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Abstract

An Arabidopsis cDNA clone encoding a DNA-binding protein,RAP-1, was isolated by southwestern screening of an
Escherichia coli cDNA expression library. The protein contains a bHLH DNA-binding domain and is homologous
to R proteins, regulating anthocyanin biosynthesis. RAP-1 binds to the sequence CACNTG. It is encoded by a single
gene, which is expressed to high levels in root and stem and to low levels in leaf and flower. No expression could be
detected in siliques. Rap-1 does not correspond to one of the known loci involved in anthocyanin biosynthesis, since
it is located at a different map position. In contrast to the maize R protein Lc, RAP-1 did not induce anthocyanin
biosynthesis in pea cotyledons. Thus, RAP-1 is a novel member of the bHLH class of DNA-binding proteins.

Sequence-specific DNA-binding proteins regulate
gene expression. Several different classes of plant
DNA-binding proteins have been identified [14]. One
of these classes consists of proteins containing a basic
region/helix-loop-helix structure (bHLH), and is some-
times referred to as the myc homology family. The
HLH region is required for dimerization and the adja-
cent basic region is required for DNA binding [3, 4]. In
plants, genes involved in the regulation of anthocyanin
biosynthesis were found to encode myc homologues.
The so-called R genes of maize were first identified
[12] followed by R homologues of petunia and snap-
dragon [8]. Together with another class of transcription
factors, with homology to myb proto-oncogene-type
proteins, they control expression of structural genes
that are required for anthocyanin biosynthesis in the
different parts of the plant [8]. Most of the plant bHLH
proteins characterized to date are from maize, because
of the long history of genetic analysis of anthocyan-
in biosynthesis in this plant. R proteins in maize are

The nucleotide sequence data reported will appear in the EMBL,
GenBank and DDBJ Nucleotide Sequence Databases under the
accession number X99548 (Rap-1).

encoded by a gene family of several different genes,
which are differentially expressed, thereby pigmenting
a specific set of tissues [12]. The various R proteins are
functionally equivalent and anthocyanin biosynthesis
can be induced by ectopically expressing one of the R
proteins, not only in maize [11] but also in tobacco and
Arabidopsis [10].

An Arabidopsis thaliana (ecotype C24) cDNA
expression library was screened for DNA-binding pro-
teins with the DNA sequences W1 and W2. The W1
element is derived from the pea lectin promoter and
confers high expression in tobacco seeds [16]. W2 con-
sists of a tetramer of the 12 bp odd-base C-box present
in the 22 bp W1 element [15]. Three cDNA clones
were obtained corresponding to the same gene encod-
ing a MYC-like bHLH protein. The longest cDNA is
2677 bp and contains a poly-(A) tail of 8 bp (Figure 1).
It contains an open reading frame encoding a protein
of 623 amino acids with a predicted molecular mass
of 67.9 kD. The cDNA clone is close to full-length,
because there is an in frame stop codon preceding the
predicted start codon. The encoded protein is 63%
identical with a recently isolated bHLH protein (PG1)
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Figure 1. Nucleotide sequence of the Arabidopsis cDNA encoding RAP-1 and derived amino acid sequence. The bHLH domain is underlined
with a solid line, the region homologous to various R proteins with a broken line and the acidic domain with a dotted line. The region homologous
to one of the Lc nuclear localization signals is boxed.

from bean [7] (Figure 2). The major homology with
other MYC-like proteins was restricted to the bHLH
domain. However, there was another region in the pro-
tein with homology to R proteins from various plant

species (Figures 1 and 2). In R proteins this conserved
region extends to the N-terminus [18] and was found to
be necessary for transactivation of anthocyanin struc-
tural gene promoters via protein-protein interaction
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Figure 2. Sequence comparison of RAP-1 with other plant bHLH proteins, that were found to be homologous to RAP-1 using the blast
program [1]. Alignment of amino acid sequences of RAP-1 (X99548) from Arabidopsis, PG1 (U18348) from bean, Lc (M26227) from maize,
Sn (X60706) from maize, R-S (X15806) from maize, Bperu (X57276) from maize, OSU39860 (U39860) from rice, DEL (M84913) from
snapdragon, AtMYC1 (D83511) from Arabidopsis and IN1 (U57899) from maize was performed using the pileup program with standard
settings [5]. The numbers in parenthesis are the database accession numbers. Dots indicate gaps introduced to maximize alignment. The
N-terminal homologous region and the bHLH domain are underlined by single and double lines, respectively. Positions with identical amino
acids in all sequences are indicated by closed circles and positions with at least seven sequences identical to RAP-1 are indicated with open
circles.
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Figure 3. DNA binding specifity of RAP-1. Filters containing
Arabidopsis RAP-1 protein or a non-specific DNA-binding protein
from tobacco (BAD) were incubated with the following probes:
W1 (TCGAGGACACGTAGAATGAGTCATCACGTCGA), 3W1,
W2 (4� ATGAGTCATCAC), G-box (AGCTTAGACACGTGT-
CACTCGA), odd-base C-box (AGCTTAATGAGTCATACTCGA)
and C-box (AGCTTAATGACGTCATACTCGA). Nitrocellulose fil-
ter preparation, binding and washing were done as described previ-
ously [17].

with myb proteins [6]. The similarities between this
region in the Arabidopsis protein and the correspond-
ing regions in the maize proteins Lc and Bperu were
64% and 61%, respectively. This region is followed
by an acidic domain (Figure. 1), that may serve as a
transcriptional activation domain. The nuclear localiz-
ation signal identified in the basic region of Lc [19] is
conserved in the Arabidopsis protein (Figure 1). The
Arabidopsis protein will be further referred to as R-
homologous Arabidopsis Protein-1 (RAP-1).

The DNA-binding specificity was analysed by fil-
ter binding assays (Figure 3). Binding of RAP-1 was
observed with an oligonucleotide containing a G-
box and with W2. No binding was observed with a
monomer or trimer of W1. Oligonucleotides contain-
ing a C-box or the W1 odd-base C-box also did not
bind RAP-1. A control cDNA clone encoding a non-
specific DNA-binding protein from tobacco (BAD;
[17]) showed binding to all probes. From these results
it can be concluded that RAP-1 does not bind to W1 or
parts of W1. RAP-1 very likely binds to the junctions
between the W1 odd-base C-box monomers present
in the W2 tetramer. The sequence at the junctions in
W2 and the G-box oligonucleotide have the sequence
CACNTG in common, which is the core sequence of
binding sites for animal bHLH proteins [2] and for PG1
of bean [7].

The tissue-specific expression patterns of differ-
ent members of the maize R gene family are distinct
from each other. The expression pattern of Rap-1 was
analysed by northern blot hybridization. Hybridization
with poly(A)+ RNA from root, stem, leaf, flower and

Figure 4. Rap-1 expression in Arabidopsis organs. Samples of 600 ng
of poly(A)+ RNA (A and B) or 20 �g of total RNA (C) from root
(R), stem (S), leaf (L), flower (F) and siliques (Si) of Arabidopsis
(ecotype Columbia) loaded on a 1.5% formaldehyde agarose gel
were blotted and hybridized as described [13] with Rap-1 (A) or
ubiquitin (B and C) cDNA. The blots were washed with 0:1� SSPE,
0.1% SDS at 42 �C. Total RNA blotted in (C) is stained with ethidium
bromide (D) to show equal loading. mRNA size was estimated using
an RNA size marker (Gibco-BRL, 0.24-9.5 range) run in parallel
(not shown).

siliques (Figure 4A) showed that Rap-1 is expressed
mainly in vegetative tissues, with the highest expres-
sion in root and stem. No expression was detected in
siliques. In those tissues analysed, the expression pat-
tern resembled the expression of PG1 of bean [7]. The
hybridizing mRNA has the same length as the cDNA
clone, corroborating the notion that the cDNA clone
is close to full-length. The blot was reprobed with a
cDNA encoding ubiquitin (Figure 4B), to show the
presence of intact mRNA in each lane. The lane with
mRNA from stem contained a higher signal compared
to the other lanes. Since this was also observed on a
blot containing equal amounts of total RNA from the
same tissues (Figure 4C and D), we conclude that the
ubiquitin mRNA is more abundant in stem tissue.

We then performed genomic Southern blot hybrid-
ization to determine the number of genes detectable
under our experimental conditions. Figure 5 shows
that there are 1 to 3 bands in each lane. Multiple bands
are observed with restriction enzymes that have recog-
nition sites within the cDNA. A single major band is
observed after digestion with EcoRV, which has only
one recognition site in the Rap-1 cDNA located very
close to the 50 end. The faint band of about 5 kb in
this lane is either the result of weak hybridization with
a distantly related (bHLH) gene or with the 50 end of
Rap-1. Thus, RAP-1 may be encoded by a single gene.

Genetic map positions of several structural and reg-
ulatory loci involved in anthocyanin biosynthesis in
Arabidopsis have been determined [20]. To determine
whether Rap-1 corresponds to one of these loci, its
genetic map position was determined by RFLP map-
ping in the Arabidopsis recombinant inbred line pop-

plan3674.tex; 14/04/1997; 7:26; v.7; p.4



173

Figure 5. Southern blot analysis of Rap-1. One �g of Arabidopsis
DNA (ecotype Columbia) was digested with BamHI (B), EcoRI (E),
EcoRV (RV), HindIII (H), or SacI (S), electrophoresed on a 0.8%
agarose gel, blotted and hybridized as described [13] with Rap-1
cDNA. The blot was washed with 0:1� SSPE, 0.1% SDS at 42 �C.
Positions and sizes in kb of EcoRI- and HindIII-digested Lambda
DNA fragments are indicated.

ulation [9]. Rap-1 is located on the upper region of
chromosome 4, at a different position than tt8, the
only anthocyanin locus mapped to chromosome 4 so
far [20]. Recently, a gene encoding a MYC-related
protein (AtMYC1) with unknown function was also
mapped to the upper region of chromosome 4, near the
position of Rap-1 [22]. However, Rap-1 and Atmyc1
have limited sequence homology (Figure 2) and dif-
ferent expression patterns [22], indicating that they are
different genes. Thus, Rap-1 does not correspond to
one of the previously described loci.

R proteins are responsible for determining the tem-
poral and spatial pattern of anthocyanin pigmentation.
Expression of an R protein in tissues, where it is nor-
mally not present, may cause these tissues to become
pigmented [11]. Particle bombardment was used to
introduce Rap-1, fused to the CaMV 35S promoter,
into pea cotyledons, a convenient seed system for
particle bombardment. As a control 35S-Lc [11] was
used. Lc is a member of the maize R protein fam-
ily and was shown previously to induce pigmentation
in tissues that are normally not pigmented by the Lc
gene [11]. Pink spots were observed in pea cotyledons
bombarded with 35S-Lc (results not shown). However,
no spots were found after bombardment with the 35S-
Rap-1 chimeric gene or with this gene in combination

with 35S-C1, encoding a maize myb homologue that
interacts with Lc [6]. This indicates that RAP-1 is not
functionally equivalent to Lc.

Our results do not rule out the possibility that
RAP-1 is a regulator of anthocyanin biosynthesis. The
presence of a region homologous to the N-terminal
conserved domain of R proteins indicates that RAP-
1 needs to interact with myb proteins for its activ-
ity. RAP-1 should have interacted either with C1 from
maize or with a myb homologue from pea to induce
anthocyanin biosynthesis in our transient expression
assays. These proteins may have a different structure
compared to the putative Arabidopsis myb homologue
which interacts with RAP-1 in vivo, preventing correct
interaction.

RAP-1 was isolated by southwestern screening and
binds G-box motifs. So far, binding of R proteins to
DNA in vitro has not been reported. Since neither the
bHLH region in the R protein [6] nor the bHLH con-
sensus DNA binding site [21] is essential for trans-
activation of the analysed anthocyanin structural pro-
moters, it had been suggested that R proteins interact
with DNA via their myb-homologous partners. If this
is true, it is impossible to recover R genes by south-
western screening of E. coli expression libraries. The
PG1 protein from bean is highly homologous to RAP-
1 and also binds to G-box motifs [7]. One can argue
that RAP-1 and PG1 are functionally different from
the R proteins based on (1) their DNA binding prop-
erties, (2) the somewhat different sequence of RAP-1
and PG1 compared to the R proteins (Figure 2), and
(3) the inability of RAP-1 to induce pigmentation in
pea cotyledons. Ectopic expression of Rap-1 in Ara-
bidopsis may answer the question whether RAP-1 is
a regulator of anthocyanin biosynthesis or involved in
another biological process.
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