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Upstream sequences of the gene encoding the a‘ subunit of 8-conglycinin were analyzed for interactions with 
nuclear proteins from immature soybean seeds. Two factors were identified that interact with specific sequence 
elements within 257 base pairs 5‘ of the transcription start site. One factor, SEF 3, binds exclusively to a region 
composed of two elements located at -183 to -169 base pairs and -153 to -134 base pairs relative to the start of 
transcription. Each of these sites includes the hexanucleotide sequence AACCCA, which may serve as a primary 
recognition sequence. During seed development, SEF 3 binding activity was found to increase in soybean embryos 
during the time of 8-conglycinin synthesis and to decrease as seeds neared maturity. The position of the SEF 3 
binding sequence corresponds with a previously reported seed-specific enhancer region, and it seems likely that 
this factor may act as a positive regulator of transcription of the 8-conglycinin, a‘ subunit gene in developing 
soybean seeds. The second factor, SEF 4, also binds within the -257 to -77 region but also interacts with sites 
located further upstream. 

INTRODUCTION 

Many plant genes are expressed in a developmentally 
regulated or organ-specific manner. In several cases, 5’- 
flanking sequences that are involved in regulating the 
expression of these genes have been characterized (see 
Kuhlemeier, Green, and Chua, 1987; Schell, 1987 for 
reviews). Nuclear proteins have been identified that bind 
to specific upstream sequences of several regulated genes 
(Jofuku, Okamuro, and Goldberg, 1987; Maier et al., 1987) 
and, in a few cases, protein binding sites have been shown 
to correspond with sequences that have regulatory func- 
tion (Green, Kay, and Chua, 1987; Jensen et ai., 1988; 
Green et ai., 1989). 

p-Conglycinin is a soybean seed storage protein that 
consists of three primary subunits: a,  a’, and p. These 
subunits are encoded by separate genes that are ex- 
pressed exclusively in maturing seeds. Significant differ- 
ences in the leve1 and timing of expression of the a’ and 
p subunit genes have been reported (Hill and Breidenbach, 
1974; Meinke, Chen, and Beachy, 1981; Walling, Drews, 
and Goldberg, 1986). The a‘ subunit gene is expressed 
earlier and at higher levels than the p subunit gene. Similar 
expression patterns were observed when genes encoding 
the a‘ and (3 subunits were transferred to tobacco and 
petunia plants (Beachy et al., 1985; Bray et al., 1987; 
Naito, Dube, and Beachy, 1988). lmportant regulatory 
sequences of the a‘ subunit gene have been localized 
between -257 bp and -69 bp relative to the transcription 
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initiation site by deletion analyses of the 5’-flanking se- 
quences (Chen, Schuler, and Beachy, 1986). When this 
region was inserted upstream of the cauliflower mosaic 
virus 35s promoter, it specifically enhanced expression of 
a marker gene in maturing seeds. This enhanced expres- 
sion occurred independently of the orientation of the frag- 
ment (Chen, Pan, and Beachy, 1988). This indicates that 
DNA sequences between -257 and -77 bp of the a’ sub- 
unit gene can function as a seed-specific transcriptional 
enhancer. 

To analyze the role of cis-acting elements in the 5’- 
flanking region of the a’ subunit gene in gene expression, 
we have tested these sequences for interactions with 
proteins in nuclear extracts from developing soybean 
seeds. Two factors were found to bind specific domains 
within this important region. One of these factors appar- 
ently interacts with two closely spaced upstream sequence 
elements that correspond with enhancer activity. 

RESULTS 

DNA Binding Proteins lnteract with 8-Conglycinin 5‘ 
Sequences 

Sequences located between -257 and -77 bp of the 
transcription initiation site of the a’ subunit gene of p- 
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conglycinin have previously been implicated in seed-spe-
cific enhancement of transcription (Chen, Schuler, and
Beachy, 1986; Chen, Pan, and Beachy, 1988). DNA frag-
ments within this region were assayed, as shown in Figure
1, for specific DNA sequences that interact with protein
factors extracted from nuclei of immature soybean seeds.
The presence of bands that have reduced electrophoretic
mobility indicates interaction of the probe with nuclear
proteins. The DNA binding proteins that induce these
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Figure 1. Interaction of Nuclear Factors with Upstream Se-
quences of the /3-Conglycinin, «' Subunit Gene.
(A) Map of 5'-flanking sequence of the a' subunit gene. Sub-
cloned fragments used as competitors in DNA: protein binding
reactions are indicated. Restriction sites are B, BamHI; M, Mboll;
R, Rsal; S, Sphl.
(B) Electrophoretic band shift assay. Binding reactions that in-
cluded 2.5 ML (except where noted) of nuclear extract (EXTR)
derived from immature soybean seeds 32 days after pollination
were incubated with 32P-labeled <*4 DNA fragment (-227 to -77).
Shifted bands resulting from binding of factors are indicated as
SEF 2, SEF 3, and SEF 4. UB, unbound probe. Competition
reactions with 50-fold molar excess of unlabeled DNA fragments
are indicated (COMP).

shifted bands were termed soybean embryo factors (SEF)
2, 3, and 4, as indicated in Figure 1 B. The specificity of
the interaction of SEF 2, 3, and 4 with DNA sequences
within the -257 to -77 region was investigated by adding
unlabeled competitor DNA to binding reactions. These
competitor DNAs were derived by digestion of the 5'-
flanking sequence of the «' gene (BamHI-Sphl fragment,
-830 to -77) with Rsal to give the following fragments:
a1, -830 to -608; «2, -607 to -501; «3, -500 to -228;
a4, -227 to -77 (Figure 1A). Addition of 50-fold molar
excess of any of these upstream competitor fragments
was found to efficiently eliminate binding of SEF 2 to the
«4 probe (Figures 1A and 1B), and addition of 100-fold
excess of Mspl-digested Escherichia coli DNA also com-
peted for SEF 2 binding activity (data not shown). Inter-
action of SEF 3 with the «4 probe is eliminated by the
presence of 50-fold molar excess of unlabeled «4 com-
petitor DNA, and «3 DNA also competes somewhat for
SEF 3 binding activity. The SEF 3/DNA complex is not
affected by 50-fold excess of the other competitor frag-
ments, nor is it affected by E. coli DNA (data not shown).
Although «3 DNA fragments (-500 to -227) do compete
weakly for SEF 3 binding (Figure 1 B), competition with this
fragment is much less effective than with «4 fragment (see
below). Binding of SEF 4 is competed by «1, «3, and «4
DNA, but is not competed by «2 DNA (Figure 1 B), nor by
E. coli DNA (data not shown). These analyses indicate that
two activities (SEF 3 and 4) bind to specific regions of this
DNA fragment and induce shifted bands in our assay. The
DNA binding activity of these factors was found to be
sensitive to heat treatment (65°C for 5 min) and proteinase
K digestion, which indicates that these factors are protein-
aceous in nature (data not shown). An additional DNA
binding activity (SEF 2) also interacts with this fragment;
however, since SEF 2 binding is eliminated by competition
with 20-fold to 50-fold molar excess of all of the upstream
fragments, E. coli DNA, or pUC19 DNA (Figure 1B and
data not shown), its interaction appears not to be se-
quence-specific. The SEF 2 band is also not seen if poly
dA:T is used in the binding reactions rather than poly dl:dC
(data not shown).

The relative affinity of SEF 3 for upstream fragments
was determined by titration of SEF 3 binding from a specific
probe (o4a) with «4, «3, and «1 competitor fragments, as
seen in Figure 2. Addition of fivefold molar excess of «4
fragment competes for SEF 3 as effectively as a 100-fold
excess of a3 fragment. This analysis indicates that «4 has
approximately 20-fold greater affinity for SEF 3 than does
the «3 fragment. No detectable competition was observed
with «1 fragments, even at 100-fold excess over labeled
probe. Since SEF 3 does appear to bind specifically to
sequences with known enhancer activity and does not
bind detectably to other regions of the <*' subunit gene
upstream sequences, we have concentrated our efforts
on the characterization of this factor.
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Figure 2. Titration of SEF 3 Binding to «4a Probe by Competition
with «4, «3, and «1 Fragments in Band Shift Assays.

Fragments were added in amounts equal to fivefold, 10-fold, 50-
fold, and 100-fold molar excess (AMT).
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Localization of Binding Sites

The binding site for SEF 3 was initially localized by band
shift analysis to a 60-bp Bbvl-Mboll restriction fragment
(-193 to -133). We have also determined the approximate
locations of three SEF 4 binding sites by band shift analysis
of restriction fragments to DNA sequences between -140
to -77, -350 to -257, and -830 to -608 (data not
shown). Although one of the SEF 4 binding sites is located
within the region previously shown to have enhancer activ-
ity (Chen, Schuler, and Beachy, 1986), the other sites are
outside of the region. Therefore, we have chosen not to
include an extensive analysis of this factor in this study.
The possible regulatory roles of this DNA binding factor
are currently under investigation and its characteristics will
be reported later.

Analysis of the SEF 3 binding site by DNase I protection
indicated a large, poorly defined footprint that spanned
approximately 60 bp from -190 to -130 (data not shown).
Since DNase I protection analysis did not provide sufficient
information about the SEF 3 binding domain to allow
accurate localization of its position, exonuclease III protec-
tion assays were used to map the 5' border of the SEF 3
binding region, as shown in Figure 3. This analysis pro-
vided a much more detailed representation of the SEF 3
binding site than did DNase I footprinting experiments.
Protein-dependent, exonuclease III stop positions, which
represent barriers to exonuclease III digestion caused by
binding of specific proteins, occur in at least two distinct
regions of the <*4 probe. A series of bands is seen starting

-151

Figure 3. Exonuclease III Protection Assays.

Binding reactions included 5 nL of nuclear extract. Probe was «4
DNA fragment (-227 to -77). Competition reactions included 50-
fold molar excess of unlabeled «4 DNA. Strong exonuclease-lll
stops are labeled indicating their position relative to the cap site.
EXTR = nuclear extract. Lanes 2 and 3, unprecipitated nuclear
extract; lanes 4 and 5, nuclear extract precipitated with 200 mg/mL
(NH4)2SO4. M, size markers, pBR322 DNA digested with Mspl.
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at approximately -183 and another set of bands is located
further downstream, approximately -153 bp from the
transcription initiation site. An additional band is located at
about —171. These exonuclease III stops are efficiently
eliminated by competition with «4 DNA fragments (-227
to -77) but not with other fragments from the a' upstream
sequence (data not shown), which indicates that these
blocks to exonuclease III digestion are due to the presence
of sequence-specific DNA binding factor(s). This complex
pattern suggests that SEF 3 may contact the DNA at
multiple sites.

The possibility that the SEF 3 binding region includes
multiple sites of interaction was investigated by extensive
band shift analysis using a series of probes that include
linker-scan mutations, as well as 5' and 3' end deletions
within the -257 to -77 region. The results of this analysis
are shown in Figure 4. The linker-scan mutations used
were: LS 1 (sequences from -182 to -171 replaced by
Xbal linker), LS 2 (-174 to -162 replaced), LS 3 (-168 to
-156 replaced), LS 4 (-201 to -190 replaced), and LS 5
(-149 to -130 replaced) (Figure 4B). The relative affinity
of these probes for SEF 3 was determined by liquid
scintillation counting of bands cut from band shift gels like
that in Figure 4A. Since the introduced mutations are
located 5' of the SEF 4 binding site, they do not affect the
binding of SEF 4. Therefore, the level of SEF 4 binding
was used as an internal control to normalize for differences
in specific activity of the various probes.

The most 5' mutation, LS 4, does not affect binding of
SEF 3. This result was not unexpected since the lesion
lies within a region that can be safely deleted without
adversely affecting binding (see Figure 4C). Binding of
SEF 3 to a probe that includes LS 1 is reduced significantly,
to approximately 15% of wild-type level. The presence of
LS 2 reduces binding to about 40% of wild-type levels, but
LS 3 does not have a detectable effect on the binding of
SEF 3. The mutation LS 5 also significantly affects binding
of SEF 3, reducing it to about 5% of wild-type.

Deletion of sequences from the 5' end to -187 has no
detectable effect on SEF 3 binding (Figure 4C); however,
further deletion to -181 reduces binding by about 50%.
Deletion of sequences to —173 reduces binding still further,
and, when sequences to -150 are deleted, SEF 3 binding
is abolished. Corresponding deletions from the 3' end
through -133 did not affect binding. Partial loss of binding
was observed when sequences to -146 were deleted,
and complete loss of binding activity occurred with deletion
of sequences to -166. Analysis of these 5' and 3' dele-
tions, along with the linker-scan mutations, establishes the
locations of two sequence elements that are involved in
binding SEF 3. The 5' SEF 3 binding site is located
between -183 and -169 and the 3' site between -153
and -134. Since the LS 3 probe retains high affinity for
SEF 3, sequences between the two active sites do not
appear to interact specifically with SEF 3. These data
correlate well with the locations of the exonuclease III

protected regions discussed above. We believe that this
analysis demonstrates that the SEF 3 binding domain is
composed of two elements located between -183 and
-169 bp and between -153 and -134 bp from the tran-
scription start site. Comparison of these two elements
reveals a region of significant homology, as shown in
Figure 5. The hexanucleotide AACCCA is present in both
the 5' and 3' SEF 3 binding sites. It is likely that this
element may be the core of the SEF 3 recognition
sequence.

The sequence requirements for SEF 3 binding were
further characterized using synthetic double-stranded oli-
gonucleotides. A 32-bp double-stranded oligonucleotide
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Figure 4. Analysis of SEF 3 Binding Site by Linker-Scan Mutation.

(A) Electrophoretic band shift assay showing differential binding
of SEF 3 and SEF 4 to probes that span -257 to -77 and include
linker-scan mutations (LS 1 to LS 5). Reaction conditions were as
described for Figure 1. Locations of linker-scan mutations are
given in Results and in (B). WT = wild-type probe (-257 to —77
probe with no introduced linker-scan mutations).
(B) Sequence of «' subunit gene from -208 to —121 with posi-
tions of linker-scan mutations (LS 1 to LS 5) indicated by boxes.
Relative intensities of SEF 3:DNA complex bands for linker-scan
containing probes were determined and are presented as per-
centages of SEF 3 binding to wild-type probe.
(C) Deletions from 5' and 3' ends of the -257 to -77 probe.
SEF 3 binding efficiencies relative to full-length probe are given.
Deletion endpoints are indicated.
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Figure 5. Sequence Comparison of Two SEF 3 Binding Sites
within the -257 bp to -77 bp Region.

Gaps introduced to maximize the match are indicated with dashes.
Positions of linker-scan mutations LS 1, LS 2, LS 3, and LS 5 are
indicated. The hexanucleotide sequence AACCCA is the only
significant homology apparent between the two sites. Positions
of two exonuclease III stop sites are indicated (see Figure 3).

was prepared that included the putative 3' SEF 3 binding
element. This molecule was cloned into pUC19 and a
second copy of the oligonucleotide was subsequently
added. The dimer included two SEF 3 binding elements
separated by 27 bp. This spacing is identical to that in the
native «' gene upstream sequence. A second double-
stranded oligonucleotide was prepared in which the
AACCCA sequence was altered to AAGGCA. A dimer of
this molecule was also subcloned into pUC19. Probes
prepared from these plasmids were tested for their ability
to bind SEF 3 by band shift assays, as shown in Figure 6.
The single element probe did not bind SEF 3 detectably
under standard conditions (Figure 6, 1); however, signifi-
cant binding could be detected if the amount of poly dlrdC
in the reaction is lowered from 2 ng to 10 ng (not shown).
The dimerized probe interacts strongly with SEF 3 (Figure
6, 2). The affinity of this probe for SEF 3 is comparable to
that of the native sequence (i.e., probe «4a). The probe
that includes the dimer of the mutated SEF 3 binding
element has no detectable affinity for SEF 3 (Figure 6,
MT). These results indicate that the first two cytosine
residues of the AACCCA element are an essential part of
the SEF 3 recognition sequence and that duplication of
this sequence element is required for efficient binding.

Developmental Expression of SEF 3 Binding Activity

The relative levels of SEF 3 DMA binding activity in nuclear
extracts of maturing soybean embryos were determined
by band shift assays using the «4a probe, as shown in
Figure 7. Low levels of SEF 3 binding activity were first
detected in extracts prepared from embryos 22 days after
pollination (DAP). Peak levels occurred in extracts from
seeds between 32 DAP and 38 DAP, and SEF 3 activity

was significantly reduced by 42 DAP. The presence of
SEF 3 DNA binding activity in developing seeds correlates
well with the period of /3-conglycinin mRNA accumulation.
Synthesis of«' subunit mRNA begins in maturing soybean
seeds (cv Provar) at approximately 18 DAP; mRNA levels
peak at about 35 DAP and decline thereafter (Meinke,
Chen, and Beachy, 1981; Naito, Dube, and Beachy, 1988).
SEF 3 activity is detectable only in nuclear extracts from
embryos during middle and late stages of maturation
(when /3-conglycinin mRNA is synthesized). Nuclear ex-
tracts from soybean leaves and from pea leaves, petioles,
and stems were also tested for SEF 3 activity, as shown
in Figure 8. These extracts did not contain SEF 3 activity,
but the pea extract did have large amounts of DNA binding
activity when assayed with a probe that includes four
tandem repeats of the GT-1 binding site from the RbcS-
3A gene (Figure 8, 682; Green et al., 1989). The correlation
of the presence of SEF 3 DNA binding activity with expres-
sion of the a' gene supports the hypothesis that SEF 3 is
involved in positively regulating the transcription of /?-
conglycinin genes.
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Figure 6. Band Shift Assay That Shows Relative Binding of SEF 3
to Double-Stranded Oligonucleotide Probes.
Monomer (1) and dimer (2) probes that include the AACCCA
element were tested along wtih a dimer in which the AACCCA
elements have been mutated to AAGGCA (2MT). COMP, 50-fold
molar excess of a4 DNA.
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Figure 7. Relative Levels of SEF 3 Binding Activity in Nuclear
Extracts of Maturing Soybean Seeds Determined by Electropho-
retic Band Shift Assay.

All reactions included 2.5 nL of nuclear extract except where
noted. Age of seeds is indicated as days after pollination (DAP).
Probe was 32P-labeled «4a DMA fragment (-227 to -133) and
does not include the SEF 4 binding site. NP, no nuclear extract;
COMP, competition with 50-fold molar excess of «4 DNA
fragments.

DISCUSSION

Several factors that interact with upstream sequences of
the /i-conglycinin «' gene have been identified in crude
nuclear extracts from immature soybean seeds. Certain
characteristics of these factors (SEF 1 through 4) are given
in Table 1. SEF 1, which is not described in this paper,
binds to A-T-rich sequences located between -607 and
-823. Since these far upstream sequences can be deleted

without adversely affecting expression of the a' subunit
gene in transgenic tobacco plants (Chen, Schuler, and
Beachy, 1986), it seems that this factor does not play a
primary role in regulating the expression of this gene. The
sequence motif recognized by this factor is similar to that
of a binding factor found to interact with A-T-rich se-
quences upstream of a soybean lectin gene (Jofuku, Oka-
muro, and Goldberg, 1987). An additional DNA binding
activity, SEF 2, appears to bind nonspecifically with DNA
fragments throughout the upstream region of this gene.

Two other factors, SEF 3 and 4, interact with sequences
between —257 bp and —77 bp from the transcription start
site of the «' subunit gene. This region has been previously
found to include c/s-acting elements involved in the tran-
scriptional regulation of this gene in transgenic tobacco
plants (Chen, Schuler, and Beachy, 1986; Chen, Pan, and
Beachy, 1988). One of these factors, SEF 3, binds specif-
ically to a site composed of two elements: (a) —183 to
-169 and (b) -153 to -131 as determined by exonuclease

PROBE

EXTR.

SEF3 -
) GT-1

Figure 8. Analysis of Nuclear Extracts from Soybean Leaves (L),
Immature Soybean Seeds (S), and Pea Leaves and Stems (Pea)
for SEF 3 Activity Using the «4a Probe.

The pea extract was also tested for GT-1 activity (Green et al.,
1989) using a probe that contains four copies of the core GT-1
binding site (682).
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Table 1. Sequence-Specific DNA Binding Factors That lnteract 
with Upstream Sequences of the 8-Conglycinin 01' Subunit Gene 

Putative 
Location of Recognition 

Factor Binding Site(s) Motif Reference 

SEF 1 -670 to -640 ATATTTAT/AA/T a.b 

-790 to -765 
SEF 3 -1 86 to -1 30 AACCCA---AACCCA 
SEF 4 -1 15 to -1 05 A/GTTTTTA/G 

-340 to -325 
-690 to -670 

a R.D. Allen and R.N. Beachy, unpublished data. 
Consensus SEF 1 binding site; an analogous binding site was 

reported by Jofuku, Okamuro, and Goldberg (1987) in a soybean 
lectin gene. 
This report. 

111 protection assays and analysis of deletions and linker- 
scan mutations. No other SEF 3 recognition domains were 
detected between -830 and -77. The hexanucleotide 
AACCCA, which is present in both sites, has been defined 
as a likely recognition sequence. The repeating sequence 
AGCCCA-16 bp-AACCCA, which is present twice between 
-208 bp and -77 bp of the a' subunit gene, was proposed 
by Chen, Schuler, and Beachy (1986) as a possible regu- 
latory sequence. Interestingly, the binding site for SEF 3 
centers on each of the AACCCA sequence elements, but 
the AGCCCA regions do not appear to be important. 
Finally, SEF 4 interacts with sequences between -1 15 
and -105. This factor also binds to sequences further 
upstream between -340 and -325 and between -690 
and -670. Although deletion of the upstream sequences 
to -257 does not adversely affect expression of the gene 
in transgenic plants (Chen, Schuler, and Beachy, 1986), 
the downstream SEF 4 binding site does lie within the 
previously described enhancer region (Chen, Pan, and 
Beachy, 1988). Therefore, the possibility that SEF 4 is 
involved in regulating the expression of the a' subunit 
gene cannot be discounted. This point is currently under 
investigation. 

Chen, Schuler, and Beachy (1986) found that accurate 
and quantitative expression of the a' subunit gene in 
transgenic tobacco plants was detected if the 5'-flanking 
sequences upstream of -257 were deleted. Further dele- 
tion to -208 bp resulted in an approximately 20% reduc- 
tion in the leve1 of expression, whereas deletion to -159 
reduced expression to about 5% that of the full-length 
gene, and expression was undetectable if sequences to 
-69 were removed. The two SEF 3 binding elements 
defined in this study flank the -159 deletion. We believe 
that the correlation of the SEF 3 binding site with sequence 
elements required for maximal expression strongly indi- 
cates that SEF 3 is directly involved in transcriptional 

regulation of this gene. Although sequences between 
-257 and -208 are also necessary for maximum gene 
expression, we have been unable to detect sequence- 
specific nuclear factors that bind within this region. It is 
possible that a yet undetected binding site for SEF 3, or 
another factor, exists in this region, or that these sequen- 
ces play a structural role in the recognition of the SEF 3 
domain in vivo. The -257 to -208 region does include 
homology to a consensus sequence known as the legumin 
box (Baumlein et al., 1986). Since this sequence is con- 
served in a number of seed protein genes, it is possible 
that it may function in a regulatory manner, perhaps in 
conjunction with the SEF 3 binding site. 

Analysis of the binding of SEF 3 to fragments that 
include LS1 or LS 5 mutations (Figure 4) indicates that 
loss of one of the two recognition sites reduces the inten- 
sity of the SEF 3-DNA complex but does not change its 
relative mobility. This may indicate that the two SEF 3 
binding sites interact with a single, large (probably com- 
plex) factor. Since disruption of individual SEF 3 sites does 
not increase the electrophoretic mobility of the complex, it 
does not appear that factors interact independently with 
these sites. This interpretation is supported by two addi- 
tional observations: (a) The reduction in affinity for SEF 3 
in probes with mutations in individual binding sites does 
not appear to be additive. Disruption of the 5' site (LS 1) 
reduces binding by about 85%, whereas loss of the 3' site 
(LS 5) reduces binding to an even greater degree. (b) Even 
under conditions of high probe excess, SEF 3-DNA com- 
plexes with increased electrophoretic mobility are not ob- 
served. For these reasons, we believe that, at least in 
vitro, the SEF 3 binding domain is composed of two 
recognition sites that cooperate to bind a single factor. 

The presence of multiple binding sites for trans-acting 
factors is a common feature of eukaryotic enhancers 
(Schaffner et al., 1988). Heat shock genes from a number 
of organisms, including soybean, are regulated by multiple 
heat shock elements (Baumann et al., 1987; Bienz and 
Pelham, 1987), and an important cis-acting region in a 
soybean leghemoglobin gene includes two trans-acting 
factor binding domains (Jensen et al., 1988). The lightres- 
ponsive elements of a pea ribulose-bisphosphate carbox- 
ylase gene are repeated (Green, Kay, and Chua, 1987; 
Kuhlemeier et al., 1988). These light-responsive elements 
include binding sites for a nuclear factor named GT-1. The 
core recognition site for GT-1 must be repeated at least 
three times to bind GT-I significantly (Green et al., 1989). 
Our results suggest that two elements are necessary for 
efficient binding of SEF 3, and additional experiments using 
oligonucleotides that include single or duplicated SEF 3 
elements support this interpretation. Our results also es- 
tablish that at least part of the AACCCA sequence is 
required for SEF 3 interaction since alteration of the se- 
quence to AAGGCA abolishes SEF 3 binding. 

The localization of binding sites for the nuclear factor 
SEF 3 within an upstream sequence with seed-specific 
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enhancer activity suggests that SEF 3 is likely to be a 
positive transcriptional regulatory protein. Although this 
factor may be necessary for normal expression of the (Y’ 

subunit gene, we do not know whether it, along with 
ubiquitous promoter factors, is sufficient to promote tran- 
scription. Since other specific DNA binding proteins inter- 
act with the upstream sequences of this gene, it seems 
possible that these factors (or other, as yet undetected 
factors) may also play a role in regulating its expression. 
Experiments are currently underway to address these 
questions. 

METHODS 

Materials 

Restriction enzymes and DNA modifying enzymes were pur- 
chased from Promega Biotec and New England Biolabs. Xbal 
linkers were obtained from New England Biolabs and calf intestinal 
phosphatase from Boehringer Mannheim. Leupeptin hemisulfate 
and poly[d(l-C)]:poly[d(l-C)] were obtained from Sigma. Radioac- 
tive nucleotides were obtained from Du Pont-New England Nu- 
clear or Amersham. Enzymes and other reagents were used 
according to the instructions of the suppliers. 

DNA Probes 

Sequences upstream of the 01’ subunit gene of (3-conglycinin 
(Doyle et al., 1986) from -830 to -77 (relative to the transcription 
start site) were cleaved with Rsal and Sphl to produce four 
fragments that were subcloned into pUC19. The inserts are la- 
beled as follows: 011 = -830 to -608; 012 = -607 to -501 ; 013 = 

-500 to -228; a4 = -227 to -77 (Figure 1A). An additional 
fragment (014a. -227 to -133) was derived from the 014 fragment 
by digestion with Mboll. Probes for band shift assays were 
prepared from the 014 or 014a subclone by cutting with EcoRl (5’ 
of the insert) and Hindlll (3’ of the insert). The ends of the 
fragments were filled in with o~-~’P-~ATP (3000 Ci/mmol), dCTP, 
dGTP, and TTP using the Klenow fragment of DNA polymerase I. 
Labeled fragments were purified by polyacrylamide gel electro- 
phoresis and recovered by electroelution. Unlabeled fragments 
from all four subclones were purified similarly for use as compet- 
itors. Labeled fragment for exonuclease 111 protection assays was 
prepared by digesting the plasmid containing 014 with Hindlll and 
labeling with y3’P-ATP (5000 Ci/mmol) using polynucleotide ki- 
nase after treatment with calf intestinal phosphatase. The labeled 
DNA was then cleaved with EcoRI, and the fragment was purified 
as described above. 

Libraries of 5’ and 3‘ deletions were prepared by Ba131 diges- 
tion of a subclone that contained the -257 to -77 fragment of 
the a’ subunit gene. The plasmid was first linearized with either 
EcoRl (for 5‘ deletions) or Hindlll (for 3‘ deletions). Aliquots of the 
Ba131 reaction mixtures were stopped at 30-sec intervals and 
pooled and the ends were repaired with Klenow fragment in the 
presence of deoxynucleotide triphosphates. A 12-bp synthetic 
Xbal linker was ligated to the repaired ends and the fragments 
were released by digestion with EcoRl or Hindlll. Fragments were 

sized by polyacrylamide gel electrophoresis and recovered by 
electroelution. These fragments were subcloned into pUCl9 di- 
gested with either EcoRl and Xbal (for 5’ deletions) or Hindlll and 
Xbal (for 3‘ deletions) and the inserts were accurately sized by 
electrophoresis on sequencing gels. 

Linker-scan mutations were prepared by subcloning appropri- 
ate 5’ deletion fragments into corresponding plasmids that con- 
tained 3‘ deletion fragments with Xbal and Hindlll. This procedure 
reconstituted full-length subclones of the -257 to -77 region in 
which selected segments were replaced by the Xbal linker. 

A synthetic, double-stranded oligonucleotide was prepared that 
included the 3‘ AACCCA element and surrounding sequences. 
The complete sequence of this oligonucleotide is shown below. 

5’-GATCTGTTGTTTCTAACCCAACCTCAAACTCG - 3 ’ 
3 ‘ - ACAACAAAGATTGGGTTGGAGTTTGAGCCTAG-5' 

A similar oligonucleotide was also made in which the AACCCA 
element was changed to AAGGCA. Single and double copies of 
these molecules were inserted into the BamHl site of pUC19. The 
inserts were excised and 32P-labeled as described above. 

Nuclear Extracts 

Nuclei were prepared from immature soybean seeds (Glycine max 
cv Provar) essentially as described by Walling, Drews, and Gold- 
berg (1986). Embryos (5 g) were frozen in liquid nitrogen and 
ground to a fine powder with a mortar and pestle. This powder 
was transferred to a beaker and suspended in 50 mL of buffer A 
(2.5% ficoll, 5% dextran, 25 mM Tris-HCI, pH 8.5, 10 mM MgCI,, 
0.5% Triton X-1 00, 440 mM sucrose, 1 O mM (3-mercaptoethanol, 
0.2 mM EDTA, 2 mM spermine-HCI, and 10 pg/mL leupeptin 
hemisulfate). This and all subsequent procedures were performed 
on ice; all centrifugations were run at 4°C. The slurry was homog- 
enized by three 30-sec bursts with a polytron and filtered through 
three layers of 70-pm mesh Nytex. Crude nuclei were pelleted by 
centrifugation for 5 min at 30009 and resuspended in buffer B 
(identical to buffer A but without spermine-HCI). Nuclei were 
pelleted as before, resuspended in buffer C (20 mM HEPES, pH 
7.5, 420 mM NaCI, 25% glycerol, 0.5 mM DTT, 0.2 mM EDTA, 
and 10 pg/mL leupeptin), and subjected to Dounce homogeniza- 
tion (10 strokes with B pestle). The solution was cleared by 
centrifugation at 22,0009 for 30 min, and the supernatant was 
dialyzed for 5 hr against buffer D (20 mM HEPES, pH 7.5, 50 mM 
KCI, 20% glycerol, 0.5 mM DTT, 0.2 mM EDTA, and 10 pg/mL 
leupeptin). The dialysate was recentrifuged at 12,0009 for 1 O min 
to remove precipitated globulin storage proteins and to float much 
of the remaining lipid, and the aqueous supernatant was stored 
at -80°C. Thesecrudenuclearextractscontained about 1 O mg/mL 
total protein. 

Band Shifl Assays 

Binding reactions were performed in a volume of 20 pL containing 
10 mM Tris-HCI, pH 7.5, 50 mM NaCI, 2 mM EDTA, 1 mM DTT, 
1 O0 pg/mL poly[d(l-C)]:poly[d(l-C)] plus 2.5 pL of nuclear extract 
(25 pg of total nuclear protein). This mixture was incubated for 1 O 
min at room temperature, and then 0.5 ng to 1 ng of probe (2500 
cpm to 5000 cpm) was added, and incubation continued for 15 
min. After incubation, the reaction mixtures were loaded on 4% 
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polyacrylamide gels and run in 0.5 x TBE (1 x TBE = 89 mM 
Tris-borate, pH 8, 2 mM EDTA) at 100 V for approximately 2 hr. 
Gels were fixed, dried, and exposed to x-ray film with an intensi- 
fying screen for about 12 hr at -50°C. 

Exonuclease Protection Assays 

Exonuclease 111 protection assays were performed according to 
the method described by Hennighausen and Lubon (1987) with 
the exception that the reaction buffer used was identical to that 
used for band shift assays. Briefly, 50 pL binding reactions, 
including 5 pL of nuclear extract, were prepared as described 
above. After incubation with probe, MgCI, was added to a final 
concentration of 5 mM, and 6 units of exonuclease 111 were added 
per microliter of reaction mixture. lncubation was continued for 
an additional 15 min at 30°C. Reactions were stopped by addition 
of 50 FL of 20 mM EDTA and 1 "/O SDS, and products were purified 
by extraction with phenol/chloroform/isoamyl alcohol (25:24:1) 
and ethanol precipitation. Reaction products were run on 7% 
sequencing gels that were then dried and exposed to x-ray film 
for 12 hr at -50°C with an intensifying screen. 
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