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Summary. The 5' flanking region of a glutelin gene was 
analyzed for interactions with nuclear proteins from im- 
mature rice seed. The specific region between positions 
-272 and - 9 9  was shown to interact with nuclear pro- 
teins from immature seeds, but not with those of leaves 
and roots. Methylation interference experiments re- 
vealed that one factor interacted with a specific sequence 
element between positions -130  and -120  relative to 
the transcriptional start site. The sequence specificity of 
this DNA-protein interaction was confirmed by compe- 
tition experiments using synthetic oligonucleotides. By 
using a synthetic oligonucleotide as a probe it was also 
shown that the binding activity was closely correlated 
with the mRNA levels of this gene during seed matura- 
tion. 
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Introduction 

It has been shown that transcription by RNA polymera- 
se II is regulated through DNA-protein interactions be- 
tween nuclear factors (trans-acting factors) and specific 
cis-regulatory DNA sequences (Maniatis etal. 1987; 
Ptashne 1988; Schleif 1988). Binding of specific trans- 
acting factors to specific cis-acting elements is required 
for the transcriptional regulation associated with tissue- 
and stage-specific expression. Consequently, identifica- 
tion of the sequence-specific binding proteins and their 
recognition sequences is necessary for understanding the 
mechanism of transcriptional regulation in eukaryotic 
gene expression. 

Glutelin is the major seed storage protein of rice and 
accounts for about 80% of total endosperm protein. 
Glutelin genes are expressed only in the endosperm dur- 
ing seed development and are regulated at the transcrip- 
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tional level. Therefore, these genes are good candidates 
for studying transcriptional regulation of the tissue- and 
stage-specific expression of plant genes. In order to un- 
derstand the molecular mechanism of regulation of glu- 
telin genes, we have characterized five glutelin genes and 
detected a common 13 bp sequence motif between posi- 
tions - 8 0  and - 6 0  in the 5' flanking region of all 
members of glutelin gene families characterized to date 
(Takaiwa etal. 1987a; Okita et al. 1989; F. Takaiwa 
et al., submitted). Furthermore, we have shown that the 
441 bp 5' flanking sequence is sufficient to direct correct 
endosperm-specific expression in transgenic tobacco 
seeds and that there is a positive regulatory element be- 
tween positions -441 and -237 (F. Takaiwa et al., in 
press). In this paper, we report specific trans-acting fac- 
tors in maturing seed, which bind to the region between 
positions -130 and -120 of the glutelin upstream se- 
quence. The interaction between the glutelin upstream 
region and the binding factors was highly sequence spe- 
cific and this binding activity was closely correlated with 
the glutelin mRNA level. 

Materials and methods 

DNA fragment isolation. The 5' upstream region of a 
glutelin gene was prepared by digestion with BamHI of 
plasmid pHIR13-7 (F. Takaiwa et al., in press) which 
carries DNA derived from a type II glutelin gene (Tak- 
aiwa et al. 1987a). This was further digested with HinfI 
and DdeI and end-labeled with ~[32p]dCTP using Klen- 
ow enzyme. These subfragments were electrophoresed 
in a native 6% acrylamide gel, and recovered from the 
gel by incubation overnight in 0.5 M ammonium acetate, 
10 mM MgC12, 1 mM EDTA and 0.1% SDS. 

Preparation of crude nuclear extracts. Maturing rice 
seeds (Oryza sativa L. cv. Mangetsumochi) were har- 
vested 10-18 days after flowering, frozen in liquid nitro- 
gen and stored at - 8 0 ° C  until use. The preparation 
of nuclear extracts was carrid out essentially by the 
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method of Jensen et al. (1988). The frozen seeds were 
ground to a fine powder in liquid nitrogen using a coffee 
mill, and resuspended at approximately 0.25 g of tissue/ 
ml in nuclear extraction buffer A (10 mM NaC1, 10 mM 
MES-NaOH pH 6.0, 5 mM EDTA, 0.15 mM spermine, 
0.5 mM spermidine, 2 mM dithiothreitol, 0.2 mM 
phenylmethylsulfonyl fluoride (PMSF), 0.4 mM salicyl- 
hydroxamic acid, 10 gg/ml butylated hydroxytoluene, 
0.6% Triton X-100, 0.25 M sucrose). The suspension 
was stirred and homogenized with a Polytron for 30 s. 
The homogenate was filtered through two layers of Mir- 
acloth and centrifuged for 10 min at 2000 x g. The crude 
nuclear pellet was washed once in buffer A and resus- 
pended in buffer B (6 g 5 x buffer A, 45 g Percoll). The 
suspension was centrifuged for 5 rain at 4000 x g and 
the white floating nuclei were collected and diluted with 
buffer A. The nuclei were pelleted by centrifugation at 
2000 x g for 10 rain and washed once in buffer A. Nucle- 
ar proteins were prepared from this crude nuclear pellet 
by resuspension and sonication in 0.5-1 ml of extraction 
buffer (20 mM HEPES-KOH pH 7.9, 25% glycerol, 
420raM NaC1, 1.5mM MgCI2, 0.2raM EDTA, 
0.5 mM PMSF, 0.5 mM DTT). The mixture was incu- 
bated for 1-2 h on ice, and nuclear debris was removed 
by centrifugation for 15 rain at 15 000 x g. Extracts con- 
taining nuclear proteins were dialyzed for 2 h against 
100-200 volumes of 20 mM HEPES-KOH pH 7.9, 20% 
glycerol, 0.1 M KC1, 0.2 mM EDTA, 0.5 mM PMSF, 
0.5 mM DTT. Aliquots were frozen and stored at 
- 80  ° C .  

Gel retardation assays. Binding reactions were carried 
out at 25 ° C for 30 rain in a total volume of 15 or 30 gl 
containing 10raM HEPES-KOH pH 7.9, 10mM 
CaClz, 1 mM DTT, 1 gg poly dI-dC, 10 or 20 gl of 
crude nuclear extract and labeled DNA fragment. Com- 
petition reactions were conducted with various competi- 
tors added in the molar ratios described in the text. Fol- 
lowing incubations, reactions were loaded on 4% or 8% 
polyacrylamide gels (30:1, acrylamide: bisacrylamide) in 
6.7 mM Tris-HC1 pH 7.9, 3.3 mM sodium acetate, 1 mM 
EDTA (Strauss and Varshavsky 1984), which had been 
pre-run at 12 V/cm for 90 min with buffer recirculation. 
Electrophoresis was performed under the same condi- 
tions. Gels were blotted on Whatman 3MM paper, dried 
and exposed to X-ray film. 

Preparation of oligonucleotides. Oligonucleotides that 
span the presumptive binding site; 33met W ( -142 to 
-110), TTATTCATCCACCTTTCGTGTACCACAC- 
TTCAT, 33mer M, TTATTCATCCACTTTTTATGT- 
ACCACACTTCAT and 20met W ( -137 to -118), 
CATCCACCTTTCGTGTACCA and a control oligo- 
nucleotideC ( -216  to -192) ATGTCATATTG- 
CAAAAGAAAGAGAG; and their respective comple- 
mentary sequences were chemically synthesized and an- 
nealed as described by Sambrook et al. (1989). 

Methylation interference assay. The HinfI fragment ex- 
tending from --272 to -99  was repaired with Klenow 
enzyme and cloned into the SmaI site of pUC118. La- 

beled probes were prepared by digesting with HindIII 
and EcoRI to excise the insert and end-labeling with 
c~[32p]dCTP or c~[32p]dATP using Klenow enzyme. In 
the case of labeling with e[3/p]dATP, the labeled probe 
was further digested with BamHI to remove the end- 
labeled HindIII site. Probes were treated with dimethyl 
sulfate as for the Maxam-Gilbert G reaction (Maxam 
and Gilbert 1980) and precipitated twice with ethanol 
in the presence of carrier DNA. Binding reactions with 
the partially methylated probes were done as described 
above, except that the binding reaction volumes were 
tenfold greater. Free and bound DNAs were purified 
from the gel by electroelution. After elution, samples 
were extracted with chloroform-phenol (1:1, v/v) and 
the DNA precipitated with ethanol. These DNAs were 
treated with piperidine as in the Maxam and Gilbert 
(1980) reaction, and separated in denaturing 7% se- 
quencing gels. 

RNA isolation and Northern blotting analysis. Total RNA 
was prepared from immature and mature seeds at var- 
ious stages of development as described previously (Tak- 
aiwa et al. 1987b), denatured with glyoxal at 50 ° C for 
1 h and resolved by electrophoresis in 1.2% agarose gels 
(Thomas 1980). The gel was blotted onto nitrocellulose 
filter, which was hybridized with the 32p-labeled 
pREE99 cDNA insert (Takaiwa et al. 1987b) in 50% 
formamide, 5 x SSC, 1 x Denhardt's solution, 10% dex- 
tran sulfate and 250 gg/ml denatured salmon sperm 
DNA at 48°C for 24 h. The filters were washed four 
times in 2 x SSC and 0.1% SDS at room temperature 
and twice in 0.1 x SSC and 0.1% SDS at 60 ° C. 

R e s u l t s  a n d  d i s c u s s i o n  

Binding of nuclear proteins to the type H glutelin gene 
promoter 

Gel retardation assays were carried out in order to iden- 
tify sequences capable of binding to specific nuclear pro- 
teins within the type H glutelin promoter. As shown in 
Fig. 1, the insert of pHIR 13-7, spanning positions 
-1329 to + 1, was completely digested with Hinfl and 
DdeI. These fragments were labeled with 32p by filling-in 
with Klenow enzyme and then were incubated with nu- 
clear extract prepared from immature rice seeds. The 
protein-DNA interactions were analyzed in native poly- 
acrylamide gels. When these end-labeled fragments were 
incubated with the nuclear extract from immature seeds, 
mobility of fragment 4 was retarded, indicating that it 
bound to nuclear protein. As shown in Fig. 1, three re- 
tarded bands were detected. On the other hand, when 
incubated with nuclear extracts from leaves, it was 
shown that fragment 2 was retarded but fragment 4 did 
not bind to the nuclear proteins. The retardation of frag- 
ments 2 and 4 could not be observed on incubation with 
nuclear extract from roots. This evidence suggests that 
factors extracted from immature rice seed nuclei form 
specific complexes with fragment 4 only. The specificity 
of this binding was further confirmed by the following 
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Fig. 1. Nuclear protein binding to the 5' flanking region of the 
type It glutelin gene. The 5' flanking region (positions -1336 to 
+ 1) was digested with Hinff and DdeI and the resultant fragments 
were end-labeled with 32p using Klenow enzyme. Fragments were 
separated in a 6% acrylamide gel, and then eluted from the gel 
and used in the binding assays. Fragment sizes are as follows: 
1, 389bp; 2, 314bp; 3, 270 bP; 4, 174bp; 5, 103 bp; 6, 94bp. 
Nuclear extracts were prepared from immature seeds, young levels 
grown under light and root tissues. F, free DNA not bound to 
protein; B, DNA bound to nuclear protein factor. 

experiments. First, competition experiments demon- 
strated that the addition of  an excess of  unlabeled ho- 
mologous fragment inhibited this interaction (data not  
shown). Second, binding ability was completely abol- 
ished by treating the extracts with heat (68°C for 
10 min) and proteinase K, whereas RNase A was ineffec- 
tive (data not  shown), indicating that proteins were in- 
volved in the interaction. 

Localization of  binding sites 

To identify the precise location of the binding site, meth- 
ylation interference experiments were performed. Frag- 
m e n t 4  was end-labeled, partially methylated, and 
reacted with nuclear protein extracts isolated from ma- 
turing rice seeds. The resulting DNA-protein complexes 
and free D N A  band were isolated, cleaved at methylated 
guanin sites by piperidine, and fractionated by gel elec- 
trophoresis. As shown in Fig. 2 it was found that methy- 
lation of  guanin residues at position - 1 2 5  of  the non- 
coding strand and positions - 1 2 0 ,  - 1 2 6  and - 1 3 0  of  
the coding strand interfered with binding. These results 
show that the D N A  sequence involved in binding nucle- 
ar proteins is located between positions - 130 and - 120 
and represents the minimal region required for binding 
of  a trans-acting factor. 

Next, the binding specificity was investigated by 
competition with synthetic wild-type D N A  sequences 
and mutated derivatives. The oligonucleotide of  33 resi- 
dues complementary to positions - 1 4 2  and - 1 1 0  was 
chemically synthesized and annealed. Addition of  a 10- 
or ~ 00-fold molar excess of  this unlabeled oligonucleo- 
tide to the binding reaction containing end-labeled frag- 

B -130 -120  
5' ATCCA C CTTT C ~;TGTACC 

TAGGTGG=AAAGCACATGG 5' 
• • 

Fig. 2A and B. Methylation interference experiments with the cod- 
ing and non-coding strands in the HinfI fragment 4 of the type II 
gene. A The 32p-labeled probe was treated with dimethyl sulfate 
then incubated with the crude nuclear extract from immature seeds. 
After electrophoresis in 4% native gels, the free and retarded bands 
were extracted from the gels, and then cleaved with 1 M piperidine 
and analyzed in 7% acrylamide gels. Positions (relative to the tran- 
scription initiation site) of the guanine residues resistant to chemi- 
cal cleavage are indicated by arrows. F, chemical cleavage patterns 
of the free probe; B, the cleavage patterns of protein-bound probe. 
B A schematic representation of the sequence showing the G resi- 
dues (dotted) involved in protein binding, as deduced from the 
methylation interference experiments 

merit 4 resulted in inhibition of the band shift (Fig. 3 C). 
In constrast, even a 100-fold molar excess of  the up- 
stream fragment ( - 2 7 2  to - 1 7 5 )  did not compete for 
binding (Fig. 3B). Then, we examined whether the 
33met oligonucleotide from positions - 1 4 2  to - 1 1 0  
contained sufficient sequence information for binding 
nuclear factors. When this 33mer oligonucleotide was 
incubated with nuclear extract isolated from immature 
rice seeds and subjected to gel retardation assay, its mo- 
bility was retarded as shown in Fig. 4. Three retarded 
bands (B1, B2 and B3) could be clearly detected. The 
specificity of  interaction was further confirmed by com- 
petition experiments. Addition of excess amounts of the 
unlabeled 33mer oligonucleotide equally prevented the 
formation of these slowly migrating complexes (Fig. 4, 
33W). As a control, the 25mer synthetic oligonucleotide 
spanning the region between positions -- 216 and - 192 
was synthesized; it contains the direct repeat sequence 
characteristic of the type II glutelin gene promoter  (Tak- 
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A 
0 1 10 100 

B 
0 1 10 100 

C 
0 1 10 100 N 

N 0 33 20 25 
W M  W C 

B1 
B2 
B3 

F 

B1 
B2 

B3 

Fig. 3A-C. Competition analysis for DNA binding factors. The 
riP-labeled fragment 4 was used in binding assays with unlabeled 
DNA fragments. A DNA fragment between positions -174 and 
-99. B DNA fragment between positions -272 and -175. C 
Synthetic double-stranded oligonucleotide between positions - 142 
and -110. N, no nuclear extract added; O, no competitor added; 
1, 10 and 100, 1-, 10- and 100-fold molar excess of the unlabeled 
fragments was added to the reaction mixture as indicated. F, free 
DNA; B, DNA-protein complex 

aiwa et al. 1987 b). Addition of  this unlabeled oligonuc- 
leotide in excess did not interfere with the interaction 
between the factor and the labeled 33met oligonucleotide 
(Fig. 4, 25C). These observations support the conclusion 
that binding of the factor depends on the sequence of  
the upstream region from positions - 1 4 2  to - 110 .  

The sequence specificity of the binding was further 
ascertained by using the mutated 33mer oligonucleotide 
in a gel shift assay. This mutated oligonucleotide had 
three base substitutions (positions - 1 2 0 ,  - 1 2 5  and 
- 1 2 6 )  within the region characterized by the methyla- 
tion interference experiment. The mutated oligonucleo- 
tide had no effect on gel shift, even though a 100-fold 
molar excess was added as competitor (Fig. 4, 33M). 
On the other hand, the smaller 20met oligonucleotide 
spanning the region between positions - 1 3 7  and - 1 1 8  
competed well with the wild-type 33mer oligonucleotide 
(Fig. 4, 20W). These results indicate that the sequence 
C T T T C G T G T A  between positions - 1 3 0  and - 1 2 0  is 
responsible for the binding. However, this sequence may 
not be sufficient for factor binding for the following 
reasons. First, there is a very similar sequence 
(CTTTCGTGTC)  between positions - 2 5 2  and - 2 4 3 ,  
although the binding of  trans-acting factors could not 
be detected at any sites other than between positions 
- 1 3 0  and - 1 2 0  by the methylation interference experi- 
ments. Second, the competition experiments showed that 
the HinfI-Fnu4H fragment between positions - 2 7 2  and 
- 175 did not  affect complex formation (Fig. 3 B). These 
results suggest that some additional sequences flanking 
this core site may also be required for binding of trans- 
acting factors. 

The core site sequence ( C T T T C G T G T A C )  required 
for binding of the trans-acting factor is quite different 

33 met 
W -14~TTATTCATCCACCTTTCGTGTACCACACTTCAT -11° 

AATAAGTAGGTGGAAAGCACATGGTGTGAAGTA 

M -t42TTATTCATCCAC~TTT~TGTACCACACTTCAT -n° 
AATAAGTAGGTG~A~CATGGTGTGAAGTA 

20 met  
W -137 CATCCACCTTTCGTGTACCA-118 

GTAGGTGGAAAGCACATGGT 

25 met 
C -216 ATGTCATATTGCAAAAGAAAGAGAG -192 

TACAGTATAAC GTTTTCTTTCTCTC 

Fig. 4. Top. Competit ion analysis of the 33mer wild-type synthetic 
oligonucleotide with the other synthetic oligonucleotides. Gel retar- 
dation analysis was carried out with the end-labeled 33mer synthet- 
ic oligonucleotide as probe. A 100-fold molar excess of the unla- 
beled fragments of the same wild-type oligonucleotide (33 W), the 
33mer mutated oligonucleotide (33 M), the 20mer oligonucleotide 
corresponding to part of the 33mer wild-type oligonucleotide 
(20 W), or the 25mer control oligonucleotide (25 C) were added 
as competitors. N, no nuclear extract added; O, no unlabeled oli- 
gonucleotide competitor added; F, free DNA not bound to pro- 
tein; B, DNA bound to nuclear protein factor. Bottom. The se- 
quences of synthetic double-stranded oligonucleotides 

from those characterized for other seed storage protein 
genes (Jofuku et al. 1987; Maier et al. 1987; Allen et al. 
1989; Bustos et al. 1989; Jordano et al. 1989). In addi- 
tion, the immature seed-specific trans-acting factor does 
not interact with either the positive regulatory element 
indicated by transformation experiments (F. Takaiwa 
et al., in press), or the common motif  (AACAAACTC- 
TAT from positions - 78 to - 65) found in all members 
of  the glutelin genes. We do not yet have any evidence 
about the molecular mechanism involved in the interac- 
tion between the DNA regulatory sequences character- 
ized to date and this trans-acting factor. A similar situa- 
tion exists for the 60 kDa trans-acting factor character- 
ized in the lectin gene (Jofuku et al. 1987). 

Change of  DNA binding activity during seed maturation 

It is interesting to speculate as to whether the trans- 
acting factor binding to the region between positions 
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Fig. 5. A Developmental regulation of DNA-binding activity dur- 
ing seed maturation. The 33mer double-stranded synthetic oligon- 
ucleotide was end-labeled with 32p and used as a probe for binding 
reactions. Nuclear proteins were isolated from maturing seeds at 
6, 10, 15 and 20 days after flowering (DAF). N, the control reaction 
without addition of protein; L, the reaction containing the leaf 
nuclear proteins; B, DNA bound to factor(s); F, free DNA not 
bound to protein. B Northern blot analysis of the type II glutelin 
mRNA during seed maturation. Total RNA (20 gg) isolated from 
developing endosperm was electrophoretically fractionated in a 
1.2% agarose gel. Hybridization was carried out under high strin- 
gency conditions. Rice 25 S (3377 bases) and 17 S (1812 bases) 
ribosomal RNAs were used as size markers 

- 1 3 0  and - 1 2 0  regulates type I I  glutelin gene expres- 
sion dur ing seed matura t ion .  The relative levels o f  D N A  
binding activities were examined during seed ma tu ra -  
tion. Equal  amoun t s  o f  nuclear  extracts f rom four  devel- 
opmenta l  stages were reacted with the labeled 33mer 
ol igonucleotide f ragment  and the react ion was assayed 
by gel retardat ion.  Very low levels o f  binding activity 
could be detected in extracts prepared  f rom seeds 6 days 
after flowering. This binding activity increased and 
reached m a x i m u m  levels at the 15th day,  and then de- 
clined (Fig. 5). The binding activity increased in parallel 
with the a m o u n t  o f  type II  glutelin m R N A  during seed 
development ,  indicating that  the m R N A  level o f  the ty- 
pe I I  glutelin gene is closely correlated with the binding 
activity in nuclear extracts. In  contrast ,  nuclear  extracts 
f rom leaves did not  conta in  any  binding activity for  this 
ol igonucleotide fragment .  Therefore,  the observed corre-  
lation between the D N A - b i n d i n g  activity and the 
m R N A  level suppor ts  the no t ion  that  the binding fac tor  
ma y  be involved in regulating t ranscr ipt ion o f  type I I  
glutelin genes. Similar correlat ions between gene expres- 
sion and binding activity have been observed in the soy- 
bean lectin gene (Jofuku et al. 1987), soybean/? -congly-  
cinin gene (Allen et al. 1989) and t oma to  fruit-r ipening 
genes (Cordes et al. 1989). However ,  based on the experi- 
ments  done  so far it canno t  be ruled out  that  changes 
in the level o f  the binding activity are due to differences 
in the quali ty o f  the nuclear  extract  prepara t ions  f rom 
different developmental  stages and not  to modu la t ion  
o f  the concent ra t ion  or  activity o f  the factor.  Fur ther  
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investigation is required in order  to examine whether  
qualitative or quant i ta t ive differences m a y  be involved 
in the changes in level o f  binding activity dur ing seed 
development .  
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