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ABSTRACT Ocs elements are a group of promoter se-
quences required for the expression of both pathogen genes in
infected plants and plant defense genes. Genes for ocs element
binding factors (OBFs), belonging to a specific class of
basic-region leucine zipper (bZIP) transcription factors, have
been isolated in a number of plants. Using protein—protein
interaction screening with OBF4 we have isolated AtEBP, an
Arabidopsis protein that contains a novel DNA-binding do-
main, the AP2/EREBP domain. One class of proteins that
contain this domain are the tobacco ethylene-responsive ele-
ment binding proteins (EREBPs). The EREBPs bind the GCC
box that confers ethylene responsiveness to a number of
pathogenesis related (PR) gene promoters. AtEBP expression
is inducible by exogenous ethylene in wild-type plants and
AtEBP transcripts are increased in the cfr1-1 mutant, where
ethylene-regulated pathways are constitutively active. Elec-
trophoretic mobility-shift assay and DNase I footprint anal-
ysis revealed that AtEBP can specifically bind to the GCC box.
Interestingly, the highest level of AtEBP expression was de-
tected in callus tissue, where ocs elements are very active.
Synergistic effects of the GCC box with ocs elements or the
related G-box sequence have been previously observed, for
example, in the ethylene-induced expression of a PR gene
promoter. Our results suggest that cross-coupling between
EREBP and bZIP transcription factors occurs and may
therefore be important in regulating gene expression during
the plant defense response.

Pathogenesis-related (PR) proteins are a diverse group of
proteins that have been linked to the plant defense response
(reviewed in refs. 1 and 2). PR proteins were first discovered
in tobacco where they accumulate in leaves following infection
of susceptible genotypes with tobacco mosaic virus (3, 4).
Subsequently, PR proteins have been found in a number of
plant species. While some PR proteins such as chitinases and
B-1,3-glucanases have known catalytic functions, the functions
of other PR proteins remain to be determined. A number of
studies have supported a role for PR proteins in the plant
defense response (reviewed in refs. 5 and 6). Thus, PR proteins
have been shown to inhibit bacterial and fungal growth in vitro,
while overexpression of PR proteins in transgenic plants
resulted in increased resistance to some fungal pathogens.
Interestingly, evidence for synergistic activity has been found
for chitinases and B-1,3-glucanases from both in vitro (7) and
in vivo studies (8).

In addition to pathogen attack, the expression of specific PR
genes is induced by other stimuli such as UV, salicylic acid, and
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ethylene (see ref. 9 and references within). Both salicylic acid,
a plant defense signal, and ethylene accumulate in plants
during pathogen infection. Analysis of PR gene promoters has
led to the identification of an 11-bp ethylene-responsive ele-
ment, TAAGAGCCGCC (10-13), which has been referred to
as the GCC box (12). Four ethylene-responsive element bind-
ing proteins (EREBPs) have been isolated in tobacco that
contain a novel DNA-binding domain and specifically bind to
the GCC box (12). The EREBP RNA levels are up-regulated
by ethylene, suggesting that EREBP expression may also be
induced during the defense response. Further evidence linking
EREBPs with the defense response has come from an analysis
of a tomato resistance (R) gene, Pro (14). The R genes confer
gene-for-gene resistance by activating the plant defense re-
sponse following specific recognition of a plant pathogen (15).
Pto-interacting proteins that resemble the tobacco EREBPs
have been isolated in tomato, suggesting a possible mechanism
for the regulation of PR gene expression by EREBPs through
direct interaction with R gene products (reviewed in ref. 15).

A second class of transcription factors that may play a role
in the plant defense response are ocs element binding factor
(OBF) proteins (16, 17), which bind to a family of related,
20-bp DNA promoter sequences called ocs elements (18). The
OBF proteins belong to a specific class of highly conserved,
plant basic-region leucine zipper (bZIP) transcription factors
that include the tobacco and Arabidopsis TGA proteins (19).
Reverse genetic experiments (20) and expression studies (21,
22) have provided strong evidence linking this family of bZIP
proteins with ocs element activity. Both bacterial and viral
pathogens utilize ocs elements to express genes in plants (18).
Ocs elements also regulate transcription of plant glutathione
S-transferase (GST) genes (23, 24) and studies have linked
GST genes with the plant defense response (25-29). To further
analyze the ocs element, we have attempted to isolate OBF
interacting proteins by screening a ¢cDNA library with the
Arabidopsis OBF4 protein. In this report, we describe the
isolation and characterization of AtEBP, an Arabidopsis thali-
ana ethylene-responsive element binding protein.

METHODS

Expression and Labeling of Recombinant Proteins. OBF4
was prepared and labeled as described (30). AtEBP was
overexpressed in Escherichia coli as a GST fusion protein using
the pGEX-2TK plasmid vector (Pharmacia). A fragment
containing the entire coding region of AtEBP was produced

Abbreviations: EREBP, ethylene-responsive element binding protein;
GST, glutathione S-transferase; PR, pathogenesis-related; OBF, ocs
element binding factor; bZIP, basic-region leucine zipper; AtEBP,
Arabidopsis thaliana ethylene-responsive element binding protein.
Data deposition: The sequence reported in this paper has been
deposited in the GenBank database (accession no. Y09942).
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using the PCR and the oligonucleotide sequences listed below
and was inserted into the BamHI site of pGEX-2TK. The
primer sequences for AtEBP are as follows: 5'-CGGGATC-
CATGTGTGGCGGTGCTATTATTTCCG-3' and 5'-GGG-
GATCCTCATACGACGCAATGACATC-3'.

The pGEX-2TK constructs with or without AtEBP were
transformed into E. coli BL21(DE3) competent cells. Five
milliliters of an overnight culture was added to 500 ml of
Luria-Bertani medium and grown for 3 hr at 37°C. The
expression of the GST fusion proteins was then induced for 2
hr with the addition of 0.5 mM isopropyl B-D-thiogalactoside.
The purification of the GST-fusion proteins using glutathione
beads, and the digestion with thrombin (Sigma), was as de-
scribed (31).

Library Screening and DNA Sequence Analysis. Labeled
OBF4 was used to screen 240,000 plaques from an Arabidopsis
callus cDNA expression library (17). The protein screening
technique was as described (30). Screening of the callus library
to isolate larger AtEBP clones was performed using standard
techniques. Single-stranded DNA sequence reactions were
performed using the Sequenase Version 2.0 DNA sequencing
kit (Amersham) and the plasmid vector pBluescript SK+
(Stratagene).

Protein—Protein Binding Studies. One hundred nanograms
of labeled OBF4 protein was incubated in 20 ul PBS buffer for
30 min at room temperature with either glutathione-agarose
beads alone or beads with bound GST or GST-AtEBP. After
washing for three times with 1 ml PBS, the bound protein was
recovered by elution in 5 mM glutathione in 50 mM Tris (pH
7.5) and analyzed by SDS/PAGE followed by autoradiogra-
phy.

DNA and RNA Gel Blot Analysis. Genomic DNA was
extracted from Arabidopsis thaliana (ecotype Columbia) based
on the method of Dellaporta et al. (32). Genomic DNA (10 ug)
was digested with Kpnl, HindIll, EcoRV, EcoRI, or BamHI.
DNA gel blot analysis was performed using standard tech-
niques and a random-primed AtEBP cDNA probe. Total RNA
(5 or 15 pg) from Arabidopsis seedlings or callus tissue was
fractionated on a 1.5% agarose-formaldehyde gel with RNA
molecular mass markers (Bethesda Research Laboratories).
RNA gel blot analysis was as described (17), except that a
random primed AtEBP cDNA probe was used. For the differ-
ent treatments 8-day-old seedlings were incubated for 2 hr in
Murashige and Skoog (MS) medium with or without 5 mM
hydrogen peroxide, for 12 hr in MS medium with different
concentrations of cadmium or copper or for 12 hr in phosphate
buffer (pH 7.0) containing 1 mM ethephon (2-chloroethyl-
phosphonic acid) or 1 mM kinetin.

Electrophoretic Mobility-Shift Assay and DNase I Foot-
printing Assays. The electrophoretic mobility-shift assay and
DNase I footprinting experiments were performed with
AtEBP overexpressed and purified from E. coli. For the GCC
box DNA probes the oligonucleotides shown in Fig. 6 were
synthesized with flanking BamHI and Bgl/II sites and cloned
into the BamHI site of the pBluescript polylinker as described
(33). Xbal/BamHI fragments containing the oligonucleotides
were gel purified, end-labeled, and used in gel retardation
experiments as described (30). For the footprint analysis the
—209/—173 promoter fragment of the PRB-1b promoter was
cloned into the BamHI site of pBluescript SK+. This plasmid
served as template for the PCRs using the T7 and the
end-labeled T3 primer and vice versa, to give a 200-bp fragment
that was gel-purified. The binding reaction, DNase I digest,
and gel analysis were as described (34). The G+ A sequencing
ladder was generated by performing Maxam—Gilbert chemical
reactions using the same 200-bp fragment.

RESULTS

Isolation of AtEBP. To isolate OBF interacting proteins an
Arabidopsis callus cDNA expression library was screened with
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labeled OBF4 as described in Zhang et al. (30). A callus library
was used because the ocs element is very active in callus tissue
(35). Here, we focus on one of the isolated clones, called
AtEBP. The initial screening led to the isolation of a 174-bp
long clone (Fig. 1; nucleotides 39-212) containing an unin-
terrupted ORF. To obtain larger cDNA clones, the same
library was screened using the 174-bp fragment as a probe. The
largest clone was used for DNA sequence analysis. As shown
in Fig. 1, this AtEBP cDNA is 923 bp long and contains an ORF
of 248 amino acids. The AtEBP protein is hydrophilic and the
carboxyl-terminal half has an overall negative charge of —19.
There is also a stretch of basic amino acids, KRRKRK, which
resembles a simian virus 40 type nuclear localization signal
(36), and a proline-rich region from amino acids 140 to 159.
The cDNA clone does not contain a poly(A) tail and based on
the size of the AtEBP transcript obtained from RNA gel blot
analysis, it is likely to be missing approximately 200 bp of the
5’ and/or 3’ untranslated sequences.

The Interaction Between OBF4 and AtEBP Can Be Detected
Using an in Vitro Assay. We analyzed the interaction between
AtEBP and OBF4 using a GST pull-down assay. The AtEBP
protein was expressed as a GST fusion in E. coli. The OBF4
protein was expressed as a GST fusion in the baculovirus
expression system, and the GST peptide was subsequently
removed by thrombin. The labeled OBF4 (OBF4*) and glu-
tathione-agarose beads were incubated together for 30 min at
room temperature either alone or in the presence of free GST
protein or the GST-AtEBP fusion protein. After extensive
washing of the beads, the bound protein was eluted with
glutathione and analyzed by SDS/PAGE. The results shown in
Fig. 2 demonstrate that OBF4 interacts with AtEBP in vitro.
OBF#4 alone (Fig. 2, lane 1) has a background level of binding
to the glutathione-agarose beads. In the presence of GST (Fig.
2, lane 2), there was a slight increase in OBF4 binding.
However, in the presence of GST-AtEBP (Fig. 2, lane 3), the
amount of OBF4 associated with the glutathione-agarose
beads was significantly increased.

1 GCAACAAACA GAGAAAATGT GTGGCGGTGC TATTATTTCC GATTATGCCC CTCTCGTCAC
M ¢ G G A I I s D YA P L VT 15

61 CAAGGCCAAG GGCCGTAAAC TCACGGCTGA GGAACTCTGG TCAGAGCTCG ATGCTTCCGC
K A K 66 R K L T AE EL W S EL DA S A 35

121 CGCCGACGAC TTCTGGGGTT TCTATTCCAC CTCCAAACTC CATCCCACCA ACCAAGTTAA
A DD F WG F Y ST s KL HPT N QV N 55

181 CGTGAAAGAG GAGGCAGTGA AGAAGGAGCA GGCAACAGAG CCGGGGAAAC GGAGGAAGAG
V K E EAV K K EQ A TZE P G K R R K R 75

241 GAAGAATGTT TATAGAGGGA TACGTAAGCG TCCATGGGGA AAATGGGCGG CTGAGATTCG
K NV Y R G I RXKUR P WG K WA A E I R 95

301 AGATCCACGA AAAGGTGTTA GAGTTTGGCT TGGTACGTTC AACACGGCGG AGGAAGCTGC
D PR K GV RV WIL 66 TF N TA E E A A 115

361 CATGGCTTAT GATGTTGCGG CCAAGCAGAT CCGTGGTGAT AAAGCCAAGC TCAACTTCCC
M A Y DV A A K QI R GD K AIK L N F P 135

421 AGATCTGCAC CATCCTCCTC CTCCTAATTA TACTCCTCCG CCGTCATCGC CACGATCAAC
D L H HP P P PNY T PP P S Ss P R S T 155

481 CGATCAGCCT CCGGCGAAGA AGGTCTGCGT TGTCTCTCAG AGTGAGAGCG AGTTAAGTCA
D Q P P A K KV CcCV Vs @ s E S E L s @ 175

541 GCCGAGTTTC CCGGTGGAGT GTATAGGATT TGGAAATGGG GACGAGTTTC AGAACCTGAG
P S F PV E €1 GG F GG NG DETF Q NL s 195

601 TTACGGATTT GAGCCGGATT ATGATCTGAA ACAGCAGATA TCGAGCTTGG AATCGTTCCT
Yy G F EPD Y DULIZX Q @I s s L E s F L 215

661 TGAGCTGGAC GGTAACACGG CGGCAAGACC GAGTCAGCTT GATGAGTCCG TTTCCGAGGT
E L D GNT A ARUP S QL DES V s E V 235

721 GGATATGTGG ATGCTTGATG ATGTCATTGC GTCGTATGAG TAAAAGAAAA AAAATAAGTT
D MW M LD DV IA S$ Y E * 248

781 TAAAAAAGTT AAATAAAGTC TGTAATATAT ATGTACCCGC CGTTACTTTT AAAAGGTTTT

841 TACCGTCGCA TTGGACTGCT GATGATGTCT GTTGTGTAAT GTGTA

F16. 1. Sequence of the AtEBP cDNA clone and the predicted
amino acid sequence. The predicted amino acid sequence for the
longest ORF is shown directly below the nucleotide sequence. A
putative nuclear localization signal is underlined. The AtEBP Gen-
Bank database accession number is Y09942.
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FiG.2. AtEBP and OBF4 interact in an in vitro assay. One hundred
nanograms of labeled OBF4 protein (OBF4*) was incubated with
equal amounts of either glutathione-agarose beads or beads where the
GST or GST-AtEBP proteins were already bound. The amount of
OBF4* protein (40 kDa) that was retained after washing the gluta-
thione-agarose beads was purified, analyzed by SDS/PAGE, and then
detected by autoradiography. Lanes 1 and 2 reflect nonspecific binding
of OBF4*; lane 3 reflects the specific binding of OBF4* to GST-
AtEBP bound to the glutathione-agarose beads. Aliquots of the
OBF4* input are shown in lane 4 (2%) and lane 5 (10%).

AtEBP Shares Homology with Plant DNA-Binding Proteins.
Database searches were performed with both the AtEBP
c¢DNA and predicted protein sequences. The strongest homol-
ogy was found to an unpublished clone called ATCADINP
(Z37504), listed as a cadmium-induced clone. AtEBP has 98%
identity with two regions of the ATCADINP sequence; from
nucleotides 1 to 627 and from nucleotides 834 to 962. AT-
CADINP has an additional 207-bp sequence (628—-833) that is
not found in AtEBP. However, the additional sequence in
ATCADINP appears to be a duplication of sequences from
nucleotides 414 to 623. The AtEBP sequence also shares very
high homology with several clones from the Arabidopsis Ex-
pressed Sequence Tag (EST) database. A 57-amino acid
stretch of AtEBP shares homology with other plant proteins,
some of which are shown in Fig. 3. The strongest homology
(71-75% identity) was found to the DNA-binding domain of
the tobacco EREBPs, which are responsive to ethylene and
bind to the GCC sequence motif found in the promoters of a
number of PR genes. A related domain is also found in another
group of plant proteins, although the degree of identity of
these proteins to AtEBP is lower. This group includes proteins
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involved in different aspects of plant development such as
APETALAZ2.

Analysis of the AtEBP Gene Copy Number and Expression
Patterns. We analyzed the size of the Arabidopsis AtEBP gene
family by Southern blot analysis. As shown in Fig. 4, there is
only a single band that hybridizes strongly with the AtEBP
cDNA clone, indicating that A¢tEBP is a single copy gene. A
number of weakly hybridizing bands were also observed. Upon
longer exposure, additional hybridizing bands were observed
(data not shown), suggesting that AtEBP is a member of a
family of related genes in Arabidopsis.

To determine the size of the AtEBP transcript we performed
Northern blot analysis with total RNA from Arabidopsis
seedlings and callus tissue. We could detect a low level of
AtEBP mRNA with a size of ~1,100 bp in seedlings (Fig. 54;
lane 1). Interestingly, very high expression levels of AtEBP
mRNA were detected in callus tissue (Fig. 54; lane 2). We also
tested the effect of heavy metal and other stress factors on
AtEBP expression in young seedlings. Fig. 5B shows that
treatment with Cd (Fig. 5B, lanes 2 and 3), Cu (lane 4) or
hydrogen peroxide (lane 6) did not increase the abundance of
the AtEBP mRNA compared with control seedlings.

Because AtEBP contains an EREBP domain, we analyzed
the inducibility of AtEBP expression by ethylene in young
seedlings. As shown in Fig. 5C, the addition of 1 mM ethephon
increased AtEBP expression (lane 2) when compared with the
treatment without any hormone (lane 1), whereas kinetin did
not affect AtEBP expression (lane 3). We also tested the
hormone auxin and the defense signal, salicylic acid, but
neither one changed the expression levels of AtEBP (data not
shown). Because exogenous ethylene induced AtEBP expres-
sion, we analyzed AtEBP expression in some of the Arabidopsis
ethylene mutants. We found that the cfr/-I mutant, where
ethylene-regulated pathways are constitutively active, had
increased levels of AtEBP expression (Fig. 5D, lane 2), whereas
the etrl-3 mutant, which is defective in ethylene perception,
had similar levels of AtEBP mRNA (lane 3) compared with
wild-type plants (lane 1).

AtEBP Binds Specifically to the GCC Motif in the PRB-1b
Promoter. To analyze the DNA-binding properties of AtEBP
we overexpressed the protein as a GST fusion in E. coli. After
removal of the GST peptide we tested whether the AtEBP
protein was able to bind specifically to the GCC box. As shown
in Fig. 6, the AtEBP protein bound to a 29-bp oligonucleotide
probe containing the GCC box. In some experiments the
binding of AtEBP resulted in a single retarded band, although
in other cases, a doublet consisting of two, closely spaced bands
was observed. Whether a single or double band was observed,
the intensity of the bands directly correlated with the amount
of AtEBP present (Fig. 64, lanes 2-4). We also analyzed
AtEBP binding to an oligonucleotide probe containing a
mutant GCC box. The mutant GCC box contained two point

PROTEIN POS. SEQUENCE IDENTITY
AtEBP [79]

EREBP-1 [104] [71%]
EREBP-2 (98] [73%]
EREBP-3 [26] [75%]
EREBP-4 [144] [75%)]
TINY [36] SP [66%]
AP2-R1 [132] .- H [44%]
AP2-R2 [224] TLHKC- R ERMGQFLG.KY v V4L GRF 3JT EYE A AA ¥ DA A [EINIG 1]~ VAEN F 3] [40%)]

< >

FiG. 3. AtEBP has homology to plant DNA-binding proteins. Comparison of a region of the predicted amino acid sequence of the Arabidopsis
AtEBP protein to the DNA-binding domain of the tobacco EREBPs (D38123, D38126, D38124, D38125), and similar sequences present in the
Arabidopsis TINY (X94698) and APETALA2 (U12546) proteins using the Genetics Computer Group GAP program. Identical amino acids are
marked by black boxes. A region with a high potential for forming an amphipathic helix is indicated by a double arrow.
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F1G6.4. Analysis of the AtEBP gene family in Arabidopsis. Southern
bolt analysis of Arabidopsis genomic DNA using the AtEBP cDNA
clone as a probe. Each lane contained 10 ug of genomic DNA that was
digested with the indicated enzyme. At left, a 1-kb DNA ladder
(Bethesda Research Laboratories) was used for the molecular length
markers.

mutations which eliminated/reduced GCC box activity in vivo
(12). The binding of AtEBP to the mutant GCC box (see Fig.
6B) was abolished (Fig. 64, lanes 5-7). However, with high
levels of AtEBP, weak binding to the mutant probe could be
observed (data not shown). Similarly, the GST-AtEBP fusion
protein was able to bind to the GCC box but not to the mutant
version (Fig. 64, lanes 9 and 10).

To further characterize the interaction of AtEBP with the
GCC box we performed DNase I footprint analysis on both
strands of a 36-bp fragment of the PRB-1b promoter (—209 to
—173), which contains a GCC box. The labeled promoter
fragments were digested with DNase I in the presence or
absence of the AtEBP-GST fusion protein and analyzed on a
8% sequencing gel. As shown in Fig. 7, regions encompassing
the GCC box were protected on both strands with AtEBP. On
the bottom strand, the protected region was from —207 to
—194 (Fig. 7, lanes 3 and 4), while on the top strand, the
protected region was from —203 to —192 (Fig. 7, lanes 8 and
9). In both cases, the protected region was flanked by DNase
I hypersensitive sites.

DISCUSSION

By protein—protein interaction screening with OBF4 we have
isolated an Arabidopsis GCC box-binding protein called
AtEBP. The GCC box, also referred to as the AGC box (10),
GCC element (11), or AGCCGCC sequence (13), is an
ethylene-responsive element found in the promoters of a large
number of PR genes whose expression is up-regulated follow-
ing pathogen attack. However, the GCC box has not been
found in the promoters of ethylene-regulated genes involved in
other ethylene responses, such as fruit ripening (37). AtEBP
shares strong homology with the DNA-binding domains of a
group of tobacco GCC box-binding proteins called EREBPs
(12). However, there is no homology between AtEBP and the
tobacco EREBPs outside the EREBP DNA-binding domain.
While further studies will be required to determine the range
of DNA-binding sites for AtEBP and related EREBPs, the
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F1G.5. Analysis of AtEBP RNA expression patterns RNA gel blot
analysis with the AtEBP cDNA clone as a probe was performed using
5 ug (A and B) or 15 pg (C and D) of total RNA from 8-day-old
Arabidopsis seedlings or callus tissue. Equal amounts of RNA were
loaded as determined by ethidium bromide staining. (4) Seedlings
compared with callus tissue. (B) Seedlings following treatment with
the indicated amounts (mM) of cadmium (Cd), copper (Cu) or
hydrogen peroxide (H20»). (C) Seedlings following treatment with
phosphate buffer pH 7.0 (lane 1), or phosphate buffer pH 7.0
containing 1 mM ethephon (lane 2) or 1 mM kinetin (lane 3). (D)
Wild-type (lane 1) compared with the mutant seedlings: ctrI-1 (lane 2)
and etrl-3 (lane3).

11-bp GCC box is very conserved in PR gene promoters,
suggesting it may be an optimal site, at least for some of these
proteins.

Southern blot analysis revealed that there are a number of
AtEBP-related genes in Arabidopsis. Two Arabidopsis genes,
APETALA?2 (38) and TINY (39), that contain the EREBP or
related AP2 domain (see Fig. 2), have been isolated and
characterized. APETALA?2 and TINY have been proposed to
be transcription factors based on the presence of the AP2/
EREBP DNA-binding domain and regions that resemble
transcription activation domains. The APETALA?2 gene, which
contains two copies of the AP2 domain, plays a regulatory role
in floral organ specification and seed development (see ref. 38
and references within). The tiny mutant results from insertion
of a transposable element that leads to increased expression of
TINY (39). The tiny mutant displays pleiotropic phenotypes
that result from changes in cell shape and cell expansion
leading to a reduction in plant size (39). Some of the tiny
phenotypes are similar to those observed following treatment
with exogenous ethylene or with the cfr/ mutant, where
ethylene signaling pathways are constitutively active. The
putative DNA-binding domain in TINY is more closely related
to AtEBP and the tobacco EREBPs than to either of the AP2
domains in APETALAZ2. These results suggest a possible link
of TINY with specific ethylene responses.

The AP2/EREBP domains are novel DNA-binding do-
mains that so far have only been found in higher plants. A
region of the AP2/EREBP domain (marked in Fig. 3) has
been proposed to form an amphipathic helix (38, 40). Such a
helix could play a role in protein—protein interactions to
facilitate DNA binding. From our binding studies we cannot
determine if AtEBP binds to the GCC box as a monomer or
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F1G. 6. Analysis of the DNA-binding properties of AtEBP. (A4)
Analysis of AtEBP binding to the GCC wild-type (wt) sequence from
the tobacco PRB-1b promoter (—201 to —191) and a GCC mutant (m)
sequence. Lanes 1 and 5 contained only the free probes. Lanes 2 and
6 contained 5 ng, lanes 3 and 7 contained 25 ng, and lanes 4 and 8
contained 50 ng of AtEBP. Lanes 9 and 10 contained 100 ng of
GST-AtEBP. (B) The oligonucleotide sequences for the GCC wild-
type and mutant probes. The mutated residues in the GCC mutant
probe are outlined. The 5’ end of each probe contained a BamHI site.

some form of multimer. While we have occasionally resolved
two, closely spaced bands, we do not feel that this reflects
different oligomeric forms of AtEBP because the ratio of each
band was not altered with changes in AtEBP concentrations.
The double band may result from overexpression of AtEBP in
E. coli or variability in our binding experiments. AtEBP also
contains proline rich and acidic regions that may function as
activation domains, and a putative nuclear localization se-
quence.

We observed higher AtEBP RNA levels in the ctrl-1 mutant
and in wild-type plants following ethylene treatment. The
tobacco EREBP RNA levels are up-regulated by ethylene to
different degrees (12). It is not known if the expression of
AtEBP or any of the tobacco EREBP genes are regulated
through GCC box sequences. Interestingly, there were very
high levels of AtEBP RNA in callus tissue as compared with
seedlings. This observation is potentially relevant to the
AtEBP/OBF4 interaction, since ocs elements are very active
in Arabidopsis callus (35). Whether AtEBP expression in callus
is due to elevated ethylene levels or other factors is not clear.
There are conflicting reports on ethylene production in callus
cultures and the amount of ethylene produced appears to be
dependent on the culturing conditions (41). Chitinases have
been shown to be inducible by ethylene in yam callus (42),
suggesting that ethylene levels are not saturating in this tissue
type. This is supported by the finding that only one of the four
tobacco EREBPs is expressed in suspension culture, although
all four are ethylene-inducible in leaves (12). Interestingly, an
unpublished potato clone (GenBank accession no. U77655)
isolated from suspension cells, contains an EREBP domain
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Fi6. 7. DNase I footprint analysis of AtEBP binding to the GCC
box in the PRB-1b promoter. A PRB-1b promoter fragment corre-
sponding to nucleotides —205 to —155 was labeled on both strands
(bottom, top) and incubated with no protein (lanes 2, 5, 7, and 10), 50
ng AtEBP (1x; lanes 3 and 8), or 100 ng AtEBP (2x; lanes 4 and 9). The
reactions were analyzed on a 8% sequencing gel together with G+A
sequencing ladders generated from the same PRB-1b promoter frag-
ments. The GCC box on the PRB-1b promoter is indicated by arrows.

and shares limited homology with AtEBP outside the EREBP
domain. It will be interesting to see what developmental or
tissue-specific stages are reflected in the callus that cause the
high expression of AtEBP.

Cross-coupling of transcription factors is thought to play an
important role in mediating responses to various signaling
events; in animals for example, cross-coupling is important in
modulating the transcriptional activity of members of the
steroid receptor family and Jun/Fos proteins (43). Plant
promoters containing both a GCC box and an ocs element
have not been identified. However, a synergistic effect of GCC
box containing sequences and an ocs element has been ob-
served with an artificial promoter (10). In these experiments,
two copies of a 61-bp fragment of the tobacco 3-1,3-glucanase
promoter, each containing two GCC boxes, were shown to
synergistically interact with the ocs element from the cauli-
flower mosaic virus (CaMV) 35S promoter in tobacco proto-
plasts. A potential target for cross-coupling between EREBP
and bZIP proteins could be the tobacco PRB-1b gene, whose
promoter contains a G-box located 4 bp downstream of the
GCC box. The G box resembles an ocs element half site and
is the binding site for the G-box-binding factor family of plant
bZIP proteins (reviewed in ref. 44). Both the GCC box and G
box participate in ethylene-induced expression of PRB-1b (11).
A similar organization of GCC-box and G-box sequences is
also found in the promoters of several other PR genes includ-
ing two tobacco B-glucanases and a tomato chitinase.

It will be important to analyze if AtEBP and/or related
EREBP proteins can interact with the other Arabidopsis
OBF/TGA proteins or with other Arabidopsis bZIP proteins
such as the GBFs (45). The initial AtzEBP cDNA clone isolated
by the protein—protein interaction screening only contained
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amino acids 9-65. Therefore, this region is sufficient for the
interaction between AtEBP and OBF4, at least under the
conditions used in the protein—protein interaction screening.
However, it is possible that other regions of AtEBP also
participate in this interaction and further studies will be
required to determine the precise domains responsible for the
interaction between AtEBP and OBF4 as well as if this
interaction results in cooperative binding. Such studies may
help determine to what extent cross-coupling between
EREBPs and bZIP proteins plays a role in the plant defense
response and/or specific stages of plant development.
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