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Abstract

The expression of Brazil nut storage albumin genes is highly regulated during seed development. Several sequences
in the promoter of one of these genes show homologies with the target sites of the maize O2 bZIP regulatory protein.
We therefore asked whether the O2 protein would recognize these promoter sequences. We show that the O2 protein
binds to three different sequences (F1, F2 and F3). F1 and F3 are hybrid C/G and A/G boxes, respectively, that
are homologous to the O2-binding site of a maize �-zein gene. F2 is a new O2-binding sequence related to the
O2 target sites of the Coix �-coxin, the maize b-32 genes and the AP-1 pseudopalindrome. Molecular modelling
showed that an Asn and a Ser in the 02 DNA binding domain make different base-specific contacts with each
operator. 50 Promoter deletions of the be2S1 gene showed that the domain containing the O2 target sites F1 and F2
is required for detectable reporter gene expression in transgenic tobacco seeds. Moreover, the homologous coix O2
protein was shown to in situ transactivate the promoter region encompassing the three O2-binding sites F1, F2 and
F3. Thus, these sites may be in vivo regulatory sequences mediating activation by bZIP regulatory proteins.

Introduction

Seeds of Bertholletia excelsa (Brazil nut tree) accu-
mulate a methionine-rich (17%) 2S storage albumin
which is encoded by a multigene family. Synthesis of
the 2S albumin was shown to be restricted to the latest
stages of seed development and was correlated with
the accumulation of the corresponding mRNA [20].

The expression of seed storage protein genes is
specifically induced during seed development and
restricted to the embryo and/or the endosperm [22].
Thus, these gene represent an interesting model for

The nucleotide sequence data reported will appear in the EMBL,
GenBank and DDBJ Nucleotide Sequence Databases under the
accession numbers X78286 (Coix 02 cDNA) and X78287 (Coix
02 gene).

studying the mechanisms of tissue- and development-
specific expression. Regulatory domains required to
establish the specific expression pattern of these genes
were identified in their promoter by deletion and gain of
function experiments in transgenic plants [12, 16, 28,
33, 46]. For instance, the bean �-phaseolin promoter
was shown to contain several activating and inhibitory
regulatory domains. The interplay of these regulatory
elements confers temporal and organ- and/or tissue-
specific expression in transgenic tobacco seeds [8, 9].

One well described regulatory protein known to
induce expression of seed storage protein genes is
Opaque-2 in maize (O2). The regulatory locus opaque-
2 (o2) promotes endosperm-specific expression of the
22 kDa and the 19 kDa �-zein storage protein genes
[31] and the b-32 gene [18]. The o2 locus encodes a
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bZIP transcriptional activator [35, 42, 48, 54] which
binds to a hybrid G/A box (TCCACGTAGA) in the
promoter of a 22 kDa �-zein gene [43]. Palindromic
DNA bZIP protein binding sites based on a ACGT
core flanked in 30 by a guanine, adenine, cytidine or
thymine (ACGTG/A/C/T) are called G, A, C and T
boxes, respectively [26].

The O2 binding motif in the promoters of the b-32
and the 22 kDa�-like coixin genes of the maize-related
grass Coix is different from the�-zein target sequence.
It was suggested to be the GACATGTC palindrome
[54]. More recently O2 was shown to bind also to
the pseudopalindrome AP-1 site (ATGACTCAT) of
the pea lectin promoter [15]. The basis of this broad
DNA-binding specificity remains poorly understood
however. The DNA-binding part of bZIP proteins con-
sists of a basic region that contacts DNA and a leucine
zipper which causes dimerisation. The X-ray structure
of the GCN4 bZIP motif complexed to DNA target
sites (AP-1 pseudopalindrome ATGACTCAT [19] and
ATF/CREB palindrome ATGACGTCAT [32]) showed
that bZIP is completely �-helical. The two leucine
zippers are packed in a coiled-coil region for dimer-
ization and the basic regions of the dimer fits into the
major groove of the half-sites of the target DNA. Five
amino acids of the basic region make direct contacts
with four bases of the half-site [19, 32]. These residues
were shown to be critical for DNA-binding specificity
[30, 45, 47].

As part of a project aimed at understanding seed-
specific transcriptional control, we studied the pro-
moter of the 2S albumin gene be2S1 of Brazil nut tree.
Within this promoter, nine motifs based on the ACGT
core sequence were identified. These motifs were test-
ed for O2 binding in order to identify putative regula-
tory sequences. Three different sequences were recog-
nized by O2. Two target sites contain an ACGT core
(F1, TCCACGTCGA; F3, TCCACGTACT) and the
third, F2 (GCCACCTCAT), is part of the large vicilin
box [21]. We show that a promoter region contain-
ing F1 and F2 is required for detectable seed-specific
expression in transgenic tobacco. We also show that the
promoter domain containing the three O2 target sites
is transactivated by the Coix O2 protein. Finally, the
three O2 F1/F2/F3 complexes were modelled to try to
understand O2 binding specificity. The models indicate
that within the O2 �-helical basic domain, the invari-
able Asn of bZIP proteins [19] and a highly conserved
Ser in plant bZIP proteins [25] make different contacts
with different bases in the operator DNAs. We propose

that these two residues are probably responsible for
part of the observed differences in DNA binding.

Materials and methods

Constructs

All DNA manipulation were performed according to
standard protocols [39]. 50 Deletions of the be2S1
promoter were generated by nuclease BAL-31 diges-
tion and the end-points of the deletions determined
by dideoxy sequencing. Deletion mutants containing
the 55 bp complete untranslated leader sequence were
cloned as transcriptional fusions at the ATG initia-
tion codon of the CAT gene plus the poly(A) sig-
nals of the octopine synthase gene (ocs) of Agrobac-
terium tumefaciens into pGEM7 (Promega). The con-
structs were cloned as SphI Klenow-repaired BglII or
BamHI fragments into the XbaI Klenow-repaired/BglII
or BglII sites of the binary plant transformation vec-
tor pGSC1703A, respectively [13]. The cassette with
the CAT gene under the control of the CaMV 35S
promoter and the 30 ocs poly(A) signal (Plant Genet-
ic Systems) was cloned into the pGSC1703A vector
for plant transformation. The strategy to obtain the
210S1GUS construct (Figure 6) was as follows: the
�210/�34 promoter fragment (without TATA box)
was obtained by PCR amplification and was cloned as
an EcoRI fragment into Bluescript KS+ (Stratagene).
This clone was digested with EcoRV, BamHI linkers
were ligated and subsequently digested by BamHI to
liberate the �210/�34 fragment. This fragment was
cloned as a dimer into the BamHI site in front of
the �46 core promoter of the CaMV 35S promoter
fused to GUS [4]. The orientation was determined by
dideoxy sequencing. pTJEN used for footprint analysis
was obtained by subcloning an EcoRI-NcoI Klenow-
repaired fragment (�210 to+1 of the be2S1 promoter)
into the EcoRI/EcoRV sites of KS+. pTJ2 is a HindIII-
PstI fragment of the be2S1 gene cloned into pUC19.
The P285�-CGUS construct was described previously
[54].

Plant transformation, CAT activity assay

Tobacco (cv. Xanthi XHFD8) transformation was
via Agrobacterium tumefaciens C58C1 [17]. Plant
regeneration and selection of the transformants with
kanamycin was as previously described [24]. Extrac-
tion of total proteins from mature seeds (50 mg) after
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grinding in liquid nitrogen and the CAT assay and CAT
activity quantification were done as described [38].
Protein concentrations were determined by the Brad-
ford assay [6].

Transient assay

Leaves of tobacco plants which were grown under
shade conditions in a green house were surface-
sterilized by rapid immersion in a 50% ethanol solution
followed by a 20 min incubation in a 1% hypochlorite
solution and finally rinsed three times with sterile dis-
tilled water. Discs 2 cm in diameter that were punched
out of these sterilized leaves were used for bombard-
ment. A 0.5 �g portion of reporter plasmid alone or
together with 1 �g of the effector plasmid was bound
to 1.2 �m diameter tungsten particles (M10, Sylvania)
as described [3, 49]. Bombardment was conducted
utilizing a high-pressure helium-driven particle accel-
eration device [3, 40, 49]. Helium pressure used was
4.1 MPa and other conditions for bombardment were
as described previously [3]. Bombarded leaf discs were
kept on solid MS medium [37] supplemented with 1%
sucrose for 24 h. Histochemical assay of GUS was then
performed overnight according to established proce-
dures [27]. After chlorophyll extraction with ethanol,
blue spots were counted under a microscope.

DNA-binding assay and DNAse I footprint
experiments

The DNA-binding assay and DNAse I footprint exper-
iment were performed with a �-galactosidase-maize
O2 (�-Gal::O2) fusion protein [42]. The fusion protein
was immunoprecipitated with a �-galactosidase anti-
body and this �-Gal::O2 immunocomplex was then
treated with protein A-Sepharose beads for further use
[42]. For the DNA-binding assay the DNA restric-
tion fragments from vector pTJEN (previous section)
were 50 end-labelled using the Klenow fragment. The
32P-end-labelled fragments were then incubated with
15 �l of protein A-Sepharose beads containing the �-
Gal::O2 immunocomplex for 90 min at room temper-
ature with agitation. Washes, processing and agarose
gel electrophoresis of the selected fragments was as
described earlier [42, 54]. For DNase I footprinting, the
EcoRI-XhoI�210=+ 1 promoter fragment of pTJEN
(previous section) was used. The upper strand was
labelled at the XhoI site and the lower strand at the
EcoRI site using the Klenow fragment. 35 000 cpm of
end-labelled DNA fragments were incubated with 0,

Figure 1. Selective binding of the O2 protein to the �210 to +56
promoter fragment. A. Plasmids containing the be2S1 entire promot-
er and part of the coding sequence (pTJ2) or the �-coixin � � 3B
promoter (P�-Cx103) were digested by the restriction enzymes indi-
cated and were end-labelled (lane 1 and 3). Lanes 2 and 2 show the
fragments specifically selected by the �-Gal::O2 fusion protein. The
2.7 kb fragment is the pUC vector. A, B, C are the restriction frag-
ments shown in B. B. Map position of the restriction enzymes used
to digest pTJ2. The solid line above the map represents the frag-
ment selected by the �-Gal::O2 fusion protein. Positions are given
with respect to the transcription start. The NcoI site covers the start
codon. Ovals represent ACGT core sequences and the footprinted
sequences F1, F2 and F3 shown in Figure 2 are indicated.

6, 12 and 24 �l of the protein A-Sepharose beads con-
taining the �-Gal::O2 immunocomplex. Incubation,
DNAse I digestion and sequencing gel analysis was as
described previously [54].

Molecular modelling

The Opaque-2 protein [42] was modelled based on the
GCN4 structure [32]. Modelling was done as described
[51] using the program WHAT IF [50]. Side-chains
that had to be modelled were appended to the tem-
plate main chain in the most preferred conformations
[14], as obtained from the WHAT IF relational data-
base. DNAs were modelled using the coordinates of
the GCN4 bound to the ATF/CREB DNA site in the
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Figure 2. Localization of O2 fusion protein binding sites in the
�210 to+56 promoter fragment by footprinting analysis. A. DNAse
I protection of the �210= + 1 promoter domain by the �-Gal::O2
fusion protein. Both strands were 30 end-labelled and incubated
with 0, 6, 12 and 24 �l (lanes 0, 6, 12 and 24, respectively) of
immunopurified O2 fusion protein prior to DNAse I digestion. Lanes
G and GA are the Maxam and Gilbert G and G+A sequencing
ladder generated on the labelled fragments. The footprints obtained
are shown by boxes. B. Nucleotide sequence of the three footprinted
boxes F1, F2 and F3 shown in A. Bars show the protected sequences
identified in A. Arrows indicate an almost perfect palindrome.

Figure 3. Nucleotide sequence of the be2S1�210 to+56 promoter
fragment selected by the O2 fusion protein. The TATA box and the
start codon are underlined. The star indicates the transcription start.
The ACGT cores, and the three footprints F1, F2 and F3 are boxed.
The vertical arrows indicate the 50 end points of some of the promoter
deletions analyzed in Figure 7.

crystal structure [32]. The phosphate backbone and
the ribose rings were kept constant in the model. The
bases were placed in the plantes of the template bases.
Conserved bases were not modified in the model. All
three models were subjected to 500 steps of energy
minimization, a very short molecular dynamics run
to get out local energy minima of high energy, and a
long energy minimization using the Xplor program [7].
Molecular dynamics runs consisted of 50 steps of 2 fs,
and were performed at 100 K in vacuum. The RMS
deviation between the initial and the refined models
typically was about 0.11 nm.

Results

The maize bZIP regulatory protein Opaque-2 binds to
the promoter of the be2S1 2S albumin gene

We identified within the be2S1 promoter nine
sequences containing the ACGT core (Figure 1B). One
of these sequences (TTCCACGTCGA) is almost iden-
tical to the O2 protein target sequence (TTCCACGTA-
GA) of the maize �-zein gene [43, 48]. We did a DNA
binding selection assay using a �-Gal::O2 fusion pro-
tein produced in Escherichia coli [42, 54] to determine
whether O2 would bind to the be2S1 promoter. As
shown in Figure 1A, only the restriction fragment B,
which encompasses five ACGT core sequences (Fig-
ure 1B), was specifically bound by the O2 fusion pro-
tein. The promoter of the �-coixin gene (�-Cx103)
which is recognized by O2 [54], was used as a control
(Figure 1A).

We performed a DNAse I protection experiment to
determine the precise sequence(s) recognized by the
O2 fusion protein. Two strong footprints F1 and F2,
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and a weaker one, F3, were identified (Figures 2A and
1B). The exact localization of these binding sites with-
in the promoter domain recognized by O2 is shown in
Figure 3. The sequence F1 contains a hybrid C/G-box,
TTCCACGTCGAA (Figure 2B), which is almost a
palindrome and is nearly identical to the O2 binding
site of a �-zein gene 22Z-4 (Table 1). The sequence
TCCACGT of the F1 C/G box was also found in the
weaker footprint F3 (Figure 2B and Table 1). Interest-
ingly, the footprint F2 does not contain an ACGT core
but encompasses the sequence CGCCACCTCA (Fig-
ure 2B) which is part of the large vicilin box found in 7S
storage globulins from legumes [21]. We will refer to
the F2 sequence GCCACCTCAT as the ‘vicilin core’.
The motif TCAT in the ‘vicilin core’ is identical to the
half-site of the AP-1 pseudopalindrome ATGACTCAT
(Table 1). It has been shown that O2 binds in vitro to
the AP-1 site present in a pea lectin promoter [15]. The
TCAT sequence is also present in the O2 target site
identified in the promoters of the �-3B coixin gene
[54] and the maize b-32 gene [35]. Therefore, it seems
likely that the TCAT AP-1 half-site found in F2 is part
of the recognition sequence of the O2 fusion protein.
On the other hand, the GCCAC motif in the F2 ‘vicilin
core’ is a G-box half-site which was shown to be an
optimal O2 binding site [26]. Thus, we suggest that
the F2 O2 target site is a hybrid C/G box centred on an
ACCT core. Based on the sequence alignment shown
in Table 1, we further propose that the O2 protein can
bind to hybrid G/C boxes with one mutation in the cen-
tral dinucleotide of the ACGT core (ACCT, ATGT and
ACAT), thus forming at least one ‘optimal’ (GCCAC
and GTCAT) or ‘good’ (TCCAC) O2 binding half-site
[26]. In addition, as shown by the example of box B2
in the b-32 gene, the mutation of the central CG dinu-
cleotide to TA (Table 1) does not impair O2 binding.

Molecular modelling

In order to better understand the basis of the broad
O2 DNA-binding specificity, models were built of the
complexes of O2 with the three operator DNAs F1,
F2 and F3. An overview of an O2-DNA complex is
shown in Figure 4. Binding of bZIP proteins to DNA
involves the entire scale of non-covalent interactions
which makes the task of dissecting the importance of
individual contacts very complex. Additionally, the �-
helical structure of the bZIP domain is sufficiently flex-
ible to allow it to adopt slightly different conformations
on different operator sequences [1, 30]. The conforma-
tion and the stability of each complex results from the

adjustment required to optimize the protein-DNA con-
tracts [1, 29, 30]. These small differences between the
bZIP – DNA complexes could constitute a signal to the
transcriptional apparatus [29]. This concept of flexibil-
ity must also apply to the O2 bZIP protein since the
same protein binds well to DNA sequences that have
different residues in contact with the bZIP. A summary
of the results of our modelling assays is shown in Fig-
ure 5. Several differences between the complexes can
be observed. For instance, Arg-72 forms a hydrogen
bond only with the F1 operator base T (W+1). Oth-
er, smaller variations are also observed. For example,
many conserved hydrogen bonds have slightly different
geometries in the different models. However, a consis-
tent picture emerges in which two residues, Asn-9/64
and Ser-12/67, in both helices are the main determi-
nants for recognition. Only if the base (C-4/W-4) is
a thymidine can a favourable hydrophobic interaction
between its carbon C5M and the C-� of Ser-12/67
be observed. Asn-9/64 shows a wide range of possi-
ble interactions with DNA that have been observed in
the GCN4 structures and in our models (Figure 5). In
all cases the bases presented to Asn are different and
lead to differences in hydrogen bond formation. These
results point to the importance of Asn and Ser as the
determinant of the binding constant.

Biological function of the O2-binding sites present in
the be2S1 promoter

We investigated the biological significance of the
DNAse I protection experiments described above. The
transactivation of the be2S1 promoter by the Coix O2
protein was evaluated using an in situ transient expres-
sion assay. Since the Coix and the maize O2 sequences
are a 100% identical in the basic region and are 93%
identical in the leucine zipper, it seems likely that the
two proteins have very similar binding properties.

The effector plasmid which contains the Coix O2
cDNA under control of the CaMV 35S promoter (con-
struct A in Figure 6) and one reporter gene were bom-
barded together on tobacco leaves. The reporter con-
structs consist of the uidA gene, which encodes the
enzyme �-glucuronidase (GUS) under control of dif-
ferent promoters (Figure 6). Construct B consists of
the be2S1 �210=� 34 promoter domain which con-
tains the three O2 binding sites (F1, F2, F3), duplicated
and joined to the TATA box of the �46 minimal pro-
moter of the CaMV 35S. We chose to duplicate the
be2S1 promoter domain because it was shown in sev-
eral instances that the combination or the duplication
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Table 1. Alignment of O2-binding sites.

02

Box Gene Sequence binding Ref.

Positions -4 -3 -2 -1 -0 +0 +1 +2 +3 +4

B4(R) b-32 A G T CA T G T C A T C + 1

B3(R) b-32 T T C C A C A T C A T C + 1

B2R b-32 A T C C A T A T C A T C + 1

B1R b-32 A G C C A T G T C A T C + 1

O2C �-3A A G C C A T G T C A T C + 2

O2C �-3B A G A C A T G T C A T C + 2

F2 BE2S1 C G C C A C C T C A T C + 3

Vic. phaseolin C G C C A C C T C A A T nd 4

AP-1 lectin G A A T G A G T C A T C + 5

With ACGT core

F1(R) BE2S1 T T C C A C G T C G A A + 3

F3 BE2SI C T C C A C G T A C T C + 3

02 22Z-4 T T C C A C G T A G A T + 6

References: 1, maize b-32 gene, [35]; 2, coix �-coixin 3A and 3B [54]; 3,
this study; 4, vicilin (vic) box of the bean �-phaseolin gene [21]; 5, pea
lectin [15]; 6, maize �-zein 22Z-4 [43]. (R), reverse orientation; nd, not
determined.
Numbers at the top indicate the position of the bases from the centre of the
binding site (�0,+0).

of cis-regulatory elements can interact synergistically
(i.e. more than additive) [5, 34, 52]. Construct C is the
�-3B coixin promoter and D consists of the�46 mini-
mal promoter of the CaMV 35S. Transactivation of the
reporter plasmids by O2 was measured by histochem-
ical staining of the product of GUS and estimated by
counting the blue spots. Table 2 shows that the be2S1
proximal promoter is activated 7-fold by the Coix O2
protein. The promoter of the Coix �-3B coixin gene
was used here as a positive control since it has been
shown to be transactivated by the maize O2 protein
[54]. In our transient assay this promoter domain was
activated 2.5-fold (Table 2). The low activation of the
be2S1 and the �-3B coixin promoter constructs in the
absence of the O2 protein may reflect the binding of
leave transcriptional factors to these promoter frag-
ments (Table 2). As expected, no activation by O2
was observed from the �46 CaMV promoter which is
devoided of regulatory sequences other than the TATA
box (Table 2). Taken together, these results confirm
that the Coix O2 protein is a transcriptional activator,
and that the in vitro O2-binding sites F1, F2 and F3 are
likely to be functional regulatory sequences in vivo.

We then verified the involvement of the F1 and
F2 O2 target sites in seed expression. 50 deletions of

Table 2. In situ transactivation by the Coix
O2 protein.

Plasmids Blue spots Activation

B 64 –

B+ A 447 7�

C 254 –

C+ A 640 2:5�

D 0 –

D+ 0 –

Tobacco leaves were bombarded with par-
ticles coated with the reporter plasmid
(0.5�g) alone or together with the effector
pRT101-O2 plasmid (1 �g). Gus activ-
ity was revealed by in situ staining and
estimated by counting the blue spots. For
each plasmid, the total number of blue
spots from 9 independent bombardments
with one leaf disc each were counted.

the promoter were cloned as transcriptional fusions in
front of the chloramphenicol acetyl transferase (CAT)
reporter gene. The constructs were cloned into a binary
vector in order to transform tobacco usingAgrobacteri-
um tumefaciens. The effect of the promoter 50 deletions
on CAT activity in mature seeds of primary tobacco
transformants is shown in Figure 7. For all 50 dele-
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Figure 4. Model of the O2-F1 complex. Model of Opaque-2 interacting with the operator F1 of the Brazil nut 2S gene promoter. The two
operator DNA strands are shown in pink and dark blue. The dimerized protein residues are presented as two�-helical ribbons (yellow and blue).
The side chains of Asn-9/64 and Ser-12/67 are in red and green CPK, respectively.

tions CAT activity was exclusively detected in seed
extracts, while no activity could be detected in leaves
(result not shown). As shown in Figure 7, the promoter
domain �177 to �88 which covers the F1 and F2 O2
targets is required for significant seed expression of the
CAT gene. Indeed, promoter sequences downstream of
position�88 which covers the F3 O2-binding site con-
fer a much lower (26-fold) CAT gene expression than
deletion�177 (Figure 7), but still allow a 5-fold higher
CAT activity accumulation than control WT plants (not
shown). These results are in agreement with previous
studies which showed that the �210 to +56 promot-
er domain still confers seed-specific expression [23].
This data suggests that, at least in part, the F1 and F2
O2-binding sites are involved in seed expression of the
be2S1 promoter.

Discussion

We have identified three different response elements
(F1, F2, F3) in the promoter of the 2S albumin gene

be2S1 that are recognized in vitro by the maize bZIP
regulatory protein O2 (Figure 2B). The sequences F1
(TCCACGTCGA) and F3 (TCCACGTACT) contain
the ACGT core motif shared by all plant bZIP pro-
teins [2, 26, 41, 53]. They are hybrid motifs consisting
of a C box and G box half-site in the case of F1,
and of an A box and G box half-site for F3. The F2
sequences (GCCACCTCAT) can be considered as a
hybrid C/G box centered on an ACCT core (Table 1).
The O2-binding affinity for these assymetric motifs
most likely is determined by the relative binding affin-
ity for the two half-sites [26]. Nucleotides flanking the
ACGT core at positions +2/�2, +3/�3 and +4/�4
were shown to affect bZIP protein-binding activity
[26]. Based on the sequence alignment of Table 1
we suggest that O2 binding to operators with one or
two mutations in the CG dinucleotide of the ACGT
core can be effective as long as at least one half-site
contains optimal flanking sequences GCC, CAT and
TCC (positions +2/�2, +3/�3 and +4/�4). Based
on our modelling data (Figure 5), we also suggest that
the interactions of Ser-12/67 and Asn-9/64 with the
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Figure 5. Schematic representation of the major interactions in the
DNA-O2 complexes. A. Alignment of the O2 and GCN4 basic region
amino acid sequence used in the modelling study. Asn-9/64 and Arg-
17/72 are conserved in all known bZIP proteins [16]. Ser-12/67 is
conserved in various plant bZIPs [23]. B. Major interactions in the
O2-DNA complexes. Bases are numbered from the center of the
binding site (�0,+0). Filled squares/circles indicate that the hydro-
gen bounding potential of Asn-9/64 is fully exploited (both N� and
O� are involved in the hydrogen bond); open squares indicate that
only one of the two possible hydrogen bonds has been established.
Dotted lines indicate a ‘hybrid’ hydrogen bond formation: one donor
and two acceptors or vice versa. ‘S’ pointed out by an arrow shows
that a favourable hydrophobic interaction between the Ser-12/67,
�-carbon and the thymidin C5M atom has been observed. The num-
bers below F1, F2 and F3 represent the sums of hydrogen bonds and
hydrophobic interactions involving-Asn 9/64 and Ser-12/67, respec-
tively.

Figure 6. Constructs used for the transactivation assay. A. pRT101-
O2, effector plasmid carrying the complete Coix O2 cDNA under
control of the 35S CaMV promoter. B. Duplicated�210/�34 be2S1
promoter fused to the �46 CaMV TATA box. C. �285 promoter
fragment of the Coix Cx103 �-coixin gene. D. The �46 CaMV
promoter containing only a TATA box. Ter 30: poly(A) signal from
the pea rbcsS3C. Ter 35S: poly(A) signal of the CaMV 35S promoter.

bases (+2/�2, +3/�3 and +4/�4) flanking the core
sequence are essential for successful binding. Contrary
to Ser-12/67 which interacts exclusively if base �4 is
a thymidine, in the case of Asn-9/64 a broader inter-
action spectrum is observed (Figure 5B). This amino
acid can form hydrogen bonds with different bases at
different positions in the flanking sequence. We sug-
gest that small changes in the relative orientation of
the bZIP helix pairs, combined with the possibility of
Asn to adopt several different energetically favourable
side-chain conformations [42] provides the possibility
to adjust to different DNA patterns [30, 44].

The geometry and thus the energetics of the inter-
actions made by Asn-9/64 and Ser-12/67 may be a
strong determinant of the binding constants. Indeed, no
quantitative correlation could be established between
the apparent binding observed on the footprints (Fig-
ure 2) and the number of energetically favourable con-
tact revealed through modelling (Figure 5). The con-
tribution of individual contacts made by Asn-9/64 and
Ser-12/67 to the binding affinity needs further stud-
ies aimed at determining the dissociation constants of
O2-operator complexes. On the other hand, Asn-9/64
and Ser-12/67 are conserved in several plant bZIP-
proteins [25] yet these proteins differ in their binding
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Figure 7. Functional analysis of the be2S1 promoter in transgenic
tobacco. 50 Deletions of the be2S1 promoter and the CaMV 35S
promoter (35S) were fused to the CAT gene at the ATG initiation
codon. CAT activity in extracts of mature seeds from independent
transgenic plants carrying the 50 promoter mutants constructs and the
35S CaMV construct were determined. The 50 deletion end-points
and the number of transgenic plants analysed for each mutant are
indicated. Each point represents the CAT activity from seeds of a
single transgenic plant. Numbers shown above the columns are the
mean values of CAT activity. The exact position of the 50 deletions
�177,�88 and �49 are shown in Figure 3.

specificity [26]. Thus, the leucine zipper and/or others
non conserved amino acids in the basic domain must
be involved in DNA binding specificity probably by
indirectly affecting Asn-9/64 and Ser-12/67 [30, 45].
In vivo, binding specificity may also be influenced by
the interaction with other DNA-binding protein [36].

The sequence GCCACCTCA, which is part of the
vicilin core (F2), is also found in the UAS1 activat-
ing sequence of the �-phaseolin promoter [9] and in
the activating domain c of the promoter of the �-
conglycinin �0 subunit gene [33]. Our results suggest
that the vicilin core may be the target of a bZIP tran-
scription factor and are in agreement with the recent
identification of two bean bZIP factors (ROM1 and
ROM2) that specifically bind to the same vicilin core
sequence [10, 11]. The in situ transactivation of the
�210=�34 promoter domain of be2S1 by the Coix O2
protein (Table 2) suggests that the in vitro binding of the
maize O2 to F1, F2 and F3 sequences reflects an in vivo

situation. The importance of the sequences F1 and F2
for seed expression was confirmed by the be2S1 50

promoter deletion analysis in transgenic tobacco (Fig-
ure 7). However, the exact function of the F1, F2 and
F3 sequences for seed expression remains to be eluci-
dated. Our data suggest that bZIP proteins are involved
in dicot seed gene expression and work is in progress
to identify such proteins.
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