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ABSTRACT A fourth member of the Arabidopsis G-box-
binding factor (GBF) family of bZIP proteins, GBF4, has been
isolated and characterized. In a manner reminisceént of the
Fos-related oncoproteins of mammalian systems, GBF4 cannot
bind to DNA as a homodimer, although it contains a basic
region capable of specifically recognizing the G-box and G-box-
like elements. However, GBF4 can interact with GBF2 and
GBF3 to bind DNA as heterodimers. Mutagenesis of the leucine
zipper of GBF4 indicates that the mutation of a single amino
acid confers upon the protein the ability to recognize the G-box
as a homodimer, apparently by altering the charge distribution
within the leucine zipper.

The mechanisms of regulated eukaryotic gene expression are
topics of intense examination. These regulatory pathways
require the coordination of highly specific DN A-protein and
protein-protein interactions, many of which are not fully
understood. One goal is to understand the individual contri-
bution of seemingly similar DNA elements to regulated gene
expression when these conserved elements are present in
promoters responding to diverse regulatory controls. In plant
systems, one example of this complexity is illustrated by the
hexameric G-box (5'-CACGTG-3') and those DNA elements
that contain small variations on this palindromic sequence,
which we refer to collectively as G-box-like elements. In
some cases these elements have been identified as targets for
nuclear DNA-binding factors, examples of which include the
light-regulated genes of ribulose-1,5-bisphosphate carboxyl-
ase/oxygenase (1), chlorophyll a/b binding proteins (2), and
chalcone synthase (3), genes regulated by abscisic acid such
as the Em gene of wheat (4) and the rab16A gene of rice (5),
as well as the stress-induced Adh gene of maize and Arabi-
dopsis (6, 7). The identification of these nuclear factors has
prompted the isolation and characterization of 10 DNA-
binding proteins specific for the G-box and G-box-like ele-
ments from four different plant species (4, 8-11).

To understand how a seemingly ubiquitous element can be
involved in such diverse regulatory pathways, it is essential
to understand the individual contributions made by each of
the relevant DNA-binding proteins. To date, all of the plant
DNA-binding proteins that recognize the G-box belong to the
bZIP family of transcription factors (12, 13). These proteins
are characterized by the presence of the basic region, a
subdomain of =20 residues rich in basic amino acids that
mediates DNA binding. Immediately adjacent to the basic
region is the leucine zipper, a dimerization motif defined by
a 4-3 repeat of typically four or five leucine residues inter-
spersed with other hydrophobic amino acids, which align in
parallel to form a coiled coil, with the leucine and additional
hydrophobic residues forming a hydrophobic interface (14—
18).

A well-documented example of the intricate interactions
between members of a family of related bZIP proteins is
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illustrated with the products of the fos and jun oncogenes (12,
13, 19). There are three Jun-related proteins, each of which
is capable of binding DN A as a homodimer, as well as forming
heterodimers with each of the other Jun proteins via dimer-
ization of the compatible leucine zippers. In striking contrast,
four Fos-related proteins are incapable of forming ho-
modimers, although the leucine zippers of Fos proteins are
capable of interacting with the Jun leucine zippers to form
heterodimers (20). Thermodynamic and mutational analyses
have demonstrated that the specificity of dimerization of
these leucine zippers is dictated by the distribution of the
charged amino acids that lie adjacent to the hydrophobic
interface (21-23).

The potential complexity arising from the specific interac-
tion of multiple proteins with similar DNA-binding specific-
ities, as evidenced with the Fos/Jun system in mammals, is
also observed in plant systems. In Arabidopsis, parsley, and
wheat, small families of bZIP proteins that recognize G-box
and G-box-like elements have been characterized (4, 8, 10,
11). The leucine zipper of each of these proteins is capable of
interacting to form homodimers. However, among families,
the formation of heterodimers can be either promiscuous (11)
or selective (24).

Here we report the isolation and characterization of GBF4,
another member of the G-box-binding factor (GBF) family of
Arabidopsis thaliana.t GBF4 is distinct from GBF1, -2, and
-3 in a number of ways. GBF4 is unable to recognize the
palindromic G-box as a homodimer, although ‘‘domain-
swap’’ experiments demonstrated that the basic region of
GBF4 has the potential to specifically recognize G-box
elements. A mutational analysis of the GBF4 leucine zipper
revealed that homodimer formation is apparently inhibited by
the charge distribution within the leucine zipper in a manner
similar to the Fos and Fos-related proteins.

MATERIALS AND METHODS

Isolation and Characterization of GBF4. A cDNA library
constructed from 3-day-old Arabidopsis seedling hypocotyls
was screened by using as a radiolabeled probe a DNA
sequence derived from the basic region of GBF1, the details
of which are described by Schindler et al. (11). DNA se-
quence analysis was determined by using double-stranded
DNA templates and the modified T7 DNA polymerase Se-
quenase (United States Biochemical).

DNA Templates. DNA templates encoding proteins of the
lengths indicated in each figure were generated using PCR [50
pmol each primer, 50 uM (each) deoxyribonucleotide, 20 mM
Tris'HCI (pH 8.3), 1.5 mM MgCl,, 50 mM KCIl] with cycles
of 94°C for 1 min, 55°C for 1 min, and 72°C for 1 min for 35
cycles. In each case, a T7 promoter sequence (5'-CGAAA-

i&bbreviations: GBF, G-box-binding factor; RRL, rabbit reticulocyte
ysate.
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TTAATACGACTCACTATAGGGACACC-3') was included
at the 5' end of each ‘‘upstream’ primer. Proteins for
‘‘domain swap’’ and mutagenesis experiments were gener-
ated by recombinant PCR and contained the following alter-
ations, which are numbered with respect to either the GBF4
(Fig. 1) or GBF3 (11) sequences:

6 7
7 GBF3 | GBF4 i‘
3BR/4LZ 5' -CAGGCCGAGACAGAAGAAT TAGAGACT TTGGCTGCC~-3"
691 702

4BR/3L2 5' -CAGGCTTATCAGGT TGAGC TTGCTAGGAAAGTGGAA-3"'

7?9 GBF4 7?9
G4-7 5' -TTAGAGACTAGGGC TGCCAAG
724 7“
G4-12 5'-GCCAAGTTAAGGGAGGAGAAT
7 7?0
G4-14 5'-TTAGAGGAGAGGAATGAGCAG
7l45 7:5
G4-19 5'-GAGCAGCTTAGGAAGGAGATT

Transcription/Translation of Proteins in Vitro. RNA tem-
plates were generated from DNA templates in vitro using T7
RNA polymerase as described (26). The resulting RNA tem-
plates were then translated in vitro by using a rabbit reticulo-
cyte lysate (RRL) system as described by the manufacturer
(Promega). Synthesis of protein was monitored by translating
equal amounts of the respective RNA templates in a reaction
containing [>*S]methionine, and the resulting radiolabeled
proteins were assayed by SDS/PAGE (data not shown).

Gel-Mobility-Shift Assays. The volume of each reaction was
20 wl, which included 1 ug of poly(dI-dC), 0.1 pmol of random
single-stranded DNA, 10 mM Tris-HCI (pH 7.5), 40 mM NaCl,
1 mM EDTA, 1 mM 2-mercaptoethanol, and 4% (vol/vol)
glycerol. Homodimer formation was assayed by mixing either
2 pl of the longer protein (GBF1M, GBF2M, or GBF3M) or 1
wl of the short proteins in the reaction mixture containing 1 X
10# cpm of radiolabeled probe (2-10 fmol), which were incu-
bated for 30 min at room temperature. Heterodimer formation
was assayed by mixing 2 ul of the longer protein (GBF1M,
GBF2M, GBF3M) with 1 ul of the indicated shorter protein,
which were incubated for 30 min at room temperature before
the addition of radiolabeled probe. All reactions were then
subjected to 6% nondenaturing PAGE.

RESULTS

Isolation of GBF4. The 137-bp DNA fragment encoding the
basic region of GBF1 was radiolabeled and used to probe an
Arabidopsis cDNA library at low stringency (11). As a result
of this screen, three additional members of the GBF family
were isolated. GBF2 and GBF3 have been described (11). A
fourth cDNA clone, GBF4, was also isolated. The complete
nucleotide sequence of clone GBF4 was determined (Fig. 1).
The total length of the cDNA clone was 900 bp; an open
reading frame encoded a putative protein of 270 amino acids.
This protein contains a basic region and leucine zipper,
domains that define the bZIP family of proteins.

Comparison of the amino acid sequence of the bZIP region
of each of the four Arabidopsis GBF proteins is shown in Fig.
2. The basic region of GBF4 contains the two amino acids that
are absolutely conserved within all bZIP proteins, Asn-15 and
Arg-23. Three additional residues at positions 18, 19, and 23
are common to most bZIP proteins (27) and are absolutely
conserved among the four GBF proteins. However, the
leucine zipper region of GBF4 is quite distinct from GBF1, -2,
and -3 (Fig. 2). The established nomenclature of a leucine
zipper refers to each position within the heptad repeat as
positions a-g (noted above the amino acid sequence in Fig. 2).
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1 TTG TTC TTT CTC TTT GAC AAA ACC CAG ATA GAT AAA AAT TCG TTC CAA
49 TTC CAG TGA GCT CCG GAA ATG GCG TCC TTC AAG TTG ATG TCT TCT TCC
M A S F K L M s s s 10

97 AAT TCC GAC TTG TCT CGC CGT AAT TCT TCT TCT GCT TCH TCT TCC CCT
N s L s R R N s s s A s s s P 26

145 TCT ATA AGA TCA TCG CAC CAT CTC CGA CCA AAT CCT CAC GCC GAT CAC
s 1 R § s H H L R P N P B A Q@ u

193 TCC AGA ATC AGT TTC GCT TAC GGC GGA GGA GTC AAC GAT TAC ACT TIC
s R I S F A Y G 6 6 v N ® Yy 1 F 58

241 GCG TCT GAT TCA AAG CCC TTC GAG ATG GCG ATT GAT GTT GAT CGG AGT
A s ®s x p F®O®uar1@®@VvVEOrR s ™

289 ATC GGA GAT CGG AAC AGC GTT AAC AAC GGA AAG AGT GTT GAC GAT GTT
N

1 6 @R N s v N 6 x s VOO v 9o

337 TGG AAA GAG ATT GTA TCT GGA

GAG CAA AMG ACG ATC ATG ATG AAG GAA
W k®1vs e @ K 1

1 MMk @ 106

GAG GAT TTC TTA GCG AAA GCA
F L A K A 122

GAT GTG AAG ATT CCA ACG
@HO®c r» s ® v K I P T 138
481 GAG AGA CTC AAC AAC GAC GGT AGC TAT ACA TTT GAT TTT CCG ATG CAG

®rR L N N@® 6 s Y 1T F F P M Q 154

g
8
g

529 CGA CAC AGT TCG TTIC CAG ATG GIT G

R H 8§ S F Q M V G s G 6 G V 170

L]
577 ACG AGA GGA AAG AGA GGG AGA GTG ATG ATG GAG GCA ATG GAT AAA GCT

T R G K R 6 R V M M ® a 186
625 GCA GCT CAG AGA CAG AAG AGG ATG ATC AAG AAC CGT GAA TCC GCT GCT

A A Q R O K R W 1 K N R E S A A] 202
673 AGG TCT CGA GAG AGG AAA CAG GCT TAT CAG GTT GAG TTA GAG ACT TTG

R s ® & R X g A ¥Y]o VvV E J E T L 218
721 GCT GCC AAG TTA GAG GAG GAG AAT GAG CAG CTT TTG AAG GAG ATT GAA

A A K L E E E N E Q L L K E I E 2%
769 GAG AGC ACT AAA GAG AGA TAC ARG AAG CTC ATG GAG GTT CTG ATT CCG

E & T K E R Y K K L M E V L I P 260

817 GTC GAT GAG AAA CCA AGG CCA CCG TCG AGG CCC TTA AGC AGG AGC CAT
v p E K P R P P S R P L S R s H 266

865 TCC TTG GAA TGG TGA AGT GTG GTA AAA AAA ACT TTT
S L E W = 270

FiG. 1. DNA sequence of GBF4 and the deduced amino acid
sequence of the protein. The bZIP domain is represented by the basic
region (boxed) and the leucine zipper (thick underlinings). A region
rich in acidic amino acids (circled) contains a small subregion
(underlined) that forms a putative a-helix as predicted by Chou-
Fasman analysis.

In general, the leucine residues that define the zipper are
present at the d positions, with the alternating hydrophobic
residues at the a positions, and GBF1, -2, and -3 meet these
criteria. In contrast, GBF4 contains a serine residue at the
fourth d position and a lysine at the fifth position. The a
positions each contain a hydrophobic residue except for the
fifth a position, which is occupied by the basic residue
arginine. Mutational analysis of other leucine zippers has
demonstrated that substitution at one of these positions by a
nonpolar amino acid is acceptable for function (28-30). In
addition, because functional leucine zippers exist that con-
tain only four heptad repeats and the polar residues of lysine
and arginine are within the fifth heptad repeat, we considered
that these residues might not disrupt the structural integrity
of the a-helix (16, 28, 31-34).

“Domain-Swap’’ Analysis Indicates That GBF4 Contains a
Basic Region Capable of Binding to a G-Box, but the Leucine
Zipper Is Incapable of Forming Functional Homodimers. We
sought to examine the DNA-binding properties of GBF4.
Full-length GBF4 was transcribed/translated in vitro, and the
resulting protein was used in gel-mobility-shift assays with a
radiolabeled probe containing the G-box (5'-CACGTG-3') to
determine the DN A-binding specificity of GBF4. No DNA-
protein complex was seen in those experiments (data not
shown). There were two obvious possibilities that could
account for this result. (i) The basic region might be incapable
of recognizing a G-box and require an alternative binding site
to form a DNA-protein complex. (ii) The leucine zipper of
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FiG.2. Alignment of the bZIP regions of the
Arabidopsis GBF proteins with those of c-Fos
and c-Jun. The two subdomains of the basic
region and leucine zipper are indicated. Within
the basic region, those amino acids that are
conserved in most bZIP proteins are indicated
by arrows. The leucine zipper region is divided
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GBF4 might be incapable of forming homodimers, in a
manner reminiscent of the Fos oncoprotein.

To distinguish between these two possibilities, we carried
out domain-swap experiments (35-39), using recombinant
PCR to generate the appropriate templates for the production
of in vitro transcribed/translated proteins (Fig. 3). In these
experiments, truncated versions of GBF4 and GBF3 con-
taining the basic region and leucine zipper domain were
divided into two cassettes each (Fig. 34). The basic region of
each protein included 32 amino acids (aa 1-32, Fig. 2),
sufficient to mediate specific DNA binding. The second
cassette of each protein contained the leucine zipper (aa
33-64, Fig. 2), as well as 14 amino acids of the carboxyl-
terminal region of GBF3 or the 24 carboxyl-terminal amino
acids of GBF4. Primers specific to the basic region incorpo-
rated a T7 promoter sequence to direct synthesis of the
proteins in vitro. The truncated GBF3 protein could form a
DNA-protein complex with a radiolabeled G-box, whereas
the truncated GBF4 could not form a complex (Fig. 3B, lanes
3 and 4). When the leucine zipper of GBF4 was fused to the
basic region of GBF3, no apparent DNA-protein complex
was formed (Fig. 3, lane 5). In contrast, when the basic region
of GBF4 was fused to the leucine zipper of GBF3, the
appropriate complex formed (Fig. 3, lane 6). These results
indicated that although the basic region of GBF4 could
recognize the G-box, the leucine zipper was apparently
incapable of interacting to form homodimers. Competitive
gel-mobility-shift analysis has shown that the DN A-binding
specificities of the basic region of GBF4 are essentially
indistinguishable from those of GBF1 (11), GBF2, and GBF3
(data not shown).

GBF4 Can Interact with GBF2 and GBF3 to Form Het-
erodimers. We were interested in determining whether the
GBF4 leucine zipper was, in fact, able to interact with the
leucine zippers of each of the other GBF proteins to form
heterodimers. Long versions of GBF1, -2, or -3 were incu-
bated with the truncated GBF4 containing the bZIP domain for
30 min before addition of a radiolabeled G-box (5'-CACGTG-
3') fragment, and the reactions were then subjected to gel-
mobility-shift analysis (Fig. 4). In this assay the formation of
DNA-protein complex with an intermediate mobility indicates
heterodimer formation (40). The results of the experiments
with GBF2 and GBF3 demonstrated that a new protein-DNA
complex of altered mobility was formed when these long
proteins were incubated with the short GBF4 (Fig. 4, compare
lanes 8 and 10; lanes 13 and 15). The absence of formation of
the homodimeric GBF2 and GBF3 complexes in the presence
of GBF4 may reflect different protein—protein affinities. Sim-
ilar observations were made in our studies with GBF1, -2, and
-3 homo- and heterodimers (11), and in the case of Fos and Jun,
heterodimers are also preferentially formed (23). In contrast to
GBF2 and GBF3, there was little, if any, formation of het-
erodimers between GBF4 and GBF1 (Fig. 4, compare lanes 3
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into five heptad repeats, defined as positions
a-g, with the leucine residues at position d
(highlighted). The two d positions within GBF4
lacking the leucine residue are underlined. The
numbering indicated below is arbitrary and does
| not reflect the absolute position of the bZIP
60 domain within the respective protein.

and 5). The observations with GBF2 and GBF3 showed that
although the leucine zipper of GBF4 could not form ho-
modimers, it was capable of interacting with other proteins to
form heterodimers. A deletion analysis of the carboxyl-
terminal region has shown that the ability of GBF4 to het-
erodimerize with GBF2 and GBF3 requires only the first four
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F1G. 3. “‘Domain-swap’’ experiments of GBF4 with GBF3. (4)
DNA templates encoding the bZIP region of GBF4 or GBF3 or the
indicated chimeric proteins were generated by recombinant PCR.
These templates, each of which included the T7 promoter, were
transcribed/translated in vitro by using a RRL system. BR, basic
region; LZ, leucine zipper. (B) The resulting proteins were then
subjected to gel-mobility-shift analysis by using a radiolabeled probe
derived from the Arabidopsis rbcSIA promoter that contains the
G-box (5'-gatcttatcttcCACGTGgcattattcg-3'). A DNA-protein com-
plex is formed by using the truncated GBF3 (lane 3) but is absent
when the truncated GBF4 protein is used (lane 4). In contrast, a
fusion of the GBF3 basic region to the GBF4 leucine zipper failed to
form a complex (3BR/4LZ; lane 5), where a fusion of the GBF4 basic
region with the GBF3 leucine zipper formed a complex (4BR/3LZ;
lane 6). Control lanes contained DNA probe only (lane 1) or DNA
incubated with RRL alone (lane 2). DNA-protein complexes are
marked by an arrowhead.
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FiG. 4. GBF4 can interact with GBF2 and GBF3 to form het-
erodimers that recognize the G-box. (A) DNA templates were
generated by PCR that encoded GBF1, GBF2, GBF3, and GBF4
proteins of the indicated lengths. These templates were then used for
the in vitro transcription/translation of protein in a RRL system. BR,
basic region; LZ, leucine zipper. (B) Homodimer formation was
assayed by incubating GBF1, GBF2, and GBF3 proteins (lanes 3, 8,
and 13, respectively) or the truncated GBF4 protein (lanes 4, 9, and
14) with radiolabeled G-box probe (5’-gatcttatcttcCACGTGgcattat-
tcg-3’). In this experiment, two DNA-protein complexes were
formed, by using the intact GBF1 template (lanes 3 and 5). This result
is experimentally variable, with one or two GBF complexes being
formed, and apparently reflects some variable of the RRL batch
used. To assay for heterodimer formation, the longer protein was
incubated with the shorter protein for 30 min before the addition of
radiolabeled probe. Heterodimer formation, as detected by a DNA-
protein complex of altered mobility, is apparent with GBF2 (lane 10)
and GBF3 (lane 15) but is not apparent with GBF1 (lane 5). Control
lanes contain radiolabeled DNA probe alone (lanes 1, 6, and 11) or
2 ul of rabbit reticulocyte lysate alone (lanes 2, 7, and 12). Ho-
modimer protein~-DNA complexes are indicated by open arrowheads
(<), where heterodimer protein DNA complexes are indicated by
filled arrowheads («).

heptad repeats of the leucine zipper (Fig. 2, aa 30-57) imme-
diately adjacent to the basic region (data not shown).

Mutation of a Single Amino Acid Within the Leucine Zipper
Renders GBF4 Capable of Binding to DNA as a Homodimer.
The Fos oncoprotein is a well-characterized case of a bZIP
protein that is incapable of forming homodimers, yet in
conjunction with the Jun protein forms heterodimers to
produce the functional AP-1 protein. We examined closely
the similarity of the leucine zipper of GBF4 with the leucine
zipper of Fos and contrasted it with the léucine zippers of the
other GBF proteins. It was apparent that the distribution of
charged amino acids within the leucine zipper of GBF4 is
distinct from that of GBF1, -2, and -3. GBF4 has only
negatively charged glutamate residues at positions e and g,
demonstrated as being involved in electrostatic interactions
within the leucine zipper of other bZIP proteins, whereas the
other GBF proteins have a distribution of positively and
negatively charged amino acids at these positions (Fig. SA;
see Fig. 2 for comparison with GBF1, -2, and -3). Signifi-
cantly, Fos is similar to GBF4 in that all charged amino acids
at the e and g positions are glutamate residues (23).

We used recombinant PCR to mutagenize single amino
acids at four different positions within the leucine zipper of
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FiG. 5. Mutagenesis of the leucine zipper of GBF4. (A) DNA
templates were generated by recombinant PCR and included the
DNA sequence changes resulting in mutation of the indicated amino
acids. Each template included the T7 promoter that was used to
transcribe/translate the respective proteins in vitro. (B) In each
reaction, the protein resulting from in vitro transcription/translation
of the DNA template was added to radiolabeled G-box probe and
subjected to gel-mobility-shift analysis. BR, basic region; LZ, leu-
cine zipper. (C) The intact GBF4S (lane 3) failed to form a DNA-
protein complex, as did G4-7, G4-14, and G4-19 (lanes 4, 6, and 7,
respectively). A DNA-protein complex was formed using only the
G4-12 protein (lane 5). Control lanes include radiolabeled probe alone
(lane 1) or probe incubated with RRL alone (lane 2). DN A-protein
complex formation is indicated by an arrowhead.

GBF4 to determine whether the charge distribution was
responsible for destabilizing homodimer formation. The
Glu-12 — Arg changed the negatively charged glutamate to
the positively charged arginine allowed for the formation of
a homodimer (Fig. 5C, lane 5). However, mutation of the
glutamate residues at positions 7, 14, and 19 to arginine
residues demonstrated no detectable homodimer formation
(Fig. 5C, lanes 4, 6, and 7).

DISCUSSION

We have isolated and characterized GBF4, another bZIP
protein that is a member of the Arabidopsis thaliana GBF
family of transcription factors. Despite the fact that the amino
acid sequence of this isolated GBF4 indicated the presence of
a bZIP domain, the intact GBF4 protein was incapable of
forming a DNA-protein complex with a radiolabeled G-box
in gel-mobility-shift assays. Therefore, we sought to examine
more closely the two subdomains of GBF4, the basic region

and the leucine zipper.

Our experiments show that although the basic region of
GBF4 was potentially capable of recognizing the G-box, the
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GBF4 leucine zipper was apparently incapable of interacting
to form homodimers in a gel-mobility-shift assay (Fig. 3).
However, the GBF4 leucine zipper could interact with the
GBF2 and GBF3 proteins to form heterodimers (Fig. 4).
O’Shea et al. (23) have shown that the preferential het-
erodimerization of Fos and Jun is mediated by 8 amino acids
that lie at the e and g positions within the leucine zipper.
These sites lie adjacent to the hydrophobic interface provided
by the 4-3 repeat of leucine and other hydrophobic residues
(see Fig. 5A). Within the Fos protein, 5 of these 8 positions
are occupied by glutamate residues (with no basic residues
present), and the inability of the Fos protein to homodimerize
is apparently due to electrostatic destabilization of the pro-
tein-protein interaction by these acidic residues. A similar
situation is observed in GBF4 (Fig. 2), where 5 of the 8
positions are also occupied by glutamate residues and no
basic residues are present. In contrast, a more equal distri-
bution of positively and negatively charged residues is seen
in GBF1 (three acidic, one basic), GBF2 (two acidic and three
basic), and GBF3 (two acidic and three basic). We have
demonstrated that a single amino acid mutation, the Glu-12—
basic Arg, rendered GBF4 capable of binding to a radiola-
beled G-box as a homodimer, apparently from an alteration
of charge distribution within the leucine zipper. Somewhat
surprisingly, a related mutation (Glu-14 — Arg) did not result
in a similar homodimer formation. This result presumably
reflects the fact that electrostatic interaction within the
leucine zipper is probably critically dependent on the distri-
bution of the charge within the secondary coiled-coil. Similar
observations have been made by mutating single ¢ and g
positions within the Fos protein (22). The mutation of a single
glutamate at position 36 to a basic arginine rendered the Fos
protein capable of recognizing DNA as a homodimer, al-
though similar replacements at positions 41 and 43 were
incapable of homodimer formation.

The domain swap experiments demonstrated that although
GBF4 was incapable of homodimerizing, the basic region was
capable of recognizing the G-box (Fig. 3, lane 6). Preliminary
competition studies using numerous G-box and G-box-like
elements have demonstrated that the binding specificity of
the GBF4 basic region is quite similar to that of GBF1, -2, and
-3 (data not shown). However, these studies need extension
to include a detailed definition of the binding properties of the
respective homo- and heterodimers in a manner similar to
those reported for GBF1 (41). Furthermore, the prospect that
DNA bending may be affected by heterodimer formation, as
described for Fos/Jun heterodimers, also needs to be con-
sidered (42).

The demonstration that GBF4 does not bind to DNA as a
homodimer and yet does interact with GBF2 and GBF3 to
form heterodimers has potentially interesting implications for
gene regulation involving G-box regulatory elements within
the Arabidopsis plant. GBF4 possesses an acid-rich amino-
terminal domain and lacks the proline-rich domain found in
GBF1, -2, and -3. This proline-rich region of GBF1 has been
demonstrated to have the characteristics of a transcriptional
activation domain (41). From these observations it follows
that the transcriptional activation properties of GBF2/GBF4
and GBF3/GBF4 heterodimers would be expected to differ
from those of the corresponding GBF2 and GBF3 ho-
modimers. It would not be unexpected for the plant cell to
have acquired mechanisms to selectively regulate the forma-
tion of homo- and heterodimers. One component of this
regulation would be the nature of the expression character-
istics of the respective GBF proteins. In this context, it is of
interest that GBF4 is strongly expressed in root tissue (data
not shown), and thus GBF2/GBF4 and GBF3/GBF4 het-
erodimers might be expected to be the predominant GBF
protein in this tissue. Further studies in this area require a

Proc. Natl. Acad. Sci. USA 91 (1994)

detailed understanding of both the cellular expression char-
acteristics of the respective GBF proteins and the properties
of the individual homo- and heterodimers.

We thank Ulrike Schindler for many helpful discussions through-
out this work and both U. Schindler and Giovanni Giuliano for
critical comments on the manuscript. This work was supported by
National Institutes of Health Grant GM 38409 to A.R.C.

1. Giuliano, G., Pichersky, E., Malik, V. S., Timko, M. P., Scolnik,
P. A. & Cashmore, A. R. (1988) Proc. Natl. Acad. Sci. USA 88,
7089-7093.

2. Schindler, U. & Cashmore, A. R. (1990) EMBO J. 9, 3415-3427.

3. Schulze-Lefert, P., Dangl, P. L., Becker, A., Hahlbrock, K. &
Schulz, W. (1989) EMBO J. 8, 651-656.

4. Guiltinan, M. J., Marcotte, W. R. & Quatrano, R. S. (1990) Science
250, 267-271.

5. Mundy, J., Yamaguchi-Shinozaki, K. & Chua, N.-H. (1990) Proc.
Natl. Acad. Sci. USA 87, 1406-1410.

6. Ferl, R. J. & Nick, H. S. (1987) J. Biol. Chem. 262, 7947-7950.

7. Fer, R. J. & Laughner, B. H. (1989) Plant Mol. Biol. 12, 357-366.

8. Tabata, T., Takese, H., Takayama, S., Mikami, K., Kawata, T.,
Nakayama, T. & Iwabuchi, M. (1989) Science 248, 965-967.

9. Oeda, K., Salinas, J. & Chua, N.-H. (1991) EMBO J. 10, 1793-1802.

10. Weisshaar, B., Armstrong, G. A., Block, A., da Costa e Silva, O.
& Hahlbrock, K. (1991) EMBO J. 10, 1777-1786.

11. Schindler, U., Menkens, A. E., Beckmann, H., Ecker, J.R. &
Cashmore, A. R. (1992) EMBO J. 11, 1261-1273.

12. Kerppola, T. K. & Curran, T. (1991) Curr. Opin. Struct. Biol. 1,
71-79. :

13. Pathak, D. & Sigler, P. B. (1992) Curr. Opin. Struct. Biol. 2,
116-123.

14. Landschultz, W. H., Johnson, P. F. & McKnight, S. L. (1988)
Science 240, 1759-1764.

15. Rasmussen, R., Benvegnu, D., O’Shea, E. K., Kim, P. S. & Alber,
T. (1991) Proc. Natl. Acad. Sci. USA 88, 561-564.

16. Gentz, T., Rauscher, F. J., III, Abate, C. & Curran, T. (1989)
Science 243, 1695-1699.

17. Oas, T. G., Mclntosh, L. P., O’Shea, E. K., Dahlquist, F. W. &
Kim, P. S. (1990) Biochemistry 29, 2891-289%4.

18. O’Shea, E. K., Rutkowski, R. & Kim, P. S. (1989) Science 243,
538-542.

19. Forrest, D. & Curran, T. (1992) Curr. Opin. Genet. Dev. 2, 19-27.

20. Ryseck, R.-P. & Bravo, R. (1991) Oncogene 6, 533-542.

21. Schuermann, M., Hunter, J. B., Hennig, G. & Muller, R. (1991)
Nucleic Acids Res. 19, 739-746.

22. Nicklin, M. J. H. & Casari, G. (1991) Oncogene 6, 173-179.

23. O’Shea, E., Rutkowski, R. & Kim, P. S. (1992) Cell 68, 699-708.

24. Armstrong, G. A., Weisshaar, B. & Hahlbrock, K. (1992) Plant Cell
4, 525-537.

25. Higuchi, R. (1990) in PCR Protocols, eds. Innis, M. A., Gelfand,
D. H., Sninsky, J. J. & White, T. J. (Academic, San Diego), pp.
177-183.

26. Melton, D. A., Krieg, P. A., Ribagliati, M. R., Maniatis, T. P.,
Zinn, K. & Green, M. R. (1984) Nucleic Acids Res. 12, 7035-7056.

27. Ellenberger, T. E., Brandl, C. J., Struhl, K. & Harrison, S. C.
(1992) Cell 71, 1123-1237.

28. Ransone, L. J., Visvader, J., Sassone-Corsi, P. & Verma, 1. M.
(1989) Genes Dev. 3, 770-781.

29. Hu,J. C.,O’Shea, E. K., Kim, P. S. & Sauer, R. T. (1990) Science
250, 1400-1403.

30. van Heekeren, W. J., Sellers, J. W. & Struhl, K. (1992) Nucleic
Acids Res. 20, 3721-3724.

31. Kouzarides, T. & Ziff, E. (1988) Nature (London) 336, 646-651.
32. Schuermann, M., Neuberg, M., Hunter, J. B., Junuwein, T., Ry-
seck, R.-P., Bravo, R. & Muller, R. (1989) Cell 56, 507-516.

33. Smeal, T., Angel, P., Meek, J. & Karin, M. (1989) Genes Dev. 3,
2091-2100.

34. Turner, R. & Tjian, R. (1989) Science 243, 1689-1694.

35. Agre, P., Johnson, P. F. & McKanight, S. L. (1989) Science 246,

36. Kouzarides, T. & Ziff, E. (1989) Nature (London) 340, 568-571.

37. Sellers, J. W. & Struhl, K. (1989) Nature (London) 341, 74-76.

38. Cohen, D. R. & Curran, T. (1990) Oncogene 5, 929-939.

39. Ransone, L. J., Wamsley, P., Morley, K. L. & Verma, 1. M. (1990)
Mol. Cell. Biol. 10, 4565-4573.

40. Hope, 1. A. & Struhl, K. (1987) EMBO J. 6, 2781-2784.

41. Schindler, U., Terzaghi, W., Beckmann, H., Kadesch, T. & Cash-
more, A. R. (1992) EMBO J. 11, 1275-1289.

42. Kerppola, T. K. & Curran, T. (1991) Cell 66, 317-326.



