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Upstream regulatory sequences from two f-conglycinin genes

Philip A. Lessard ', Randy D. Allen?, Toru Fujiwara® and Roger N. Beachy* *

Department of Biology, Washington University, St. Louis, MO 63130, USA, Present addresses:

' Monsanto Company, 700 Chesterfield Village Parkway, Chesterfield, MO 63198, USA; * Department of
Biological Sciences{Department of Agronomy, Texas Tech University, Lubbock, TX 79409, USA;

* Laboratory of Plant Nutrition, Department of Agricultural Chemistry, Faculty of Agriculture, The University
of Tokyo, Yayoi, Bunkyo-ku, Tokyo 113, Japan; * Division of Plant Biology-MRC?7, Department of Cell
Biology, The Scripps Research Institute, 10666 North Torrey Pines Road, La Jolla, CA 92037, USA (* author
for correspondence)

Received 4 Jannary 1993; accepted in revised form 21 April 1993
Key words: B-conglycinin, gene expression, legumin box, seed storage protein, vicilin box

Abstract

Genes encoding the f-conglycinin seed storage proteins of soybean are expressed only in seeds during
specific stages of development. The different subunits of S-conglycinin, o', « and j, are encoded by
distinct members of a gene family. Yet there are marked differences in the regulation of the genes encoding
the o'/ and f subunits. Previous work (Chen et al., EMBO J 7: 297-302, 1988) identified a seed spe-
cific transcriptional enhancer upstream of a gene encoding the a’ subunit. Mutations were made within
this region to discern its functional components. Among those identified is a 62 bp region (between —77
and —140) that contains a vicilin box consensus sequence as well as a sequence that binds the soybean
nuclear factor SEF4 in vitro. A second region, which contains a sequence homologous to the core of the
legumin box consensus (i.e., CATGCAT-like or RY repeat element) at —246, was also shown to affect
the activity of this enhancer in transgenic plants. A series of 5’ terminal deletions were used to iden-
tify regulatory elements upstream of the § subunit gene. Two regions were identified (from —553 to —442
and from —308 to —72) that, when deleted, led to a marked reduction in gene expression. Both of these
elements contain sequences that bind SEF4 in vitro. The distal element also contains an AT-rich seg-
ment that recognizes a second nuclear factor, SEF1, in vitro. Neither of these elements contains any
homology to the vicilin box consensus.

Introduction

p-Conglycinin comprises approximately 309, of
the total seed protein in soybeans [34]. This 7S
vicilin-like storage protein is composed of three
distinct subunits, labelled o', o and . Expression
of the genes that encode these subunits is acti-
vated midway through seed development. Shortly

thereafter, mRNA from the a'/a genes alone ac-
counts for roughly 10% of the mRNA mass in
cotyledons [21]. By maturity, these mRNAs are
virtually undetectable [21, 34].

Although there is considerable sequence ho-
mology between the three major subunits of
B-conglycinin [14], regulation of the «’ and f
subunit genes clearly differs. Individual copies of
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the «' subunit gene appear to be expressed at
much higher levels than the § subunit genes [7, 33,
35]. In developing soybean seeds, a'/a subunit
mRNA begins to accumulate three to five days
earlier than § subunit mRNAs [35]. In addition,
the § subunit gene responds to physiological sig-
nals such as ABA and methionine while the o’
subunit gene does not [6, 17, 24, 25]. Finally, the
subunits encoded by these genes are differentially
distributed within the developing soybean embryo
[32].

Much of the control of the f-conglycinin genes
occurs at the level of transcription [ 2, 23], and the
characteristic regulation of these genes is con-
served when they are expressed in transgenic pe-
tunia (Petunia hybrida) or tobacco (Nicotiana
tabacum) plants [2-4, 7, 17, 35]. Chen et al. [12,
13] used transgenic plants to identify a short
(180 bp) element from the upstream region of a
cloned o’ subunit gene that specifically enhances
transcription in seeds midway through develop-
ment. Considerably less is known about regula-
tory elements that act upon the § subunit gene.
Within 1 kb upstream of the f subunit coding
sequence, there is no region homologous to the
enhancer found upstream of the o subunit gene.
This implies that different mechanisms may be
responsible for maintaining the strict pattern of
expression for each gene.

In an effort to better understand the mecha-
nisms that regulate expression of these genes se-
quences from the upstream regions of both genes
were altered and linked to a reporter gene. Ex-
pression of these chimeric genes was monitored
in transgenic plants. Mutagenesis of the o’ sub-
unit gene enhancer revealed two or more func-
tional elements. Terminal deletions of the f sub-
unit gene were used to identify sequences
responsible for expression of this gene.

Materials and methods

Plasmid construction, plant transformation

A reporter cassette plasmid was constructed in
pUCI19 [39] composed of the coding sequence of

the GUS gene (from pRAJ260) [28] linked to the
termination signal from the a’ subunit gene [12].
These segments are preceded in the cassette by
six unique restriction sites. URS fragments from
the o’ subunit gene were derived from a genomic
clone [13], while fragments from the § subunits
gene were derived from the plasmid
pTZ18RpBC79[18]. These were inserted into the
cassette by standard procedures. Plasmid con-
structions were confirmed by DNA sequencing.
URS-reporter-termination signal units were then
excised as Eco RI-Hind III fragments, ligated into
the binary vector pMONS05 [27] and introduced
into Agrobacterium tumefaciens strain GV3111SE
[16] via triparental mating, using the helper plas-
mid pRK?2013 [15]. Tobacco (Nicotiana tabacum
L. c¢v. Xanthi; for linker scan experiments) or
N. benthamiana (for all other transformations)
were transformed according to the leaf disk pro-
tocol of Horsch et al. [26]. Transformation was
confirmed by assaying the ability of leaf discs
from young leaves to callus on medium contain-
ing kanamycin [26]. Genomic southerns revealed
low insert copy number among the plants tested.
The GUS phenotype segregated as 3:1 among
seeds of nearly all expressing plants. Developing
seeds from transgenic plants were harvested at
the appropriate developmental stages and frozen
at —80 °C until they were assayed for GUS
activity.

B-glucuronidase (GUS) assay

The fluorometric assay for GUS activity was
carried out essentially as described by Jefferson
[29]. Protein concentrations were determined by
the method of Bradford [5]. The lower limit of
detection in these assays is defined as ca.
200 pmol MU per hour per mg as this level of
activity cannot be distinguished from fluctuations
in assays of ‘no protein’ controls. Seeds from
untransformed plants generated GUS activity at
or below this level.



LacZ/gusA fusion protein expression in Escheri-
chia coli

The plasmids pUCI118 and pBluescript KS +
were digested with Acc 1, 3’ recessed ends were
blunted using Klenow fragment of E. coli DNA
polymerase and dNTPs, and then religated. This
adjusted the reading frame of lacZ (encoded by
each plasmid) by inserting two basepairs. Plas-
mid DNA from strains of Agrobacterium that hold
the LS1, LS2 and LS3 constructs was digested
with Eco RI and Hind 111, and the appropriate
fragments were ligated into pUC19. The coding
sequence from the gus4 gene was removed from
each of these as a Pst I fragment (sites preserved
from original pRAJ260 plasmid) [28] and ligated
into the frameshift-adjusted pUC118 and pBlue-
script KS + vectors (as parallel experiments).
E. coli (DH5aF") cells transformed with these
plasmids were selected on ampicillin-containing
(200 mg/l) LB plates augmented with 20 mg/ml
5-bromo-4-chloro-3-indolyl- § - D-glucuronide
(40 pul per plate; Jersey Lab & Glove Supply) and
200 mg/ml IPTG (4 ul per plate; Fisher). Blue
colonies were selected, and the polylinker and 5’
portion of the gus4-coding sequence was exam-
ined in each construct by DNA sequencing. GUS
activity was measured in pUC118-or pBluescript-
derived clones by pelleting for 8 h 1.5 mli bacterial
cultures and lysing the pellet in 300 ul GUS ex-
traction buffer [29] +0.1 mg/ml lysozyme
(Sigma) for 15 min at room temperature. These
lysates were centrifuged and 5 or 10 ul aliquots
from the supernatant were tested via the fluoro-
metric GUS assay [29]. Negative controls in-
cluded extracts from bacteria carrying plasmids
with no GUS insert or with the GUS gene
inserted in the antisense orientation.

Statistical treatment of data

The distributions of values for GUS activity were
compared for plants carrying each construct to
determine whether differences in expression be-
tween constructs were significant. These compar-
isons were carried out using SAS software (SAS
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Institute). Because the values for GUS activity
among plants carrying the same construct did not
follow a normal distribution, a variety of non-
parametric tests were applied to the samples of
data, including the Wilcoxon test, Kruskal-Wallis
test, Median 2-sample test and the Kolmogorov-
Smirnov 2-sample test [37]. In each case, the
level of significance was set at P<0.05.

Results
Linker scan experiments

Extracts from developing soybean seeds contain
a factor, termed ‘SEF3’, that binds to sequences
within the seed specific enhancer of the o’ subunit
gene [ 1]. A similar factor in tobacco seed extracts
binds to the same region [33]. These observations
led to the hypothesis that SEF3 may mediate en-
hancer activity. When the binding site for SEF3
was originally identified [ 1], a series of linker scan
(LS) mutations were generated in which specific
sequences in the enhancer element were replaced
with synthetic linkers. The position of each of
these mutations is indicated in Fig. 1. These mod-
ified enhancer elements were then tested for their
ability to bind SEF3 in gel mobility shift assays
[1]. In that study, linkers that disrupted the AAC-
CCA repeats in this region also reduced SEF3
binding. A series of experiments were conducted
to utilize these linker scan mutations to assess the
role of the binding site in enhancer function. Each
of the linker-mutagenized enhancers (which re-
present sequences from —257 to 77 relative to
the start of transcription) were linked to the «’
subunit gene ‘minimal promoter (—-76 to +13;
identical to fragment ‘d’ below) and used to drive
expression of the gusA4 gene in transgenic tobacco
plants. f-Glucuronidase enzyme (GUS) activity
was measured in mature seeds [24 days after an-
thesis (daa)] from seven to twelve plants for each
of the mutations and compared with the wild-type
control, ‘C6’; results are shown in Fig. 2.

It is clear from these results that the ability of
each mutant to bind SEF3 in vitro does not cor-
relate with enhancer activity in vivo. LS1 and LS5,
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-257 -208 -193 -140 -77 +1

Cé C5 Bbvl Mboll Sphl Xmnl

Gagea6d__—LS4= _ JCCARCTCAACCCATCATGAGCCCACACATTTGTTGTTTCTAACCCAACCTCARACT
GAGCAGCCCAABACATTCACCAACTA —-L81- |GAGCCCACACATTTGTTIGTTTCTAACCCAACCTCAAACT
GAGCAGCCCARARCATTCACCAACTCARCCCATA =18z~  JCATTTGTTGTTTCTAACCCAACCTCAAACT
GAGCAGCCCAARACATTCACCAACTCAACCCATCATGAGCA  —LS3— _JTTGTTTCTAACCCAACCTCARACT
GAGCAGCCCAAAACATTCACCAACTCAACCCATCATGAGCCCACACATTTGTTGTTTCTAN _ ~LS5—  JcT

Fig. 1. Linker scan (LS) mutagenesis of the seed-specific en-
hancer from the o’ subunit gene. Xba I linkers (white boxes)
replaced native sequence as described elsewhere [1]. In the
context of the entire URS (-257 to + 13), each of these mu-
tations as well as the unaltered control (‘C6’) were used to
drive gus4 expression in transgenic plants. The name and
position of each LS mutant is indicated relative to the sur-
rounding sequence; for clarity, only the sequence between the
C5 terminus ( -208) and the Mbo 11 site ( —140) is presented.
Notice that each of these mutations (except LS4) lies within
fragment ‘b’ (see Fig. 3). Numbers indicate nucleotide position
relative to transcription start; C6 and CS5, endpoints of 5’
terminal deletions generated through Bal 31 digestion [13].
Hatched boxes represent conserved sequences described in
Fig. 10.

each of which had very reduced affinity for SEF3
in gel shift experiments [1], had activities in vivo
near wild-type (C6) as did LS4, which binds SEF3
as well as the wild-type sequence. Surprisingly,
plants with LS3, which had wild-type SEF3-
binding activity, produced no detectable GUS
activity in seeds. LS2 had an intermediate affin-
ity for SEF3 [1]. Although the average GUS
activity in seeds of these and control plants sug-
gest that the plants carrying the LS2 mutation
also had intermediate expression, statistical tests
did not support this interpretation (see Materials
and methods).

It was possible that the lack of expression in
LS3 plants was caused by a frame-shift or point
mutation that occurred while the transgene was in
Agrobacterium. To test this the gusA-coding se-
quences were excised from the binary plasmid
vectors in Agrobacterium hosts carrying LS1, LS2
and LS3. Each of these was then linked in-frame
to the lacZ coding sequences in pUC119 and
pBluescript KS + (Stratagene). The genes thus
expressed in E.coli produced functional
p-glucuronidase enzyme (data not shown).
Regardless of whether the gene was derived from
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Fig. 2. GUS activity in transgenic LS plants. GUS activity
was measured in 24 daa seeds from plants carrying reporter
genes with the LS constructs described in Fig. 1. Shaded boxes
represent the mean of these results (with standard error bars)
for each construct. Statistical tests could not distinguish the
GUS activities from LS1, LS2, LS4, LS5 and C6 with greater
than 909, certainty. Only LS3 had significantly lower activity
(P=0.0001). SEF3: the ability of each of these mutants to
bind SEF3 in vitro [1]. The number of independently trans-
formed plants examined in each case is listed.

LS1, LS2 or LS3 Agrobacterium strains, the ac-
tivity of GUS produced in E. coli was several-fold
higher than the ‘background’ GUS activity nor-
mally associated with the E. coli strain used for
these studies (DHS5«F’). These results ruled out
the possibility that the reporter gene had been
rendered inactive prior to plant transformation.
In addition, DNA sequence analysis indicated
that the ca. 270 bp upstream regulatory sequences
(URSs) from LS3, LS1 and LS2 had not been
altered by introduction into Agrobacterium (data
not shown).

Reconstruction of the o' gene seed-specific enhancer

The results described above indicated that the
sequences that bind SEF3 in soybean nuclear ex-
tracts [1] and a similar factor in tobacco seed
nuclear extracts [33] are not required for expres-
sion in transgenic tobacco. The region that was



disrupted by LS3 is, however, likely to be impor-
tant for expression. These unexpected results led
to a broader examination of sequences in 180 bp
seed-specific enhancer. To test whether other re-
gions in the enhancer bear functional elements,
the enhancer was dissected into three fragments
(labelled ‘a’, ‘b’ and ‘c’) by digestion with the
appropriate restriction enzymes as indicated in
Fig. 3. Thus fragment ‘a’ lies entirely upstream of
the region examined by the linker scan experi-
ments, fragment ‘b’ contains the SEF3-binding
site and fragment ‘c’ contains sequences down-
stream of the region examined by the linker scan
mutations. A fourth fragment, ‘d’, comprises the
minimal promoter of the «’ subunit gene and con-
tains the CCAAAT and TATAAA elements as
well as the transcription start site (Fig. 3). The 3’
terminus of fragment ‘d’ is located at + 13 (Xmn I
site). These four fragments were reassembled as
depicted in Fig. 3. Two additional constructs were
included which represent short terminal deletions
of fragment ‘a’. The first of these (denoted with
the ‘a’ component underlined: abcd) has its 5’
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Fig. 3. Reconstruction of the seed specific enhancer from the
o' subunit gene. The enhancer was divided into three frag-
ments, ‘a’, ‘b’, and ‘c’, and reassembled as depicted. These
were then linked to the minimal promoter, fragment ‘d’. Zig-
zag lines indicate regions where fragments were replaced with
polylinker sequence; spacing was not rigorously conserved in
these constructions. Hatched boxes represent conserved se-
quences described in Fig. 10.
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terminus at —228 (Rsa I site) while the second
(denoted with the ‘a’ component double-under-
lined: abed) extends only to —208 (the ‘C5’ ter-
minus).

These chimeric URSs were inserted into a gusA4
reporter cassette and introduced into Nicotiana
benthamiana. Seeds were harvested at 24 daa (in
N. benthamiana most seed capsules dehisce by 26
or 28 daa), and GUS activity was measured for
each plant. The results of these assays are shown
in Fig. 4. Statistical tests were also applied to the
data to evaluate these results (see Materials and
methods).

The activity associated with the intact enhancer
(‘abcd’) was defined as wild-type. Several inter-
esting results emerged from a comparison of the
different transgenic lines. First, the minimal pro-
moter alone, ‘-—--d’ did not generate GUS
activity above the lower limit of detection. Sec-
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Fig. 4. GUS activity in plants carrying the reconstructed
enhancers. GUS activity was measured in seeds (24 daa) from
plants carrying reporter genes with the constructs described in
Fig. 3. Shaded boxes represent the mean of these results (with
standard error bars) for each construct. Statistical tests dis-
tinguished three classes of expression: Class I plants had wild-
type GUS activity; Class II plants had significantly less activity
(P <0.05); and Class III plants had still less activity (P < 0.001)
and could not be distinguished from background. Underlining
indicates partial deletion of fragment ‘a’ as depicted in Fig. 3.
Number of independently transformed plants examined for
each construct is indicated.
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ond, fragment ‘c’ is required for activity; every
construct with significant activity included ‘c’,
while every construct that lacked ‘c’ had unde-
tectable activity. Fragment ‘c’ was active when
linked alone to the minimal promoter (‘—-cd’)
and gave ca. 409, wild-type activity. Addition of
fragment ‘a’ increased the activity of the ‘——cd’
components to wild-type levels. The terminal de-
letions of fragment ‘a’ had less activity than the
intact URS (compare ‘abcd’, ‘abed’ and ‘abed’).
In the absence of fragment ‘a’, fragment ‘b’ had
a strong negative effect on expression (compare
‘~—cd’ and ‘-bcd’). This negative effect was al-
leviated by the presence of at least a portion of
fragment ‘a’ (compare ‘~bcd’ and ‘abed’, ‘abed’
and ‘abed’).

Temporal regulation of the reconstructed enhancer
elements

To examine whether the timing of expression of
any of these chimeric URSs deviated from the
wild-type, GUS activity was monitored in devel-
oping seeds from several plants. This comparison
is depicted in Fig. 5. Of these constructs, ‘——cd’
demonstrated the most significant perturbation in
timing of expression relative to the control
(‘abed’). The ‘abed’ construct exhibited a some-
what intermediate timing of expression. With the
‘~—cd’ URS, GUS activity in each of the three
plants examined peaked at 18 daa, whereas the
‘abed’, ‘abed’ and ‘a—cd” URSs all had peak ac-
tivity between 21 and 24 daa. GUS activity in the
‘——cd’ seeds decreased by ca. 50% by 24 daa.
This loss of GUS activity suggests that in mature
seeds GUS enzyme has a half-life of no greater
than 72 h. This estimate is similar to the ca. 50 h
half-life reported elsewhere [30].

Terminal deletions of the B subunit gene URS

Although genes encoding the ' and B subunit
genes of S-conglycinin are both expressed solely
in seeds, upstream sequences from these two
genes share very little homology. To determine
what sequences regulate expression of the f sub-
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Fig. 5. Timecourse of GUS accumulation during seed devel-
opment in plants carrying the reconstructed enhancers. Seeds
were harvested at three-day intervals from 6 to 24 daa. GUS
activity was measured at each stage. Number of plants aver-
aged to determine each timecourse: ‘abed’, 2 plants; ‘——cd’,
3 plants; ‘a—cd’, 5 plants; ‘abed’, 6 plants. Both ‘abed’ plants
had highest activity at 24 daa; three ‘a—cd’ and three ‘abcd’
plants had peak activity at 24 daa while the five other plants
in these series peaked at 21 daa; all three ‘~ —cd’ plants had
peak activity at 18 daa and lost activity thereafter.

unit gene, a series of terminal deletions was pre-
pared from the § URS. Nine terminal deletions
were constructed by digesting the plasmid with
restriction enzymes as presented in Fig. 6. These
truncated URS fragments were ligated into the
same gusA reporter cassette that had been used
for the enhancer reconstruction experiments
above. These constructs were then transformed
into Nicotiana benthamiana cells, and fertile plants
were regenerated.

Seeds were harvested from transformed plants
at 24 daa and assayed for activity of the reporter
enzyme. Results of these assays are depicted in
Fig. 7. As deletions progressed from the Hind III
site at —1046 (BHB) to the Sacl site at —847
(BSB), there was a statistically significant increase
in expression, indicating that the deletions may
have disrupted some element that interfered with
expression from this promoter. The expression
from deletions with termini at -714 (fXB) or
-553 (BAB) was similar to that of the longer
-919 (BDB) URS. Statistical tests bore out this
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Fig. 6. Construction of f subunit gene terminal deletions.
A. Terminal deletions of the § subunit URS. A plasmid car-
rying sequences from —1046 to + 18 from the § subunit gene
as a Hind 1II-Bam HI fragment has been described elsewhere
[18]. Restriction fragments were excised by digesting with
Bam HI and the appropriate second enzyme. B. GUS reporter
gene cassette. Each of the truncated URS fragments was in-
serted into the polylinker of this cassette and transformed into
N. benthamiana plants. This cassette was also used for the LS
and enhancer reconstruction experiments described in Figs. 1
and 3.

interpretation (see Materials and methods).
Deletion from -553 to —442 (SFB), however,
resulted in a dramatic decrease in promoter ac-
tivity. Expression of the —442 (§FB) URS was
significantly lower than that observed with the
longest URS construct (-1046; SHB) as well
(P <0.01), but could clearly be distinguished from
background. This level of activity was reproduced
by a shorter URS deletion to —308 (fRB). Re-
moving sequences :0 —72 (fBB)orto —49 (fCB)
produced URS fragments whose activity could
not be distinguished from background. These re-
sults indicated the presence of major cis-acting
regulatory elements between —553 and —442 and
between —308 and -72.

Expression of terminal deletions during seed devel-
opment

The expression of the gus4 gene from many of
these truncated URSs was also examined over
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Fig. 7. Expression of the gusA reporter gene in transgenic
plants. GUS activity was measured in seeds harvested at
24 daa from plants carrying the constructs described in Fig. 6.
Statistical tests were used to distinguish five classes of expres-
sion. The activity of constructs within each class could not be
distinguished while distinctions between classes were statisti-
cally valid (P<0.05). The number of independently trans-
formed plants examined in each case is indicated. Shaded
boxes represent the average of these results for each construct
with standard error bars.

the course of seed development. Seeds were har-
vested at three-day intervals from 6 daa until
24 daa. Fifty seeds were dissected from develop-
ing capsules at each stage and assayed for activity
of the reporter enzyme. Results are presented in
Fig. 8. Other than a few, relatively minor pertur-
bations, 5' terminal deletion of upstream se-
quences had very little effect on the timing of
expression of each construct. No terminal dele-
tion permitted expression in seeds earlier than the
-919 (BDB) construct. GUS activity in seeds
was very low for each of the contructs until 15 or
18 daa after which expression increased substan-
tially. At 15 daa, the activity of the —442 con-
struct (fFB) was slightly higher than that of the
other constructs. This difference is probably not
significant, however, because the standard error
bars of activity of many of these constructs over-
lap at this timepoint (error bars were omitted from
the graph for clarity). GUS activity in the short-
est URS construct (—308; fRB) was undetect-
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Fig. 8. Timecourse of GUS accumulation during seed devel-
opment in plants carrying truncated § subunit URSs. GUS
activity was compared among plants carrying four different
terminal deletions. Seeds were harvested at three-day intervals
from 6 to 24 daa. GUS activity was measured at each stage.
Timecourses were obtained from multiple plants in each case
and the results averaged. Number of plants examined in each
case as follows: DB, 8; SAB, 6; SFB, 5; fRB, 4.

able at 15 daa. This probably reflects the overall
lower level of expression of the —308 deletion.
Because expression from even the shortest URS
examined in these comparisons does not increase
until 15 daa or later, elements that control timing
of this expression must lie downstream of the
Rsa 1 site (-308).

Comparison of o' and  URS activity

When expressed in transgenic plants, the genes
that encode the o’ and f subunits of f-conglycinin
exhibit much of the differential expression they
experience in soybeans [2, 17, 35]. Most notably,
there is higher expression of the o’ subunit gene
than there is of the § subunit gene, and expression
of the o’ subunit gene can be detected earlier than
that of the f subunit gene [35]. To determine
whether URSs from each of these two genes could
confer these properties to a reporter gene, expres-
sion of the § URS constructs was compared to
similar constructs carrying URSs derived from
the o’ subunit gene. Table 1 presents the results

Table 1. Comparison of activities of URSs from «’ and f
subunit genes.

URS GUS activity Number of plants
a’ (-828) 399.4 + 60.1 13
a’ (-257) 412+ 92 12
B (-919) 30.4+10.3 17

Sequences from the o’ subunit gene extending from — 828 to
+ 13 or from — 257 to + 13 (relative to the start of transcrip-
tion) were inserted into the GUS reporter cassette (Fig. 6b)
and introduced into transgenic plants. GUS activity in 24 daa
seeds from these plants is expressed in 10 pmol MU per hour
per mg and is compared to that from the — 919 (§DB) con-
struct described in Fig. 6. The number of independent trans-
genic plants examined in each case is indicated.

of this comparison. This results demonstrate that
828 bp of upstream sequence from the o’ subunit
gene can induce approximately 10-fold higher
expression than 919 bp from the § subunit gene.
A shorter segment from the «' subunit gene
(whose 5’ end extends only to —257) conferred
levels of expression similar to that of the longer
B subunit gene URS. This indicates that elements
accounting for the stronger activity of the ' URS
lie upstream of —257 in that gene. The timing of
activity of these URSs also differed in transgenic
plants. As depicted in Fig. 9, expression from the
-919 # subunit gene URS was first detected three
days later than that of either of the two o’ URSs
examined.

Whereas —828 and -257 URSs from the o
subunit gene produced markedly different levels
of reporter gene activity, Chen et al. [13] reported
that —-904 and -257 terminal deletions of a ge-
nomic clone of the «' subunit gene produced
nearly equivalent levels of RNA and protein in
transgenic plants. These results may differ in part
because genomic clones rather than reporter
genes were used in the earlier work.

Discussion

Analysis of the seed-specific enhancer

Several candidate regulatory elements lie between
nucleotide positions -257 and + 13 in the o
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Fig. 9. Timing of o’ and § subunit promoter activity in trans-

genic plants. Curve for DB is same as in Fig. 8. The -257

o promoter used is identical to the ‘abcd’ promoter described

in Fig. 3 and in Fig. 5. In addition, thirteen plants were ex-

amined for the timecourse of the —828 «’ promoter.

subunit gene; the locations of these elements are
shown in Fig. 10. The enhancer also possesses
binding sites for two protein factors, SEF3 and
SEF4, found in nuclear extracts of developing
soybean seeds [1, 33]. Any of these or other un-
identified components could play a role in medi-
ating both the enhancing activity and the seed
specificity of this fragment.

A vicilin box and SEF4-binding site lie within quan-
titative elements

From the enhancer reconstruction experiments
(Figs. 3 and 4), it is clear that fragment ‘c’, in
association with the minimal promoter, is neces-
sary and sufficient to direct expression in the seed.
Within this region is a segment that shares sig-
nificant homology with the vicilin box elements
described from other seed storage protein genes
[19, 36]. Sequence conservation and the fact that
the vicilin box comprises > 709, of fragment ‘¢’
suggest that this element is a major functional
component of the enhancer. However, this ele-
ment cannot, as yet, be separated from the SEF4-
binding site. Lessard etal. [33] reported that
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Fig. 10. Schematic representation of the immediate upstream
region of the ' subunit gene. The relative positions of vari-
ous restriction sites used in Fig. 3 are indicated. SEF3 and
SEF4 are positioned at the sequences each recognizes in vitro
[33]. Locations of the vicilin box and RY repeat elements
(legumin boxes) are also indicated.

SEF4 activity increased in extracts from devel-
oping soybean seeds midway through develop-
ment, parallelling increases in f-conglycinin
transcripts. This suggests that SEF4 could be
involved in transcriptional regulation of the «
subunit gene.

The SEF4-binding site is very similar to the
AT-1-binding site found in several light regulated
genes [20]. Although the independent function of
the AT-1 site has not been determined, it has been
correlated with positive transcriptional activity of
the tomato rbcS-34 gene [38]. Additional SEF4
binding sites are found upstream of -257 in the
a" URS [33]. These sites are not associated with
vicilin box elements, but they bind with high
affinity indicating that SEF4 binding in vitro does
not require the recognition site to be embedded
within a vicilin box. These upstream sites may
account for the higher activity associated with the
longer o' URS (Table 1).

A region containing an RY repeat can augment ex-
pression from the o' promoter

The most distal component of the o’ subunit
gene’s seed specific enhancer, fragment ‘a’, can
augment the activity of fragment ‘c’. Unlike
fragment ‘c’, however, fragment ‘a’ alone is not
sufficient to enhance transcription from the min-
imal promoter. Within fragment ‘a’ is a short
region homologous to the legumin box core se-
quence - the so-called CATGCAT or RY-repeat
element [ 19, 36]. Deletion of a region containing
this element reduced the activity of the enhancer
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(Figs. 3 and 4). Other work has shown that spe-
cific alteration of the RY-repeat sequence in frag-
ment ‘a’ led to a decrease in promoter activity
[11](T. Fujiwara and R.N. Beachy, unpublished
results). Chamberland ez al. [ 11] have also shown
that mutation of a second RY-repeat element lying
within fragment ‘d’ (the minimal promoter) led to
a decrease in gene expression, and that mutations
in both elements reduced expression to nearly one
tenth the wild-type level. These results suggest
that the RY repeat is responsible for the increase
in activity when fragment ‘a’ is linked to construct
‘——cd’. It is clear from our results, however, that
fragment ‘a’ only acts in conjunction with other
elements.

In addition to the RY repeat, fragment ‘a’ is
likely to contain other functional elements. These
sequences which lie near the 3’ end of fragment
‘a’ do not augment the activity associated with
fragment ‘c’, but appear to be involved in over-
coming the negative effect associated with frag-
ment ‘b’ (see below). In addition sequences within
fragment ‘a’ may also promote expression during
the later stages of seed development. As shown in
Figure 5, GUS activity in seeds carrying the
‘abed’, ‘abed’ and ‘a—cd’ constructs increase be-
yond 18 daa, whereas a shorter construct, ‘——cd’
lost GUS activity in these later stages.

Fragment ‘b’ from the o' promoter contains both
positive and negative elements

Fragment ‘b’ appears to negatively affect tran-
scriptional activity. As described above, this neg-
ative activity can be overcome by inclusion of all
or part of fragment ‘a’ (Fig. 4). Other researchers
[8, 9] have identified negative elements upstream
of f-phaseolin genes that regulate timing or tissue
specificity of expression. The negative component
of fragment ‘b’ does not appear to serve either
function. The loss of fragment ‘b’ does not alter
the timing of gene expression in seeds (Fig. 5), nor
did it lead to aberrant expression of the reporter
gene in non-seed tissues. When seedlings from
each of these constructs were examined, none
had detectable GUS activity in roots, stems or

leaves (unpublished observations). Chamberland
etal [11] found that even the weak expression
they could detect from fragment ‘d’ alone was
restricted to seeds, further indicating that frag-
ment ‘b’ is not involved in maintaining tissue
specificity.

The most unexpected result of the present study
came from the experiments with linker-scan-
mutagenized URSs. It is important to note that
these mutations (except 1.S4 which had no effect
on expression) were confined to the region de-
scribed as fragment ‘b’ above. Since deletion of
the entire fragment ‘b’ had little effect on expres-
sion of the reporter gene (compare ‘abcd’ and
‘a—cd’ in Fig. 4), one would predict that individ-
val mutations within fragment ‘b’ should also have
had little effect on expression. Surprisingly, the
LS3 mutation had no detectable expression in 12
independently isolated transgenic plants. This in-
dicates the presence of a critical positive regula-
tory element between —168 and -157.

Since constructs that lack fragment ‘b’ entirely
have expression patterns that are both quantita-
tively and temporally identical to that from the
intact ‘abed’ URS, it is difficult to attribute func-
tional significance to this region. Interplay of the
positive and negative components of fragment ‘b’
might be involved in modulating expression of the
o' subunit gene. However, models to accomodate
these observations are only speculative.

Comparison of the o' and B subunit gene URS's

The present study has confirmed that the differ-
ences in timing and level of expression of the o
and f subunit genes can be conferred to the gus4
reporter gene by URSs from these genes. GUS
accumulation begins three to five days later with
the B subunit gene URS than with the o’ subunit
gene URS (Fig. 9). Furthermore, 828 bp of up-
stream sequence from the «’ subunit gene was
able to direct ca. ten times as much GUS expres-
sion as the strongest § subunit URS (Table 1,
Fig. 7). The observed differences in timing and
level of expression of these two genes may be due
in part to differences in where these genes are



expressed within the developing seed. In trans-
genic tobacco, expression from the «' subunit
gene can be detected in the endosperm tissue as
well as in the embryo while expression of the f
subunit gene is restricted to portions of the em-
bryo [2, 3]. That this pattern of expression is reg-
ulated at the level of transcription has been dem-
onstrated by promoter swapping experiments and
work with reporter gene constructs [2] (P.A.
Lessard and R.N. Beachy, unpublished results).

While a SEF4-binding site has been identified
within an important positive element (fragment
‘¢’) from the o subunit gene, additional SEF4-
binding sites lie within two positive elements up-
stream of the § subunit gene [33]. While deletion
of the distal (553 to —442) element led to a
marked reduction in gene expression, removal of
the proximal element ( —308 to —72) resulted in
a complete loss of activity (Fig. 7). Neither ele-
ment from the f§ subunit gene, however, bears any
homology to the vicilin box that surrounds the
SEF4 site from the o’ subunit gene.

The distal element of the f subunit gene also
harbors a binding site for SEF1, a nuclear factor
that recognizes AT-rich sequences [33]. Bustos
et al. [10] and Jordano er al. [31] described fac-
tors that recognize similar AT-rich regions in reg-
ulatory elements upstream of the phaseolin and
helianthinin genes. It has been proposed that such
AT-rich elements are recognized by components
of the nuclear scaffolding that may stimulate tran-
scriptional activity in the region [22]. SEF1 or the
AT-rich sequences it recognizes [33] may have a
similar activity in the f subunit gene.

In addition to a SEF4 site, the proximal ele-
ment also contains two RY-repeat sequences, one
at —295 and the second at —263. Given the role
of these elements in regulation of the ' subunit
gene enhancer [11], it is possible that these ele-
ments regulate the expression of the f subunit
gene as well.

Conclusions

In summary, we have identified at least two func-
tional regions within the seed-specific enhancer
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element of the soybean «' subunit gene of
p-conglycinin. These regions are responsible for
transcriptional enhancement of this element in
transgenic tobacco seeds. Sequences located be-
tween —140 and —77, when fused to a minimal
promoter, are necessary and sufficient to direct
seed-specific expression of an attached reporter
gene. This region contains a binding site for SEF4
as well as a conserved vicilin box motif.
Sequences located between -257 and —193
(which include an RY-repeat element) provide
increased levels of expression and are implicated
in determining the timing of expression. However,
this region alone cannot activate transcription
from the minimal promoter. The role of the
intervening region (-193 to -140) remains
enigmatic.

Two upstream regions have been implicated in
regulating the level of transcription of the § sub-
unit gene. The distal region (between —553 and
—442) harbors binding sites for SEF1 and SEF4
while the proximal region (between -308 and
—72) contains an additional SEF4-binding site
and two RY-repeat elements. The major differ-
ences in expression between the o’ and f§ subunit
genes are determined by upstream sequences.
Further work is needed to determine which
sequences in the f subunit gene confer this
gene’s responsiveness to ABA and nutritional
stress.
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