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Figure 5. Characterization of DNA Binding Affinity of the Recombinant rd22BP1 Protein to the 67-bp Fragment of the rd22 Promoter.

(A) Comparison of the binding activity of the rd22BP1, ATMYB2, and ATMYC1 fusion proteins with the 67-bp fragment of the rd22 promoter.
DNA binding reactions were performed with 1 or 10 pg of the GST-rd22BP1, GST-ATMYB2 (Urao et al., 1993), and GST-ATMYC1 proteins

(Urao et al., 1996).

(B) The schematic diagram of the probes used in the gel mobility shift assay. Probes a to e contain various mutations in the 67-bp fragment of

the rd22 promoter. X's indicate the mutated site, as described in Figure 1.

(C) Gel retardation assay of the sequence-specific binding of the recombinant rd22BP1 to the 67-bp fragment of the rd22 promoter. The wt, a,

b, ¢, d, and e probes are diagrammed in (B).

involved in the dehydration- and ABA-responsive expression
of the rd22 gene.

DISCUSSION

To analyze cis-acting elements involved in drought- and
ABA-responsive gene expression of the rd22 gene that re-
quires de novo protein biosynthesis for its expression
(Yamaguchi-Shinozaki and Shinozaki, 1993), we analyzed
the 67-bp region of the rd22 promoter containing positive
regulatory cis-acting elements (lwasaki et al., 1995). The
base substitution experiments demonstrated that both the
MYB and the first MYC recognition sites in the 67-bp region
are involved in dehydration-responsive expression (Figure
1). The second MYC recognition site, however, appears to
function as an inhibitory element. These results suggest that
the first MYC and the MYB recognition sites function coop-
eratively in the dehydration-responsive gene expression of
the rd22 gene.

We conducted a DNA-ligand binding screen by using the
67-bp DNA fragment as a probe and isolated a cDNA, rd22BP1,
encoding a putative 68-kD protein (Figure 3A). The rd22BP1
protein contains a typical bHLH-ZIP motif at the C terminus
(Figure 3B), which is found in human cMYC and MAX, the
maize R family (Sn, Lc, and R/S), and bean PG1. Human
MyoD, maize B-Peru, and Antirrhinum del gene products, on
the other hand, have a bHLH but no ZIP motif (Davis et al.,
1987; Ludwig et al., 1989; Perrot and Cone, 1989; Blackwood
and Eisenman, 1991; Radicella et al., 1991; Consonni et al.,
1992; Goodrich et al., 1992; Kawagoe and Murai, 1996). The
HLH motif consists of two putative amphipathic « helices

that flank an Q-type loop and mediates formation of ho-
modimers or heterodimers: the basic region is believed to
form a DNA contact surface (Ferré-D’Amaré et al., 1993; Ma
et al., 1994). Although the CANNTG motif is the recognition
sequence of all of the bHLH proteins examined, each bHLH
protein has a binding site preference for the central two
bases of the CANNTG motif (Blackwell and Weintraub, 1990).

Two MYC recognition sequences in the 67-bp region of
the rd22 promoter are CACATG. The bacterially expressed
rd22BP1 fusion protein evidently recognizes and binds only
the first CACATG motif (Figure 5C). The fusion protein bound
to the wild-type 67-bp DNA fragment but not to the 67-bp
DNA fragment with a base substitution in the first CACATG
motif. In contrast, the fusion protein bound more strongly to
the 67-bp DNA fragment with a base substitution in the sec-
ond CACATG motif than to the wild-type 67-bp DNA frag-
ment (Figure 5C). These results indicate that not only internal
sequences of CANNTG motif but also flanking sequences
may affect the binding affinity of the rd22BP1 protein. On the
other hand, analysis of the cis-acting elements in the 67-bp
region, using transgenic tobacco plants, indicates that the
first MYC recognition site functions as a cis-acting element
in the dehydration-induced expression of the GUS fusion
gene but that the second MYC recognition site functions as
an inhibitory element (Figure 1). These results coincide with
the DNA binding specificity of the rd22BP1 protein to the
two MYC recognition sites (Figure 5C).

The ABA-induced expression of the rd22 gene requires de
novo protein synthesis. Thus, we postulated that regulatory
protein factors induced by ABA are involved in transcrip-
tional activation of the rd22 gene. The rd22BP1 gene, en-
coding a transcription factor MYC homolog, was shown to
be induced by dehydration, high-salt conditions, and ABA



treatment (Figures 4A and 4B). We found 13 Arabidopsis ex-
pressed sequence tags (GenBank, EMBL, and DDBJ acces-
sion numbers T46027, T20442, T22106, T46547, H36262,
R30455, T20523, T75680, T88024, R65147, T41998, R65140,
and R65141) in the DNA database. They all have partial se-
quence homology with the bHLH region of the rd22BP1 pro-
tein. Because three of them, T46027, T20442, and T22106,
have high sequence homology with the bHLH region of the
rd22BP1 protein, we analyzed the expression of genes cor-
responding to these three expressed sequence tag clones
by RNA gel blot hybridization. However, we could not detect
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Figure 6. Transactivation of the rd22 Promoter-GUS Fusion Gene
by rd22BP1 and ATMYB2 Proteins Using Arabidopsis Protoplasts.

(A) The schematic diagram of the effector and reporter constructs
used in cotransfection experiments. The effector constructs contain
the cauliflower mosaic virus (CaMV) 35S promoter and tobacco mo-
saic virus ) sequence (Gallie et al., 1987) fused to the rd22BP1,
Atmyb2, or Atmyb1 cDNAs (355-()-rd22BP1, 35S-(Q-ATMYB2, and
35S-0-ATMYBA1, respectively). Nos-T indicates the polyadenylation
signal of the gene for nopaline synthetase. The reporter construct
contained the 67-bp fragment of the rd22 promoter tandemly re-
peated six times. The promoter was fused to the —61 rd29A minimal
TATA promoter-GUS construct (67mer X 6:GUS).

(B) Transactivation of the rd22 promoter-GUS fusion gene by the
rd22BP1 and ATMYB2 proteins. The 67mer X 6::GUS reporter gene
was transfected with different sets of effector plasmids: pBI35SQ
vector as a control treatment (Vector), 355-Q-rd22BP1 (rd22BP1),
355-0-ATMYB2 (ATMYB?2), 355-0-rd22BP1 and 358-Q-ATMYB2
(rd22BP1 ATMYB2), and 355-Q-rd22BP1 and 35S5-Q-ATMYB1
(rd22BP1 ATMYB1). To normalize for transfection efficiency, the
cauliflower mosaic virus 35S promoter-luciferase (LUC) plasmid was
cotransfected in each experiment. The error bar indicates the stan-
dard error of each set of replicates. Numbers in parentheses indi-
cate the number of independent experiments, and ratios indicate the
muiltiplicities of expression compared with the value obtained with
pBI35S() vector.
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any induced expression of their mRNAs by dehydration
stress and ABA treatment (data not shown). The rd228P1
gene is the one most likely to be specifically induced by de-
hydration stress and ABA treatment among the bHLH-related
genes in Arabidopsis.

The timing of the induction of the rd22BP1 gene preceded
that of the rd22 gene under various treatments (Figure 4A).
The tissue-specific expression of the rd22BP1 gene was
very similar to that of the rd22 gene (Figure 4C). Moreover,
coexpression of rd22BP1 protein in protoplasts transacti-
vated expression of the rd22 promoter-GUS fusion gene
(Figure 6B}, and the rd22BP1 protein bound to the first MYC
recognition site in the 67-bp region of the rd22 promoter
(Figure 5). These results indicate that the rd22BP1 gene
product most likely functions as one of the transcription fac-
tors involved in the induction of the rd22 gene. The expres-
sion of the rd22BP1 gene was superinduced by cycloheximide
and ABA treatment (data not shown), whereas the ABA-
responsive expression of the rd22 gene was inhibited by cy-
cloheximide (Yamaguchi-Shinozaki and Shinozaki, 1993). The
rd22BP1 gene is therefore not likely to require de novo pro-
tein biosynthesis for its expression in response to dehydra-
tion and ABA. The rd22BP1 gene product, however, appears
to function as one of the protein factors that are involved in
the expression of the rd22 gene (Figure 7).

In the 67-bp region of the rd22 promoter, one MYB recog-
nition site as well as the first MYC motif were shown to be
involved in dehydration-responsive gene expression in to-
bacco (Figure 1). We have isolated a gene for a MYB ho-
molog, Atmyb2, that is induced by dehydration and ABA
treatment in Arabidopsis (Urao et al., 1993). Coexpression of
the ATMYB2 protein in Arabidopsis protoplasts transacti-
vated expression of the rd22 promoter-GUS fusion gene
(Figure 6B). The bacterially expressed ATMYB2 protein also
bound the MYB recognition site in the 67-bp region of the
rd22 promoter (Figure 5A). These results indicate that the
product of the dehydration-inducible Atmyb2 gene is also
involved in the transactivation of the rd22 gene. Moreover,
coexpression of both of the rd22BP1 and ATMYB2 proteins
in Arabidopsis protoplasts further transactivated the rd22
promoter-GUS gene (Figure 6B). The levels of transactiva-
tion using both the rd22BP1 and ATMYB2 proteins were
three times greater than those when only the rd22BP1 pro-
tein or the ATMYB?2 protein was used. This observation indi-
cates that rd22BP1, a bHLH-ZIP protein, cooperates with
ATMYB2, a MYB protein, to transactivate the rd22 gene un-
der dehydration conditions (Figure 7).

Cooperation of the MYC and MYB proteins has been re-
ported in plants but not in animals (Goff et al., 1990; Roth et
al., 1991; Tuerck and Fromm, 1994). The MYC-related pro-
teins or bHLH proteins function as transcriptional regulators
in anthocyanin biosynthesis in maize (R gene family) and An-
tirrhinum (de/) (Ludwig and Wessler, 1990). in maize, the C71
and Pl genes encoding MYB homologs have been reported
to require the R/B gene product for MYC homologs to trans-
activate target genes, such as Bronze? and A7 for anthocyanin
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Figure 7. A Model for the Induction of the rd22 Gene under Water
Stress Conditions.

Dehydration or salt stress triggers the production of ABA, which in-
duces the expression of rd22BP1 and Atmyb2. rd22BP1 and
ATMYB?2 then bind to the MYC and MYB sites of the rd22 promoter
and activate the expression of the rd22 gene.

biosynthesis (Goff et al., 1990; Roth et al., 1991; Grotewold et
al., 1994; Tuerck and Fromm, 1994). Functional analysis of
maize B and C1 genes has demonstrated that the N-termi-
nal domain of the B (MYC homolog) protein interacts with
the C1 (MYB homolog) protein (Goff et al., 1992). The maize
C1 gene is regulated by ABA and the VIVIPAROUST gene
during seed maturation (Hattori et al., 1992). A functional ho-
molog of the maize R gene, TRANSPARENT TESTA GLABRA,
and a myb gene, GLABROUS1, have been shown to cooper-
atively regulate trichome development in Arabidopsis (Larkin
et al., 1994). This study suggests the interaction of MYC and
MYB proteins in ABA-induced gene expression in vegetative
tissues under dehydration stress conditions (Figure 7). We
are now analyzing the interaction between the rd22BP1 and
ATMYB2 proteins.

METHODS

Plant Materials and Stress Treatments

Plants (Arabidopsis thaliana ecotype Columbia) were grown on ger-
mination medium agar plates for 3 weeks, as described previously
(Yamaguchi-Shinozaki and Shinozaki, 1994). Arabidopsis rosette
plants were harvested from GM agar plates (Valvekens et al., 1988)
and were then dehydrated in plastic culture dishes without covers at
22°C for 60% humidity under dim light. High-salt and cold stress
treatments and treatment with abscisic acid (ABA) were performed
as described previously (Yamaguchi-Shinozaki and Shinozaki, 1994).
The T87 cell line, derived from Arabidopsis, was kindly provided by
M. Axelos (CNRS-INRA, Castanet-Tolosan, France). The T87 cells
were grown as described previously (Axelos et al., 1992). The T87
cells were harvested by filtration. The cells were then dried on What-
man No. 3MM paper (dehydration treatment), or an ABA solution was
added to the culture medium to a final concentration of 100 pM (ABA

treatment). The plants or the T87 cells were subjected to the stress
treatments for various periods of time and then frozen in liquid nitro-
gen for further analyses.

Preparation of the 67-bp Fragment of the rd22 Promoter with or
without Base Substitutions

Six 67-bp mutant fragments with base substitutions (a to f) between
positions —207 and —141 of the rd22 promoter with Hindlll sites at
both ends were prepared by polymerase chain reaction (Figure 1).
Forward primers containing mutations used for the amplification of
the mutant fragments {(underlined nucleotides indicate base substitu-
tions) were 5'-AAGCTTAAAAATTCAAATCATTCAAAGATACAAGAG-
CATTTAAGGA-3' (mutant fragments a and e), 5'-AAGCT TAAAAAT-
TCAAATCACACATGGATACAAGAGCATTTAAGGA-3' (mutant frag-
ment b), 5'-AAGCTTAAAAACACATGTCATTCAAAGATACAAGAG-
CATTTAAGGA-3’ (mutant fragment c), and 5'-AAGCTTATTCAC-
ACATGTCACACATGG-3' (mutant fragment f); a reverse primer con-
taining mutations was 5’-AAGCTTCTTTTCACTACGTGCCTTCTG-
CTC-3' (mutant fragments d and e). A wild-type forward primer
(5'-AAGCTTAAAAACACATGTCACACA-3'; mutant fragment d) and
a wild-type reverse primer (5'-AAGCTTCTAACCACTACGTGCCT-3';
mutant fragments a, b, ¢, and f) were also used for the amplification
of the 67-bp mutant DNA fragments in combination with mutated
primers.

The polymerase chain reaction products were cloned into the
Smal site of pBluescript Il SK— (Stratagene, La Jolla, CA), and the re-
sulting plasmids were confirmed by sequencing and digested with
Hindlll. Preparation of the 67-bp fragment of the rd22 promoter
without base substitutions was described previously (lwasaki et al.,
1995). These 67-bp fragments with or without base substitutions
were used for the construction of the base-substituted promoter re-
gion of the rd22 gene fused to a B-glucuronidase (GUS) gene, the
screening of the cDNA expression library, and the gel mobility shift
assay.

Construction of the rd22 Promoter-GUS Fusion Gene for
Transformation

The tandemly repeated dimeric 67-bp fragments with or without
base substitutions were ligated to the Hindlll site of the —118 rd22
minimal TATA promoter—-GUS fusion construct (lwasaki et al., 1995).
The structures of the fusion constructs were confirmed by sequenc-
ing the boundary sites of the fused gene, as described previously
(Yamaguchi-Shinozaki and Shinozaki, 1994).

Construction of Effector and Reporter Plasmids Used in a
Transient Transactivation Experiment

Effector plasmids used in a transient transactivation experiment were
constructed with DNA fragments containing the rd22BP1, Atmyb2,
or Atmyb1 coding regions that were cloned into polylinker sites of the
plant expression vector pBI35S() derived from pBI221 (Clontech,
Palo Alto, CA). For the construction of the pBI35S(} vector, pBl221
was digested with Smal and Sacl to delete the GUS coding region
and ligated with a Smal-Notl-Sacl polylinker. Subsequently, the tobacco
mosaic virus ) sequence (Gallie et al., 1987), which was provided by
H. Shinshi (National Institute of Bioscience and Human Technology,
Tsukuba, Japan), was ligated with the BamHI site located down-



stream of a caulifiower mosaic virus 35S promoter. To construct
355-0-rd22BP1, the Notl fragment containing the coding region of
the rd22BP1 cDNA was cloned into the Notl site of the pBI35S(Q) vec-
tor. To construct a reporter plasmid, the rd29A minimal TATA pro-
moter (Yamaguchi-Shinozaki and Shinozaki, 1994) was replaced
with the 35S promoter of pBI221, and then the 67-bp fragments of
the rd22 promoter tandemly repeated six times were ligated into the
Hindlll site located upstream of the rd29A minimal TATA promoter.

Transgenic Plants and Assays of GUS Activity

The rd22 promoter-GUS fusion constructs were introduced into
Agrobacterium tumefaciens LBA4404 and used to transform Nicoti-
ana tabacum cv SR1, as described previously (Yamaguchi-Shinozaki
and Shinozaki, 1994). GUS activity was measured as described pre-
viously (Jefferson et al., 1986).

Screening of the cDNA Expression Library

The Arabidopsis cDNA expression library was constructed using the
Agt11 expression vector with an oligo(dT) primer, and poly(A)* RNA
was prepared from total RNA that had been isolated from rosette
plants dehydrated for 3 hr. The expression library was screened us-
ing a DNA-ligand binding assay, according to a standard protocol
using the 67-bp fragment of the rd22 promoter with or without base
substitutions as probes (Singh et al., 1988). DNA probes were la-
beled by filling in 5’ overhangs with «-%2P-dCTP and the Klenow frag-
ment of DNA polymerase 1.

DNA and RNA Gel Biot Analyses

DNA and RNA gel blot hybridizations were performed as described
previousty (Yamaguchi-Shinozaki and Shinozaki, 1994).

Gel Mobility Shift Assay

A BamHI fragment derived from clone 37 was cloned with pGEX-3X
vector (Smith and Johnson, 1988) and then transformed into Escher-
ichia coli JM109 cells. Production and purification of the glutathione
S-transferase (GST) fusion protein were performed as described pre-
viously (Urao et al., 1993). The 67-bp fragment of the rd22 promoter
with or without base substitutions was labeled with «-32P-dCTP, as
described previously. Gel mobility shift assays were conducted as
described previously (Urao et al., 1993).

Transactivation Experiments in Protoplasts

Isolation of Arabidopsis mesophyll protoplasts and polyethylene
glycol~-mediated DNA transfection was performed as described pre-
viously (Abel and Theologis, 1994). GUS activity was assayed as de-
scribed above. Luciferase assays were performed using the PicaGene
luciferase assay kit (Toyo-Ink, Tokyo, Japan), according to the man-
ufacturer’s instructions. Protein concentration was determined by
the Bradford method (Bio-Rad).
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