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Significant progress has been made in elucidating the mechanism of abscisic acid (ABA)–regulated gene expression,
including the characterization of an ABA-responsive element (ABRE), which is regulated by basic domain/Leu zipper
transcription factors. In addition to the ABRE, a coupling element (CE1) has been demonstrated to be involved in ABA-
induced expression. However, a 

 

trans

 

 factor that interacts with CE1 has yet to be characterized. We report the isolation
of a seed-specific maize 

 

ABI4

 

 homolog and demonstrate, using a PCR-based in vitro selection procedure, that the
maize ABI4 protein binds to the CE-1 like sequence CACCG. Using electrophoretic mobility shift assays, we demon-
strate that recombinant ZmABI4 protein binds to the CE1 element in a number of ABA-related genes. ZmABI4 also
binds to the promoter of the sugar-responsive 

 

ADH1

 

 gene, demonstrating the ability of this protein to regulate both
ABA- and sugar-regulated pathways. ZmABI4 complements Arabidopsis ABI4 function, because 

 

abi4

 

 mutant plants
transformed with the 

 

ZmABI4

 

 gene have an ABA- and sugar-sensitive phenotype. Identification of the maize ABI4
ortholog and the demonstration of its binding to a known ABA response element provide a link between ABA-mediated
kernel development and the regulation of ABA response genes.

INTRODUCTION

 

Abscisic acid (ABA) plays an important role in a number of
agronomically important traits, including the plant’s re-
sponse to abiotic stress and the deposition of storage pro-
tein and starch during seed development (Bewley and
Black, 1994; Davies, 1995; Wobus and Weber, 1999). A
greater understanding of the mechanism of ABA-regulated
gene expression has been achieved in genetic and molecu-
lar studies (Grill and Himmelbach, 1998; McCourt, 1999).
The dissection of the signal transduction pathway from ABA
to gene activation has led to the identification of 

 

cis-

 

acting
elements important to ABA-induced gene expression. Most
of these studies have identified ABA-responsive element
(ABRE) or G-box–like elements as the important 

 

cis

 

 element
for ABA-induced gene expression (Shen and Ho, 1995;
Shen et al., 1996; Busk et al., 1997; Hobo et al., 1999a).

A substantial body of biochemical work has identified ba-
sic domain/Leu zipper (bZIP)–type transcription factors in
the regulation of ABA-responsive genes because they have
high binding affinity for ABRE/G-box (Guiltinan et al., 1990;
Choi et al., 2000; Uno et al., 2000). Identification of ABI5 as a

bZIP protein using a map-based cloning approach (Finkelstein
and Lynch, 2000) confirms the role that this class of tran-
scription factor plays in ABA-regulated gene expression.
Other 

 

cis

 

 elements important for ABA-induced gene expres-
sion have been identified as coupling elements (Shen and
Ho, 1995). Although Coupling Element3 (CE3) has been re-
ported to be an ABRE/G-box equivalent (Hobo et al., 1999a),
CE1 is distinct. The CE1-like element DRE2 also has been
demonstrated to be important for the ABA induction of
maize 

 

rab17

 

 gene expression, and in vivo footprinting has
demonstrated that an unidentified regulatory protein binds
to this element during seed maturation and in ABA-treated
embryos (Busk et al., 1997).

In addition to ABI5/bZIP transcription factors that interact
with ABREs, two other transcription factors (ABI3/VP1 and
ABI4) have been characterized that play a role in regulating
the ABA response during seed development (Finkelstein
and Somerville, 1990; Finkelstein, 1994). The ABI3 and VP1
proteins, which are thought to be orthologous proteins from
Arabidopsis and maize, respectively, control key regulatory
steps during the maturation stage of seed development
(Finkelstein and Somerville, 1990; McCarty et al., 1991). The

 

abi4

 

 mutant from Arabidopsis was isolated from a similar
ABA insensitivity screen used for 

 

abi3

 

 and 

 

abi5

 

 and was
demonstrated to have similar effects on seed dormancy and
the expression of maturation-specific seed proteins (Finkelstein,
1994). In addition, the 

 

abi4

 

 mutant has been isolated from
Arabidopsis in independent screens for Glc and Suc
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insensitivity (Arenas-Huertero et al., 2000; Huijser et al.,
2000; Laby et al., 2000; Rook et al., 2001), salt tolerance
(Quesada et al., 2000), and regulation of the sugar-responsive
gene 

 

ApL3

 

, which encodes the large subunit of ADP-Glc
pyrophosphorylase (Rook et al., 2001). Together, these re-
sults suggest that ABI4 is a focal point in the signal trans-
duction pathways of ABA and sugar signaling.

Cloning of 

 

ABI4

 

 from Arabidopsis revealed an AP2 do-
main characteristic of a class of transcription factors known
to regulate plant development (Finkelstein and Goodman,
1998). Several genes have been shown to have altered ex-
pression in the 

 

abi4

 

 mutant, including ABA response genes,
such as 

 

Em6

 

 and other late embryogenesis genes (Arenas-
Huertero et al., 2000; Soderman et al., 2000), genes modu-
lated by sugars, such as 

 

ApL3

 

 and 

 

ADH

 

 (Arenas-Huertero et
al., 2000; Rook et al., 2001), and photosynthesis-related
genes, such as plastocyanin (Arenas-Huertero et al., 2000;
Rook et al., 2001).

In this article, we describe a seed-specific gene from
maize that has homology with the Arabidopsis 

 

ABI4

 

 gene.
Using an in vitro selection technique, we demonstrate that
this protein binds to the sequence CACCG, which corre-
sponds to the previously characterized CE1 element found
in ABA-responsive genes. Transformation of the maize pro-
tein into the Arabidopsis 

 

abi4

 

 mutant rescues the ABA- and
sugar-sensitive phenotype, demonstrating that maize ABI4
can complement the Arabidopsis gene.

 

RESULTS

Isolation and Sequence Analysis of the ZmABI4 Gene

 

Three ESTs with a deduced protein sequence highly homol-
ogous with that of the AP2 domain of the Arabidopsis ABI4
protein were identified from the Pioneer/Dupont database.
All three ESTs are from 20-days after pollination (DAP)
maize embryo libraries and represent transcripts of the
same gene. After sequencing of the full insert from the long-
est clone, an open reading frame of 747 bp was detected
that, when translated, included the AP2 domain in frame.
This sequence was used subsequently to isolate an up-
stream fragment of 2521 bp 5

 

�

 

 of the ATG start codon by
genome walking. The sequence upstream of the open read-
ing frame contains several potential TATA boxes, including
one located 71 bp upstream of the longest cDNA (Figure 1).
Genomic sequence analysis by PCR also indicated that the
maize 

 

ABI4

 

 homolog has no intron (data not shown). Based
on sequence homology, we designated the maize homolog

 

ZmABI4

 

.
The deduced amino acid sequence revealed a significant

degree of identity between the ZmABI4 and AtABI4 proteins
in the AP2 domain (50 of 55 residues identical). However,
the ZmABI4 protein is smaller, and outside of the AP2 do-
main, the sequence is divergent (Figure 2A). The overall

structural features of AtABI4 are largely present in ZmABI4.
For example, a Ser/Thr-rich sequence is present (9 of 24
residues, compared with 19 of 28 for Arabidopsis), as is a
small Gln-rich domain (3 of 14 residues, compared with 13
of 21). The C-terminal half of the ZmABI4 protein is Pro rich,
but a defined Pro domain is missing from the maize se-
quence. Lastly, the C-terminal 40 residues are high in acidic
residues, similar to the Arabidopsis sequence. The identity be-
tween ZmABI4 and AtABI4 in the AP2 domain is significantly
higher than that between ZmABI4 and other AP2 domain pro-
teins in maize or Arabidopsis, and the overall size and struc-
ture are more similar between the ABI4 proteins than between
the ABI4 proteins other AP2 proteins (Figure 2B).

Recently, a draft sequence of the rice genome was re-
ported (Yu et al., 2002), and within the rice database, a sin-
gle sequence shares significant homology with the AtABI4
AP2 domain, indicating that a single ABI4 homolog exists in
rice. The rice ABI4 (OsABI4) also is highly homologous with
ZmABI4, sharing 100% identity in the AP2 domain and the
same structural features described above. Therefore, within
available databases, the deduced maize protein sequence
presented here represents the closest structural homolog of
the Arabidopsis ABI4 protein.

 

Expression of the ZmABI4 Gene

 

The 

 

ZmABI4

 

 sequence is present only in libraries from 20-
DAP kernels, and reverse transcriptase–mediated (RT) PCR
analysis of vegetative tissues demonstrated that the
ZmABI4 message was undetectable in leaf, root, and tassel
tissues (Figure 3A), in contrast to Arabidopsis, in which
AtABI4 was present at low levels in vegetative tissues
(Soderman et al., 2000). In addition, treatment of vegetative
tissues or 10-DAP kernels with ABA or high sugars did not
induce transcript accumulation to detectable levels (data
not shown). Collectively, the expression data indicate that
ZmABI4 is kernel specific. During kernel development,

 

ZmABI4

 

 mRNA was detectable as early as 10 DAP, accu-
mulated between 10 and 15 DAP (Figure 3B) at the transi-
tion to the storage phase of kernel development (starting af-
ter 

 

�

 

12 DAP), and peaked at 

 

�

 

20 DAP (Figure 3B). By
contrast, mRNA levels for 

 

VP1

 

, a transcription factor corre-
lated with the storage and maturation phases of seed devel-
opment, began to accumulate earlier and did not peak in ex-
pression; transcript continued to be present later in seed
development (Figure 3B).

 

Determination of the ZmABI4 Binding Sites

 

To determine the sequences to which the ABI4 protein may
bind, and to gain a greater understanding of the function of
the ABI4 protein, we used a PCR-assisted method to deter-
mine the binding site for this putative DNA binding protein.



 

Maize ABI4 Binds ABA-Responsive 

 

cis

 

 Elements 2567

 

Recombinant ZmABI4 protein was incubated with a library
of random double-stranded oligonucleotides in a binding re-
action. After gel electrophoresis, the shifted protein/DNA
complex was excised from the gel, purified, and subjected
to PCR amplification. This procedure was repeated five ad-
ditional times to enrich the sequences bound by the
ZmABI4 protein. The enriched sequences from the sixth
round of selection were cloned, and 52 independent clones
were sequenced. The selected sequences are shown in Fig-
ure 4.

Of 52 sequences, the majority (42) have the 5-bp consen-
sus sequence CACCG, suggesting that the ZmABI4 protein
has affinity for this pentamer sequence (Figure 4). We found
that the CE1 site, a 

 

cis

 

 element shown previously to be
functionally important to ABA-regulated gene expression
(Shen and Ho, 1995), resembles the ZmABI4 binding sites.
The CE1 element in the HVA22 promoter and the DRE2 ele-
ment in the rab17 promoter both were identified in the se-
lected sequences (Figure 4), and the ABI4 selected binding
site also is present in the promoters of a number of other

ABA-regulated genes (Figure 5A). Interestingly, a putative
binding site was present in the maize 

 

ABI4

 

 upstream region
(Figures 4 and 5A), and a highly conserved ABI4 binding site
also was present in the upstream sequence of the Arabidopsis
and rice 

 

ABI4

 

, immediately downstream from a putative TATA
box, as observed in the maize upstream region (Figure 5B).

 

ZmABI4 Binds to CE1-Like Elements in the Promoters of 
ABA- and Sugar-Responsive Genes and to Its Own 
Upstream Region

 

To confirm the binding of ZmABI4 to the selected site, dou-
ble-stranded DNA probes were created to correspond to the
CE1-like sequences found in ABA-related genes from a
range of species. Figure 5C shows that recombinant
ZmABI4 protein binds to a range of promoter elements, in-
cluding those from the 

 

ZmABI4

 

, maize 

 

rab28

 

, maize 

 

rab17

 

,
barley 

 

HVA22

 

, barley 

 

HVA1

 

, and rice 

 

rab16b

 

 genes.
Among these promoter elements, 

 

HVA22

 

 CE1 and 

 

rab17

Figure 1. Nucleotide and Deduced Amino Acid Sequences of the ZmABI4 Gene, Including the Upstream Region.

The deduced amino acid sequence is presented under the DNA sequence, and the stop codon is marked with an asterisk. A putative TATA se-
quence is underlined, and the start of the longest cDNA is double underlined.
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DRE2 elements have been shown to be important for ABA
induction (Shen and Ho, 1995; Busk et al., 1997).

To determine the role of ZmABI4 in regulating sugar-sen-
sitive genes, we studied the sugar-regulated maize 

 

ADH1

 

gene (Koch et al., 2000; X. Niu and N.J. Bate, unpublished
data). Analysis of the maize 

 

ADH1

 

 promoter revealed the
presence of an ABI4 binding site (Tikhonov et al., 1999) 347

bp upstream of the translational start. Figure 6A shows that
recombinant ABI4 binds to the ADH1 promoter with high af-
finity. Further analysis of the upstream sequences and pro-
moter regions of a number of Arabidopsis sugar-responsive
genes revealed the presence of ABI4 binding sites (Figure
6B). Expression of these genes in the Arabidopsis 

 

abi4

 

 mu-
tant also has been shown to be modified, relative to that of

Figure 2. Comparison of ZmABI4 with AtABI4 and Other AP2 Proteins.

(A) Alignment of the deduced amino acid sequence of AtABI4 (At) and ZmABI4 (Zm). Single-letter amino acid residues were aligned, and the
consensus sequence is presented underneath. The conserved AP2 domain is boxed.
(B) Comparison of the ZmABI4 protein sequence with other AP2 domain–containing protein sequences in maize and Arabidopsis. A scheme of
the predicted ZmABI4 protein, divided into the N-terminal, AP2, and C-terminal regions, is aligned with AtABI4, OsABI4 (contigs 4094 and 1079;
draft rice sequence), AtDREB2, ZmGlossy15, and ZmIds1. The percentage identity with ZmABI4 is listed above the scheme for each sequence.
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the wild type (Arenas-Huertero et al., 2000; Huijser et al.,
2000; Rook et al., 2001).

 

Rescue of the Arabidopsis 

 

abi4

 

 Mutant with ZmABI4

 

To demonstrate functional equivalence between AtABI4 and
ZmABI4, we transferred the 

 

ZmABI4

 

 gene, under the control

of a constitutive promoter (the maize ubiquitin promoter,
with glufosinate resistance as the selectable marker), into
the 

 

abi4-1

 

 mutant of Arabidopsis (obtained from the ABRC
Stock Center, Columbus, OH). Glufosinate resistance was
used to select a number of primary transformants, and seeds
from these plants were used to establish copy number. Two
independent single-insert lines of 

 

abi4

 

/Ubi:ZmABI4 were

Figure 3. Expression of ZmABI4 and VP1 during Seed Develop-
ment.

(A) Expression of ZmABI4 in vegetative tissues and during early ker-
nel development. RT-PCR analysis of ZmABI4 expression in leaf (L),
root (R), tassel (T), and kernel tissue collected at 5, 7, 10, and 15
DAP.
(B) Transcript accumulation in kernel tissue collected throughout
seed development (from 5 to 30 DAP) was measured by RT-PCR.
Actin expression was included as a constitutive control.

Figure 4. ZmABI4 Binding Sequences Determined by PCR-
Assisted Binding Site Selection.

Selected sequences are aligned around the consensus CACCG. Re-
verse complementary stands are presented for the sequences in
group II. The clone number for each independent sequence is indi-
cated at left. The two primer sites for the oligonucleotide used in the
binding site selection are underlined. The selected sequences that
correspond to ZmABI4, rab17, and HVA22 gene promoter elements
are indicated at right.
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selected for further characterization. To establish the ability of
the 

 

ZmABI4

 

 gene to rescue the Arabidopsis 

 

abi4

 

 mutation,
we used an 

 

abi4-1

 

 line homozygous for the mutation and
segregating for the presence of the Ubi::ZmABI4 transgene.
Seeds from these lines were grown in the presence of repres-
sive concentrations of ABA (5 

 

�

 

M) or Glc (7%).
When germinated in the presence of 5 

 

�

 

M ABA, wild-type
plants produced a radicle but did not develop further (Figure
7A, right). Similarly, wild-type plants germinated in the pres-
ence of 7% Glc did germinate but had a reduced frequency
of cotyledon expansion and did not produce green true
leaves (Figure 7A, left). Therefore, early development of
seedlings under these repressive conditions provides an ef-
fective screen to assess the ability of the 

 

ZmABI4

 

 gene to
rescue the phenotype of the Arabidopsis 

 

abi4

 

 mutation.
Surface-sterilized mutant seeds segregating for the pres-
ence of the transgene were placed onto minimal medium
plates containing 5 

 

�

 

M ABA or 7% Glc. Single-insert lines
segregating for the transgene have a 3:1 ratio of wild-type to
mutant phenotype if 

 

ZmABI4

 

 rescues the Arabidopsis 

 

abi4

 

mutation. If the transgene does not rescue the Arabidopsis
mutant, the seedlings all have the mutant phenotype.

Figure 7B indicates that in two independent lines of 

 

abi4

 

mutant Arabidopsis, ectopic expression of the 

 

ZmABI4

 

 gene
compensated for the genetic lesion in Arabidopsis 

 

abi4

 

. Ap-
proximately 75% of the seedlings had the wild-type pheno-
type when grown on 5 

 

�

 

M ABA, in keeping with a 3:1 segre-
gation of the transgene.

Screening of the same segregating population for the abil-
ity to germinate and form true green leaves in the presence
of inhibitory concentrations of Glc gave similar results (Fig-
ure 7C). Mutant seed lines containing a segregating trans-
gene were treated as described above, except that 7% Glc
was the inhibitory reagent. Plants were allowed to imbibe for
5 days to ensure that germination was initiated before plat-
ing. Both transgenic lines rescued the mutant phenotype in
a ratio close to the expected 3:1 (Figure 7C).

To further demonstrate cosegregation of the wild-type
phenotype and the transgene, seedlings with the wild-type
and mutant phenotypes were removed from the 7% Glc
plates and placed onto nonselective minimal medium plates
containing 2% Glc. After 1 week of recovery, the plants
were assayed for the presence of the transgene by protein
gel blot analysis with a ZmABI4-specific antibody. None of
the plants (eight of eight surveyed) with a mutant phenotype
contained the transgene, whereas seven of eight seedlings
with the wild-type phenotype possessed a functional trans-
gene when grown on 7% Glc (Figure 7D).

 

DISCUSSION

 

In this study, we present the characterization of the maize
homolog of Arabidopsis ABI4 and demonstrate that it binds
to a 

 

cis

 

-regulatory site shown previously to be essential for

Figure 5. Binding of ZmABI4 Protein to Upstream Sequences in
ABA-Related Genes.

(A) Sequence alignment of upstream regions of ZmABI4 and ABA-
regulated genes containing CE1-like sequences as well as mutated
ZmABI4 binding sites used in electrophoretic mobility shift assay
analysis. Numbering of sequence location is from the transcription
start site for each gene except ZmABI4, which is numbered from the
translation start. Sequences of maize ABI4, maize rab28 (Busk et al.,
1999), barley HVA1 (Shen et al., 1996), barley HVA22 (Shen and Ho,
1995), maize rab17 (Busk et al., 1997), rice rab16B (Ono et al., 1996),
and Craterostigma plantagineum CdeT27 (Michel et al., 1993) are
presented.
(B) Alignment of the putative TATA box and the ABI4 binding site of
Arabidopsis (AtABI4), maize (ZmABI4), and rice (OsABI4) ABI4
genes. The TATA box and the ABI4 binding site are boxed.
(C) Electrophoretic mobility shift assay analysis of ZmABI4 binding
to the CE1-like sequences presented in (A).
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the induction of genes by ABA. Although the protein se-
quence for the maize and Arabidopsis genes are divergent
outside of the AP2 domain, the overall similarity is in line
with orthologous proteins in maize and Arabidopsis, such as
VP1 and ABI3. No EST is present in the Pioneer/Dupont or
public maize databases that has greater homology with the
Arabidopsis ABI4 gene, and there is significant structural di-
vergence between the ABI4 proteins and other AP2 domain

proteins from either species. Furthermore, screening of the
Arabidopsis, maize, and rice databases with ABI4 se-
quences did not identify any other AP2 proteins with greater
identity than AtABI4, ZmABI4, and OsABI4. All three ABI4
sequences share a stretch of significant homology, includ-
ing an ABI4 binding site, immediately downstream of the
TATA box (Figure 5B). Together, these results suggest that
the AP2 protein presented here is the maize ortholog of the
Arabidopsis 

 

ABI4

 

 gene.
The expression pattern of 

 

ZmABI4

 

 is consistent with a
transcription factor that plays a role in the initiation or main-
tenance of the storage phase of maize seed development.
The prestorage-to-storage phase transition occurs at 

 

�

 

12
to 15 DAP, continuing until the maturation phase begins at

 

�

 

30 DAP. Expression of 

 

ZmABI4

 

 appears to be under strict
developmental control, because no expression was detect-
able in vegetative tissues and 

 

ZmABI4

 

 transcript was not in-
duced by ABA or sugars in leaf, root, or early kernel tissue.
The timing of 

 

ZmABI4

 

 gene expression also was consistent
with the induction of the CE1 element containing genes
such as 

 

rab17

 

 and 

 

ADH1

 

. 

 

Rab17

 

 message was low in abun-
dance during early seed development and began to accu-
mulate rapidly in the embryo between 15 and 20 DAP (data
not shown), coincident with 

 

ZmABI4

 

 expression. Similarly,

 

ADH1

 

 expression was induced approximately fourfold be-
tween 8 and 20 DAP (data not shown). However, in vegeta-
tive tissues, 

 

rab17

 

 was induced in response to abiotic
stress, indicating that a distinct regulatory protein binds to
the CE1 element outside of seed development, as has been
suggested by footprinting data (Busk et al., 1997).

Mapping results provide further evidence to link 

 

ZmABI4

 

with seed development and yield. 

 

ZmABI4

 

 was mapped on
the maize genome and found to be located on chromosome
6 (bin 5) (data not shown), which is a similar map location as
that of 

 

rab17

 

 (Frova et al., 1998). This region of chromosome
6 has been shown to be the location of significant quantita-
tive trait loci in previous studies of yield under drought
stress conditions (Ribaut et al., 1997; Quarrie et al., 1999),
but it is not associated with leaf ABA content (Tuberosa et
al., 1998).

A model for the role of ABI4 in the regulation of ABA-
responsive genes is presented in Figure 8. Two hybrid
screens using VP1 as bait isolated TRAB1, a bZIP protein
(Hobo et al., 1999b), but ABI3 (VP1 ortholog) and ABI4 do not
interact physically (Nakamura et al., 2001). These physical
interaction results are consistent with functional studies in
which it has been shown that ABRC3 (bZIP complex) can be
activated by VP1, whereas ABRC1 (bZIP plus the ABI4 con-
figuration) is not activated by VP1 (Shen et al., 1996). From
these results, it is clear that different regulatory mechanisms
exist to control ABA-responsive genes, and other regulatory
factors that interact with ABI4 are required to complete our
understanding of ABI4-mediated gene expression.

CE1-like elements also are present in the promoters of Ar-
abidopsis sugar-responsive genes, including 

 

Em6

 

,

 

 ADH1

 

,

 

PC

 

, and 

 

ApL3

 

, consistent with the fact that these genes

Figure 6. Electrophoretic Mobility Shift Assay Analysis of ZmABI4
Binding to the Maize ADH1 Promoter and Alignment of Promoter El-
ements of Sugar-Regulated Genes in Arabidopsis.

(A) Binding of maize ABI4 protein to the ABI4 binding site in the
maize ADH1 gene (AF123535). The ADH1 sequence (5�-CGCCGC-
CACCGCTTGGCG-3� [�246 to �229]; the ABI4 binding site is
shown in boldface) was used for gel shift reactions (lanes 1 and 4).
ABI4 (lanes 2 and 5) and Mut-2 (lanes 3 and 6) sequences were used
as controls (see Figure 4A). Lanes 1 to 3 and 4 to 6 show reactions
with and without ZmABI4, respectively.
(B) Potential ABI4 binding sites (designated CE/DRE) in Arabidopsis
sugar-regulated genes (ADH1, Em6, PC, and ApL3). Numbering is
from the transcription start site, except for ApL3, which is numbered
relative to the start of translation.
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have altered expression in the abi4 mutant. Significantly, PC
and ApL3 promoter mutant screens identified ABI4 as a cru-
cial regulatory factor in Arabidopsis (Huijser et al., 2000;
Rook et al., 2001). The ability of ZmABI4 to rescue sugar
sensitivity when transformed into mutant abi4-1 plants pro-
vides further evidence that ABI4-mediated transcriptional
regulation of sugar-responsive genes through the CE1-like
element is an important control point. In Arabidopsis, ABI4 is
thought to be an important regulatory component in the pro-
gression of early seedling development, responding to sugar
and ABA signals that act together or separately (Gibson,
2000). Although it is clear that ZmABI4 can rescue sugar re-
sponse functions of the Arabidopsis abi4 mutant, the role of
ZmABI4 in maize appears to be strictly developmental (i.e.,
responding to a kernel development program to regulate
storage-related genes). Whether or not ZmABI4 function is
mediated by ABA and sugars remains to be determined.

The presence of a strong binding site for ABI4 in its own
promoter in maize, rice, and Arabidopsis is interesting in
light of their conserved locations downstream of the puta-
tive TATA box. Binding of regulatory proteins to sites down-
stream of the TATA box has been reported to be important
to the transcriptional regulation of Shrunken (Bellmann and
Werr, 1992) and NPR1 (Yu et al., 2001). Binding of ABI4 to
its own promoter may serve a function distinct from binding
to downstream ABA/sugar-responsive genes. One possibil-
ity is that binding to a site immediately downstream sup-
presses ABI4 transcription in an autoinhibitory manner, be-
cause protein binding to TATA-proximal regions has been
shown to repress transcription (Heins et al., 1992).

Collectively, the data presented here provide strong evi-
dence for the conservation of regulatory mechanisms that
control seed development in plants. By establishing a link
between mutant phenotype, gene expression, and DNA
binding, the characterization of ZmABI4 provides further in-
sight into the role of ABI4 in ABA and sugar signal transduc-
tion pathways and into the regulatory framework that con-
trols seed development.

Figure 7. The Maize ZmABI4 Gene Can Rescue Wild-Type Sensitiv-
ity in the abi4 Mutant Background of Arabidopsis Grown in the Pres-
ence of 5 �M ABA or 7% Glc.

(A) Wild-type (WT) and abi4-1 mutant phenotypes of plants germi-
nated in the presence of 7% Glc or 5 �M ABA.
(B) Rescue of the abi4-1 mutant phenotype by ectopic ZmABI4 ex-
pression in plants germinated in the presence of 7% Glc. Compari-
son of wild-type (Columbia), abi4-1, and two segregating ZmABI4
transgenic lines in an abi4-1 background. The mean frequencies of
cotyledon expansion and green primary leaves are expressed as the
mean percentage and standard deviation of three plates containing
�100 seeds each.
(C) Rescue of the sensitivity to ABA phenotype by ectopic ZmABI4
expression. Imbibed seeds were spread onto plates containing 5
�M ABA as in Figure 6B and scored after 5 days of constant illumi-
nation for their ability to develop expanded green cotyledons.
(D) Phenotype of segregating plants correlates with the presence of
ZmABI4. Segregating seedlings grown on 7% Glc medium (from [B])
were grouped into wild-type or mutant phenotypes and placed onto
medium without selection. After 10 days of recovery, proteins were
extracted, and the presence of the ZmABI4 protein was detected by
protein gel blot analysis with a ZmABI4-specific antibody.

Figure 8. Model for the Developmental Expression of ABA-Respon-
sive Genes.

In storage-phase embryos, ABI4 binds to the CE1 element, and in
conjunction with bZIP, VP1, and other unidentified components, ac-
tivates storage- and maturation-phase genes, such as rab17.
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METHODS

cDNA and Gene Isolation

A sequence with a deduced AP2 domain homologous with the Ara-
bidopsis thaliana ABI4 gene was identified from the Pioneer/Dupont
EST databases. Genomic DNA upstream of the coding sequence
was isolated using the Universal GenomeWalker Kit from Clontech
(Palo Alto, CA). Additional sequence information was obtained by
PCR analysis of genomic DNA and cDNA. Mapping of the maize (Zea
mays) ABI4 gene (ZmABI4) was performed as described previously
(Tarchini et al., 2000).

Expression Analysis by Reverse Transcriptase–Mediated PCR

For reverse transcriptase–mediated (RT) PCR analysis, oligonucle-
otides were designed to the 3� end of the maize ABI4 gene (5�-GGC-
GAGGAGGAGGATTATGC-3� and 5�-CCTCAATCACACCCTTAG-
GG-3�) to amplify a 307-bp gene-specific fragment. RNA was iso-
lated from maize tissues using the Plant RNeasy kit from Qiagen
(Valencia, CA) or the Trizol method (Invitrogen, Carlsbad, CA). Puri-
fied RNA from each sample was subjected to DNase treatment
according to the manufacturer’s instructions (amplification-grade
DNase; Invitrogen). RT-PCR was performed with 1 �g of total RNA
using the ThermoScript kit (Invitrogen), and the cDNA was used in
PCR to detect ZmABI4 transcript. The same reactions were used to
detect actin message as a positive control. For the detection of VP1
transcript, a 328-bp fragment was amplified using the gene-specific
primers 5�-TGCAAGGGGAGGTCTCCGGA-3� and 5�-GGGCCCAAC-
TCACAAACCAAACC-3�.

Gel-Shift Assays and DNA Binding Site Selection

Nearly full-length maize ABI4 protein (amino acids 6 to 248) was
overexpressed in Escherichia coli as a glutathione S-transferase
fusion and purified according to established protocols (Pharmacia
glutathione S-transferase fusion purification manual). The purified
protein was used for gel-shift assays as described (Niu et al.,
1999). For DNA probes, 18-bp complementary oligonucleotides
with four base overhangs were synthesized and filled with Klenow
in the presence of 32P.

DNA binding site selection for maize ABI4 was essentially as de-
scribed (Niu et al., 1999) except that the random oligonucleotide 5�-
CAGCTGAATTCGTAGGAC(N)10GAACGGATCCAGATCTCA-3� was
used. After six rounds of selection, the selected sequences were
cloned into pCR2.1 (Invitrogen) and sequenced.

Transgenic Construct and Plant Transformation

A DNA fragment encoding amino acids 6 to 248 of maize ABI4 was
cloned into a superbinary transgenic vector by incorporating a trans-
lation start site ATG into an NcoI site. Ectopic overexpression of
maize ABI4 was engineered by placing it under the control of the
maize ubiquitin promoter.

The floral dip method was used for Arabidopsis transformation
essentially as described (Clough and Bent, 1998). abi4-1 mutant
plants (stock number CS8104; obtained from the ABRC Stock Cen-
ter at Ohio State University, Columbus) were used for transforma-
tion. Subsequently, seeds from dipped plants were grown on soil
and sprayed four times with glufosinate (1 mg/mL) to select for re-
combinant plants, and the seeds were harvested. Copy number
was established by segregation of glufosinate resistance in the
subsequent generation.

Arabidopsis Growth Conditions and Rescue Experiments

For rescue experiments, a segregating single-insert line was used.
Seeds were sterilized in 30% bleach and rinsed and allowed to imbibe
in 0.1% agar for 5 days before plating onto minimal medium plates
containing 2% Suc, 2% Glc, 7% Glc, or 2% Suc plus 5 �M abscisic
acid. For abscisic acid rescue experiments, the plants were scored at
5 days after sowing, and successful germination was defined as the
development of green cotyledons (Finkelstein, 1994). For Glc rescue
experiments, plants were scored at 9 days after sowing for the pres-
ence of expanded cotyledons and green primary leaf formation
(Arenas-Huertero et al., 2000). In each experiment, three plates with
�100 seeds were scored, and means and standard deviations were
calculated. Protein gel blot analysis was performed using the manu-
facturer’s protocols (Bio-Rad) using a rabbit polyclonal antibody
raised against recombinant ZmABI4 protein (amino acid residues
144 to 248).

Upon request, all novel materials described in this article will be
made available in a timely manner for noncommercial research pur-
poses. No restrictions or conditions will be placed on the use of any
materials described in this article that would limit their use for non-
commercial research purposes.

Accession Numbers

The GenBank accession numbers for the sequences mentioned in
this article are AAAA01003042 (AtABI4 AP2 domain), AY125490
(ZmABI4), AAD25937 (AtABI4), BAA33795 (AtDREB2), TO3981
(ZmGlossy15), ACC05206 (ZmIds1), X77943 (Arabidopsis ADH1),
Z11157 (Em6), S67901 (PC), and Y18432 (ApL3).
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