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The Amy32b gene is a representative member of a closely related family of a-amylase genes expressed under hormonal 
control in aleurone layers of barley grains. Transcription of this gene is induced by gibberellin (GA) and suppressed by 
abscisic acid. In this study, we functionally defined the promoter elements of the Amy32b gene that govern the develop- 
mental and hormonal control of its expression in aleurone. Two functionally distinct yet physically associated elements 
are essential: a gibberellin response element mediates regulation by GA and abscisic acid, and an Opaque-2 binding 
sequence (02s) is thought to interact with a barley homolog of the maize endosperm-specific transcriptional regulator 
Opaque-2. An additional element CCTTTT, which with the 02s  forms part of a canonical =endosperm box,” is important 
in modulating the absolute leve1 of expression of the Amy32b promoter, as is another separate, highly consenred element 
TATCCATGCAGTG. 

INTRODUCTION 

The plant hormones abscisic acid and gibberellin (GA) play 
major and opposing roles in the development and germina- 
tion of cereal grains. The paradigm for their actions is found 
in genes for hydrolytic enzymes, such as a-amylase, which 
are expressed at high levels only in aleurone and scutellar 
epithelial cells of the grain during germination. In aleurone, 
GA induces expression of these genes, leading to destruction 
of the storage products of the grain, whereas abscisic acid 
prevents their expression (Higgins et al., 1982; Nolan et al., 
1987). Little is known of the molecular events that connect ab- 
scisic acid or GA with activation or suppression of one of 
these genes, and less is known about the mechanisms that 
direct their tissue-specific expression. 

Recently, Skriver et al. (1991) demonstrated that six tan- 
demly repeated copies of the sequence 5’-CCGATAACA- 
AACTCCGG-3‘ from the promoter of a hormonally regulated 
barley a-amylase gene, Amy6-4 (Khursheed and Rogers, 
1988), could confer proper induction of transcription by GA 
and its suppression by equimolar abscisic acid on a minimal 
promoter-marker gene when the chimeric construct was tran- 
siently expressed in barley aleurone protoplasts (Skriver et 
al., 1991). The fact that this sequence could mediate effects 
by both hormones showed that the signal transduction path- 
way for each ultimately converges on this 17-nucleotide DNA 
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sequence; this functionally constitutes a gibberellin re- 
sponse element (GARE; Skriver et al., 1991). Tandemly 
repeated units were required for its action to be detected 
(Skriver et al., 1991). Its TAACAAACTCCGG motif is highly 
conserved as a single-copy element in promoters of a-amy- 
lase genes from different species (Huang et al., 1990). 

We wanted to define the promoter environment that permits 
a single copy of a GARE to function with high efficiency and 
to understand more about variations in the sequence that are 
compatible with its function. We analyzed the promoter from 
the low-pl a-amylase gene Amy32b (Whittier et al., 1987), 
which is known to be hormonally regulated by GA and ab- 
scisic acid (Rogers and Milliman, 1984; Khursheed and 
Rogers, 1988) but that has little apparent homology to the 
promoter of Amy6-4. Accordingly, we generated a series of 
Amy32b promoter derivatives fused to the reporter gene en- 
coding P-glucuronidase (GUS) (Jefferson et al., 1987), and 
these gene constructs were expressed transiently following 
particle bombardment-mediated delivery (Klein et al., 1987; 
Bruce et al., 1989) into intact aleurone cells. 

Results from linker scan mutation and deletion experi- 
ments defined three functionally distinct but closely linked 
elements in the promoter of Amy32b that are necessary for 
high levels of expression in aleurone cells. Two of these 
elements from this promoter are absolutely required for ex- 
pression: a sequence closely related to the GARE defined by 
Skriver et al. (1991), which probably mediates hormonal regu- 
lation, and an Opaque-2 binding sequence (02s) (Lohmer et 
al., 1991), which probably interacts with a barley homolog of 
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the maize endosperm-specific transcriptional regulatory pro- 
tein Opaque-2 (Hartings et al., 1989; Schmidt et al., 1990). 
Another sequence element, CCTTTT, coupled with the 0 2 s  
forms a sequence very similar to an “endosperm box” (Forde 
et al., 1985) and has important effects on the level of expres- 
sion from the Amy32b promoter. In addition, there are two 
other sequences that also significantly affect the level of ex- 
pression: one, located between -192 and -158, was not 
characterized in detail; the other, GCAGTG, is positioned 
immediately 3’to a sequence (TATCCAT) that is highly con- 
served in a-amylase promoters from different species (Huang 
et al., 1990). Our data indicated that the interactive effects of 
all of these elements contribute to proper tissue-specific, hor- 
monally regulated transcription from this promoter. 

RESULTS 

All promoter analyses were performed with particle bombard- 
ment delivery of Amy32b promoter-GUS marker gene con- 
structs into intact aleurone layers that were then treated with 
various combinations of hormones. The in herent variability of 
transfection efficiencies associated with this technique re- 
quires an effective means of normalization. Throughout this 
analysis, we relied on the use of an oat ubiquitin promoterl 
firefly luciferase reporter construct as an interna1 standard 
(Bruce et al., 1989; Bruce and Quail, 1990), which, when in- 
troduced with the a-amylase promoter-GUS test construct, 
allowed reproducible comparisons between levels of expres- 
sion from different test constructs. We determined that ex- 
pression from the ubiquitin promoter was not significantly 
affected by GA treatment of the tissue and that abscisic acid 
treatment had an effect that was negligible in these particular 
experiments (see Methods). 

Huttly and Baulcombe (1989) and Jacobsen and Close 
(1991) have shown that the promoter sequences of a wheat 
low pl- and a barley high pl-type a-amylase gene appropri- 
ately directed high levels of GA-dependent transcription of 
reporter genes in aleurone protoplasts. Their results indi- 
cated that essentially all of the elements necessary for this 
activity were found within 300 nucleotides upstream from the 
transcription initiation sites. We first compared GUS expres- 
sion from the construct JR248, which has 1.4 kb of promoterl 
upstream DNA from Amy32b (Whittier et al., 1987), to that 
from ML022, a 5’deletion containing 331 bp of upstream se- 
quence. 60th the absolute level of expression from ML022 
and the induction of expression by GA were twice as high 
compared to results from JR248, and this induction was com- 
pletely inhibited by 50 WM abscisic acid (data not shown). Ac- 
cordingly, ML022 was used as the parental construct for 
generating further deletions and mutations. 

Single Xbal sites (TCTAGA) were introduced in individual 
constructs to replace hexanucleotides at ~ 3 0 - b ~  intervals in 
the ML022 promoter region, thus generating constructs X1 
through X7, as shown in Figure 1 (data for X1 through X4 not 

shown). Restriction fragments derived from these constructs 
were recombined in vitro to generate ~ 3 0  bp deletions that 
scanned the promoter; these constructs are X1-2 through 
X6-7 (Figure 1). These constructs were then tested for tran- 
scriptional activity. Activities of test constructs were deter- 
mined on different days, but in every experiment both the 
parental ML022 construct and one or two of the test con- 
structs were introduced into four or five sets of aleurone 
layers. These results are shown in Figure 1. The narrow SE 
for the results obtained with ML022 on six different days 
(n = 25; Figure 1) demonstrates the reproducibility of the sys- 
tem. The results from this series of experiments, therefore, 
are presented together and the data are expressed as actual 
units of GUS activity. 

Linker substitutions X1 through X5 (as illustrated by X5, 
Figure 1; data for X1 to X4 not shown) had little or no effect 
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Figure 1. Linker Scan MutationlDeletion Analysis of the Amy32b 
Promoter. 

A schematic diagram of the ML022 construct is shown at the top; 
-331 indicates the 5’ end of the promoter, and -25 indicates the po- 
sition of the TATAA box. The promoter region (leit) is stippled, the 
thick black lines represent the 5‘and 3’ untranslated sequences from 
Amy32b, and the thin black line indicates the position of the first in- 
tron from Amy32b that was inserted into the 5‘ untranslated se- 
quence. The stippled box (right) represents the GUS coding 
sequence. Six nucleotides were mutated in individual constructs to 
change the promoter sequence at -30-bp intervals to an Xbal site. 
Three of these mutated constructs (X5, X6, and X7) are shown at the 
bottom, the number(s) above a construct indicate the 5’ end of that 
mutation. Individual mutants were then recombined to form 30-bp de- 
letions; these are indicated by the linker sites used to make the dele- 
tions, e.g., X1-2, X2-3, and so forth. To the right are the results 
obtained from expressing each construct. These are expressed as 
relative GUS activity; each column represents the mean (with SE) of 
at least iour samples (black bars, layers incubated in the absence of 
hormones; white bars, layers incubated in the presence of GA). The 
numbers to the right of the bars for X4-5 through X6 represent the fold 
induction of expression by GA (e.g., 6x = sixfold). 
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Figure 2. Functional Analysis of Mutations in the Amy32b Promoter 
-158 to -95 Interval. 

(A) The Amy32b sequence. The sequence of the -161 to -93 inter- 
val of Amy32b (Whittier et al., 1987) is shown. The positions of the 
X5, X6, and X7 mutations are identified above by brackets with the 
name of the specific mutation noted inside. The positions of three ad- 
ditional linker mutations, X9, X10, and X11, are also indicated. The X6, 
X7, and X11 mutations disrupt the CCTTTT, TATCCATGCAGTG, and 
TAACAGAGTCTGG (mutated sequences underlined) elements, re- 
spectively. The notation 02s is placed below the sequence that cor- 
responds to the Opaque-2 box. Rsgions of this promoter interval pro- 
tected from DNase l nicking by nuclear proteins are indicated 
immediately below the sequence by bars; the bars above 02s indi- 
cate the extent of the footprint when proteins from GA-treated aleu- 
rone cells are used (dark bar with diagonal stripes) and untreated 
cells (light bar with diagonal stripes) (Lanahan, 1991; M. Lanahan and 
T.-H.D. Ho, unpublished data). The two other footprints were gener- 
ated with proteins from either extract (vertical striped and stippled 
bars, respectively) (Lanahan, 1991; M. Lanahan and T.-H.D. Ho, un- 
published data). The construct JR329 was made by recombining the 
parts of X10 and X11 and is indicated by the gray and black bars. 
(6) Construct sequences. The sequences of constructs with the mu- 
tations that affect the Opaque-2 box (underlined nucleotides) are 
presented and compared to the sequence of ML022. Nucleotides that 
alter the normal sequence are in lowercase letters. These are 

on expression, but two, X6 and X7, caused significant reduc- 
tions in the level of GA-induced expression to -20 to 25% of 
the control (Figure 1). The significance of these mutations is 
discussed below. It can also be seen that three of the dele- 
tions, X4-5, X5-6, and X6-7, caused drastic decreases in the 
levels of GA-induced expression (Figure 1). The X4-5 deletion 
permitted only a sixfold increase in expression with GA; the 
functionally important sequences in this interval were not 
characterized further. The X5-6 deletion virtually silenced the 
promoter (2% of ML022), whereas the effects of the X6-7 dele- 
tion were somewhat less severe (8.7% of ML022), but neither 
deletion permitted significant induction of expression by GA. 

We further studied the functional role of sequences pres- 
ent in the X5 to X7 interval by constructing additional pro- 
moter derivatives with mutations in specific nucleotides. In 
Figure 2A, the positions of the original Xbal linker mutations 
(X5, X6, and X7) are depicted as are the additional Xbal linker 
mutations X9, X10, and X11. JR329 is a construct made by 
ligating the 5'Xbal fragment from X11 to the 3'Xbal fragment 
from X10 to generate a duplication of the central sequence 
containing the sequence CCTTTT. A detailed depiction of the 
base-pair changes induced by X9, X10, and JR335 within the 
region we cal1 the "Opaque-2 box" is shown in Figure 28. In 
each experiment where these constructs were assayed for 
transcriptional activity, the ML022 parenta1 construct was 
also analyzed as a standard for comparison. To allow precise 
comparisons of the effects of each of the mutations, the 
results (presented in Figure 2C) are expressed as a percent- 
age of the GUS activity obtained from the ML022 + GA sam- 
ples analyzed on the same day. Again, the ML022 construct 
reproducibly showed a 40- to 50-fold increase in expression 
in the presence of GA (data not shown). 

The X6 mutation disrupted the sequence CCTTTT, which 
is highly conserved in a-amylase gene promoters and in 
promoters of other genes expressed specifically in endo- 
sperm (see below). This mutation significantly decreased 
both the absolute level of expression and the effect of GA on 
expression (Figure 2C). It is possible that this sequence 
could be involved in an interaction with nuclear proteins that 
somehow enhances transcription in concert with hormonally 
regulated interactions on other sequences. JR329, which has 
this sequence duplicated, had a level of GA-induced expres- 
sion that was significantly greater (152 & 14%; P = 0.04; Fig- 
ure 2C) than the ML022 parent promoter. Interestingly, it also 
doubled the amount of GA-induced transcription from the 

presented in the strand opposite that in (A) for easier comparison to 
the Opaque-2 consensus binding sequence shown in Figure 3. 
(C) GUS activity. Relative GUS activity for each of the above con- 
structs was compared to that for ML022 in each experiment; results 
are presented as percent of the mean activity obtained for the ML022 
+GA samples. The numbers (e.g., 18x) indicate the increase in ex- 
pression caused by GA. The ML022 construct in the multiple analy- 
ses for these experiments gave an average GA induction of 42-fold. 
ABA, abscisic acid. 
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promoter (110 times for JR329 versus 42 times for ML022). 
We therefore conclude that the CCTTTT sequence plays an 
important role in the absolute level of transcription when it is 
present with other essential elements that are defined by ad- 
ditional mutations. 

The most profound effects on expression were observed 
with the X11 mutation regardless of whether it was alone or 
present with the X10 mutation (Figure 2C). The X11 mutation 
was situated in the sequence TAACAGAGTCTGG (position of 
mutation underlined), which is the apparent equivalent of the 
TAACAAACTCCGG motif found in the GARE from the Amy6-4 
promoter (Skriver et al., 1991). This mutation essentially abol- 
ished GA-induced expression (Figure 2C). X10, which mu- 
tates a similar sequence (CAACAGA) on the opposite strand, 
had little effect on transcription (134 f 13%, P = 0.13; Figure 
2C). These results are consistent with the conclusion that X11 
disrupts the functional GARE in the Amy32b promoter. This 
experimental strategy, based on loss of function mutations, 
would not distinguish between a mutation that disrupted a 
hormone response element and one that disrupted a se- 
quence necessary for high levels of transcription. Accord- 
ingly, our proposed identification of this putative GARE is 
based solely upon the similarity of its sequence to that de- 
fined in gain of function experiments by Skriver et al. (1991) 
as a GARE. 

Another sequence element that independently exerts pro- 
found effects on expression of the promoter is found in the 
interval between X5 and X10; this reads GATGATGGTCAAG 
on the opposite strand and corresponds to an 0 2 s  (Lohmer 
et al., 1991) (Opaque-2 box, Figure 26). Mutation of the 5'half 
of this sequence (X9) doubled the level of expression from the 
promoter (P = 0.002). This increase was not due to a de- 
rangement of hormonal controls because it was completely 
suppressed by abscisic acid (Figure 2C). Mutation of both the 
3'half and 5'half of the 0 2 s  sequence (JR335) caused a drop 
in the level of expression to 2% of that of X9 but retained sig- 
nificant albeit low levels of GA inducibility (Figure 2C). 

This region of the promoter has strikjng homologies to two 
well-described motifs, as illustrated in Figure 3A (the se- 
quence of Amy32b is written from the opposite strand for 
easier comparisons). The central region AAAGGTGCAACC- 
AGATGA is a consensus "endosperm box" sequence de- 
scribed by Forde et al. (1985) as being an element present in 
the promoters of maize, barley, and wheat endosperm stor- 
age protein genes. It is illustrated here by the sequence from 
a maize 22-kD zein gene promoter (Kridl et al., 1984). A 
related sequence is found in promoters from maize 19-kD 
zein genes, and Maier et al. (1987) showed that proteins from 
extracts of maize endosperm footprinted the underlined 
nucleotides in the 19-kD promoter sequence that overlaps the 
5' end of the endosperm box consensus. The corresponding 
Amy32b sequence also has a block of COnSeNed residues 
very similar to this 19 kD-zein sequence (Figure 2). 

The Opaque-2 gene product (Hartings et al., 1989; Schmidt 
et al., 1990) is a leucine zipper protein that is necessary for 
transcription of the 22- but not the 19-kD family of zein genes. 
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Figure 3. Comparisons of the X5-X7 lnterval Sequence to Other Se- 
quences lmportant for Developmental and Hormonal Regulation of 
Gene Expression in Cereals. 

(A) Sequence comparisons. The Amy32b sequence (written on the 
opposite strand from -111 to -152) is compared to sequences from 
19-kD zein (Maier et al., 1987) and 22-kD zein (Kridl et al., 1984) "en- 
dosperm boxes," to the consensus sequence for binding of the 
Opaque-2 protein (Lohmer et al., 1991), the sequence of the ABRE 
(Guiltinan et al., 1990; Skriver et al., 1991), and a sequence from a 
wheat histone gene promoter that binds a leucine zipper protein 
(Hexamer, Tabata et al., 1989). In bold type are sequences that cor- 
respond to the Opaque-2 consensus sequence. The underlined 
nucleotides in the 19-kD zein sequence are footprinted by proteins 
in an endosperm cell nuclear extract (Maier et al., 1987). The under- 
lined nucleotides in the Amy32b sequence are footprinted by nuclear 
proteins from aleurone cells that were not exposed to GA, whereas 
the line above indicates nucleotides that were footprinted by nuclear 
proteins from GA-treated aleurone cells (Lanahan, 1991; M. Lanahan 
and T.-H.D. Ho, unpublished data). Colons above or below the nucleo- 
tides indicate identity to the Amy32b sequence. 
(E) Comparison of the endosperm boxlOpaque-2 box sequences in 
different a-amylase gene promoters. The sequences of Amy54 
(Huttly and Baulcombe, 1989), a low-pl wheat gene, and the two high- 
pl barley genes Amy6-4 and Amy46 (Khursheed and Rogers, 1988) 
are compared to Amy32b. Colons above or below nucleotides indi- 
cate identity to the Amy32b sequence. 

This protein binds specifically to the consensus sequence 
(Lohmer et al., 1991) presented in Figure 3A. This element 
comprises part of the endosperm box from the 22-kD zein 
gene (Figure 3A, boldface type). An identical sequence (GAT- 
GACATG) is present twice in another Opaque-2-regulated 
maize zein gene, b-32, and these sites have been shown to 
interact specifically with the Opaque-2 protein (Lohmer et al., 
1991). The consensus 0 2 5  GATGA**CATC, permits a space 
(indicated by asterisks) between the two halves. In Amy32b, 
these motifs are highly conserved (Figure 3A, boldface type). 
The abscisic acid response element (ABRE), a sequence that 
mediates abscisic acid-induced transcription in cereal cells 
(Guiltinan et al., 1990; Skriver et al., 1991) and is bound by 

D
ow

nloaded from
 https://academ

ic.oup.com
/plcell/article/4/2/203/5984329 by guest on 20 August 2022



Gibberellin Response Complex 207 

a leucine zipper protein (Guiltinan et al., 1990) (Figure 3A, 
ABRE), and the “hexamer,” a sequence from a wheat histone 
gene promoter that is bound by a leucine zipper protein 
(Tabata et al., 1989) (Figure 3A, Hexamer), also appear to be 
variations of portions of this Opaque-2 consensus sequence 
(Figure 3A). 

A similar conservation of both primary sequence and spa- 
tia1 organization for the endosperm box (AAAAGG) with re- 
spect to the 0 2 s  (Figure 36) is found in all four a-amylase 
promoters that have been shown in aleurone cell transient ex- 
pression experiments to be regulated by GA and abscisic 
acid. A consensus for the 0 2 s  from these four sequences 
reads: GATGA n(0-3) TCAAGT (where n equals the presence 
of any zero through three nucleotides). In addition, these 
a-amylase genes share striking conservation of the putative 
GARE and TATCCAT elements (Huang et al., 1990). AI1 have 
the same organization of closely spaced elements, which is 
02s-CCTTTT-GARE. We have shown that this arrangement 
comprises a functionally defined ‘gibberellin response com- 
plex” in the Amy32b promoter. 

We investigated the role of the Opaque-2 protein in mediat- 
ing the functional effect of this 0 2 s  by expressing the un- 
modified ML022 construct and the JR335 construct with a 

p=.047 301 n 

W64a+ 

W64a 02 

relative 
GUS 20 
activity 

10 

ML022 JR335 

Figure 4. Effect of the Opaque-2 Gene Product on ML022 and 
JR335 Expression in Maize Aleurone Cells. 

Sterilized maize seeds from which the pericarp and testa had been 
removed were imbibed, bombarded, and incubated in the absence 
of GA as previously described for experiments with barley grains. The 
average relative GUS activity (with SE bars, and P values derived from 
Student’s t test indicated above) obtained when seeds from W64a and 
W64a-o2 (Aukerman et al., 1991) were bombarded with either ML022 
or JR335 is presented. The construct used in each experiment is indi- 
cated below the appropriate pair of bars; solid black bars, W64a; 
hatched bars, W64a-02. (For ML022 [+] versus JR335 [o2]. P = 
0.083; for JR335 [+] versus JR335 (021, P = 0.298.) The level of ex- 
pression of the luciferase interna1 standard in these aleurone cells 
was indistinguishable from that obtained with barley (based on ap- 
proximate cross-sectional area of target tissue), whereas relatíve 
GUS activity values were approximately 30-fold lower than in com- 
parabla experiments in barley. 

mutated 0 2 s  sequence in maize aleurone cells. (We cannot 
exclude the possibility, however, that some viable subaleu- 
rone cells contributed to expression of these constructs.) We 
compared their expression in the inbred W64a and in the iso- 
genic W64a-02, a spòntaneous Opague-2 (02) nu11 mutant 
(Aukerman et ai., 1991); these results are presented in Figure 
4. It can be seen that ML022 was expressed at a significant 
threefold to fourfold lower level in W64a-o2 when compared 
with W64a (P = 0.047). This lower leve1 of expression was the 
same as that obtained when JR335 was expressed in aleu- 
rone cells of either genotype. These results demonstrated 
that the Opaque-2 gene product is responsible for the 
elevated level of expression of ML022 in W64a and suggest 
that interaction of a barley protein homologous to Opaque-2 
with the 0 2 s  sequence is essential for high-leve1 expression 
in barley aleurone cells. 

DlSCUSSlON 

The effects of GA and abscisic acid on a-amylase gene 
transcription were established from runoff transcription ex- 
periments using nuclei from oat or barley aleurone proto- 
plasts (Jacobsen and Beach, 1985; Zwar and Hooley, 1986) 
and from transient expression experiments using a-amylase 
promoter-reporter gene constructs in aleurone protoplasts 
(Huttly and Baulcombe, 1989; Salmenkallio et al., 1990; 
Jacobsen and Close, 1991; Skriver et al., 1991). Huttly and 
Baulcombe (1989) and Jacobsen and Close (1991) made 
progressive 5‘ deletions on a low-pl and a hiyh-pl a-amylase 
promoter, respectively, and found that sequences responsi- 
ble both for high-leve1 expression and for GA response were 
located within -200 bp from the transcription initiation sites. 
Their deletion strategies did not allow them to identify the 
functionally important sequences. The promoter from the 
wheat low-pl gene Amy54 (Huttly and Baulcombe, 1989) is 
very similar to our Amy32b promoter, and our results are con- 
sistent with those of Huttly and Baulcombe (1989) in that the 
deletions that caused profound loss of expression (X4-5, 
X5-6, and X6-7) were a11 positioned within -192 (Figure 1). 
The functionally important sequences within the X4-5 interval 
have not yet been characterized, but it is interesting that this 
interval contains an inverted repetitive sequence element 
(identified as ‘R“ in Whittier et al., 1987) also present in the 
promoter of a thiol protease gene expressed at high levels in 
aleurone cells. 

The X7, X11, X9, and JR335 mutations were positioned to 
be centered on sequences that bound nuclear proteins from 
aleurone cell nuclei and were protected by them from DNase I 
digestion (Lanahan, 1991; M. Lanahan and T.-H.D. Ho, un- 
published data). For reference, the positions of these foot- 
prints are indicated in Figure 2 by bars beneath the DNA 
sequence. These data suggest, in fact, that the footprint on 
the 0 2 s  is affected by GA treatment of the cells from which 
nuclear proteins are prepared (Lanahan, 1991; M. Lanahan 
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and 1-H.D. Ho, unpublished data). At a minimum, these 
results demonstrate that nuclear proteins interact with the se- 
quences that are defined here as important in directing high- 
leve1 expression from the promoter. 

Other hormonally and developmentally regulated gene 
systems provide precedents to which the roles of the 0 2 s  and 
GARE sequences can be compared. Perhaps the best- 
studied system is transcriptional activation of certain genes 
by abscisic acid (Marcotte et al., 1989; Guiltinan et al., 1990; 
Mundy et al., 1990), where a highly conserved element is suf- 
ficient to confer abscisic acid responsiveness on a minimal 
promoter (Skriver et al., 1991), and mutations abolish abscisic 
acid responsiveness of model promoters (Guiltinan et al., 
1990). A leucine zipper protein that binds to this ABRE 
has been cloned from wheat (Guiltinan et al., 1990). There is 
no published information regarding the mechanism(s) by 
which this protein might mediate abscisic acid effects on 
transcription. 

The ABRE sequence conforms to part of the 02s. Opaque- 
2 itself is a leucine zipper protein (Hartings et al., 1989; 
Schmidt et al., 1990), and the amino acid sequence that cor- 
responds to much of its DNA binding domain (the basic 
a-helical domain) is very similar to that of the ABRE binding 
protein EmBP-1 and to a protein (HBP-1; Tabata et al., 1989) 
that binds to TGACGT (also part of the canonical 02s) in 
wheat histone gene promoters. It should be emphasized that 
only Opaque-2 has been proven to be responsible for regulat- 
ing expression of its target genes. EmBP-1 and HBP-1 are im- 
plicated because they bind to a DNA sequence of interest; in 
addition, a 2-bp mutation in the ABRE abolished abscisic 
acid response in transient expression and abolished EmBP-1 
binding (Guiltinan et al., 1990), thus suggesting that EmBP-1 
may be involved in the abscisic acid response. 

When considering binding sites and transcriptional effects 
of leucine zipper proteins, it is important to recognize that the 
DNA binding region of each protein recognizes half a target 
binding site (e.g., Gentz et al., 1989; Turner and Tjian, 1989). 
Dimerization is essential for high-affinity binding to the site, 
and the ability to dimerize is governed by the leucine zipper 
sequence. All of these proteins have additional nonhomolo- 
gous sequences-both N-terminal to the DNA binding do- 
main and C-terminal to the leucine zipper-that probably are 
important in determining other interactions (e.g., with other 
members of a transcription complex). 

The precedents from animal systems show that different 
proteins, whose expression is controlled by different extracel- 
lular signals, can interact to bind to a single canonical 
sequence; the effects of binding (i.e., activating or suppress- 
ing transcription) will depend upon which proteins form the 
dimer that recognizes the sequence. A wide range of possibil- 
ities exists, limited only by the number of different leucine 
zipper proteins possessing a proper DNA binding domain. In 
this regard, it is interesting that the similarities in DNA bind- 
ing domains among the members of the c-fos and c-jun gene 
families and the yeast gene product GCN4 (Turner and Tjian, 
1989) (all of which bind the same sequence) are less than the 

similarities among Opaque-2, EmBP-1, and HBP-1 (Aukerman 
et al., 1991; Guiltinan et al., 1990). It is therefore likely that 
these plant proteins are members of a family, each of which 
can bind to variations of what we have called the canonical 
02s (consistent with the observation that their established 
binding sites share that motif). It is also likely then that the 
effects of these proteins on transcription will depend upon 
whether they form homodimers or heterodimers to bind to 
that sequence. We have shown that a canonical 0 2 s  par- 
ticipates in the transcriptional response to GA and that ex- 
pression of the promoter in maize aleurone depends upon 
the presence of the Opaque-2 protein. 

We therefore propose a hypothesis to explain our findings. 
Because disruptions of the CCTTTT, TATCCATGCAGTG 
(mutated sequence underlined), and -192 to -158 elements 
caused a reduction of overall activity but maintained GA re- 
sponsiveness, it is likely that these elements are not essential 
for GA responsiveness but somehow enhance the interaction 
or the effects of the 02s and putative GARE. We suggest 
that the CCTTTT sequence may facilitate interactions be- 
tween the Opaque-2 binding proteins and the GARE binding 
proteins; the system works less efficiently without it (as evi- 
denced by X6, Figure 1) and more efficiently if it is duplicated 
(JR329, Figure 2). For the minimal promoter in a protoplast 
system, a GARE alone works but only if tandemly repeated 
(Skriver et al., 1991). This is consistent with the hypothesis 
that protein binding and interaction between two separate 
binding sites are required for high-leve1 transcription and 
proper hormonal regulation. Such interactions would explain 
the ability of multiple tandemly repeated GARE units to func- 
tion in the protoplast system (Skriver et al., 1991); these 
results suggest that the 0 2 s  and GARE units may be func- 
tionally interchangeable under certain circumstances. It is 
reasonable to propose that the 02s will be found to be a site 
of interaction of leucine zipper proteins related to Opaque-2. 
The nature of the protein(s) interacting with the sequences 
mutated by X11 in the putative GARE remains to be elucidated. 

According to this model, the effects on transcription would 
depend upon which members of the Opaque-2 family of leu- 
cine zipper proteins bind to the 0 2 s  and perhaps the GARE 
sequences. In the absence of GA (or possibly even in the 
presence of abscisic acid), one set of proteins might interact 
to bind to the sequences; this pattern would not promote tran- 
scription and therefore would give the same result as when 
the sequences are completely deleted. In the presence of 
GA, however, a different set of proteins would interact to form 
heterodimers that bind to the sequences and promote tran- 
scription. In fact it is possible that the 5' and 3' halves of the 
0 2 s  represent separate conserved motifs. Our finding that 
the X9 mutation (in the 5' end of the 02s)  significantly in- 
creased transcription whereas the JR335 mutation drasti- 
cally lowered it (Figure 2) demonstrates that there are two dis- 
tinct functional units within the sequence. 

Our experimental results and this model provide a common 
focal point for the convergence of pathways that mediate 
tissue-specific and developmental controls on gene expression 
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in cereals with those that mediate directly opposing, 
developmentally regulated effects of two hormones. They 
suggest that the endosperm box sequences (CCTTTT plus 
the 02s) are responsible for endosperm-specific expression 
of the genes; this would allow aleurone-specific expression 
but would not explain why the genes are apparently silent in 
starchy endosperm during grain development (Mundy and 
Rogers, 1986). The interaction, however, of an endosperm 
box with a GARE would provide the proper balancing con- 
trols. Functions of the GARE would ensure that the genes 
would not be expressed in the presence of meaningful levels 
of abscisic acid, as might be expected to be present in de- 
veloping endosperm. Conversely, it would ensure that the 
genes would be actively transcribed in mature aleurone 
where abscisic acid levels were low and where active gib- 
berellins were provided by the embryo. As such, the model 
is testable. Its proposed regulatory system is unique in plant 
systems and may provide new insights into molecular mecha- 
nisms by which hormones affect plant development. 

METHODS 

Promoter Construction and Transient Expression 

The 1.4-kb Amy32b promoter (Whittier et al., 1987) was attached with 
its entire 5' untranslated sequence (Khursheed and Rogers, 1989) to 
the coding sequence for the Escherichia coli p-glucuronidase (GUS) 
gene (Jefferson et al., 1937) with a modified ATG initiation codon. The 
first intron from Amy32b was inserted into the 5' untranslated se- 
quence; this construct is identified as JR248. A truncated form, 
deleted 5'to -331, is identified as ML022 and used as a template for 
all mutations described here. (The DNA sequences of these con- 
structs are available from the authors upon request.) Xbal mutations 
were introduced into this truncated promoter using single-stranded 
oligonucleotide mutagenesis, and subsequent deletions were gener- 
ated by recombining the appropriate restriction enzyme fragments. 

For transient expression experiments, each test construct was 
mixed with plasmid pAHC18 (ubiquitin promoter-luciferase fusion; 
Bruce et al., 1989) in a mass ratio of 2:l (final plasmid concentration 
was 0.6 pglpL). Ten microliters of this DNA mixture was precipitated 
onto tungsten particles using CaCla and spermidine (free base) and 
introduced into intact aleurone layers using particle bombardment 
(Bruce et al., 1989; Bruce and Quail, 1990). 

Plasmid pAHC18 served as an interna1 standard. We first de- 
termined that expression from the ubiquitin promoter was not af- 
fected by either gibberellin (GA) or abscisic acid. Huttly and 
Baulcombe (1989) and Skriver et al. (1991) both found that GA had 
little or no effect on expression of a cauliflower mosaic virus (CaMV) 
35s promoterlGUS chimeric gene in aleurone protoplasts. We there- 
fore introduced pAHCl8 mixed with pB122l (CaMV 35s-GUS; Jefferson 
et al., 1987) and used the GUS activity expressed from the latter to 
standardize luciferase activity in aleurone extracts from GA-treated 
and control layers. These results showed that extracts from control 
layers expressed 2.2 k 0.8 x 106 relative light units (RLU)lIO sec 
(n = 5) in the standard assay, whereas extracts from GA-treated 
layerb expressed 1.6 k 0.4 x 106 RLUlIO sec (n = 5); these were 
not significantly different (P = 0.215). Thus, GA treatment has little 

effect on transcription from the ubiquitin promoter. We did not use the 
same method to assess abscisic acid effects; rather, we used raw Iu- 
ciferase assay values from extracts of layers treated with GA alone, 
or with GA + abscisic acid, and compared the two sets from two sep- 
arate experiments: experiment 1 (GA versus GA + abscisic acid; 
n = 5 for each), 0.52 2 0.18 x 106 versus 0.93 f 0.30 x 106 RLUl 
10 sec, P = 0.045; experiment 2 (n = 6 for each) 1.05 & 0.47 x 106 
versus 2.26 2 1.21 x 106 RLUllO sec, P = 0.061. We concluded 
that abscisic acid may increase expression from the ubiquitin pro- 
moter but that the effect is only approximately twofold. Because the 
observed effect of abscisic acid on expression from the a-amylase 
promoters in the two experiments described here was on the order 
of 50-fold and because the focus of the work did not involve a search 
for small effects of abscisic acid on transcription from different con- 
structs, we did not pursue the matter further. 

For individual bombardments, 10 sterile deembryonated half 
grains of Himalaya barley, which had been imbibed for 2 days and 
had their pericarpltesta layers removed, were arranged in a small cir- 
cle (-2.5 cm in diameter) so that all would be directly in the path of 
the tungsten particles. From each shot, five half grains were then in- 
cubated in 5 mL of 20 mM CaCI2, 20 mM Na succinate, pH 5.0, 
buffer containing 10 pg/mL of chloramphenicol (barley buffer) and no 
hormones (-GA), or 2 x 10-6 M GA,, or 2 x 10-6 M GA, + abscisic 
acid (5 x 10-5 M) for 36 to 40 hr in a Petri plate. The five half grains 
were then homogenized using a mortal and pestle in 1 mL of 100 mM 
NaPO,, pH 7.2, 5 mM DTT, and 20 pg/mL leupeptin. The homog- 
enates were centrifuged (10,OOOg) for 10 min and the supernates were 
retained for enzyme assays. Bombardment of maize seeds was es- 
sentially the same with the exception that they were not previously 
deembryonated, and the face of the maize kernel that had been hit 
with the tungsten pellets was removed with a razor blade and 
homogenized. 

For luciferase assays, 100-pL samples of the extract were placed 
in luminometer cuvettes (Analytical Luminescence Laboratory, San 
Diego, CA) and then 100 pL of 2 x luciferase assay buffer (1 x is 
30 mM Tris-S04, pH 7.7, 10 mM MgCI2, 10 mM DTT, 1 mM EDTA) with 
2 mM ATP added immediately before placing into the luminometer. 
Placing the tube in the luminometer (Monolight 2010; Analytical Lu- 
minescence Laboratory) automatically activated the machine so that 
it would inject 100 NL of 1 x luciferase assay buffer containing 1 mM 
luciferin, and then count emitted photons for 10 sec. Typical values 
for luciferase activity were between 500,000 and 5,000,000 RLU, and 
background activity, i.e., assays using extract from tissue that had not 
been bombarded, was normally 200 to 300 RLU. GUS assays were 
performed essentially according to Huttly and Baulcombe (1989) ex- 
cept that extracts were not first purified by column chromatography. 
Fifty microliters of protein extract in 250-pL reaction mixtures was 
used to assay GUS using the fluorescent 4-methylumbelliferyl p-D- 
glucuronide substrate (Jefferson et al., 1987). Care was taken to en- 
sure that all assays were done within a linear range. Results of the 
GUS assays were expressed simply as fluorescent units (minus the 
value obtained from control extracts) generated in 4 hr at 37°C. To 
standardize relative expression of GUS from the various promoter 
constructs, the GUS assay result from one sample was multiplied by 
a normalizing constant and the product divided by the luciferase 
value obtained from that particular sample. This relative GUS activity 
essentially expresses how efficiently the test promoter construct 
drove transcription of the reporter gene as compared to the ubiqui- 
tinlluciferase construct transcription efficiency. The average GUS 
activity (and SE) were calculated using four to six replicate bombard- 
ments per construct. Statistical comparisons of results from different 
constructs were made using Student's t test. 

D
ow

nloaded from
 https://academ

ic.oup.com
/plcell/article/4/2/203/5984329 by guest on 20 August 2022



210 The Plant Cell 

ACKNOWLEDGMENTS 

This work was supported in part by Grant No. CSRS90-37262-5350 
from the U.S. Department of Agriculture (to J.C.R.) and Grant No. 
9006591 from the National Science Foundation (to T.-H.D.H.) We 
thank Dr. Ben Burr for generously providing W64a and W64a-o2 
seeds. M.B.L. received support from the Division of Biology and Bio- 
medical Sciences, and the Department of Biology, Washington 
University. These results were presented in a symposium at the 14th 
lnternational Conference on Plant Growth Substances, Amsterdam, 
The Netherlands, July 25, 1991. 

Received October 4, 1991; accepted December 3, 1991. 

REFERENCES 

Aukerman, M.J., Schmidt, R.J., Burr, B., and Burr, F.A. (1991). An 
arginine to lysine substitution in the bZlP domain of an opaque-2 
mutant in maize abolishes specific DNA binding. Genes Dev. 5, 

Bruce, W.B., and Quail, P.H. (1990). cis-Acting elements involved in 
photoregulation of an oat phytochrome promoter in rice. Plant Cell 
2, 1081-1089. 

Bruce, W.B., Christensen, A.H., Klein, T., Fromm, M., and Quail, 
P.H. (1989). Photoregulation of a phytochrome gene promoter from 
oat transferred into rice by particle bombardment. Proc. Natl. Acad. 
Sci. USA 86, 9692-9696. 

Forde, B.G., Heyworth, A., Pywell, J., and Kreis, M. (1985). Nucleo- 
tide sequence of a B1 hordein gene and the identification of possi- 
ble upstream regulatory elements in endosperm storage protein 
genes from barley, wheat and maize. Nucl. Acids Res. 13, 

Gentz, R., Rauscher, F.J., 111, Abate, C., and Curran, T. (1989). Par- 
allel association of Fos and Jun leucine zippers juxtaposes DNA 
binding domains. Science 243, 1695-1699. 

Guiltinan, M.J., Marcotte, W.R., and Quatrano, R.S. (1990). A plant 
leucine zipper protein that recognizes an abscisic acid response 
element. Science 250, 267-271. 

Hartings, H., Maddaloni, M., Lazzaroni, N., DiFonzo, N., Motto, 
M., Salamini, F., and Thompson, R. (1989). The 0 2  gene which 
regulates zein deposition in maize endosperm encodes a protein 
with structural homologies to transcriptional activators. EMBO J. 8, 

Higgins, T.J.V., Jacobsen, J.V., and Zwar, J.A. (1982). Gibberellic 
acid and abscisic acid modulate protein synthesis and mRNA lev- 
els in barley aleurone layers. Plant MOI. Biol. 1, 191-215. 

Huang, N., Sutliff, T.D., Litts, J.C., and Rodriguez, R.L. (1990). 
Classification and characterization of the rice a-amylase multigene 
family. Plant MOI. Biol. 14, 655-668. 

Huttly, A.K., and Baulcombe, D.C. (1989). A wheat a-Amy2 promoter 
is regulated by gibberellin in transformed oat aleurone protoplasts. 

Jacobsen, J.V., and Beach, L.R. (1985). Control of transcription of 
a-amylase and rRNA genes in barley aleurone protoplasts by gib- 
berellin and abscisic acid. Nature 316, 275-277. 

310-320. 

7327-7339. 

2795-2801. 

EMBO J. 8, 1907-1913. 

Jacobsen, J.V., and Close, T.J. (1991). Control of transient expres- 
sion of chimaeric genes by gibberellic acid and abscisic acid in 
protoplasts prepared from mature barley aleurone layers. Plant 
MOI. Biol. 16, 713-724. 

Jefferson, R.A., Kavanaugh, T.A., and Bevan, M.W. (1987). GUS 
fusions: p-Glucuronidase as a sensitive and versatile gene fusion 
marker in higher plants. EMBO J. 6, 3901-3907. 

Khursheed, B., and Rogers, J.C. (1988). Barley a-amylase genes: 
Quantitative comparison of steady-state mRNA levels from in- 
dividual members of the two different families expressed in aleu- 
rone cells. J. Biol. Chem. 263, 18953-18960. 

Khursheed, B., and Rogers, J.C. (1989). Barley a-amylase genes 
and the thiol protease gene Aleurain: Use of a single poly(A) addi- 
tion signal associated with a conserved pentanucleotide at the 
cleavage site. Proc. Natl. Acad. Sci. USA 86, 3987-3991. 

Kleln, T.M., Wolf, E.D., Wu, R., and Sanford, J.C. (1987). High- 
velocity microprojectiles for delivering nucleic acids into living 
cells. Nature 327, 70-73. 

Kridl, J.C., Vieira, J., Rubenstein, I., and Messing, J. (1984). 
Nucleotide sequence analysis of a zein genomic clone with a short 
open reading frame. Gene 28, 113-118. 

Lanahan, M.B. (1991). Regulation of a-amylase gene expression in 
barley. PhD Thesis (St. Louis: Washington University). 

Lohmer, S., Maddaloni, M., Motto, M., DiFonzo, N., Hartings, H., 
Salamini, F., and Thompson, R.D. (1991). The maize regulatory 
locus Opaque-2 encodes a DNA-binding protein which activates 
the transcription of the b-32 gene. EMBO J. 10, 617-624. 

Maier, U.-G., Brown, J.W.S., Toloczyki, C., and Felix, G. (1987). 
Binding of a nuclear factor to a consensus sequence in the 5'flank- 
ing region of zein genes from maize. EMBO J. 6, 17-22. 

Marcotte, W., Russell, S.H., and Quatrano, R.S. (1989). Abscisic 
acid-responsive sequences from the Em gene of wheat. Plant Cell 

Mundy, J., and Rogers, J.C. (1986). Selective expression of a proba- 
ble amylaselprotease inhibitor in barley aleurone cells: Compari- 
son to the barley amylase/subtilisin inhibitor. Planta 169, 51-63. 

Mundy, J., Yamaguchi-Shinozaki, K., and Chua, N.-H. (1990). Nu- 
clear proteins bind conserved elements in the abscisic acid- 
responsive promoter of a rice rab gene. Proc. Natl. Acad. Sci. USA 

Nolan, R.C., Lin, L.-S., and Ho, D.T.-H. (1987). The effect of abscisic 
acid on the differential expression of a-amylase isozymes in barley 
aleurone layers. Plant MOI. Biol. 8, 13-22. 

Rogers, J.C., and Milliman, C. (1984). Coordinate increase in major 
transcripts from the high pl alpha-amylase multigene family in bar- 
ley aleurone cells stimulated with gibberellic acid. J. Biol. Chem. 
259, 12234-12240. 

Salmenkallio, M., Hannus, R. Teeri, T.H., and Kauppinen, V. 
(1990). Regulation of a-amylase promoter by gibberellic acid and 
abscisic acid in barley protoplasts transformed by electroporation. 
Plant Cell Reports 9, 352-355. 

Schmidt, R.J., Burr, F.A., Aukerman, M.J., and Burr, 6. (1990). 
Maize regulatory gene opaque-2 encodes a protein with a"leucine- 
zipper" motif that binds to zein DNA. Proc. Natl. Acad. Sci. USA 

Skriver, K., Olsen, F.L., Rogers, J.C., and Mundy, J. (1991). cis- 
Acting DNA elements responsive to gibberellin and its antagonist 
abscisic acid. Proc. Natl. Acad. Sci. USA 88, 7266-7270. 

1, 969-978. 

87, 1406-1410. 

87, 46-50. 

D
ow

nloaded from
 https://academ

ic.oup.com
/plcell/article/4/2/203/5984329 by guest on 20 August 2022



Gibberellin Response Complex 21 1 

Tabata, T., Takase, H., Takayama, S., Mikami, K., Nakatsuka, A., 
Kawata, T., Nakayama, T., and Iwabuchi, M. (1989). A protein that 
binds to a cis-acting element of wheat histone genes has a leucine 

Turner, R., and Tjian, R. (1989). Leucine repeats and an adjacent 
DNA binding domain mediate the formation of functional cFos- 
cJun heterodimers. Science. 243, 1689-1694. 

Whittier, R.F., Dean, D.A., and Rogen, J.C. (1987). Sequence anal- 
ysis of alpha-amylase and thiol protease genes that are hormon- 
ally regulated in barley aleurone cells. Nucl. Acids. Res. 15, 

Zwar, J.A., and Hooley, R. (1986). Hormonal regulation of a-amylase 
gene transcription in wild oat (Avena fatua L.) aleurone protoplasts. 
Plant Physiol. 80, 459-463. 

zipper motif. Science 245, 965-967. 2515-2535. 

D
ow

nloaded from
 https://academ

ic.oup.com
/plcell/article/4/2/203/5984329 by guest on 20 August 2022


