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Summary

Previously, it has been shown that a trimer of a 22 bp
fragment of the promoter of the seed-specific pea
lectin gene confers high expression in seed. Here it
is reported that this fragment contains a binding site
for the cioned basic domain/leucine zipper (bZIP)
proteins TGA1a and Opaque-2 (02). Gel shift assays,
DNasel footprinting and methylation interference
assays using purified TGAl1a were performed to
determine whether additional binding sites are
present in the ps/ promoter. Within the 469 bp up-
stream region only one other TGA1a binding site was
found, which is much weaker than the one present in
the 22 bp element. Both O2 and TGA1a bound to the
odd base palindromic C-box sequence, ATGAGTCAT,
present within the 22 bp fragment. The 22 bp frag-
ment also contains the sequence CACGTA, which
contains the ACGT core usually found in binding
sites for bZIP proteins. However, this sequence did
not significantly contribute to bZIP protein binding.
The binding affinity of TGA1a for the odd base
palindromic sequence was low relative to a high-
affinity C-box (ATGACGTCAT). By contrast, 02
strongly bound to the odd base C-box; the affinity
was comparable with that for high-affinity G-
(GACACGTGTC) and C-boxes. It is concluded that
the presence of an ACGT core sequence is not a
prerequisite for high-affinity binding of 02.
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Introduction

The pea lectin (ps/) gene is highly expressed during seed
development, whereas expression declines during germ-
ination and is very low in vegetative tissue. Generally,
tissue-specific gene expression is controlled by tran-
scription factors that bind to specific DNA sequences in
the promoter. Well-documented examples include acti-
vation of muscle-specific genes by MyoD (Weintraub et
al., 1991) and of liver-specific genes by liver factor-B1
(LF-B1) (Frain et al., 1989) and D-site binding protein
(DBP) (Mueller et al., 1990).

The bZIP class of transcription factors contains a basic
domain that directly contacts the DNA and a leucine
zipper that mediates dimerization (Landschulz et al.,
1988). Molecular models propose that the leucine zipper
positions a diverging pair of a-helical basic regions to
make sequence-specific contacts with a dyad sym-
metrical DNA target site. 1zawa et al. (1993) introduced a
nomenclature for dyad symmetrical DNA binding sites
containing an ACGT core. Previously, sequences con-
taining a guanine 3' of the ACGT core sequence
(CACGTG) have been designated G-boxes. Following
this terminology, sequences containing cytidine, thymine
or adenine were designated C-boxes, T-boxes or A-
boxes, respectively. Hybrid boxes consist of two different
half-sites.

Several genes encoding bZIP proteins have been
cloned from plants (reviewed by Katagiri and Chua
(1992) and Brunelle and Chua (1993)). These proteins
can be distinguished on the basis of their DNA sequence
specificity. A subset including G-bax binding factor (GBF)
and transcription activator factor-1 (TAF-1) preferentially
binds to G-boxes. Proteins which belong to the TGA1
family differ from GBFs in that their optimal binding site is
a C-box (lzawa et al., 1993) and that they apparently do
not form heterodimers with GBFs (Schindler et al., 1992).
A third class consists of proteins that have a relaxed
specificity and bind to both G- and C-boxes (e.g. Opaque-
2 (02)) (izawa et al., 1993). All these boxes contain an
ACGT core sequence, which has been postulated to be
necessary for efficient binding of bZIP proteins (Izawa et
al., 1993; Schmidt et al., 1992). Nucleotides flanking the
six central base pairs strongly influence the binding
specificity (Izawa et al., 1993).

Several plant bZIP proteins or their binding sites have
been shown to be involved in tissue-specific gene ex-
pression. O2 is a maize bZIP regulatory protein that plays
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an essential role in controlling the expression of seed
storage protein genes encoding the 22 kDa zein proteins
and a 32 kDa albumin, termed b-32 (reviewed by Motto ef
al., 1989). TGA1a is a tobacco transcription factor that
binds to the A-domain of the caulifiower mosaic virus
{CaMV) 35S promoter which confers expression mainly in
root (Benfey et al., 1989). The optimal binding site for
TAF-1 (G-box) also confers expression in root tissues
with a low activity in leaves (Salinas et al., 1992). Another
hybrid motif consisting of A-box and G-box half-sites
directs developmentally regulated expression in seeds
(Salinas et al,, 1992).

Here we show that a 22 bp fragment of the ps/
promoter that confers seed-specific gene expression
upon a reporter gene in tobacco (de Pater ef al.,, 1993)
contains a binding site for bZIP proteins, which does not
contain the ACGT core seguence.

Resuits

Binding of O2 and TGA1a to the 22 bp ps! promoter
fragment

Previously, we have shown that a trimer of a 22 bp
fragment of the ps/ promoter confers seed-specific gene
expression in transgenic tobacco (de Pater et al., 1993).
This fragment (GACACGTAGAATGAGTCATCAC) is
located at -56 to -35 with respect to the transcription
start site (see below). Our objective was to characterize
transcription factors that bind to this sequence. Exam-
ination of this fragment revealed the presence of three
overlapping TGAC-like motifs at position —45/-36 (one in
the coding strand and two in the non-coding strand)
together forming a C-box (lzawa et al., 1993), except that
one central nucleotide is missing. Hereafter, we will refer
to this sequence (ATGAGTCAT) as an odd base C-box.
At position ~54/-49 a G-box/A-box hybrid is present con-
taining an ACGT core, which can be found in binding
sites for many different bZIP proteins (Izawa ef al., 1993).

To determine whether the 22 bp fragment is a binding
site for bZIP proteins, gel shift assays were performed
with the bZIP proteins Opaque-2 {02) (Schmidt et al.,
1990) and TGA1a (Katagiri et al., 1989), which both bind
to C-boxes with high affinity (lzawa ef al., 1993). O2 also
binds to G-boxes with high affinity (lzawa et al, 1983).
Figure 1 shows that both proteins form complexes with
the 22 bp fragment (W1). Competition with 50-fold molar
excess of a trimer of W1 completely abolished complex
formation. Competition experiments were also performed
with the oligonucleotides 4A1 and 4A3. 4A1 is a tetramer
of the as-1 element, a strong binding site for TGA1a. The
as-1 element is derived from the cauliflower mosaic
virus {CaMV) 358 promoter, where it is located between
positions ~82 and -62. Two base pairs of each binding

(a) (b)

COmMP - W1 WT MU - W1 WT MU
PROBE W1 GACACGTAGAATGAGTCATCAC

Figure 1. Binding of O2 and TGA1a to the 22 bp ps/ promoter fragment.
(a) The 22 bp fragment (W1) was used as a probe for binding of O2. The
following competitors were added in 50-fold molar excess: no competitor
(~); a trimer of W1; 4A1 (WT); and 4A3 (MU).

(b) Binding of TGAta to W1 and competition with the same competitors as
in (a).

site present in 4A1 are mutated in 4A3, causing a severe
reduction of binding (Lam et al., 1989). Otherwise, the
sequences of 4A1 and 4A3 are identical. Oligonucleotide
4A1 competed for binding with both proteins. The affinity
of TGA1a for 4A1 was somewhat stronger than the
affinity of O2. Mutant oligonucteotide 4A3 did not com-
pete for binding. Thus, W1 contains a binding site for the
bZIP proteins TGA1a and O2.

The bZIP binding site on the 22 bp fragment is the
strongest one within the psl promoter

To determine whether additional bZIP protein binding
sites are present in the ps/ promoter, gel shift assays
were performed with larger promoter fragments.

The ps/ promoter sequence as determined from a
lambda clone isolated from a pea genomic library (variety
Feltham First) is shown in Figure 2. It is very similar
but not identical to formerly published ps/ promoter

-458 GATOIMTTT AGCTTAATTT -451
450 TPAATTGGAT GAGATGATAC CTTAATTTTT AATTGGATGA GATACAAATT 401
400 TEATCATAAA ATATATTAGT TATANCAATA CGACCACCCT CTCCATAAGT -351
-350 TPTAAATAAR TATCAGCCCT AAAARACTCT TTAAATAAAT TGAAATTTAA -301
-300 ﬁi%r_gur TTTTTTAACA TATAAATYTT AATAGTTATC GTACCGAACA 251
-250 AMAACAGTAA TCATGATOTA AACCGAACAA CCTCGAAGAA ATACAAGTTA -201
-200 TPACATGCAA AAATATATAG TAATAAATAA ATARACTAGT TAAACAAAAT 151
150 ACAATATTTT TTGTCIICAA AGAAGATTCG ATORAEGCGT AGAAAATGAY 101
100 GGGACATGGYT GTTGTATATG TGTTTCATTG 'R TAAAGACACG 51
50 TAGAN T ATATARN
+ ﬂuﬁrm CAATAJIGC TTCTCTTCAA ACCCAANTGA TC) +42
Figure 2. Nucleotide sequence of the ps/ promoter.
Sau3Al restriction sites are boxed with solid lines, the 5’ ends of the
mRNA are indicated by arrows and the ATG start codon is shaded. The
putative TATA-box is boxed with dotted lines. TGAC-like motifs are over-
lined with arrows when present in the coding strand or underlined when
present in the non-coding strand. The ACGT core sequence is underiined.
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sequences from pea varieties Feltham First (Gatehouse
et al., 1987) and Frisson (Kaminski et al., 1987). Although
Gatehouse et al. isolated the lectin gene from the same
variety used by us, the region from -7 to —19 {Figure 2) is
absent in their sequence. It was important to know the
exact sequence to be able to determine the transcription
start site accurately and thereby define the upstream
promoter region. Therefore, the region from -57 to +41
was amplified directly from genomic DNA by the poly-
merase chain reaction and cloned. Several clones were
sequenced and they all were identical to the corres-
ponding region in our genomic lambda clone, proving that
our sequence is correct.

The transcription start site of the ps/ gene was
determined by primer extension analysis, and was iden-
tified to be 10-14 bp upstream of the ATG start codon
(data not shown). The most upstream start site was
designated +1 (Figure 2). Thirty base pairs upstream of
the transcription start site a sequence with homology to
the TATA box consensus sequences is present.

The bZIP protein TGA1a was purified to homogeneity
from Escherichia coli as described {Katagiri et al., 1989).
Two Sau3Al fragments, termed | and il, spanning 468 bp
of the ps/ upstream region and 42 bp of the ps/ tran-
scribed region (Figure 2 and 3a), were tested for binding
using purified recombinant TGA1a protein. Figure 3
shows that DNA-—protein complexes were formed with
both fragments. In order to compare the affinity of TGA1a
for each of these promoter fragments, competition experi-
ments were performed. Besides fragments | and II, oligo-
nucleotides 4A1 and 4A3 were used as competitors at
two concentrations.

Competition experiments with each of the two ps/
promoter fragments showed that TGA1a binding to ps/
promoter fragment |l was stronger than binding to frag-
ment | (Figure 3). Even the mutant tetramer 4A3 com-
peted for binding of TGA1a to fragment | (Figure 3b,
lanes 9 and 10), indicating that the affinity of TGA1a for
fragment | was very low. The affinity of TGA1a for frag-
ment il was much higher than the affinity for fragment |,
since 4A3 hardly competed for binding to fragment |l
(Figure 3, lanes 19 and 20). TGA1a bound more strongly
to 4A1 than to fragment Il (Figure 3, lanes 13, 14 and 17,
18}, but it should be noted that 4A1 is a tetramer con-
taining muitiple TGA1a binding sites.

DNase | footprinting was performed to determine the
specific sequences within the ps/ promoter fragments |
and Il which interact with TGA1a. A very weak footprint
around —297 was observed on both strands of fragment |
{Figure 4a, lanes 3, 4, 8 and 9). The footprint obtained
with fragment Il was much stronger (Figure 4a, lanes 13
to 15 and 19 to 21) and was located between positions
-52 and -31 on both strands. This sequence is almost
completely contained within the 22 bp fragment (W1).
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-469 -237 +38
(a) | 1 +1 ]
I 11 —
mRNA
1 23456 7 8910
(b}
>
-
PROBE 1
TGA-1a - + + 4+ + + + + + +
COMP. m 1 WI MU

MOLAR EX. (100x) 255255255255

‘ 14 1516 17 18 19 20
(c) 11 1213 14 15
- . -
= W  Em

bebdbbbibbbibdil

PROBE I
TGA-1a i S e . N . A S
COMP. Ii I WT MU

MOLAR EX. (100x) 255255255255
Figure 3. TGA1a binds to the ps/ promoter.

(a) Sau3Al fragments (I and i1} of the ps/ promoter used as probes for gel
shift agsays.

(b} Gel shift assays with ps/ promoter fragment | and TGA1a. Competitors
were fragment i, fragment |, tetramerized wild-type as-7 (4A1; WT) and
tetramerized mutant as-1 (4A3; MU). Competitors were added in 250-
(2.5} and 500-fold (5) molar excess (molar ex).

(¢} Gel shifts with ps/ promoter fragment Il as a probe and the same
competitors as in (b}.

Both footprinted sequences contain an odd base C-box
with two and three overlapping motifs homologous to the
TGAC half-site, respectively, as indicated by arrows in
Figure 4(c).

To investigate which G-nucleotides of the latter foot-
printed sequence are involved in binding, methylation
interference was performed using fragment Il and purified
TGA1a. Methylation of Gs at positions —45 and 43 in the
coding strand and at positions —~41 and -38 in the non-
coding strand interfered with binding of TGA1a (Figure 4b
and c). Methylation of any of the other G residues did not
interfere with TGA1a binding. In conclusion, the odd base
C-box sequence ATGAGTCAT located within the 22 bp

85US0| 7 SUOWIWIOD dARERID 3|qedljdde 8y Aq pauRA0h 818 SBPI VO ‘38N JO S9INJ 104 AXIqIT BUIIUO AB]IM UO (SUORIPUCO-PUR-SLLBIALIOY A8 | IMA I 1 [ouUO//SUNY) SUORIPUOD Pue SWiB L 84} 89S *[7202/50/80] U0 ARiqITauluo A81IM ‘Uepe T JO AIsieAIuN A X EETOZ09 ¥E6T  XETE-GIET  [/9r0T OT/I0p/LI0d A8 IM A le1q1[Bu|UO//SANY WO popeolumod ‘Z ‘¥66T XETESIET



136 Sylvia de Pateret al.

I 111213141516
(@) I 12345

(b)
e
T L 171819202122 Sea :
- 56
gt 4! I! ——
-.i’l" - s
oy 67 8910 o~
g,_ﬂ
iy B
[oed "'. a;. j;‘ £ -
= 738 g =
anes — = e
-+ g == ===
- — —
- - :=
[-1==r= —
- Dot
i . ; A B
- 2 o "~ - v o
8= b+
- - it "‘-
= - —— T -
—— - — T - G
sm=3- __-"g Soza® 222
e o - - -
- - g - e -
DNasel 3445 3445 DNasel 23234 23234 ToAda =25 R
TGA-1a ++ ++ TGA-1a +++ +++ UPPER LOWER
UPPER LOWER UPPER LOWER
(c) o0
N //// [/ /1 7SS T IS £ S L LITESIIT 1SS .~ ]
R m—

-315 AAATTGAAATTTAATGAGTCATATTTTTTTAA -52 GTAGAATGAGTCATCACCACT
TTTAACTTTAAATTACTCAGTATAAAAAAATT CATCTTACTCAGTAGTGGTGA
= —

]
e o

Figure 4. TGA1a binding sites in the ps/ premoter.

(a) DNase | protection of the ps/ promoter by TGA1a. Both strands of fragments | and Il were used for DNase | footprinting with purified TGA1a. In lanes 1,
2,6,7, 11,12, 17 and 18 the fragments were incubated with different amounts (in ul; 1 pl = 15 ng) of DNase | in the absence of TGA1a protein. Increasing
amounts of TGA1a were used (lanes 3, 8, 13 and 19: 4.5 ug; lanes 4, 10, 14 and 20: 9 ug; lanes 15 and 21: 13.5 ug). Lanes 5, 10, 16 and 22 represent
Maxam—Gilbert G-reactions performed on the labeled fragments. The footprints obtained with TGA1a are indicated by bars: open bars represent regions
that are not digested by DNase | in the absence of protein and indicate the boundaries of DNasel protection. Upper and lower strands were 3' end labeled.
{b) Methylation interference with the psf/ promoter and TGA1a. Lanes 1 and 4 are the patterns obtained with the probes in the absence of protein. Lanes 2
and 5 show the non-bound DNA, whereas lanes 3 and 6 represent DNA bound to purified TGA1a; bound and non-bound DNAs were separated on and
purified from a gel after the binding reaction. The arrowheads indicate Gs which interfered with binding after methylation. Upper and lower strands of
fragment Il wefe 3’ end labeled.

(c) Summary of regions and nucleotides of the ps/ promoter bound by TGA1a. The footprinted regions are located just downstream of positions -315 and
-52 with respect to the transcription start site. TGAC-like motifs are indicated by arrows and the DNase | footprints by bars. Black bars represent strong
footprints, hatched bars represent weak footprints and open bars represent flanking regions that are not digested by DNase | in the absence of TGA1a. Gs
that interfere with binding of TGA1a when methylated are indicated by black dots.
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promoter fragment (W1) is the only TGA1a binding site
in the ps/ promoter downstream of position —469 with
relatively high affinity.

Both O2 and TGA1a bind to the odd base C-box

To determine further which nucleotides within the W1
sequence were important for binding of 02 and TGA1a,
competition assays were performed. Competitors, shown
in Figure 5(a), were included in the binding reaction. M3
is mutated in the right half of W1, containing the odd base
C-box (ATGAGTCAT), M4 is mutated in the left half of
W1, containing the G/A-box hybrid (ACACGTAG), and
M5 is mutated in both sequences. As shown in Figure
5(b), M3 was a poor competitor, whereas M4 competed
to the same extent as did the wild-type sequence (W1).
The double mutant M5 did not compete at all. A shorter
oligonucleotide (W2), containing only the odd base C-
box, competed very well, which further demonstrated that
02 bound to the odd base C-box and not to the G/A-box
hybrid. The binding specificities of TGA1a and O2 were
very similar (Figure 5c¢). These results show that TGA1a
and O2 bind to the odd base C-box present in the W1

(a)

W1 GACACGTAGAATGAGTCATCAC
M3 ACT A
M4 AC CT

M5 AC CT ACT A
w2 ATGAGTCATCAC
(b) (c)

N

COMP -~ W1 M3 M4 M5W2 - W1M3 M4 M5 W2

Figure 5. Nucleotide specificity of O2 and TGA1a binding to W1.

(a) Oligonucleotides used as probe (W1) and competitors (W1, M3, M4,
M5 and W2).

(b) Gel shifts with O2 and W1, using different competitors (trimers of W1,
M3, M4, M5, tetramer of W2) added in 100-fold molar excess.

(c) Gel shifts of TGA1a and W1 and the same competitors as in (b).

bZIP protein binding to the psl promoter 137

oligonucleotide, whereas the ACGT sequence does not
significantly contribute to binding. This finding is consis-
tent with the methylation interference assays, which
showed that interference with binding of TGA1a occurred
only when the four G residues present in the odd base
C-box were methylated.

Binding affinity of TGA1a and O2 for W1

The binding affinities of TGA1a and O2 for the W1
sequence were determined using saturation binding
assays (Cao et al., 1991). For comparison, oligonucleo-
tides containing a high-affinity G-box (GACACGTGTC) or
a high-affinity C-box (ATGACGTCAT) (Izawa et al., 1993)
were used. The odd base C-box within the W1 oligo-
nucleotide has the same flanking nucleotides as this
high-affinity C-box. Equilibrium conditions were first
determined at two different salt concentrations. Binding
was allowed to proceed from 15 min to 4 or 8 h. Figure 6
shows the binding of O2 to the G-box. At 40 mM KCi, a
salt concentration commonly used in gel shift assays,
equilibrium was not reached even after 4 h. However, at
100 mM KCI equilibrium binding occurred after approxi-
mately 1 h. In general, a higher salt concentration drives
the binding reaction to equilibrium more rapidly than
lower salt conditions, not only with the probe/protein com-
bination shown in Figure 6, but also with the other probes
and with TGA1a. Based upon these experiments, the
binding reactions were allowed to reach equilibrium by
incubation for 2 h in 100 mM KCI to determine the
dissociation constants (K;s).

An example of a saturation gel shift assay to determine

40 mM KCI 100 mM KCI

15 30 60 4H

- W

Figure 6. Time course of binding of O2 to the G-box oligonucleotide
GACACGTGTC, in either 40 mM or 100 mM KCI.
The binding reactions were performed for 15 min to 8 h.

15 30 60 4H 8H
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Figure 7. Measurement of the dissociation constant of O2 and the G-box.
(a) Saturation gel shift assay with increasing concentrations (10-80 nM) of
32p-labeled G-box as a probe and a fixed amount of O2. Bound and free
label was quantitated.

(b) The amount of bound probe plotted as a function of total probe.

(c) Scatchard plot of the saturation curve shown in (b). The dissociation
constant (K4) can be calculated (K4 = —1/slope) and is 11 nM.

Table 1. Dissociation constants (Kj) of complexes formed
between TGA1a or 02 and the C-box (agcttaATGACGTCAT
actcga), the G-box (agcttaGACACGTGTCactcga) or the W1
oligonucleotide (tcgagGACACGTAGAATGAGTCATCACgtcga)

TGA1a 02
C-box 5 8
G-box >>>2 11
Wi 174 23
Ky is given in nM.

3Large Kj, which could not be determined under the conditions
used.

the Kj is given in Figure 7(a). Increasing amounts of G-
box probe were used with a fixed amount of O2 protein.
The amount of bound probe was plotted as a function
of total input (Figure 7b). in the lower input range, the
amount of bound probe increased with increased probe
input. At higher input levels the bound probe reached
a plateau level, reflecting saturation of the binding re-
action. The data were used to generate a Scatchard plot
(Figure 7c).

Table 1 presents the Ks calculated for TGA1a and 02
for the three probes tested. TGA1a exhibited the highest

binding affinity for the C-box. The affinity for W1 was 35-
fold lower than for the C-box. The affinity for the G-box
was very low and the K could not be determined with
the probe concentrations used in the gel shift assays. In
contrast, O2 bound to all three probes with high affinity.
There was only a threefold difference in the Kys for the
C-box and the W1 sequence. Thus, O2 which has been
shown to bind with high affinity to C-boxes as well as to
G-boxes (Izawa et al., 1993) also bound to the odd base
C-box sequence in the W1 oligonucleotide with high
affinity.

Discussion

Using cDNA-encoded protein expressed in and isolated
from E. coli, sequence-specific binding of the bZIP
proteins TGA1a and O2 was detected to the 22 bp ps/
promoter fragment, which confers seed-specific expres-
sion (de Pater et al, 1993). This fragment contains
the strongest bZIP protein binding site within the ps/
promoter. The sequence of the binding site is the odd
base C-box ATGAGTCATCA. The weaker footprint in
fragment | of the ps/ promoter (Figure 4) contains an
identical sequence except for the last two nucleotides. It
can be concluded that these two and possibly other
flanking nucleotides are important for optimal binding of
TGA1a to the fragment Il sequence.

We have determined binding affinities using in vitro
saturation binding assays. The relevance of these
measurements is based on the assumption that only
high-affinity binding sites are likely to function in vivo.
However, it must be kept in mind that binding affinities
determined by in vitro assays do not necessarily reflect in
vivo binding affinities. /n vivo, binding could be influenced
by protein modifications or interaction with accessory
proteins. The affinities we have found for TGA1a and O2
binding to the C-box are similar to the values described
by Izawa et al. (1993). The K, of O2 and the G-box in our
experiments is somewhat higher than the value found by
lzawa et al. (1993), which may reflect the presence of
different flanking nucleotides in our G-box probe com-
pared with the flanking nucleotides in the G-box probe
used by lzawa et al. (1993).

We have used purified TGA1a protein to detect addi-
tional binding sites in the ps/ promoter. However, 02
binds to several different binding sites (G-, C-box and odd
base C-box) with relatively high affinity, in contrast to
TGA1a, which only binds to C-boxes with high affinity.
This suggests that O2, when available as purified protein,
would be more suitable than TGA1a to screen promoters
for bZIP protein binding sites.

In previous studies, an ACGT core sequence was
postulated to be necessary for efficient binding of bZIP
proteins (lzawa et al., 1993; Schmidt et al., 1992), since
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mutations within the ACGT core reduced binding affinity
to a very low level. However, O2 efficiently binds the odd
base C-box in which the central C residue in the ACGT
core has been deleted. Also, the odd base C-box is the
optimal binding site for the AP-1 family of bZIP tran-
scription factors (Hill et al., 1986). Thus, it makes an
essential difference whether a mutation in the ACGT core
consists of a nucleotide replacement or a deletion. Bind-
ing sites for bZIP proteins can now be extended to
include sequences containing an AGT core.

Suckow et al. (1993) have shown that binding of bZIP
proteins to different target sites including the odd base
C-box (ATGAGTCAT), C- and G-boxes, requires the
presence of specific amino acids in their basic domain.
Substitution of residues —15 (alanine) and —17 (threonine)
of the basic region of GCN4 (the first leucine of the
leucine zipper is +1) by serine and arginine, respectively,
broadened the binding specificity to include G-boxes.
These amino acids are also present at these positions in
the basic domain of O2. This is in agreement with our
results, showing that O2 has a high affinity for several
different binding sites. In the basic region of TGA1a an
alanine is present at position —15, which might explain the
low affinity of TGA1a for the G-box.

The odd base C-box is the optimal binding site for
GCN4, whereas the C-box is the optimal binding site
for ATF/CREB. Substitution of the leucine at position -6
in GCN4 by lysine, which is present at the corresponding
position in ATF/CREB proteins, alters the half-site spacing
specificity (Kim et al., 1993). This mutation increases the
relative affinity for the C-box over the odd base C-box.
Thus, the lysine at position -6 in TGA1a might account
for the low affinity for the odd base C-box.

A trimer of the W1 oligonucleotide confers high levels
of gene expression in seeds and low expression in
vegetative tissues of transgenic tobacco (de Pater et al.,
1993). The in vivo nucleotide requirement (de Pater et al.,
1993) correlates very well with the binding specificities of
TGA1a and O2. Low expression in vegetative tissues
could be conferred by a factor with low binding affinity for
W1 like TGA1a and high expression in seed by a factor
with high affinity for W1 like O2. Our future research will
be aimed at identification of the factor responsible for W1-
driven expression in seed. Based on our results we
expect it to be a bZIP protein with high affinity for W1 and
similar binding specificities as TGA1a and O2.

Experimental procedures

Isolation of the psl gene and primer extension

A genomic library of pea (Pisum sativum, variety Feltham First)
produced by Gatehouse et al. (1987) was screened using the
PSL encoding cDNA clone pMS2 (Stubbs et al., 1986). The
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Bglil-BamH| fragment and the BamHI fragment, which together
contain the lectin coding region and 469 bp of the 5' non-coding
region and 402 bp of the 3' non-coding region, were sequenced
with the dideoxy method using sequenase (USB). The 5' ends of
psl mRNA were determined by primer extension. In brief, 30 ug
of total ANA isolated from seeds harvested 20 days after
flowering (DAF) were reverse transcribed using the 32P-labeled
antisense 19-mer primer 5'-GGTTTCAGTTGAGTTCACC-3', that
hybridizes at positions +96 to +114 and the products were
analyzed on a sequencing gel.

Gel retardation, DNase | footprinting and methylation
interference

TGA1a protein, encoded by a cDNA clone (Katagiri et al., 1989),
was isolated from Escherichia coli and purified to homogeneity
as described by Katagiri et al. (1990). Crude E. coli extracts,
isolated as described by Izawa et al. (1993) were kindly provided
by R. Foster. The Sau3Al fragments containing the 5' non-
coding region of the ps/ gene were cloned in the BamHI site of
pBluescript SKIl+. Synthetic oligonucleotides containing Xhol
and Sall sticky ends were cloned in pBluescript SKll+, as
monomer (W1) or multimerized to trimers (W1, M3, M4 and M5).
W2 was synthezised as a tetramer. Tetramers of wild-type (4A1,
as-1a) and mutant (4A3, as-1c) ASF-1 binding sites were
described by Lam et al. (1989). Plasmids were digested with
Xbal and Hindlll {ps/ promoter fragments | and Il) or Xhol and
Sall (W1) and 3' end labeled using the Klenow fragment of DNA
polymerase 1 and [-**P]dCTP at both ends (for gel retardation)
or at one end (for DNase | footprinting and methylation inter-
ference). For C- and G-box containing probes, complementary
oligonucleotides were annealed and 500 ng were labeled by
3' end labeling. C-box: 5-AGCTTAATGACGTCATACTCGA-3'
G-box: 5-AGCTTAGACACGTGTCACTCGA-3' (lzawa et al., 1993).
Labeled fragments were isolated from polyacrylamide gels.

Gel shift experiments (Green et al., 1987), and in vitro DNase |
footprinting and methylation interference tests were performed
essentially as described previously (Green et al., 1989). Binding
reactions for gel shift assays were done in a final volume of 10 !
with 0.04~0.1 ng (1 fmol} of probe (fragment | and 1I) and 0.9 ug
of purified TGA1a in the presence of 1~3 ug of poly(d[iC]). For
competitive gel shifts with oligomers 0.35-0.7 ng (10-20 fmol) of
probe and 0.4—4 pg of E. coli proteins were used in the presence
of 3 ug of poly(d(IC)). Saturation binding assays to determine the
dissociation constants (Ky) were carried out as described by Cao
et al. (1991). Probe concentrations between 10 and 80 nM were
used. Bound and free probe were measured using a phosphor-
imager (Molecular Dynamics), and Ks were determined by the
method of Scatchard (1949).
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