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ABSTRACT The phytohormone abscisic acid (ABA) in-
duces genes-encoding proteins involved in desiccation toler-
ance and dormancy in seeds, but ABA also suppresses gib-
berellin (GA)-responsive genes encoding hydrolytic enzymes
essential for postgermination growth. A unique seriney
threonine protein kinase, PKABA1 mRNA, up-regulated by
ABA in seeds, has been identified. In this report, the effect of
PKABA1 on the signal transduction pathway mediating ABA
induction and suppression of genes has been determined in
aleurone layers of barley seeds. Two groups of gene constructs
were introduced to barley aleurone layers by using particle
bombardment: the reporter constructs containing the coding
sequence of b-glucuronidase gene linked to hormone-
responsive promoters and the effector constructs containing
the coding region of protein kinases linked to a constitutive
promoter. Constitutive expression of PKABA1 drastically
suppressed expression of low- and high-pI a-amylase and
protease genes induced by GA. However, the presence of
PKABA1 had only a small effect on the ABA induction of a
gene encoding a late embryogenesis abundant protein, HVA1.
Our results indicate that PKABA1 acts as a key intermediate
in the signal transduction pathway leading to the suppression
of GA-inducible gene expression in cereal aleurone layers.

The phytohormone abscisic acid (ABA) is ubiquitous in plants
and plays an important role in regulating many processes,
including gene expression, closure of stomata, photosynthesis,
and adaptation to environmental stresses, such as drought,
salinity, and cold (1–4). In no other organ is ABA more
important than in seeds, where ABA responses affect seed
survival and reproductive capability. ABA mediates acquisi-
tion of desiccation tolerance in maturing seeds and induction
of seed dormancy, essential for long-term survival, and can
block germination processes by suppressing mobilization of
seed reserves. Genetic evidence for ABA involvement in these
processes has been provided by ABA-deficient and nonre-
sponsive mutants (5–7).

Most physiological responses to ABA occur through ABA-
mediated gene expression. As ABA levels increase in maturing
seeds, a number of ABA-responsive genes are expressed
during late seed development, including the LEA (late em-
bryogenesis abundant protein) genes (i.e., dehydrins, group 3
LEA, HVA1) with putative functions in desiccation protection
(8, 9). Not all ABA effects on gene expression are positive.
During germination of cereal grains, such as barley, wheat, and
rice, the embryo synthesizes and secretes another group of
phytohormones, gibberellins (GAs), to the aleurone layer,
where GAs induce the transcription of a-amylase and protease
genes (10). Expression of these genes is suppressed by ABA
during seed development or under unfavorable germination

conditions. In this context, cereal aleurone layers provide a
useful system for dissection of molecular mechanisms involved
in hormonally regulated gene expression in germinating seeds,
particularly the antagonism between GA and ABA.

The signal transduction pathway involved in ABA-regulated
gene expression has been the subject of numerous research
efforts (6, 7, 11). Studies of ABA-responsive promoters have
revealed a G-box-type ABA-responsive element (ABRE) nec-
essary for the ABA-inducible transcription (12, 13). ABRE
together with a coupling element (CE) form an ABA response
complex (ABRC) that appears to be the minimal promoter
unit necessary and sufficient for specific ABA-induced gene
expression (14, 15). Several trans-acting factors involved in
ABA-regulated gene expression have been reported, including
VP1 in maize (16), Myc- and Myb-like proteins in Arabidopsis
(17), and EmBP-1 in wheat (18). Phospholipase D has been
proposed as an intermediate in the propagation of the ABA
signal (19) in barley aleurone, and two calcium-dependent
protein kinases (CDPKs) are able to activate a stressyABA-
inducible promoter in maize leaf protoplasts (20). In addition,
the levels of Ca21 (21) and cyclic ADP ribose (22) have been
shown to be central regulators in ABA signal transduction.
Most of the information available to date is centered on
regulatory molecules that affect ABA induction of gene
expression. However, the mode of action of ABA is complex,
and besides gene induction (23, 24), this phytohormone also
negatively regulates GA-responsive genes, including those
encoding a-amylases and proteinases in germinating cereal
grains (10). Little is known about the molecular events that
transmit the ABA signal and eventually trigger both up- and
down-regulated gene expression.

A candidate for a component in ABA signaling in seeds is
the ABA-induced protein kinase (PKABA1) in dormant seed
embryos of wheat (25). This serineythreonine protein kinase
has an unusual stretch of acidic amino acid residues near the
carboxyl terminus distinguishing it from other types of protein
kinases. PKABA1 mRNA levels increase as ABA content
increases in developing seed embryos and reach high levels at
seed maturity. Levels remain high in isolated embryos treated
with ABA but decline in germinating seeds. PKABA1 is
induced rapidly in seedlings when ABA levels increase in
response to environmental stress (26). The potential function
of this protein kinase is not yet known.

In light of the important role of protein kinases in many
signal transduction pathways, we have examined the involve-
ment of PKABA1 in the signal transduction pathways medi-
ating ABA induction and suppression of gene expression in
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barley aleurone cells. Two groups of constructs were intro-
duced into barley aleurone layers by using particle bombard-
ment: the reporter constructs, containing the coding sequence
of b-glucuronidase (GUS) gene driven by promoters of ABA-
or GA-inducible genes, and the effector constructs, containing
the coding region of PKABA1 driven by a constitutive pro-
moter. Our results indicate that PKABA1 mimics ABA in
suppressing GA-inducible genes, suggesting that PKABA1 acts
as an intermediate in the ABA antagonism of GA-inducible
gene expression in cereal aleurone layers.

MATERIALS AND METHODS

Northern Analyses. Total RNA was isolated from barley
aleurone layers (27). RNA samples were a gift from Sally W.
Rogers, Washington State University. Northern analysis was
conducted with PKABA1 cDNA as the probe (25).

Preparation of the DNA Constructs. The reporter con-
structs were prepared as follows. (i) Amy32b-GUS was con-
structed by linking the promoter (up to 2331 region), the
entire 59 untranslated sequence, and the first intron of the
low-pI a-amylase gene, Amy 32b, to the GUS coding sequence
and the 39 untranslated region of the same a-amylase gene
(28). (ii) ABRC3-GUS was made by ligating the 68-bp ABRC3
(ABA response complex 3, derived from HVA1 promoter
sequence), with the SmaI-digested MP64 progenitor (15). (iii)
Amy46-GUS was constructed by linking the promoter of a
high-pI a-amylase gene (to 2400), the entire 59 untranslated
sequence, and the first intron of the a-amylase gene, Amy 6-4,
to the GUS coding sequence and the 39 untranslated region of
the Amy 46 gene (obtained from J. C. Rogers, Washington
State University). (iv) EPB1-GUS contained a 409-bp frag-
ment of the promoter plus the 118-bp 59 untranslated sequence
of the gene encoding a GA-induced cysteine proteinase, EPB1
(29). The GUS coding sequence and the EPB1 39 untranslated
region (positions 11204 to 11910) were fused to this fragment
(M. Cercós and T.-H.D.H., unpublished data).

The effector constructs used were UBI-PKABA1, UBI-null-
PKABA1, 35S-CDPK [calcium-independent (ci) and nonacti-
vatable (na)], and 35S-PKABA1. UBI-PKABA1 was made by
linking the ubiquitin (UBI) promoter from pAHC17 (30, 31)
to a reconstituted PKABA1 sequence consisting of the
PKABA1 cDNA (25) with additional 59 sequence information
(comprising 10 aa) from a genomic clone, TaPK3, which has
high sequence homology to PKABA1 (32) and the 39 untrans-
lated sequence of the Agrobacterium nopaline synthase. UBI-
null-PKABA1 is identical to UBI-PKABA1 but has the nu-
cleotide-binding site (GSGNFG, amino acids 11–16) deleted.
35S-CDPK (ci and na) were made by linking the caulif lower
mosaic virus 35S promoter to the coding region of two
different mutants, na and ci, of the Arabidopsis CDPK gene
(ref. 33; J. F. Harper, unpublished observations), and the 39
untranslated sequence Nos-T. 35S-PKABA1 was made by
substituting the ubiquitin promoter in the UBI-PKABA1 for
the 35S promoter used in the 35S-CDPK construct.

Particle Bombardment and Transient Expression Assays.
The detailed procedure of transient expression studies with the
barley (Hordeum vulgare L., var Himalaya, 1991 crop) aleurone
system and the particle bombardment technique have been
published before (24, 28). Briefly, the mixture (in a 1:0.5 molar
ratio) of a reporter construct and a maize UBI-luciferase
internal control construct, pAHC18 (30), was bombarded into
barley embryoless half-seeds (four replicates per test con-
struct).

To test the effect of regulatory molecules such as PKABA1,
effector constructs were included at the ratio indicated in each
figure. After incubation in the presence or absence of 20 mM
ABA or 1 mM gibberellic acid (GA3) for 24 h, the bombarded
half-seeds in sets of four were homogenized with aleurone
layers still attached to the starchy endosperm in 800 ml

grinding buffer (24). After centrifugation at 12,000 3 g for 10
min at 6°C, 100 ml of the supernatant was assayed for luciferase
activity by using a luminometer (Model Moonlight 2010,
Analytical Luminescence Laboratory, San Diego). For GUS
assays, 50 ml of supernatant was diluted with 200 ml of GUS
assay buffer (24) and incubated at 37°C for 20 h. Fifty
microliters of the reaction mixture was diluted in 2 ml of 0.2
M Na2CO3, and the resulting fluorescence was measured in a
Sequoia–Turner model 450 fluorometer (Unipath, Mountain
View, CA) that was adjusted to have a reading of 1,000 units
for 1 mM 4-methylumbelliferone, the reaction product of GUS.
The GUS activities of all samples were normalized against the
luciferase internal control. The normalized GUS activity rep-
resents the total number of fluorescence units from an aliquot
of extract that contained 2,000,000 relative light units of
luciferase activity.

RESULTS

A Homolog of the Wheat PKABA1 Is Present in Barley
Aleurone Layers. The aim of this work was to investigate the
role of PKABA1, an ABA-inducible protein kinase of wheat,
in ABA signal transduction by using the barley aleurone layer
system. Although barley and wheat are closely related phylo-
genetically, it was necessary to verify that a PKABA1 homolog
is expressed in barley aleurone layers and confirm that the
pattern of transcript accumulation was similar to that found in
wheat (25, 26). Fig. 1 presents the RNA gel blot analysis of the
steady-state levels of PKABA1 in barley aleurone cells treated
with various combinations of hormones. Total RNA was
isolated from barley aleurone layers and the RNA samples
were probed with 32P-labeled PKABA1 cDNA. A significant
level of a 1.3-kb RNA, similar in size to wheat PKABA1
mRNA, was present when the aleurone layers were isolated
initially from the half-seeds, and this transcript level was
maintained in aleurone layers treated with 20 mM ABA for
24 h (data not shown). As shown in Fig. 1, after 24 h of
treatment with control succinate buffer, a low basal level of the
1.3-kb RNA was present. GA3 treatment decreased the basal
level of this message (compare lanes 1 and 2 in Fig. 1).
However, when ABA and GA3 were added together, a signif-
icant level of PKABA1 mRNA was present. Similarly, the

FIG. 1. Northern analysis of PKABA1 transcript levels in barley
aleurone treated with GA and ABA. For mRNA analysis, barley
embryoless half-seeds were imbibed in water and incubated for 4 days.
Then, the aleurone layers were isolated and treated for 24 h with
control buffer (20 mM succinate, pH 5, containing 10 mM CaCl2) plus:
GA (2 mM GA3); GA 1 ABA (2 mM GA3 1 20 mM ABA); GA 1
89-acet-ABA (2 mM GA3 1 20 mM 89-acetylene-ABA). Total RNA
was extracted and Northern analysis was conducted with the PKABA1
cDNA clone. Ethidium bromide-stained 28S and 18S rRNA are shown
as controls for loaded RNA amounts. Northern analysis results are
representative of three separate experiments assessing PKABA1
mRNA levels in aleurone layers treated for 24 h with ABA and control
buffers.
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addition of GA3 and 89-acetylene-ABA, a biologically active
ABA analog (34), resulted in high PKABA1 levels.

PKABA1 Suppresses the GA Induction of Low- and High-pI
a-Amylases. To examine the possible role of PKABA1 in
mediating the ABA induction or suppression of different genes
expressed in the barley aleurone layer, we transfected half-
seeds (with aleurone layers still attached to the starchy en-
dosperm) with the PKABA1 cDNA driven by the constitutive
ubiquitin gene promoter together with several reporter genes.
The data (Fig. 2) show the levels of GUS activities in half-seeds
bombarded simultaneously with a low-pI a-amylase-GUS con-
struct (reporter) and the ubiquitin-PKABA1 construct (effec-
tor). The amount of reporter plasmid was always constant,
whereas that of the effector varied as indicated in the x axis.
When the low-pI a-amylase-GUS construct was transfected
alone (% 5 0 on the x axis), the treatment with 1 mM GA3
strongly induced the expression of this gene construct. The
GUS activity increased from 5.0 3 102 units in bombarded
tissue incubated with no hormones to 2.8 3 104 units in tissue
incubated with 1 mM GA3, representing a more than 50-fold
increase of GA induction, similar to that reported by Lanahan
et al. (28). As expected, the treatment with both GA3 (1 mM)
and ABA (20 mM) abolished the GA3 induction of this gene
construct (28). The coexpression of PKABA1 did not affect
the basal levels of expression of the low-pI a-amylase gene in

the absence of GA3. However, the expression of the low-pI
a-amylase-GUS in response to GA3 was reduced markedly by
the presence of PKABA1 even at very low concentrations.
When the relative amount of effector was 25% and 50%, the
GUS expression was inhibited by a factor of 3 and 8, respec-
tively. Higher amounts of effector construct virtually blocked
the GA3 induction of low-pI a-amylase-GUS, with GUS
activities close to the basal level. The same pattern of sup-
pression by PKABA1 was observed when these experiments
were repeated by using a high-pI a-amylase promoter linked to
GUS as a reporter construct (data not shown).

PKABA1 Suppresses the GA Induction of a Cysteine Pro-
teinase. EPB is one of the main cysteine proteinases respon-
sible for the degradation of endosperm storage proteins in
germinating barley seeds. The EPB gene family consists of two
very similar genes, EPB-1 and EPB-2 (29) and, as with the
a-amylases, the expression of these genes is induced by GA and
suppressed by ABA. The effect of PKABA1 on the response
of the cysteine proteinase (EPB-1) to GA3 was tested. Fig. 3
shows that the coexpression of PKABA1 with EPB-1-GUS
mimicked the effect of ABA in reducing the expression of
EPB-1 by approximately 60%.

PKABA1 Has a Small Effect on the Expression of HVA1 in
the Absence of ABA. ABA also induces several genes in the
barley aleurone layers. Shen et al. (14, 15) previously have
defined the minimal promoter unit, named ABA response
complex 3 (ABRC3), which is necessary and sufficient for
ABA induction of one of these genes, HVA1. The ABRC3-
GUS construct was used as another reporter construct. The

FIG. 2. PKABA1 suppresses the GA3-induced expression of a
low-pI a-amylase gene. (A) Schematic diagram of the effector and
reporter constructs used in cobombardment experiments. (B) The
effector construct, UBI-PKABA1, was cobombarded into barley half-
seeds (with aleurone layers still attached to the starchy endosperm)
along with the reporter construct (Amy32b promoter-GUS) and the
internal control construct (UBI-luciferase). The amount of reporter
and control plasmid DNA was always constant (1.14 mg per shot),
whereas that of effector varied with respect to the reporter as shown
in the x axis. Transfected half-seeds were incubated for 24 h with (■)
or without (F) 1 mM GA3. GUS activity was normalized in every
independent transformation relative to the luciferase activity. Data are
means 6 SE of four replicates in a typical experiment. The experiment
was repeated three times, and similar results were obtained.

FIG. 3. PKABA1 suppresses the GA3-induced expression of a
cysteine proteinase gene. (A) Schematic diagram of the effector and
reporter constructs used in cobombardment experiments. (B) The
reporter construct, EPB1-GUS, and the internal control construct,
UBI-luciferase, were cobombarded into barley half-seeds either with
or without the effector construct (UBI-PKABA1) using the same
amount of effector and reporter constructs (1.14 mg per shot).
Transfected barley half-seeds were incubated for 24 h with or without
1 mM GA3 andyor 20 mM ABA. GUS activity was normalized in every
independent transformation relative to the luciferase activity. Data are
means 6 SE of four replicates in a typical experiment. The experiment
was repeated three times, and similar results were obtained.
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data (Fig. 4) indicate that the expression of PKABA1 along
with ABRC3-GUS did not significantly alter the levels of the
normalized GUS activity reached in response to ABA treat-
ment. The basal level of GUS activity detected in tissues
transfected with ABRC3-GUS and treated with no hormones
was 8.0 3 102 units, whereas levels of GUS varied between 34.7
and 27.7 3 103 units (36- to 45-fold ABA induction) in seeds
bombarded with ABRC3-GUS alone or cobombarded with
UBI-PKABA1 and ABRC3-GUS and subsequently treated
with ABA. On the other hand, PKABA1 had a small effect on
the basal levels of GUS activity detected in the seeds trans-
formed with ABRC3-GUS treated with no hormones; GUS
activity was up to five times higher (4.1 3 103 units) in the
tissues cobombarded with PKABA1 and ABRC3-GUS (200%
of effector plasmid) than in that transformed only with the
reporter construct (8.0 3 102 units).

Other Protein Kinases Do Not Suppress the GA Induction
of a Low-pI a-Amylase. Two different sets of experiments were
designed to define the specificity of the suppressory effect of
PKABA1 and to determine whether the protein kinase activity
is required for the functionality of the protein. Two constitu-
tively active mutants of CDPK of Arabidopsis (ref. 33; J. F.
Harper, unpublished observations) were used as controls. 35S-
PKABA1 blocked the expression of the low-pI a-amylase gene
construct as effectively as ubiquitin-PKABA1 (Fig. 5). In
contrast, 35S-CDPKci did not significantly affect the expres-
sion of this a-amylase construct. The same results were
obtained when another mutant, 35S-CDPKna, was used (data
not shown). Heterologous expression of regulatory proteins

such as protein kinases and phosphatases from Arabidopsis has
been confirmed in maize mesophyll protoplast (20) and barley
aleurone layers (Q.S. and T.-H.D.H., unpublished data).

The Nucleotide-Binding Site Is Required for the PKABA1
Suppression of Gene Expression. The glycine-rich loop is one
of the most highly conserved sequence motifs in protein
kinases and considered an integral part of the ATP-binding
site (35). A null mutant of PKABA1 was made by deleting the
glycine-rich loop (GSGNFG, amino acids 11–16), based on
previous reports that mutagenesis of the glycine-rich loop of
other protein kinases caused major reductions in kinase ac-
tivity (35, 36). When the PKABA1 null-mutant driven by the
same ubiquitin promoter was transfected along with the low-pI
a-amylase-GUS construct, no significant inhibitory effect was
observed. GA3 induction was only slightly affected when the
UBI-null-PKABA1 was cobombarded with the low-pI a-amy-
lase-GUS construct (Fig. 6).

DISCUSSION

In this work, we have shown that the constitutive expression of
PKABA1 strongly suppressed the GA induction of low- and
high-pI a-amylase and proteinase genes but had little effect on
the expression of ABA-induced LEA genes such as HVA1. We
also transfected several control constructs with the reporter
genes, showing that both a null mutant of PKABA1 and a

FIG. 4. PKABA1 has a small effect on the response of ABRC3
(ABA response complex 3) to ABA treatment. (A) Schematic diagram
of the effector and reporter constructs used in cobombardment
experiments. (B) The effector construct, UBI-PKABA1, was cobom-
barded into barley half-seeds along with the reporter construct
(ABRC3-GUS) and the internal control construct (UBI-luciferase).
The amount of reporter and control plasmid DNA was always constant
(1.14 mg per shot), whereas that of effector varied with respect to the
reporter as shown in the x axis. Transfected barley half-seeds were
incubated for 24 h with (■) or without (F) 20 mM ABA. GUS activity
was normalized in every independent transformation relative to the
luciferase activity. Data are means 6 SE of four replicates in a typical
experiment. The experiment was repeated three times, and similar
results were obtained.

FIG. 5. CDPKci does not suppress the GA3-induced expression of
a low-pI a-amylase. (A) Schematic diagram of the effector and
reporter constructs used in cobombardment experiments. (B) 35S-
CDPK (open symbols) or 35S PKABA1 (solid symbols) were cobom-
barded into barley half-seeds along with the reporter construct
(Amy32b promoter-GUS) and the internal control construct (UBI-
luciferase). The amount of reporter and control plasmid DNA was
always constant (1.14 mg per shot), whereas that of effector varied with
respect to the reporter as shown in the x axis. Transfected half-seeds
were incubated for 24 h with (squares) or without (circles) 1 mM GA3.
GUS activity was normalized in every independent transformation
relative to the luciferase activity. Data are means 6 SE of four
replicates in a typical experiment. The experiment was repeated three
times, and similar results were obtained.
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different serineythreonine protein kinase (CDPK) failed to
show any significant effect on a-amylase expression. These
results strongly suggest that PKABA1 acts specifically as an
intermediate in the ABA suppression of GA-inducible gene
expression in cereal aleurone layers. A diagram summarizing
these findings is shown in Fig. 7.

Several reports that use transient expression of various gene
constructs to demonstrate the involvement of several inter-
mediates in hormone signal transduction have been published

(15, 17, 20, 37–39). Previous research has established that GA
and ABA tightly regulate the expression of both low- and
high-pI a-amylases and a cysteine proteinase (EPB-1) (28, 29,
40, 41). Similarly, GA3 treatment effectively induced the
expression of these three genes in the aleurone system used in
this work (Figs. 2 and 3), and, moreover, PKABA1 strongly
inhibited their expression in response to GA, mimicking the
effect of ABA. Because the expression of PKABA1 is induced
by ABA, one might predict that PKABA1 also could induce
the expression of ABA up-regulated genes, such as HVA1.
However, data in Fig. 4 show that the expression of PKABA1
only slightly induced the expression of ABA-responsive con-
struct, ABRC3 (derived from HVA1)-GUS. This effect ap-
peared to be small, much less than the 40-fold induction of the
same gene construct by ABA (Fig. 4). The effect of PKABA1
appears to be different from another regulatory protein,
HvSPY, which affects both ABA induction and suppression of
gene expression (42). It also has been reported that the
expression of the HVA1 gene is highly induced by two calcium-
dependent protein kinases (CDPK1 and CDPK1a) in maize
leaf protoplasts following similar coexpression approaches
(20). Taken together, these data suggest the involvement of
several protein kinases in ABA signal transduction and the
existence of two separate pathways leading to the ABA
induction or suppression of ABA-responsive genes as shown in
Fig. 7. ABA suppression of hydrolytic enzymes is mediated by
PKABA1, whereas CDPK1 may act only in the ABA induction
of HVA1, although there are no data to rule out the possibility
that CDPK1 mediates both pathways.

It could be argued that the constitutive expression of
PKABA1 in aleurone cells produced a general and nonspecific
inhibitory effect on the expression of the proteinase and
a-amylase constructs. However, several lines of evidence
support the specificity and physiological validity of the effect
described in this report. First, the inhibitory effect of PKABA1
is observed at a very low relative amount of effector. Second,
the constitutive expression of the UBI-luciferase construct
(internal control) is not affected at all when PKABA1 is
coexpressed (data not shown); neither is the ABA-induction of
HVA1 suppressed by the presence of PKABA1 (Fig. 4), and
only a small effect on HVA1 basal level is detected when
PKABA1 is coexpressed with HVA1 in the absence of ABA.
Third, the coexpression of two mutants of a different protein
kinase, CDPKci and CDPKna, driven by a constitutive pro-
moter (35S) did not affect the GA-induction of the low-pI
a-amylase (Fig. 5), whereas in the same experiment, PKABA1
driven by the identical promoter (35S) had a strong inhibitory
effect. Finally, a null mutant of PKABA1 lacking the nucle-
otide-binding site (Fig. 6) failed to suppress the expression of
the low-pI a-amylase, indicating that the protein kinase activ-
ity is essential for the PKABA1 effect to be observed.

Current evidence supports the notion that reversible protein
phosphorylation affects gene expression in response to ABA.
Protein phosphatase inhibitors interfere with both ABA and
GA signal transduction in barley aleurone (43). The ABI1 and
ABI2 genes of Arabidopsis that encode protein phosphatases
(6) are required for ABA-responsive gene expression. Muta-
tional analysis of ABI1 and AtPP2C in ABA signaling in maize
mesophyll protoplasts has been carried out (39). In addition to
PKABA1, several ABA-responsive protein kinase mRNAs
have been identified (11). Protein kinases and phosphatases
may act in ABA signaling by regulating transcription factors
for ABA-responsive genes via reversible phosphorylation.
Transcription factors that affect GA-responsive gene expres-
sion also may be targets of PKABA1.

During evolution, many components of signal transduction,
particularly protein kinases, have been highly conserved
among plants, animals, and microorganisms (44, 45). The
PKABA1 subfamily of protein kinases (32) has the highest
degree of sequence identity with yeast, mammalian, and plant

FIG. 6. The nucleotide-binding site of PKABA1 is required to
suppress the GA3-induced expression of a low pI a-amylase gene. (A)
Schematic diagram of the effector and reporter constructs used in
cobombardment experiments. (B) The effector constructs, UBI-Null-
PKABA1 (open symbols) or UBI-PKABA1 (solid symbols), were
cobombarded into barley half-seeds along with the reporter construct
(Amy32b promoter-GUS) and the internal control construct (UBI-
luciferase). The amount of reporter and control plasmid DNA was
always constant (1.14 mg per shot), whereas that of effector varied with
respect to the reporter as shown in the x axis. Transfected half-seeds
were incubated for 24 h with (squares) or without (circles) 1 mM GA3.
GUS activity was normalized in every independent transformation
relative to the luciferase activity. Data are means 6 SE of four
replicates in a typical experiment. The experiment was repeated three
times, and similar results were obtained.

FIG. 7. Diagram summarizing the proposed role of PKABA1 in the
suppression of hydrolytic enzyme expression in barley aleurone cells.
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kinases involved in the regulation of carbon metabolism.
PKABA1 has a high degree of identity with yeast sucrose
nonfermenting protein kinases (SNF1) and its plant homologs
and mammalian AMP-activated protein kinase (AMPK).
SNF1 protein kinase activity is required for transcriptional
activation of glucose-repressed genes in yeast. Several SNF1
homologs have been identified in plants, and a functional
relationship has been shown by the complementation of the
yeast snf1 mutant with rye RKIN1 (44, 45). When animal cells
are subjected to stress such as heat shock or hypoxia, AMP
levels rise and mammalian AMPK is activated. AMPK protects
cells from stress by inactivating biosynthetic pathways, includ-
ing fatty acid synthesis, and conserving ATP (44, 45). It can be
inferred from our results that PKABA1 functions to regulate
the accessibility of the germinating embryo to its primary
energy resources via the breakdown of the starchy endosperm.
Although other roles for PKABA1 cannot be discounted, it is
likely that PKABA1 helps prevent seed embryos from germi-
nating under unfavorable conditions. It thus appears that
PKABA1, yeast and plant SNF1s, and mammalian AMPK not
only share sequence similarities but also functional roles in
regulating carbon metabolism and acclimating cells to stressful
conditions.
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