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By utilizing a homologous transient-expression system, we have shown that a 58-bp sequence from the
y-class 27-kDa zein promoter, spanning from -307 to -250 relative to the transcription start site, confers a
high level of transcriptional activity on a truncated plant viral promoter. The transcriptional activity mediated
by the 58-bp sequence is orientation independent, and it is further enhanced as a result of its multimerization.
A similarly high level of transcriptional activity was also observed in protoplasts isolated from leaf
tissue-derived maize suspension cells. In vitro binding and DNase I footprinting assays with nuclear proteins
prepared from cultured endosperm cells revealed the sequence-specific binding of a nuclear factor(s) to a

16-nucleotide sequence present in the 58-bp region. The nuclear factor binding sequence includes the -300
element, a cis-acting element highly conserved among different zein genes and many other cereal storage
protein genes. A 23-bp oligonucleotide sequence containing the nuclear factor binding site is sufficient for
binding the nuclear factor in vitro. It also confers a high level of transcriptional activity in vivo, but in an

orientation-dependent manner. Four nucleotide substitutions in the -300 element drastically reduced binding
and transcriptional activation by the nuclear factor. The same nuclear factor is abundant in the developing
kernel endosperm and binds to the -300 element region of the 27-kDa or the a-class zein promoter. These
results suggest that the highly conserved -300 element is involved in the common regulatory mechanisms
mediating the coordinated expression of the zein genes.

Genes encoding zeins, the major storage proteins of maize,
are coordinately regulated in a tissue- and developmental
stage-specific manner during seed development. Their expres-
sion is confined to endosperm tissue and starts 10 to 12 days
after pollination (25). A large number of zein genes encode
proteins of discrete molecular sizes, which are divided into four
classes according to similarities in the primary protein struc-
tures (13, 19). Whereas the (x-class 22- and 19-kDa zeins are
encoded by a large gene family of 25 to 50 members (6, 16, 43),
the 3-class 15-kDa zein, y-class 16- and 27-kDa zeins, and
8-class 10-kDa zein are encoded by genes present in only a few
copies (2, 10, 19, 44). Expression of these different zein genes
is regulated at both the transcriptional and the posttranscrip-
tional levels (3, 8, 20). The coordinated expression of different
zein genes during seed development may be attained through
a common regulatory mechanism. However, recent studies on
a regulatory mutation, opaque-2, have clearly demonstrated
the presence of an additional level of regulation which controls
gene member-specific expression of zein genes (33, 41). Thus,
multiple complex regulatory mechanisms are likely to be
involved in the transcriptional regulation of zein genes.

In the search for potential regulatory mechanisms control-
ling the coordinated expression of zein genes in developing
endosperm tissue, 5' flanking sequences of various zein genes
have been examined for the presence of conserved cis-acting
sequences. In addition to the general transcription elements
such as TATA and CAAT sequences, a highly conserved 7-bp
sequence motif, 5'-TGTAAAG-3', generally located 330 bp
upstream from the first ATG initiator codon, has been identi-
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fied in most of the cloned zein genes (2). This sequence motif,
commonly referred to as the -300 element (also called the
endosperm box or prolamin box), shares homology to the
simian virus 40 core enhancer sequence (45). Among the
(x-class zein genes, the conservation of the sequence further
extends to a 15-bp stretch, 5'-CACATGTGTAAAGGT-3',
surrounding the -300 element (5). In addition to the zein
genes, the -300 element is also conserved in the 5' flanking
regions of many other cereal storage protein genes (4, 7, 12, 28,
34, 37) as well as those of other endosperm-specifically ex-

pressed maize genes (42). Thus, the -300 element has been
proposed to play a role in the endosperm-specific expression of
zein genes. This hypothesis has been strengthened by the
specific binding of protein factors present in the endosperm
cell nuclei to the -300 element region of a 19-kDa zein gene
(23). Recently, a 43-bp sequence from a 19-kDa zein promoter
containing the -300 element has been shown to confer a high
level of transcriptional activity in transiently transformed
maize endosperm protoplasts (31). However, the highly mul-
tigenic (x-class zein genes, of which a large fraction constitutes
pseudogenes (18, 32), make functional analyses of their pro-
moters difficult.
To identify cis-regulatory mechanisms involved in the coor-

dinated expression of zein genes, we have performed promoter
deletion analyses on the -y-class 27-kDa zein gene. The 27-kDa
zein gene is present in one or two copies in the maize genome,
and its expression has recently been shown to be regulated by
opaque-2 modifier genes which determine the Quality Protein
Maize phenotype (14). We have shown that a 23-bp upstream
region containing the -300 element confers a high level of
transcriptional activity on a truncated cauliflower mosaic virus
35S (CaMV 35S) promoter. The sequence-specific binding of a

nuclear protein factor(s) to the -300 element is demonstrated,
and a new core motif for the nuclear factor binding region is
defined by DNase I footprinting.
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FIG. 1. 5' flanking sequence of the 27-kDa zein gene. (A) Nucle-
otide sequence spanning from -1042 to +61 (relative to the transcrip-
tion start site, + 1). The endpoints of various deletion clones analyzed
for their transcriptional activities are marked with filled circles, and
their nucleotide positions are indicated above. The conserved ele-
ments, including the -300 element (TGTAAAG), Opaque-2-like
target sequence (TITACGTAGA), and TATA box, are underlined.
(B) Summary of DNase I footprinting assays. The nucleotide sequence
of the coding strand containing the nuclear factor binding site (WT) is
shown. The sequences protected from DNase I digestion in the coding
and noncoding strands are indicated by brackets. The unique direct
repeat and imperfect inverted repeat are marked by broken and solid
arrow lines, respectively. The synthetic 23-base oligonucleotide se-
quence (spanning from -287 to -265) is boxed. The four nucleotide
substitutions made in the mutant oligonucleotide sequence (M) are
circled in the WT sequence.

MATERIALS AND METHODS

Plasmids and chimeric gene constructs. Cloning of the
1,103-bp 5' flanking sequence of the 27-kDa zein gene, span-
ning from -1042 to +61 with respect to the transcription start
site of the gene (Fig. 1A), was previously described (39). A
series of deletion clones whose endpoints reside between
-1042 and -92 was generated from this fragment by utilizing
restriction sites present on it (Fig. 2A). They were fused 5' to
a truncated (spanning to -90 with respect to the transcription
start site) cauliflower mosaic virus (CaMV) 35S promoter. The
synthetic promoters were fused to the Escherichia coli chlor-
amphenicol acetyltransferase (CAT) reporter gene equipped
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FIG. 2. Transcriptional activities of various 5' flanking regions of
the 27-kDa zein gene. (A) Schematic representation of synthetic
promoters containing various 5' flanking regions of the 27-kDa zein
gene and a truncated -90 CaMV 35S promoter. The intact 1,103 bp of
5' flanking region from the 27-kDa zein gene is shown at the top, and
the relative locations of the -300 element, Opaque-2-like target
sequence (02'), TATA box, and the transcription start site (CAP) are
indicated. The endpoints of the 5' flanking regions with respect to the
transcription start site are indicated (constructs 2 through 13). These 5'
flanking regions were fused 5' to a truncated - 90 CaMV 35S promoter
(pCR). As control promoters, the truncated CaMV 35S promoter
(construct 1) and the CaMV 35S promoter containing duplicated
enhancer elements (enh) (construct 14) were used. All of these
synthetic promoters were fused to the CAT reporter gene equipped
with the CaMV 35S 3' control sequence. (B) Transcriptional activities
of the synthetic promoters in transiently transformed endosperm
protoplasts. Relative CAT enzymatic activities derived from the CAT
constructs are shown. The level of CAT activity derived from the
promoterless CAT construct was subtracted from those obtained from
the synthetic promoter-CAT constructs in order to correct for nonspe-
cific CAT activity. For each construct, the level of CAT enzymatic
activity was standardized to that of GUS enzymatic activity, derived
from the coelectroporated pFFGUS plasmid containing the GUS
reporter gene regulated by the CaMV 35S promoter (with duplicated
enhancer elements) and its 3' control sequence. These values were
expressed as relative to that for pCRCAT (construct 1). The average
value of data from five independent experiments is shown for each
chimeric construct in the histogram, with the standard deviation from
the mean indicated by an error bar.
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with the 3' control sequence of the CaMV 35S gene (41). In
addition, a 58-bp 5' flanking region spanning from -307 to
-250 was multimerized in a head-to-tail orientation in the
pUC1 19 plasmid vector. For this, a BglII linker was inserted at
the PstI site after it had been made blunt by T4 DNA
polymerase. The multimerization was carried out by cutting
out the BglII-BamHI fragment from the plasmid and cloning it
into the BamHI site of another plasmid. The multimers of the
58-bp fragment were placed 5' to the truncated (-90) CaMV
35S promoter in both correct and opposite orientations and
were subsequently inserted into the CAT expression cassette.
Similarly, 23-bp sequences containing the wild-type and the
mutated -287 to -265 promoter sequence of the 27-kDa zein
gene were multimerized in a head-to-tail orientation in a
plasmid vector to generate hexamers. They were fused 5' to the
truncated CaMV 35S promoter spanning to -90 or -42
(generated by exonuclease III digestion) with respect to the
transcription start site and subsequently inserted into the CAT
expression cassette.

Electroporation of protoplasts. The establishment of a
maize (Zea mays L., A636 inbred) endosperm cell suspension
culture and isolation of protoplasts from the culture have been
described previously (39). One million protoplasts isolated
from the endosperm suspension cells were electroporated with
25 jig of plasmid DNA containing each chimeric CAT gene
construct as previously described (39). For each electropora-
tion, 10 ,ug of pFFGUS plasmid (38), containing the E. coli
,-glucuronidase (GUS) reporter gene placed under the con-
trol of the CaMV 35S promoter (with duplicated enhancer
elements) and 3' control sequence, was coelectroporated to
standardize the electroporation efficiency. As negative and
positive controls for transient-expression experiments, f-CAT,
a promoterless CAT gene equipped with the CaMV 35S 3'
control sequence, and pFFCAT, the CAT gene placed under
the control of the CaMV 35S promoter (with duplicated
enhancer elements) and the 3' control sequence (39), respec-
tively, were used. To examine tissue specificity of transcrip-
tional activity, some chimeric CAT gene constructs were also
electroporated into protoplasts isolated from leaf tissue-de-
rived suspension culture of maize Black Mexican Sweet
(BMS), as previously described (41). Electroporated en-
dosperm and BMS protoplasts were cultured as previously
described (39, 41).
CAT and GUS enzyme assays. At the end of a 44- to 48-h

culture period, cellular protein extracts were prepared from
electroporated protoplasts and assayed for the CAT and GUS
enzymatic activities as previously described (39). The CAT
activity was quantitated by measuring in a scintillation counter
the radioactivity of silica gel spots containing the "4C-labeled
chloramphenicol and its acetylated forms. GUS activity was
determined fluorometrically, using 4-methylumbelliferyl glucu-
ronide as a substrate. Fluorescence was measured with a
fluorometer (model TKO100; Hoefer Scientific Instruments,
San Francisco, Calif.) with excitation at 365 nm and emission at
460 nm.

Preparation of nuclear extracts. Intact nuclei were isolated
from cultured maize cells and the endosperm tissue from
developing kernels of maize A636 inbred plants at 13 days after
pollination, as previously described (9). Partially purified (30%
ammonium sulfate-cut) nuclear extract was prepared from the
isolated nuclei as previously described (15). After the protein
concentration was determined by the Bradford assay, nuclear
extract was stored in aliquots at -80°C.

Oligonucleotide sequences. A 23-base oligonucleotide se-
quence, 5'-GACGTGTAAAGTAAA'1Tl'ACAAC-3', which
includes the binding site of a nuclear factor in the 27-kDa zein

promoter in the coding strand, and its complementary se-
quence, 5'-GTTGTAAATITFACTflTACACGTC-3', were syn-
thesized. Another set of 23-base oligonucleotides, 5'-GAC
CTCTAGACTAAAITI7ACAAC-3' and 5'-GTTGTAAATT
TAGTCTAGAGGTC-3', containing four nucleotide substitu-
tions in the nuclear factor binding site was also synthesized. In
addition, a set of complementary 15-base oligonucleotides,
5'-CACATGTGTAAAGGT-3' and 5'-ACCTlTACACATG
TG-3', corresponding to the -300 element region highly
conserved among all a-class zein promoters was synthesized.
These complementary oligonucleotides were phosphorylated,
annealed, and cloned into pUC119 plasmid vector at the
HincII site. The sequences of the cloned oligonucleotides were
confirmed by the dideoxy sequencing method.

Gel retardation assays. The plasmid fragments containing
the 58-bp promoter fragment spanning from -307 to -250
and the 23-bp sequences spanning from -287 to -265 were
used as the probes for gel retardations. Both the 58-bp
promoter fragment and oligonucleotide sequences were ini-
tially cloned in pUC119 plasmid vector at the HinclI site. To
label the probes, the plasmids were cut at the XbaI site in the
polylinker and the 3' ends were labeled with [a-32P]dCTP by
the Klenow fragment of DNA polymerase I. After extraction
with phenol and chloroform and ethanol precipitation, the
plasmid was digested with HindIll. The plasmid DNA digests
were fractionated on 8% polyacrylamide gels, and the labeled
probes were isolated from gel fragments. Gel retardation
assays were carried out either at room temperature or on ice in
a final volume of 10 to 15 ,ul containing 10 mM Tris, pH 8.0,
and 1 mM EDTA. Nuclear protein extract prepared from
cultured maize cells or the endosperm tissue from developing
maize kernels was incubated with 5 ,ug of poly(dI-dC) for 5
min. Subsequently, 0.25 to 0.5 ng of DNA probe end labeled
with 32P was added and further incubated for 30 min. At the
end of incubation, the reaction mixtures were fractionated on
8% polyacrylamide gels in 0.5X Tris-borate-EDTA buffer.
After being dried, gels were subjected to autoradiography. For
competition experiments, increasing amounts of the unlabeled
probes or nonspecific DNA sequences were added to the
binding reactions.
DNase I footprinting assays. The probe used in the DNase

I footprinting assay was the plasmid fragment containing the
252-bp Hinfl fragment spanning from -415 to -164 of the
27-kDa zein 5' flanking sequence (Fig. 1A). The fragment was
initially cloned into pUC119 plasmid vector at the HincII site
after its ends had been made blunt by the Klenow fragment of
DNA polymerase I. To label the probe at the 3' end of the
coding strand, the plasmid was digested with XbaI and labeled
with [a-32P]dCTP by the Kienow fragment of DNA polymerase
I. After extraction with phenol and chloroform and ethanol
precipitation, the plasmid was further digested with HindIII.
To label the probe at the 3' end of the noncoding strand, the
plasmid was digested with HindIII prior to a labeling with
[a-32P]dATP by the Klenow fragment of DNA polymerase I.
After extraction with phenol and chloroform and ethanol
precipitation, the plasmid was further digested with XbaI. The
plasmid DNA digests were fractionated on 8% polyacrylamide
gels, and the probes end labeled with 32p were isolated from
gel fragments. For DNase I footprinting assays, 30,000 cpm
(about 2 fmol) of end-labeled probe was incubated with 0, 2, 4,
or 8 jig of nuclear protein extracts. DNase I digestion products
were fractionated on 6% polyacrylamide gels containing 8 M
urea. The A + G and G sequencing reactions of the probes end
labeled with 32P done by a chemical modification method (27)
were also run along with the DNase I digestion mixtures.
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TABLE 1. Comparison of the -300 (prolamin) box sequences in different zein promoters

Class Gene product size (kDa) Sequence' Location' Reference

(X 22 (22Z-4) CACATGTGTAAAGGT -229/-220 33
aL 19 (LZG99) CACATGTGTAAAGGT -241/-232 30
P3 15 TTGACATGTAAAGTT -114/-105 29
y 27 TTGACGTGTAAAGTA -252/-243 1 1

10 TAGAGGTGTAAATGG -452/-443 19

Consensus sequence ANGTGTAAAG

"The -300 (prolamin) box sequences from various zein genes are aligned, and the conserved sequences are underlined.
"The location of the decanucleotide consensus sequence with respect to the TATA box of the gene is indicated.

RESULTS

The 58-bp -307 to -250 region of the 27-kDa zein promoter
confers a high level of transcriptional activity. In our previous
transient-expression studies, we have shown that the 1,103-bp
5' flanking sequence of a 27-kDa zein gene (spanning from
-1042 to +61 with respect to the transcription start site [Fig.
1A]) exhibits a low but significant level of transcriptional
activity in protoplasts isolated from cultured endosperm cells
(39, 41). To circumvent the low transcriptional activity of the 5'
flanking sequence, we have utilized a truncated -90 CaMV
35S promoter to examine the transcriptional activities of
various upstream regions located between -1042 and -92, as
shown in Fig. 2A. These synthetic promoters were fused to the
bacterial CAT reporter gene equipped with the CaMV 35S 3'
control region (39). Transcriptional activities mediated by the
upstream regions of the 27-kDa zein promoter were assessed
by monitoring the levels of transiently expressed CAT enzy-
matic activity in endosperm protoplasts after electroporation
with the chimeric CAT gene constructs (Fig. 2B).
Although most deletions had little effect, two upstream

regions significantly affected the basal transcriptional activity
of the truncated CaMV 35S promoter. The region spanning
from -251 to -92 drastically suppressed the basal transcrip-
tional activity of the truncated CaMV 35S promoter (construct
5 in Fig. 2), suggesting the presence of a negative cis-regulatory
element(s) in this region. On the other hand, the region
spanning from -307 to -250 conferred a high level (about
threefold) of transcriptional activation on the truncated CaMV
35S promoter (construct 9 in Fig. 2). This 58-bp region
includes the -300 element (Fig. 1A) conserved in almost all
zein genes, as shown in Table 1, as well as in other cereal
storage protein genes. However, when the sequence located
immediately upstream or downstream of the 58-bp region was
also present, the transcriptional activity of the 58-bp region was
abolished (compare construct 9 with construct 6, 7, 11, or 12
[Fig. 2]). These adjacent regions had little effect on the basal
transcriptional activity of the truncated CaMV 35S promoter
when they were independently placed upstream of the trun-
cated promoter (constructs 8 and 10 [Fig. 2]). These results
suggest that multiple cis-acting elements present around the
58-bp -307 to -250 upstream region regulate its transcrip-
tional activity.

Orientation- and tissue-independent transcriptional activ-
ity of the -307 to -250 region. We have further examined
whether the high level of transcriptional activity mediated by
the 58-bp -307 to -250 region is independent of its orienta-
tion by placing it upstream of the truncated -90 CaMV 35S
promoter in the opposite orientation, as shown in Fig. 3A. We
have also generated multimers of the 58-bp fragment, fused in
a head-to-tail orientation, to examine whether they might further
increase the transcriptional activity of the fragment (Fig. 3A).

When a monomer of the 58-bp fragment was placed 5' to the
truncated CaMV 35S promoter in the opposite orientation, a high
level of transcriptional activity was observed (pCRlXUR9oCAT
in Fig. 3). This transcriptional activation level (about 2.5-fold)
was slightly lower than that obtained with the monomer placed
in the correct orientation (pCRlXUR9cCAT in Fig. 3). The
transcriptional activity of the 58-bp fragment increased with its
copy number; when placed in the correct orientation, three and
five copies of the 58-bp fragment conferred about five- and
sevenfold enhancement, respectively, of the basal transcrip-
tional activity of the truncated CaMV 35S promoter (Fig. 3).
Equally high levels of transcriptional activity were also ob-
served when these multimers were fused 5' to the truncated
CaMV 35S promoter in the opposite orientation. These results
have demonstrated that the transcriptional activity mediated
by the 58-bp -307 to -250 upstream region is orientation
independent and increases as the result of multimerization.
To examine the tissue specificity of the transcriptional

activity mediated by the 58-bp -307 to -250 upstream region,
the chimeric CAT constructs were electroporated into proto-
plasts isolated from leaf tissue-derived suspension culture cells
of maize BMS. Unlike the cultured maize endosperm cells, the
BMS cells do not express zein genes (39) or the gene encoding
Opaque-2, the transcriptional regulator of the 22-kDa zein
genes (41). A monomer and a trimer of the 58-bp fragment,
when fused in the correct orientation to the truncated CaMV
35S promoter, conferred about 2- and 6.5-fold enhancement,
respectively, over the basal transcriptional activity derived
from the truncated promoter (Fig. 3C). The level of enhance-
ment by the monomer was lower in BMS protoplasts than in
endosperm protoplasts; however, that conferred by the trimer
was significantly higher in BMS protoplasts. These results
demonstrated that the high level of transcriptional activity
mediated by the 58-bp -307 to -250 region is not restricted to
the cultured endosperm cells.

Sequence-specific binding of a nuclear factor(s) to the 58-bp
-307 to -250 region. To examine whether the high level of
transcriptional activity of the 58-bp -307 to -250 region is
mediated by its interaction with a trans-acting factor, binding of
nuclear proteins extracted from cultured endosperm cells to
the 58-bp fragment was analyzed by gel retardation assays. As
shown in Fig. 4A, after incubation of the nuclear protein
extract with the 58-bp fragment end labeled with 3P and
subsequent fractionation in a polyacrylamide gel, one retarded
complex was observed. The amount of the protein-DNA
complex increased proportionally with the increasing concen-
tration of nuclear protein extract. Addition of a 50- or 100-fold
molar excess of the unlabeled homologous competitor DNA
reduced the binding of the nuclear protein(s) to the labeled
fragment (Fig. 4B). In contrast, the addition of corresponding
amounts of nonspecific competitor DNA, generated from
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FIG. 3. Orientation- and tissue-independent transcriptional activity
of the 58-bp -307 to -250 upstream region. (A) Schematic represen-
tation of chimeric CAT constructs consisting of the CaMV 35S 3'
control sequence (35ST) and the synthetic promoter composed of the
truncated -90 CaMV 35S promoter (pCR) and the -307 to -250 5'
flanking sequence of the 27-kDa zein gene (solid boxes). The direction
of the arrow on the solid box indicates the 5'->3' orientation of the
-307 to -250 sequence, and the number of solid boxes corresponds to
the copy number of the -307 to -250 sequence fused to the truncated
CaMV 35S promoter. (B) Transcriptional activity of the synthetic
promoters in the transiently transformed endosperm protoplasts. (C)
Transcriptional activity of the synthetic promoters in the transiently
transformed BMS protoplasts. (B and C) The level of CAT activity
derived from the promoterless CAT construct was subtracted from
those obtained from the synthetic promoter-CAT constructs in order
to correct for nonspecific CAT activity. For each construct, the level of
CAT enzymatic activity was standardized to that of GUS enzymatic
activity derived from the coelectroporated pFFGUS plasmid. These
values were expressed relative to that for the pCRCAT construct. The
average value of data obtained from five independent experiments is
shown for each chimeric construct in the histogram, with the standard
deviation from the mean indicated by an error bar.

pUC119 plasmid, did not have a pronounced inhibitory effect
on the binding of the nuclear factor(s) to the labeled promoter
fragment (Fig. 4B). These results indicated the sequence-
specific binding of the nuclear protein factor(s) to the 58-bp
upstream region.
To identify the nuclear factor binding site within the 58-bp

-307 to -250 region, DNase I footprinting was performed.
Nuclear protein extract was prepared from the cultured en-
dosperm cells and incubated with a probe end labeled with 32p
spanning from -415 to -164 of the 27-kDa zein promoter
(Fig. 1A). As shown in Fig. 5, a 16-base sequence, 5'-TGTA
AAGTAAATT1lAC-3', present in the coding strand of the
58-bp upstream region was protected from digestion by DNase
I. This protected region contains a direct repeat of a pen-
tanucleotide, GTAAA, and an imperfect inverted repeat, both

1 z 3s 4 5 6 1 2 3 4 5 6 7 8 9 1011

FIG. 4. Gel retardation and competition assays with the 58-bp
-307 to -250 upstream fragment and the nuclear protein extract from
cultured endosperm cells. (A) Gel retardation assay. The end-labeled
plasmid fragment containing the 58-bp -307 to -250 upstream
sequence was used as a probe. It was incubated in the binding buffer
only (lane 1), the binding buffer containing 5 jig of poly(dI-dC) (lane
2), or the binding buffer containing 5 [ig of poly(dI-dC) and an

increasing amount of a partially purified nuclear protein extract from
cultured endosperm cells (0.8, 1.6, 2.4, and 3.2 jig in lanes 3, 4, 5, and
6, respectively) before fractionation on a 6% polyacrylamide gel. (B)
Competition assay. The formation of the nuclear protein-DNA com-

plex was challenged with specific (S) or nonspecific (NS) competitor
DNA composed of the unlabeled probe or a 136-bp sequence derived
from the pUC119 plasmid, respectively. The end-labeled probe was

incubated with 3.2 jig of the nuclear protein extract and increasing
amounts of specific (lanes 3 to 6) or nonspecific (lanes 7 to 10)
competitor DNA in the binding buffer containing 5 jig of poly(dI-dC).
The samples were then fractionated on a 6% polyacrylamide gel. The
molar ratios of the competitor DNA to the probe used in the assays are

indicated at the top of the panel. For the control reaction mixtures, the
probe alone (lane 1) or the probe incubated with the nuclear extract in
the absence of the competitor DNA (lanes 2 and 11) was used.

of which overlap with the -300 element, TGTAAAG (Fig.
1B). In the noncoding strand, 8 of the corresponding 16
nucleotides protected in the coding strand and another short
nucleotide sequence, 5'-GGATIlTlITG-3', were also pro-
tected from DNase I digestion (Fig. 1B and 5).
The 23-bp oligonucleotide sequence containing the nuclear

factor binding site mediates the factor binding and transcrip-
tional activation. We have synthesized a 23-bp oligonucleotide,
corresponding to the -287 to -265 sequence of the 27-kDa
zein promoter (Fig. 1B) and containing the nuclear factor
binding site, and examined whether it is sufficient for the
binding of the nuclear factor in vitro. In addition, we have also
synthesized a mutant 23-bp oligonucleotide sequence contain-
ing four nucleotide substitutions (Fig. 1B). Three of the four
nucleotide substitutions were made in the -300 element
present within the factor binding site, and the fourth substitu-
tion was in the nucleotide immediately adjacent to the -300
element. As shown in Fig. 6A, gel retardation assays demon-
strated that the wild-type oligonucleotide sequence was suffi-
cient for the binding of the nuclear factor(s) present in
cultured endosperm cells. This binding was sequence specific,
since the formation of the retarded complex was significantly
reduced by the addition of a 50- or 100-fold molar excess of the
unlabeled homologous oligonucleotide sequence. In contrast,
little reduction in binding was observed when corresponding
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FIG. 5. In vitro DNase I footprinting analysis on the 27-kDa zein
promoter. A pUC119 plasmid fragment end labeled with 32p contain-
ing the 27-kDa zein promoter sequence, spanning from -415 to -164,
was used as a probe for the DNase I footprinting assay. The probe was
incubated with DNase I without (lane 3) or with prior incubation with
an increasing amount of a partially purified nuclear protein extract
prepared from cultured endosperm cells (2, 4, and 8 pug in lanes 4, 5,
and 6, respectively). The left panel shows the footprint analysis
performed on the coding strand; the right panel shows that on the
noncoding strand. Lanes 1 and 2 in both panels show the Maxam-
Gilbert sequencing reactions of the probes for A+G and G, respec-
tively. The regions protected from DNase I digestion are shown in
boxes in the right margins. The hatched boxes represent the region
which was protected on both coding and noncoding strands, whereas
the open box indicates an additional protected region on the noncod-
ing strand. The nucleotide sequence spanning from -305 to -256 is
shown at the bottom. The -300 element is underlined, and the
nucleotides protected from DNase I digestion are indicated by the
hatched and open boxes along each DNA strand.

amounts of nonspecific competitor sequence derived from
pUC119 plasmid were added.
We have also tested the nuclear extract derived from BMS

suspension cells in our gel retardation assays. One prominent
retarded complex of a size similar to that observed with
cultured endosperm cells was detected. Additionally, the bind-
ing of the BMS-derived nuclear factor(s) was also sequence
specific, as inferred from competition assays (Fig. 6A). These
results suggest the presence of a similar nuclear factor(s) in
both endosperm and BMS cells. The nuclear factor is much
more abundant in BMS cells than in endosperm cells, since
much greater amounts of retarded DNA-protein complex were
generated with smaller amounts of BMS nuclear protein
extract (Fig. 6B). The four nucleotide substitutions in the
mutant oligonucleotide dramatically reduced the binding of
the nuclear factor present in both endosperm and BMS cells
(Fig. 6B).

Finally, we have tested whether the 23-bp oligonucleotide
sequence is sufficient to confer the transcriptional activity in
vivo. A monomer and a multimer (trimer) of the 23-bp

.9.
..

.i.

1 2 3 4 5 6 7 8 1 2 34 5 6 7 8

FIG. 6. Gel retardation and competition assays with the 23-bp
oligonucleotide sequence and nuclear protein extracts from cultured
endosperm and BMS cells. (A) Gel retardation and competition
assays. The plasmid fragment end labeled with 32p containing the
23-bp wild-type oligonucleotide was used as a probe. The formation of
the nuclear protein-DNA complex was challenged with specific (S)
(lanes 3 to 6) or nonspecific (NS) (lanes 7 to 10) competitor DNAs
composed of the unlabeled probe or a mixture of 63- and 64-bp
sequences derived from the pUC119 plasmid, respectively. Competi-
tion assays were carried out with 10 and 5 ,pg of partially purified
nuclear protein extracts from the endosperm (Endo) (left) and BMS
(right) cells, respectively. The molar ratios of the competitor DNA to
the probe used in the assays are indicated at the top of the panel.
Reaction mixtures with the probe alone (lane 1) or without any
competitor DNA (lane 2) were used as controls. (B) Gel retardation
assays with wild-type or mutant oligonucleotide sequences. The wild-
type (wt) (lanes 2 to 4) and mutant (m) (lanes 6 to 8) oligonucleotide
probes, 32P end labeled, of equal specific activity were incubated with
an increasing amount of nuclear protein extract from the endosperm
(Endo) (left) or BMS (right) cells before fractionation on a 6%
polyacrylamide gel. The amounts (in micrograms) of the protein
extracts used are shown at the tops of the panels. The reaction mixture
with the probe alone was used as a control (lanes 1 and 5).

fragment were fused to the truncated -90 CaMV 35S pro-
moter, and the synthetic promoters were inserted into the CAT
expression cassette, as shown in Fig. 7A. In endosperm proto-
plasts, the monomer of the wild-type oligonucleotide, when
placed in the correct orientation, conferred about a 2.5-fold
increase in the basal transcriptional activity of the truncated
CaMV 35S promoter (Fig. 7B). The trimer of the wild-type
oligonucleotide increased the transcriptional activity by about
fivefold (Fig. 7B), which is an increase similar to that previ-
ously achieved with the trimer of the 58-bp -307 to -250
fragment (Fig. 3B). However, unlike the situation for the 58-bp
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FIG. 7. Transcriptional activity of the 23-bp -287 to -265 oligo-
nucleotide sequence. (A) Schematic representation of chimeric CAT
constructs consisting of the CaMV 35S 3' control sequence (35ST) and
the synthetic promoter composed of the truncated -90 CaMV 35S
promoter (pCR) and the 23-bp wild-type (solid box) or mutant (open
box) oligonucleotide sequence. The 5'-*3' orientation of the oligonu-
cleotide sequence is shown by the direction of the arrow on the box,
and the number of boxes corresponds to the copy number of the
oligonucleotide sequence fused to the truncated CaMV 35S promoter.
(B) Transcriptional activity of the synthetic promoters in the tran-
siently transformed endosperm protoplasts. (C) Transcriptional activ-
ity of the synthetic promoters in the transiently transformed BMS
protoplasts. (B and C) The level of CAT activity derived from the
promoterless CAT construct was subtracted from those obtained from
the synthetic promoter-CAT constructs in order to correct for nonspe-

cific CAT activity. For each construct, the level of CAT enzymatic
activity was standardized to that of GUS enzymatic activity derived
from the coelectroporated pFFGUS plasmid. These values were

expressed relative to that for the pCRCAT construct. The average

value of data from five independent experiments is shown for each
chimeric construct in the histogram, with the standard deviation from
the mean indicated by an error bar.

fragment, the transcriptional activity mediated by the 23-bp
oligonucleotide sequence is orientation dependent. When the
oligonucleotide sequence was fused in the opposite orientation
to the truncated CaMV 35S promoter, the transcriptional
activity did not increase with the copy number (Fig. 7B). In
contrast to the wild type, the mutant oligonucleotide sequence
containing the four nucleotide substitutions in the factor
binding site did not confer a significant level of transcriptional
activation on the truncated CaMV 35S promoter, and its
multimerization had little effect on the level (Fig. 7B). Simi-
larly, in the BMS protoplasts, the wild-type oligonucleotide
sequence conferred a comparable level of transcriptional ac-

tivity, whereas the mutant sequence lacked the transcriptional
activity (Fig. 7C). Thus, the transcriptional activity mediated by

2 3 4 5 6 7 1 2 3 4 5 6 7

FIG. 8. Transcriptional activation of the minimal -42 CaMV 35S
promoter by the 23-bp -287 to -265 oligonucleotide sequence. (A)
Schematic representation of chimeric CAT constructs consisting of the
CaMV 35S 3' control sequence (35ST) and the synthetic promoter
composed of the truncated -42 CaMV 35S promoter (pCA-42) and
the hexamer of the 23-bp wild-type (solid box) or mutant (open box)
oligonucleotide sequence. The 5'->3' orientation of the oligonucleo-
tide sequence is shown by the direction of the arrow on the box. (B)
CAT enzymatic activity derived from the chimeric CAT constructs in
transiently transformed maize protoplasts. CAT enzymatic activity was
determined in endosperm (Endo) or BMS protoplasts which had been
electroporated without plasmid construct (lane 1), with pCA-42CAT
(lanes 2 and 3), with pCA-42:6XWOcCAT (lanes 4 and 5), or with
pCA-42:6XMOcCAT (lanes 6 and 7). Fifty and 25 jig of protein
extracts prepared from electroporated endosperm and BMS proto-
plasts, respectively, were used for CAT enzymatic assays. For each
protoplast type, two independent sets of data are shown for each
chimeric CAT construct. Abbreviations: Cm, unreacted substrate
[14C]chloramphenicol; 1 AcCm, 1-acetylchloramphenicol; 3 AcCm,
3-acetylchloramphenicol.

the 23-bp -287 to -265 27-kDa zein promoter sequence is
tissue independent. However, one may still argue that the
tissue-independent transcriptional activity of this 27-kDa zein
promoter sequence may be due to the synergistic effects of
both the zein promoter element and the enhancer element
present within the truncated -90 CaMV 35S promoter (1)
utilized in our analyses. To rule out this possibility, we

extended our functional analysis by utilizing an additional
truncated CaMV 35S promoter in which the 5' endpoint was

extended to -42, thus eliminating its enhancer element. This
truncated -42 CaMV 35S promoter by itself exhibits an

insignificant level of transcriptional activity on the CAT re-

porter gene in both endosperm and BMS protoplasts (Fig. 8).
When a hexamer of wild-type -287 to -265 27-kDa zein
promoter sequence was placed 5' to the truncated -42 CaMV
35S promoter in the correct orientation, the synthetic pro-
moter mediated a high level of CAT expression in both
endosperm and BMS protoplasts (Fig. 8). The level of tran-
scriptional activity was higher in the BMS protoplasts than in
the endosperm protoplasts. On the other hand, the synthetic
promoter containing the hexamer of the mutant 27-kDa zein
promoter sequence fails to exhibit a significant level of tran-
scriptional activity in both types of protoplasts (Fig. 8). These
observations are consistent with the previous results obtained
with the truncated -90 CaMV 35S promoter. Thus, the high
level of transcriptional activity mediated by the -287 to -265
27-kDa zein promoter sequence is independent of its synergis-
tic effect with the enhancer element present in the -90 CaMV
35S promoter. These results are consistent with our previous
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FIG. 9. Gel retardation assays with the nuclear protein extract from
the maize kernel endosperm. Equal specific activities of the wild-type
(wt) (lanes 2 to 4) and mutant (m) (lanes 6 to 8) 23-bp oligonucleotide
probes, end labeled with32p, containing the 27-kDa zein -300 element
were incubated with an increasing amount of the nuclear protein
extract isolated from the maize kernel endosperm and fractionated on

a 6% polyacrylamide gel. The amounts (in micrograms) of the protein
extracts used are shown at the top of the panel. For comparison, 4.0 pug
of nuclear proteins from cultured endosperm cells was also incubated
with either the wild-type (lane 9) or the mutant (lane 10) oligonucle-
otide probe. The reaction mixtures with the wild-type (lane 1) or

mutant probe (lane 5) alone were used as controls.

observation that the wild-type oligonucleotide sequence, but
not the mutant, can mediate high-affinity binding of the
nuclear factor.
The -300 element binding factor is abundant in the devel-

oping maize kernel endosperm nuclei. To confirm that the
-300 element binding factor(s) we have identified in the
cultured endosperm cells is also present in the kernel en-

dosperm tissue, we have prepared the nuclear protein extracts
from the developing endosperm tissue of maize (A636 inbred)
kernels at 13 days after pollination. We performed gel retar-
dation assays with the 23-bp oligonucleotide sequence end
labeled with 32p containing either the wild-type or the mutant

factor binding site (Fig. 1B). As shown in Fig. 9, a prominent
DNA-protein complex was formed with the wild-type oligonu-
cleotide probe, whereas it was much reduced when the mutant
oligonucleotide probe was used. These results are in agree-

ment with those obtained with the nuclear protein extracts
from cultured endosperm cells (Fig. 6B). However, the con-

centration of the nuclear factor(s) is much higher in the kernel
endosperm tissue than in the cultured endosperm cells, since a

very small amount of nuclear protein extract from the kernel
endosperm tissue was sufficient to form the prominent DNA-
protein complex. The molecular sizes of the DNA-protein
complexes formed with the kernel and cultured endosperm
nuclear protein extracts were identical (Fig. 9). Moreover,
DNase I footprinting analysis revealed that the binding site of
the nuclear factor(s) from the kernel endosperm around the
-300 element region was essentially identical to that previ-
ously shown for the nuclear factor prepared from the cultured
endosperm cells (data not shown). These results indicate that
the -300 element binding factor(s) identified in the cultured
endosperm nuclei is also present at a higher concentration in
the kernel endosperm nuclei. This correlates with the much
higher expression level of zein genes in the developing kernel
endosperm than in the cultured endosperm cells (39).
The common nuclear factor(s) binds to the -300 element

core sequences in different classes of zein promoters. Among

all a-class 19- and 22-kDa zein genes, the conservation of the

-300 element region extends to a 15-base stretch, 5'-CACAT
GTGTAAAGGT-3' (5). However, the sequence conservation
in the -300 element region among different zein genes is
limited only to a 10-base sequence, 5'-ANGTGTAAAG-3'
(Table 1), which constitutes the -300 core element. It is
possible that there are multiple -300 element binding factors
present in the endosperm nuclei and that the difference in the
nucleotide sequence flanking the -300 core element might
modulate the interaction of these factors to specific zein
promoters. To examine these possibilities, we have performed
in vitro gel retardation and competition experiments. We
synthesized a 15-bp oligonucleotide sequence constituting the
-300 element region of the a-class zein genes described above.
By using it as a competitor, we challenged the binding of the
nuclear factor in the kernel endosperm nuclear extract to the
23-bp oligonucleotide sequence probe containing the 27-kDa
zein -300 element. As shown in Fig. 10, the addition of 10-,
50-, and 100-fold molar excesses of the a-class -300 element
competitor DNA drastically reduced the formation of DNA-
protein complex between the nuclear factor and the 27-kDa
zein -300 element probe. Addition of nonspecific competitor
derived from pUC119 plasmid at the corresponding amounts
had a much-reduced inhibitory effect on the complex forma-
tion. These observations have demonstrated that a common
nuclear factor(s) can bind to the highly conserved -300
element core regions of zein promoters belonging to different
classes.

DISCUSSION

By utilizing a maize endosperm culture which continues to
express zein genes (39), we have shown that the 58-bp se-
quence spanning positions -307 to -250 of the 27-kDa zein
promoter is capable of conferring a high level of transcrip-
tional activity on a truncated CaMV 35S promoter. The
transcriptional activity mediated by the -307 to -250 region is
independent of its orientation and is enhanced by increasing its
copy number. We have demonstrated the sequence-specific
binding of a nuclear protein factor(s) to an approximately
16-nucleotide sequence present in the -307 to -250 region.
This nuclear factor binding region includes the -300 element,
an element highly conserved in almost all zein genes and many
other cereal storage protein genes (4, 7, 12, 28, 34, 37). The
direct evidence that the -300 element present in the 58-bp
promoter region is responsible for its transcriptional activity
was obtained from the site-directed mutagenesis studies with a
shorter 23-bp oligonucleotide sequence containing the nuclear
factor binding site. This oligonucleotide sequence was suffi-
cient for the high-affinity binding of the nuclear factor in vitro
and to confer a high level of transcriptional activity, compara-
ble to that observed for the 58-bp -307 to -250 region, in vivo.
However, in contrast to the 58-bp -307 to -250 sequence, the
increase in transcriptional activity mediated by the 23-bp
oligonucleotide sequence was orientation dependent, as it was
also observed for a short (43-bp) -300 element region from a
19-kDa zein promoter (31). Four nucleotide substitutions
made in the -300 element in a mutant oligonucleotide se-
quence resulted in a drastic reduction in the nuclear factor
binding in vitro as well as a decrease in the transcriptional
activity of the oligonucleotide sequence in vivo. These obser-
vations corroborate the idea that the interaction between a
transcriptional activator and the -300 element region modu-
lates a high level of transcriptional activity.
The nuclear factor binding region identified in the 27-kDa

zein gene shares homology over a 10-nt sequence, 5'-ANGT
GTAAAG-3' (Table 1), and this sequence constitutes the
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FIG. 10. Binding specificity of the nuclear factor to the -300

element sequence in the at-class zein genes. The formation of the
protein-DNA complex with the nuclear protein extract from the maize
kernel endosperm and the 23-bp oligonucleotide sequence containing
the 27-kDa zein -300 element was challenged with the unlabeled
oligonucleotide sequence containing the highly conserved 15-bp
stretch (Table 1) of the -300 element region from the a-class zein
genes. The 27-kDa zein -300 element probe end labeled with 32p was
incubated with 1.6 pug of the nuclear protein extract from the kernel
endosperm together with increasing amounts of the a-class -300
element DNA (S) (lanes 3 to 5) or the nonspecific (NS) competitor
DNA derived from the pUC119 plasmid (lanes 6 to 8) in the binding
buffer containing 5 pug of poly(dI-dC). The samples were fractionated
on a 6% polyacrylamide gel. The molar ratios of the competitor DNA
to the probe used in the assays are indicated at the top of the panel.
For the control reaction mixtures, the probe alone (lane 1) or the
probe incubated with the nuclear extract in the absence of the
competitor DNA (lane 2) was used.

-300 element motif conserved among different classes of zein
genes. However, among all (x-class 19- and 22-kDa zein genes,
the conservation of nucleotide sequence around the -300
element extends further to 15 bp (5), 14 of which have been
shown to constitute the nuclear factor binding site in a 19-kDa
zein promoter (23). The functional significance of this ex-
tended sequence conservation in the aL-class zein genes is not
clear. It is possible that multiple nuclear factors are present in
the nuclei and that they might differentially bind to the -300
element regions of different zein genes through the binding
specificity determined by the nucleotide sequences flanking the
-300 element core sequence. However, our in vitro binding
and competition experiments have demonstrated that the same
nuclear factor that binds to the -300 element in the 27-kDa
zein promoter can also bind to that of the a-class zein
promoters. Thus, it is likely that the -300 element binding
factor is involved in the transcriptional regulation of different
zein promoters. The sequences flanking the -300 core element
may be involved in the formation of a secondary structure,
which in turn may facilitate the binding of the nuclear factor,
since the -300 core element constitutes, in part, an imperfect
inverted repeat in both the 27- and the 19-kDa zein genes (23).
The high level of transcriptional activity mediated by either

the 58-bp -307 to -250 or the 23-bp -287 to -265 upstream
region was not restricted to the endosperm protoplasts; a
comparable level of transcriptional activity was also observed
in protoplasts isolated from leaf tissue-derived BMS suspen-
sion cells which do not express zein genes (39). Furthermore,

the gel retardation and competition assays with wild-type and
mutant 23-bp oligonucleotide sequences revealed the presence
of what appears to be the identical nuclear factor recognizing
the -300 element region in the BMS cells. This nuclear
factor(s) that we have identified in the cultured maize cells
does not represent a factor unique to the cultured maize cells.
The same factor(s) is abundant in the endosperm tissue from
developing kernels of maize plants and exhibits the identical
binding specificity to the -300 element region of the 27-kDa
zein promoter. By gel retardation analyses, different sets of
DNA-binding proteins from both maize seedling and en-
dosperm nuclei have been shown to bind to the -300 element
region of a 19-kDa zein promoter (31). However, Southwest-
ern (DNA-protein) blotting analysis also identified a promi-
nent polypeptide of approximately 49 kDa in the nuclear
extracts from both tissues which binds to the -300 element
region (31). Thus, tissue specificity of the -300 element
binding factor(s) in maize plants still remains to be investi-
gated. The observations that a high level of transcriptional
activity is mediated by the -300 element region in the dicot
systems (21, 26, 36) further suggest the presence of a similar
nuclear factor in heterologous plant species.

Multiple regulatory mechanisms are involved in the expres-
sion of zein genes. Member-specific expression of 22-kDa zein
genes is regulated by an endosperm-specific transcription
factor, Opaque-2, through its sequence-specific interaction
with the DNA sequence that is unique to the 22-kDa zein
promoter (33, 41). In addition to the member-specific regula-
tion, common regulatory mechanisms seem to control the
coordinated endosperm tissue- and developmental stage-spe-
cific expression of all classes of zein genes (40). It is likely that
the highly conserved -300 element plays an essential role in
such common regulatory mechanisms. Interestingly, the -300
element resides approximately 20 bp upstream from the
Opaque-2 target site in the 22-kDa zein promoters (33).
Because of the close proximity between the Opaque-2 target
site and the -300 element, interaction between their corre-
sponding transcription factors would be expected. Recently,
developmentally coordinated binding of multiple factors to the
-300 element and the neighboring GCN4 motif has been
shown to correlate with the maximal expression of a wheat
low-molecular-weight glutenin gene, LMWG-lDJ, during grain
ripening (17) and of a barley C-hordein gene in nitrogen
response during endosperm development (28). Similarly, com-
binatorial binding of the -300 element binding factor and the
Opaque-2 factor may provide synergistic transcriptional acti-
vation functions and elicit the maximal expression of the
22-kDa zein gene. For the 27-kDa zein promoter, the se-
quences present both upstream and downstream from the
-300 element region influence its transcriptional activity. For
example, we have identified a downstream region spanning
from - 251 to -92 which confers a negative effect on transcrip-
tion. We predict that multiple cis-regulatory elements are
localized in the -300 element region and that their interac-
tions with various transcriptional repressors and activators
including the -300 element binding factor(s) would elicit
highly regulated expression of the 27-kDa zein genes. Binding
of multiple endosperm tissue-specific and nonspecific nuclear
proteins to the various promoter regions has been reported for
other zein genes (22, 24, 35). Cloning the gene encoding the
-300 element binding factor and analyzing the molecular
interaction between the -300 element binding factor and
other transcription factors will allow us to further define
precise molecular mechanisms involved in the regulation of
zein genes.
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