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Abstract A 45-bp proximal region of the rice glutelin promoter
(--104/—60) containing two putative cis-elements, the AACA
motif and GCN4 motifs, was fused to a truncated CaMV 35S
promoter (—90/+9; —90A35S)/GUS. The 45-bp fragment
specifically enhanced the promoter activity in endosperm tissue
of transformed tobacco. A substitution mutation of the GCN4
motif reduced the promoter activity, whereas mutation of the
AACA motif increased the activity in the embryo as well as in the
endosperm. These results suggest that the GCN4 motif generally
enhances the promoter activity but that the combination of the
two motifs confers the endosperm specificity. Furthermore, the
function of the two motifs was dependent on the orientation and/
or distance from a G-box element in —90A3S5S, suggesting that
synergistic interaction between the factors that recognize those
motifs and the G-box element is important for transcriptional
regulation.
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1. Introduction

Glutelin is a major seed storage protein of rice (Oryza sativa
L), which constitutes a small multigene family of about 10
members per haploid genome. These genes are clearly classi-
fied into two subfamilies designated as GluA and GluB [1-5].
This genomic organization is similar to that of other seed
storage protein genes. The expression of storage protein genes
is strictly controlled during seed development and is regulated
primarily at the transcriptional level [5S-7]. Therefore, they
provide a model system for studying the tissue specificity of
pant genes [8-10]. To date, several sequences, such as the
- 300 element [11,12], GCN4 motif [13,14], RY element [15-
17] and G-box motif [18], have been reported to be involved
i seed-specific expression.

GluAd-3 is one member of the Glu4 subfamily that has thus
fir been well analyzed since it is different from other glutelin
genes in temporal expression [5,6,19]. These observations sug-
gost that several putative cis-elements are responsible for tis-
sue specificity and temporal regulation. Zhao et al. {20] have
recently reported that the cis-element responsible for stage-
syecific expression can be separated from that for endosperm
specificity. The latter element was located between positions
- 346 and —263. We have also shown that the sequence be-
tveen —437 and —317 of GluA-3 is sufficient to confer seed-
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specific expression [21]. However, the functional importance
of the proximal region of the gene has not been thoroughly
analyzed in spite of the high sequence homologies with other
members of the GluA subfamilies. It is noteworthy that the
AACA motif around —70 and the GCN4 motif around —100
are conserved in all members of glutelin genes. In this paper,
we demonstrate clearly by gain-of-function experiments that
the 45-bp proximal region of the GluA-3 promoter (—104/
—60), including the AACA motif and GCN4 motifs, is suffi-
cient to confer endosperm-specific expression. This is the first
report clearly showing the elements required for endosperm
specificity in a cereal seed storage protein gene.

2. Materials and methods

2.1. Construction, plant transformation and cultivation

A 45-bp oligonucleotide and three types of mutagenized oligonu-
cleotides of the GluA-3 promoter (—104/—60) were synthesized with
the Sau3Al recognition site at both the 5’-and 3’-end. Two putative
cis-elements, the AACA and GCN4 motif, were substituted to create
Apal and Smal recognition sites, respectively. These were blunted at
their Sau3Al sites and cloned into the Hincll site of the plasmid
pUCIS. After digestion with HindIIl and BamH]I, fragments including
the 45-bp oligonucleotides were excised from the plasmid and then
subcloned into the upstream region of the CaMV 35S truncated pro-
moter (—90/+9) in pLP19 binary vector [21] as shown in Fig. 1. The
orientation and accurateness of the inserted oligonucleotides were
determined by sequencing [22].

The plasmid pLP19 containing these synthesized oligonucleotides
was introduced into Agrobacterium tumefaciens strain LBA4404 by
triparental mating using pRK?2013 as helper. Tobacco (Nicotiana ta-
bacum cv. Petit Havana SR1) was used for the Agrobacterium infec-
tion. The infected tobacco leaf disks were cultured and regenerated as
described previously [23]. The transformants were selected by kana-
mycin (100 ppm), and confirmed by Southern hybridization [24] and
the PCR method (data not shown). After regeneration, all the trans-
formants were transferred into nutrient soil and grown in a green-
house under a 14-h light (about 500 pE/cm?, 25°C) and 10-h dark
(23°C) cycle.

2.2. GUS assays

One pod from each of 7-20 transformed tobacco plants was har-
vested every 4 or 5 days between 7 and 24 days after pollination
(DAP). To compare the maximum activity in the seeds for each con-
struction, the highest value during endosperm development was used.
Pods were frozen instantly in liquid nitrogen and stored at —80°C
until use. A leaf disc and a section of stem and root were also har-
vested and stored similarly. GUS assays were performed as described
by Jefferson [25). Total protein content was determined to normalize
the GUS activities by the method of Bradford [26]. Data are shown
for each transgenic line separately, and statistically confirmed the
significance in the mean difference by Student’s s-test. For histochem-
ical staining of GUS activity, a hand-cut section of the seed was
dipped into X-glucuronide solution overnight at 37°C.
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3. Results

It was first investigated whether a 45-bp fragment of the
GluA-3 gene is sufficient to confer seed-specific expression to a
truncated CaMV 35S promoter (—90/+9: —90A35S)/GUS
construct. Subsequently, the functional importance of two
putative cis-elements in the 45-bp fragment, GCN4 and
AACA motifs, was examined by the substitutional mutations
of individual elements as shown in Fig. 2. The normal 45-bp
construct (Nm) resulted in 2.6-fold induction of GUS activity
as compared with that of the control level (—90A35S) in seeds,
while it did not show any significant effects on the activities of
non-seed tissues. It was notable that high GUS activity was
observed in every tissue when the AACA motif was mutagen-
ized (MAm). The relative level of GUS activity to the control
(—90A35S) in seeds, leaves, stems and roots was 4.3, 4.7, 1.9
and 2.3, respectively. Furthermore, when either the GCN4
(MGm) or both motifs (MAGm) were mutagenized, little ac-
tivation was observed in every tissue.

To clarify the location of the expression sites directed by the
45-bp fragment, histochemical analysis was carried out as
shown in Fig. 3. The radicle of the embryo was stained in
the —90A35S construct. Similar, albeit partially staining pat-
terns in the radicle of the embryo were also observed in the
constructs of MGm and MAGm. In contrast, it was note-
worthy that the endosperm tissue is specifically stained in
the Nm construct, whereas whole tissue in the seeds is highly
stained in the MAm construct.

In order to examine whether the promoter activity of the
45-bp fragment is dependent on orientation, the normal and
mutagenized 45-bp fragments (Nm, MAm, MGm and
MAGm constructs) were changed in the reverse manner rela-
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tive to —90A35S (Figs. 1 and 4). The effect of the reverse
orientation on promoter activity was calculated as the relative
GUS activity to that of the corresponding forward construct.
The reverse Nm and MAm constructs (fNm and rMAm)
seemed to decrease the relative GUS activity to about 0.7
and 0.5 in seed, respectively. In contrast, the reverse MGm
construct (rMGm) increased the relative GUS activity to
about 4.0 in seeds. It was notable that the rMGm construct
also markedly enhanced the relative GUS activity in leaves,
stems and roots to about 12.1, 4.7 and 2.2, respectively. In
non-seed tissues, the reverse orientation of Nm had little effect
on promoter activity in any tissues other than leaf, in which it
resulted in 2.3-fold increase. Furthermore, there was little dif-
ference in activity of non-seed tissues between the rMAm and
MAm constructs. The tMAGm construct showed slightly low-
er activities than the MAGm construct in every tissues except-
ing root.

We further examined whether GUS activity would be en-
hanced by the trimer of the 45-bp fragment. The trimer of the
Nm fragment (Nt) demonstrated almost the same effect as the
monomer on —90A35S promoter activity. This tendency was
similar in every tissue. The relative GUS activity of the trimer
to the monomer fragment in seeds, leaves, stems and roots
was about 0.9, 1.0, 0.9 and 1.0, respectively (data not shown).

4. Discussion

Both the AACA and GCN4 motifs are conserved in all the
members of glutelin genes around —70 and around —100,
respectively, suggesting that these elements should be consid-
ered as candidates for the cis-regulatory element responsible
for endosperm-specific expression. However, the previous 5'-
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Fig. 1. Construction of GluA-3::—90A35S chimeric promoters. (A) Sequence of GluA4-3 synthetic oligonucleotides used for the chimeric promo-
ters. (B) Orientation and duplication of the GluA4-3 synthetic oligonucleotides and structure of pLP19 binary vector. Open circles and triangles
indicate the normal GCN4 and AACA motifs, and closed circles and triangles denote the mutated GCN4 and AACA motifs, respectively.
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deletion analysis of G/uA-3 has only indicated the functional
importance of the upstream sequence between —346 and
—263 [20} or —437 and —317 [21]. In this study, it was tested
whether a 45-bp fragment in the proximal region of the GluA-
3 gene (Nm: —104/—60) is sufficient to confer seed-specific
expression when fused to a truncated CaMV 35S promoter
(- 90A35S). Subsequently, the functional importance of two
putative cis-elements in the 45-bp fragment, GCN4 and
AACA motif, was examined by the substitutional mutation
of each element. Our results indicated that the small 45-bp
fraugment specifically enhances the activity of —90A35S in en-
dosperm of transgenic tobacco. It is noteworthy that the mu-
tazion of the AACA motif (MAm) shows higher GUS activity
than the Nm construct in every tissue, although the mutation
ot the GCN4 motif (MGm) and both motifs (MAGm) did not
exert any significant effect on the GUS activity. These indi-
cuted that the GCN4 motif generally enhances the promoter
activity but that the combination of the two motifs confers
endosperm-specific gene expression.

The GCN4 motif consists of the consensus seven nucleo-
tides (TGAPuTCA) forming a palindromic structure, which is
recognized by a bZIP type trans-acting factor [27,28]. It has
been reported that the GCN4 motif is implicated in some
plant gene promoter activation in combination with other
elements (i.e. endosperm motif [13,29]). De Pater et al. [14]
demonstrated that a trimer of a 22-bp fragment in the prox-
inial region of the pea lectin promoter containing the GCN4
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motifs confers seed-specific gene expression and GUS staining
in whole seed tissues. However, it was shown here that the
GCN4 motif enhances the promoter activity in every tissue or
the enhancement is due to mutation of a putative negative
regulatory element AACA (the MAm construct). This discre-
pancy may be explained by the difference in the CaMV 35S
promoter used: De Pater et al. [14] used the —46 to +8 region
(—46A35S) of the CaMV 35S promoter to express the oligo-
merized GCN4 motif, whereas the —90 to +9 region
(—90A35S) was used in this study. The region between —90
and —46 of the 35S promoter includes a G-box which recog-
nizes the b-ZIP rrans-acting factor, TGAla [30,31]. Therefore,
it was suggested that the combinatorial interaction between
the G-box and GCN4 motifs directed the expression in every
tissue. It is interesting to note that our 45-bp fragment, con-
taining the GCN4 and AACA motifs, could not enhance the
activity of the core —46A35S promoter (data not shown).
Consequently, it is suggested that the synergistic interaction
of GCN4, AACA and G-box may determine the distinctive
seed specificity while the interaction between GCN4 and G-
box may enhance the promoter activity in every tissue. The
CATGCAT sequence, named the RY element, is necessary
but sufficient for the embryo-specific expression of leguminous
seed storage protein genes [15,16], such specificity is also de-
termined by the RY element in conjunction with other less
defined elements [17]. Salinas et al. [18] showed that the tetra-
mer of G-box sequences confers seed-specific expression when
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Fig. 2. Functional analysis of the normal and mutated 45-bp fragments. GUS activities of each transformant were examined in (A) seed,
(B) leaf, (C) stem and (D) root, individually. Constructs used in the study are shown in Fig. 1. Each dot represents the GUS activity for each
individual transgenic tobacco line. The number of plants tested is shown in parentheses. Bar indicates the average value of the GUS activity
for individual construct. Relative level of GUS activity to the control (—90A35S) is also shown (e.g. X2.6). Significant difference between the
mean value of each construct and that of the control was examined by r-test and is indicated by a single (p < 0.05) or double (p < 0.1) aster-

isks beside the relative GUS activity.
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fused to —90A35S. Kawagoe et al. [32] reported that syner-
gism between the G-box and CACCTG elements is required
for activation of embryo-specific expression of the bean B-
phaseolin promoter.

It is shown here that endosperm specificity is clearly deter-
mined by a set of the GCN4 and AACA motifs when fused to
—90A35S. However, little is known about the function of the
AACA motif. More than one AACA motif is repeated in the
5’'-flanking region of some glutelin genes, in addition to the
AACA motif around —70 conserved in all the glutelin genes
[4,33). Homology search of the AACA motif indicates that the
sequence of the AACA motif is very similar to that of a
gibberellic acid response element. It was demonstrated by
the gain-of-function experiment that an AACA motif located
in the upstream region of GluA-3 acts as a specific negative
regulator suppressing the expression in tissues other than en-
dosperm [21]. Furthermore, it was interesting to note that the
negative effect of the AACA motif is converted to a positive
one when the 45-bp fragment is fused to —90A35S in the
reverse orientation with respect to the TATA box (rMGm),
while the positive effect of the GCN4 motif is little affected
besides seed by changing the orientation (rMAm). These re-
sults suggest that a set of the AACA and GCN4 motif does
not function as one large orientation-dependent enhancer. It is
also suggested that the effect of the AACA motif depends on
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the orientation of this motif and/or its position against the
other elements. However, it could not simply explain why
the same reversed AACA motif enhances the promoter activ-
ity only in the rMGm construct but not in the rNm construct.
It is possible that the presence of the GCN4 motif in the 45-
bp fragment affects the intensity of the interaction between the
AACA motif and the other. On the other hand, the possibility
cannot be ruled out that the changes in expression we ob-
served here are not due to the oligonucleotides with which
we have substituted the original sequence, because these oli-
gonucleotides are a palindromic sequence and they could bind
unknown factors. Extensive studies by more detailed base
substitution mutations may be required to characterize these
motifs.

In conclusion, it has clearly been demonstrated that one set
of the AACA and GCN4 motif plays an important role in the
endosperm-specific gene expression of the GluA-3 gene, while
the set alone did not result in high level gene expression.
Consequently, the level of gene expression may depend on
the combination with other sequences, such as endosperm
motif and G-box motif in the upstream region. It is interesting
to note that a combination of one set of the AACA and
GCN4 motifs and an endosperm motif or G-box is found in
the 5'-flanking region of GluA-3, whereas two sets of the
AACA and GCN4 motifs are found within the 250 bp of

Fig. 3. Histochemical GUS staining of transgenic tobacco seeds carrying the —90A35S with various GluA-3 truncated fragments. Mature seeds
from transformed tobacco were sectioned and then incubated with X-Gluc. solution at 37°C, overnight. A, non-transformant; B, control
(—90A35S); C, Nm construct; D, MAm construct; Em, embryo; En, endosperm. It should be noted that the staining site is clearly different
for each construct (A, none; B, radicle of the embryo; C, endosperm; D, whole).
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Fig. 4. Effect of the orientation of normal and mutated 45-bp fragments on GUS activity in (A) seed, (B) leaf, (C) stem and (D) root of each
transformant. Constructs used in the study are shown in Fig. 1. Each dot represents the GUS activity for each individual transgenic line. The
number of plants tested is shown in parentheses. Bar indicates the average value of the GUS activity for individual construct. Relative level of
GUS activity to each corresponding forward orientation (shown in Fig. 2) is shown (e.g. X4.0 = 4-fold). Significant difference between the
mean value of each construct and that of the corresponding forward orientation was examined by t-test (p < 0.05) and is designated by an as-

terisk beside the relative GUS activity.

the 5'-flanking region of the GluB subfamily genes [4,33]. We
have recently shown by §’-deletion analysis of the GluB-1 gene
that both sets of the AACA and GCN4 motifs are required to
confer endosperm-specific expression [33]. It is possible that
the difference in motifs combined with one set of the AACA
and GCN4 motif makes a difference in the gene expression
level between the two glutelin gene families.
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