYB bound
specifically to the Amy32b promoter (lanes 3 and 6), and
excess amounts of unlabeled promoter fragment com-
peted off the in vitro binding signal (lanes 4, 5, 7, and 8).
It has been demonstrated that the dimerization of
HvWRKY38 is essential for high-affinity binding to
the W-boxes in the Amy32b promoter (Mare et al., 2004);
we also found that HvWRKY38 proteins physically
interact in nuclei (Fig. 3B, IV). Here, we show that the
GST-HvWRKY38 complex was shifted higher than that
of GST-HvGAMYB, although the size of the GST-
HvGAMYB protein (approximately 80 kD) is greater
than that of the GST-HvWRKY38 protein (approxi-
mately 60 kD; Fig. 4B, compare lane 3 with lane 6).
These data suggest that GST-HvWRKY38 binds to
DNA as a dimer while GST-HvGAMYB binds as a
monomer. However, the mobility of the protein-DNA
complex in the gel retardation assay depends on both
the size and the charge of a protein. The pl values of
HvWRKY38 and HvGAMYB were predicted to be
8.2 and 4.7, respectively, using the Sequence Manip-
ulation Suite (http://www.bioinformatics.org/sms2/
protein_iep.html). Therefore, it is possible that under
the electrophoresis condition (pH 8), the HvGAMYB
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is more negatively charged and, hence, mobilized faster
than HvWRKY?38.

Interestingly, HvWRKY38 and HvGAMYB bind to
two different cis-acting elements that are 24 bp apart.
If both of the transcription factors could bind to the
DNA simultaneously, one would see a third band
corresponding to the protein-DNA complex that mo-
bilized at a rate slower than those of the HvWRKY38-
DNA and HvGAMYB-DNA complexes. However, this
was not what we observed; when both HYWRKY38 and
HvGAMYB were present in the reactions, HvGAMYB
binding to the Amy32b promoter was inhibited (Fig. 4B,
lane 9). As HvWRKY38 binding was competed off by an
excess amount of the competitor 1, which contains two
W-boxes (the WRKY binding site), HvGAMYB was
able to bind to the promoter (lanes 10 and 11). As ex-
pected, competitor 2, which contains GARE only (the
HvGAMYB binding site), did not compete with the
binding of HYWRKY38 (lanes 12 and 13). When both
competitors 1 and 2 were added, the binding signals of
both proteins were decreased (lanes 14 and 15).

HvWRKY38 and HYGAMYB Functionally Compete
with Each Other to Regulate the Expression of Amy32b

EMSA data suggested that binding of HvWRKY38
to the W-boxes prevented HvGAMYB from binding
to the Amy32b promoter. Dosage experiments were
performed to study the functional interactions of
these two regulators. Varied amounts of UBI-
HvWRKY38 (from 0% to 100% relative to the reporter
construct) were introduced into aleurone cells along
with a constant amount of UBI-HvGAMYB (100%)
and Amy32b-GUS (100%). The HvGAMYB induction
of Amy32b was gradually suppressed by increasing
the amounts of UBI-HvWRKY38 (Supplemental Fig.
S1B). It also showed that 10% of UBI-HvWRKY38 is
sufficient to repress the HvGAMYB transactivating
activity on the Amy32 promoter. We further per-
formed a similar dosage experiment with a fixed
amount of UBI-HvWRKY38 (10%) and Amy32b-GUS
(100%) and varied amounts of UBI-HvGAMYB (from
0% to 200%). The GUS activity was gradually in-
creased as the amount of UBI-HvGAMYB was aug-
mented in this experiment (Supplemental Fig. S1C).

We then performed EMSA to investigate the bio-
chemical basis of the dosage effect observed in the func-
tional assays. Varied amounts of GST-HvWRKY38
(from 0% to 100% relative to GST-HvGAMYB) with a
fixed amount of GST-HvGAMYB (100%) were used
in the competition study. Increasing amounts of
HvWRKY38 protein gradually decreased the binding
of HVGAMYB to the Amy32b promoter (Fig. 5A,
lanes 4-9). On the other hand, increasing amounts of
HvGAMYB enhanced the binding signal of HvGAMYB
to the Amy32b promoter (Fig. 5B, lanes 6-11). Together,
these data suggest that the relative amount of a re-
pressor or activator binding to the Amy32b promoter
determines its expression level.

Plant Physiol. Vol. 148, 2008
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Figure 4. Electrophoretic mobility shift assays of
GST:HVGAMYB and GST:Hv-WRKY38 fusion pro-
teins. A, The 61-bp probe (=171 to —111) and a
20- or 28-bp synthetic oligonucleotide competitor
containing W-boxes or GARE were used in EMSA.
Circles denote W-boxes, the diamond represents
the pyrimidine box, and the rectangle represents
GARE in the Amy32b promoter. The DNA probe
was end labeled with [a-’PIdATP. B, EMSA with
recombinant GST:HVWRKY38 or GST:HVGAMYB
proteins without (—) or with excess amounts of
competitors (20- or 200-fold).
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Interactions of HvWRKY38, BPBE, SAD, and
HvGAMYB in the Expression of the Amy32b Promoter

The five cis-acting elements involved in GA re-
sponses of Amy32b could be bound by either a tran-
scriptional activator or a repressor of the same or a
related gene family. For example, we have shown that
the W-box (O2S) is essential for the activity of the
Amy32b promoter (Zhang et al., 2004). However, this
element is bound by the OsWRKY71/HvWRKY38
repressor (Mare et al., 2004; Zhang et al., 2004) and
possibly by another WRKY or other zinc finger pro-
teins that could function as activators (Zhang et al.,
2004). Similarly, SAD (an activator) and BPBF (a re-
pressor) can bind to the same cis-acting element (i.e.
the pyrimidine box; Mena et al, 2002; Isabel-
LaMoneda et al., 2003). The HvGAMYB transcrip-
tional activator interacts with the third element,
GARE (Gubler et al., 1995). Here, we tested the func-
tional interactions among HvWRKY38, BPBF, SAD,
and HVGAMYB on regulating the expression of the
Amy32b promoter. As expected, little expression of
Amy32b-GUS was detected when HvWRKY38 and
BPBF were overexpressed in the absence of GA (Fig.
6B, columns 1, 3, and 4). In contrast, cotransformation
of UBI-SAD or UBI-HvGAMYB alone resulted in 71-
fold or 85-fold induction of the Amy32b promoter,
respectively (columns 5 and 6). The inductive activity
of SAD and HvGAMYB is repressed by HvWRKY38
(columns 7 and 8). Coexpression of SAD and HvGAMYB
dramatically increased the expression of the Amy32b
promoter to 201-fold induction (column 9). Interest-
ingly, this combined effect of SAD and HvGAMYB
was not suppressed by HvWRKY38 (column 10). How-
ever, HYWRKY38 and BPBF together dramatically
reduced the combined effect of SAD and HvGAMYB
on the induction of the Amy32b promoter (column 11).
Taken together, these data suggest that the expression
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level of Amy32b is governed by ratios of a set of tran-
scriptional repressors and a set of transcriptional
activators. Because each of the cis elements in the
Amy32b promoter could be bound by a repressor or an
activator of the same or a related family, it is easy to
envision their competition in regulating the Amy32b
promoter. Our data also indicated the competition of
transcriptional regulators whose binding sites are dif-
ferent (e.g. HYWRKY38 and HvGAMYB).

DISCUSSION

In this work, we confirmed that HvWRKY38 re-
pressed the GA-induced expression of Amy32b-GUS in
barley aleurone cells (Fig. 1). The role of HvWRKY38 as
a transcriptional repressor in the GA response was
further demonstrated by the RNAi experiment (Fig. 2).
We also found that HYWRKY38 repressed the trans-
activating activity of HYvGAMYB (Supplemental Fig.
S1) by competing with the binding of HvGAMYB to
the Amy32b a-amylase promoter (Figs. 4 and 5). This
inhibitory effect of HYWRKY38 was overcome by the
SAD and HVGAMYB activators in combination (Fig. 6).
However, combination of WRKY38 and BPBF, which
appeared to physically interact (Fig. 3), suppressed the
combined effect of SAD and HvGAMYB on inducing
the Amy32b promoter in the absence of GA (Fig. 6).

HvWRKY38 is inducible by cold and drought treat-
ments in barley leaves and roots (Mare et al., 2004). It is
also induced by abscisic acid and salicylic acid but
suppressed by GA in aleurone cells (Mare et al., 2004;
Xie et al., 2007). HYWRKY38 represses GA induction
of Amy32b (Fig. 1; Xie et al.,, 2007). Consistent with
its function as a repressor, coexpression of a UBI-
HouW38(RNAi) construct derepressed the expression of
the Amy32b promoter, leading to increased expression
of Amy32b in the absence of GA (Fig. 2). The effect of
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Figure 5. HYWRKY38 competes with HYvGAMYB in
binding to the Amy32b promoter. A, EMSA with a
fixed amount of GST:HVGAMYB proteins and differ-
ent amounts of GST:HVWRKY38 proteins. The rela-
tive amount of GST:HVWRKY38 is indicated as a
percentage compared with the amount of GST:
HVGAMYB (0.5 ug) used in the competition reactions.
B, EMSA with a fixed amount of GST:HYWRKY38 and
different amounts of GST:HVGAMYB proteins. The
relative amount of GST:HVGAMYB is indicated as
a percentage compared with the amount of GST:
HVWRKY38 (0.125 ug or 25%) used in the competi-
tion reactions.

UBI-HvW38(RNAi) was significant, although it was
lower than that of UBI-HvSLN1 RNAi (Zentella et al.,
2002). There are two possibilities accounting for the
lower effect of UBI-HuW38(RNAi). The preexisting
HvWRKY38 protein might be more stable than the
SLNT1 protein; HYWRKY38 RNAi might only knock out
HvWRKY38 but not other WRKY genes. The WRKY
family has 74 members (Eulgem et al., 2000) in Arabi-
dopsis and about 100 members in rice (Zhang and
Wang, 2005; Ross et al., 2007). As many as 45 WRKY
genes have been identified in barley; among these
genes, HUWRKY38 (also called HvWRKY1) is closely
related to HvWRKY?2, -3, and -23 (Mangelsen et al,,
2008). Like OsWRKY71 and AtWRKY40, these four
barley genes belong to group 2a of the WRKY gene
superfamily (Eulgem et al., 2000). Several members
could be involved in the same processes. For example,
Arabidopsis WRKY18, WRKY40, and WRKY60 have
partially redundant roles in plant responses to patho-
gens (Xu et al., 2006). Rice WRKY24, WRKY51, and
WRKY71 blocked GA induction of the Amy32b pro-
moter (Zhang et al.,, 2004; Xie et al., 2006). It will be
interesting to study the function of other barley WRKY
family members in GA signaling.
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Mounting evidence suggests that each of the five cis-
acting elements essential for GA induction of Amy32b
can be bound by both transcriptional repressors and
activators in barley aleurone cells. The pyrimidine box
can be bound by the SAD activator and the BPBF and
HvDOF19 repressors, which are DOF proteins (Diaz
et al., 2002, 2005; Isabel-LaMoneda et al., 2003; Moreno-
Risueno et al., 2007). In addition to the transcriptional
activator GAMYB, the repressor HRT, a zinc finger
protein, can also bind to GARE (Raventos et al., 1998).
The Amy box can interact with the HvMCB1 repressor
and the HVMYBS3 activator (Rubio-Somoza et al.,,
2006). We show here that HYWRKY38 interacts with
the W-boxes (Fig. 6). An activator for this element has
not been reported, although RAMY, another zinc fin-
ger protein, also binds to this element (Peng et al.,
2004). Furthermore, physical interactions between two
repressors, HYWRKY38 and HvBPBEF, and two activa-
tors, HYvGAMYB and HvSAD or HvGAMYB and
HvMYBS3, have been demonstrated by BiFC (Fig. 3;
Diaz et al., 2005; Rubio-Somoza et al., 2006). In light
of these results, we propose a hypothetical model for
the control of Amy32b gene expression in aleurone
cells (Fig. 7). In the absence of GA, negative regulators
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Figure 6. Interactions of HYWRKY38, BPBF, SAD, and HYGAMYB in
regulating the expression of the Amy32b promoter. A, Schematic
diagram of the reporter and effector constructs used in the cobombard-
ment experiment. B, The reporter construct, Amy32b-GUS, and the
internal construct, UBI-Luciferase, were cobombarded into barley
aleurone cells either with (+) or without (—) the effector construct
using the same molar amount of effector and reporter constructs. GUS
activity was normalized in every independent transformation relative to
the luciferase activity. Bars indicate GUS activities = st after 24 h of
incubation of the bombarded aleurone cells with (+) or without (—)
1 um GA. Data are means = st of four replicates.

such as HYWRKY38, BPBF, HRT, and HvMCB1 bind
to corresponding cis-acting elements and form a
“repressosome,” which diminishes the binding or
transactivating activities of positive regulators to the
promoter, thereby preventing Amy32b transcription. In
the presence of GA, positive regulators such as RAMY,
SAD, HvGAMYB, and HvMYBS3 bind to their respec-
tive DNA sequences and form an “enhanceosome,”
leading to a high level of Amy32b gene expression.
The intriguing question is how the repressosome is
replaced by the enhanceosome during the transition
of Amy32b from the repressed state to the activated
state or vice versa. Two possible mechanisms can be
envisioned. (1) GA promotes the degradation of re-
pressors, as reported for OsWRKY71 (Zhang et al.,
2004), allowing transcriptional activators to occupy the
cis-acting elements. (2) GA induces the expression
of activators such as GAMYB (Gubler et al., 1995).
These activators physically interact with repressors,
eventually leading to the dissociation of repressors
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from and association of activators to the correspond-
ing cis-acting elements cooperatively. Interactions
of repressors and activators have been observed in
mammalian systems. For example, B-Myb, a cell cycle-
regulated transcriptional repressor, physically inter-
acts with the transcriptional activators specificity
protein 1 and CCAAT-binding factor and interferes
with their binding to the promoter (Cicchillitti et al.,
2004). As a result, COL1A1 (for type I collagen) tran-
scription in human scleroderma fibroblasts is de-
creased. The barley repressors BPBF, HvDOF17, and
HvDOF19 physically interact with HvGAMYB, as dem-
onstrated in the nucleus of onion (Allium cepa) cells
using the BiFC approach (Diaz et al., 2005; Moreno-
Risueno et al., 2007). HvDOF17 represses the expression
of Al21, a thiol protease gene, probably by decreasing
the binding affinity of HvGAMYB to GARE in the Al21
promoter (Moreno-Risueno et al., 2007). Our data
showed that the binding of HvGAMYB to the Amy32b
promoter was decreased in the presence of increas-
ing amounts of HVYWRKY38 (Fig. 5), suggesting that
HvWRKY38 interferes with the binding of HvGAMYB
to the Amy32b promoter. Accordingly, the induction of
Amy32b by HVGAMYB was reduced gradually with
increasing amounts of HvWRKY38 (Supplemental Fig.
S1). The repression effect of HvWRKY38 was overcome
by the coexpression of two transcriptional activators,
SAD and HvGAMYB. WRKY38 and BPBF together
block the combined effect of SAD and HvGAMYB on
inducing the Amy32b promoter in the absence of GA
(Fig. 6). Therefore, the ratios of repressors to activators,
and more importantly, the cooperative binding of re-
pressors or activators to the Amy32b promoter, deter-
mine the levels of Amy32b expression (Fig. 7).

In summary, the data presented in this study sup-
port the hypothesis that the GA induction of Amy32b is
modulated by two protein complexes, one for activa-
tion and the other for repression. Further work is
needed to isolate these endogenous complexes using

A -GA

WRKY3OWRKY39=( BPBF HRT @
——rreacrrcaccH cerrrif raacaca— TATCCA)—& Amy32b}=

Tandem repeat Pyr GARE Amy
W-boxes

B +GA

Tandem repeat Pyr GARE Amy
W-boxes

Figure 7. Hypothetical model for the control of Amy32b a-amylase
gene expression in aleurone cells. A, Negative regulators (HYWRKY38,
BPBF, HRT, and HvMCB1) bind to their corresponding cis-acting
elements in the absence of GA. B, Positive regulators (RAMY, SAD,
HvGAMYB, and HVMYBS3) bind to corresponding cis-acting elements
in the presence of GA. Double lines between proteins indicate that
their physical interactions have been detected by BiFC. The arrow
denotes the transcription start site; X over the arrow means the tran-
scription of Amy32b is off or at a very low level in the absence of GA.
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immunoprecipitation with antibodies against differ-
ent regulators or the technique that combines tan-
dem affinity purification with mass spectrometry
(Dziembowski and Seraphin, 2004; Van Leene et al.,
2007). With these methods, we will be able to further
dissect the interactions among transcription factors
in regulating GA-controlled gene expression.

MATERIALS AND METHODS
RNA Isolation and RT-PCR

Total RNA was isolated from barley (Hordeum vulgare) aleurone cells with
the LiCl precipitation method as described (Zhang et al., 2004). The first-
strand cDNAs were synthesized using ImProm-II reverse transcriptase in a
50-uL reaction containing 2.5 uMm oligo(dT) primers, 2.5 um random hexamer,
and 2.5 ug of total RNA, according to the manufacturer’s instructions. Five
microliters of each reaction mixture was used as a template for PCR ampli-
fication in a 25-uL mixture containing 1.5 um MgCl,, 200 um dNTPs, 5% di-
methyl sulfoxide, 2.5 units of Taqg DNA polymerase, and 0.4 um primers.

Effector Construct Preparations

Three types of DNA constructs were used in the transient expression ex-
periments: reporter, effector, and internal control. Plasmid Amy32b-GUS
(Lanahan et al., 1992), HVA1-GUS, and HVA22-GUS (Shen et al., 1993) were
used as the reporter constructs. Plasmid pAHC18 (UBI-Luciferase), which
contains the luciferase reporter gene driven by the constitutive maize (Zea
mays) ubiquitin promoter (Bruce et al., 1989), was used as an internal control
construct to normalize GUS activities of the reporter construct. The full-
length cDNA of HYWRKY38 and HUGAMYB was amplified from total RNA of
barley aleurone cells by reverse transcription-PCR and cloned into the Ascl
site of the intermediate construct containing the UBI promoter and the NOS
terminator (Zhang et al., 2004) using primers P1 and P2 for the preparation of
UBI-HvWRKY38 and primers P3 and P4 for the preparation of UBI-
HuGAMYB (Supplemental Table S1). The full-length ¢cDNAs of BPBF and
SAD were amplified and cloned into the Ascl site of the expression vector
using the following primers: P5 and P6 for the preparation of UBI-BPBF and
P7 and P8 for the preparation of UBI-SAD. To construct UBI-HvW38(RNAi), a
335-bp gene-specific fragment was obtained using primers P9 and P10 and
cloned into Blpl and Bsu36I sites, respectively, using the symmetrical direc-
tional cloning method (Zhang et al., 2004). The substitution mutants were
prepared by oligonucleotide-directed mutagenesis (Kunkel et al., 1987).
Single-stranded DNA from plasmid UBI-HvWRKY38 was used as a template.
Primers P11 and P12 were used to mutate the putative LZ motif.

Particle Bombardment and Transient Expression Assays

Detailed descriptions of the transient expression procedure with the barley
aleurone system and the particle bombardment technique have been
published before (Shen et al.,, 1993). Briefly, deembryonated half-seeds of
‘Himalaya’ barley were soaked for 2.5 to 3 d, and then the pericarp and testa
were removed. The DNA mixture (in a 1:1 molar ratio) of HVAI-GUS and
UBI-Luciferase or Amy32b-GUS and UBI-Luciferase, along with or without
an effector construct, was bombarded into barley embryoless half-seeds
(four replicates per test construct). After incubation for 24 h with various
treatments, GUS assays and luciferase assays were performed as described
previously (Shen et al., 1996).

Subcellular Localization and BiFC

The HvWRKY38 gene was inserted into the Ascl site in UBI-GFP (Zhang
et al., 2004), UBI-YFP, UBI-YN, and UBI-YC (Xie et al., 2006) to generate UBI-
GFP:HvWRKY38, UBI-YFP:HvWRKY38, UBI-YN:HvWRKY38, and UBI-YC:
HuWRKY38. The N-terminal region of HUWRKY38 was produced by intro-
ducing a stop codon at amino acid 200, which is upstream from the WRKY
domain. The rest (i.e. the C-terminal region) was amplified using primers P13
and P14 (Supplemental Table S1). The N-terminal and C-terminal regions of
HuWRKY38 were inserted into the Ascl site in UBI-YN to produce UBI-YN:
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N-HvWRKY38 and UBI-YN:C-HvWRKY38. The LZ motif-mutated HyWRKY 38
was inserted into the Ascl site of UBI-YN to produce UBI-YN:LZ-HvWRKY38.
The HuBPBF gene was amplified and inserted into the Ascl site in UBI-YC to
generate UBI-YC:HvBPBF. After incubation at 24°C for 24 h, the aleurone
layers were peeled from barley half-seeds and soaked in a 5 um SYTO17
solution (Molecular Probes). The stained samples were observed, and images
of GFP fluorescence and SYTO17 staining were obtained simultaneously
through a LSM 510 laser scanning microscope (Carl Zeiss), with 488-nm
excitation and 505- to 530-nm emission wavelengths for the green fluorescence
and 633-nm excitation and 650-nm emission wavelengths for the red fluores-
cence in separate channels. The yellow fluorescence was observed with
514-nm excitation and 530-nm emission wavelengths. At least 8,000 cells were
checked in each sample, and fluorescence was observed in more than 5% of
total cells in positive results. The acquired images were processed using Paint
Shop Pro 7 (Jasc Software).

EMSA

The full-length cDNA of HYWRKY38 was cloned into the AscI site of the
modified pGEX-KG (Zhang et al., 2004) to generate GST:HvWRKY38. The
fusion constructs were then introduced into Escherichia coli strain Origami B
DE3 (Novagen). The full-length cDNA of HUGAMYB was cloned into the Ascl
site of the modified pGEX-KG (Zhang et al., 2004) to generate GST:HvGAMYB.
The fusion constructs were then introduced into E. coli BL-21 (DE3) pLysS
(Novagen). Overexpression of the fusion proteins was induced by 1 mm
isopropylthio-B-galactoside at 25°C in 2X YT medium for 3 h. The cell
suspension was passed three times through an SLM-Aminco French pres-
sure cell press at 1,600 psig. The GST fusion proteins were purified using
glutathione-agarose beads (Zhang et al., 2004).

A 61-bp fragment of the Amy32b promoter (Lanahan et al., 1992) that spans
positions —171 to —111 was used as a probe. The DNA probe was labeled with
[«-*?P]dATP by a Klenow fill-in reaction. Unless otherwise indicated, binding
reactions (20 uL) contained 1.5 ng of probe, 1 ug of poly(dIdC), 10 mm Tris-
HCl (pH 7.6), 50 mm KC1, 0.5 mm EDTA, 5 um ZnCl,, 0.07% Igepal CA-630, and
10% glycerol. Equal amounts of recombinant proteins (0.5 ug for each) were
added into reactions and incubated at 4°C for 20 min with labeled DNA
probes in the absence or presence of competitors. After incubation, the
reactions were resolved by electrophoresis on a 5% polyacrylamide gel in 0.5X
TBE buffer (45 mm Tris, 45 mM boric acid, and 1 mm EDTA, pH 8) for 2 h. The
signals were scanned with a Typhoon 9400 phosphorimager (Amersham
Biosciences).

Supplemental Data

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

Supplemental Figure S1. Functional interactions between HvWRKY38
and HVGAMYB.

Supplemental Table S1. Primers used for construct preparation.
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