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Wheat transcription factors HBP-1a and HBP-1b bind
to the hexamer motif, ACGTCA, of wheat histone gene
promoters. HBP-1b also binds to the hexamer motif in
the promoter of the 35S RNA gene of cauliflower mosaic
virus, whereas HBP-1a does not. A cDNA clone encoding
HBP-1b was isolated on the basis of its binding specificity
to the hexamer motif. The deduced amino acid sequence
indicates that HBP-1b, like HBP-1a, belongs to a leucine
zipper class of transcription factors. Mutational analyses
of the HBP-1a and -1b encoded cDNAs revealed that
truncated polypeptides containing the leucine zipper and
basic regions are sufficient for DNA binding. HBP-1a
and -1b form homodimers, as expected from earlier
studies on this class of transcription factors, but did not
form heterodimers. Although the hexamer motif or its
homologs exist in several plant genes, HBP-1a and -1b
exhibited the highest binding affinity to the hexamer motif
in the histone promoters, suggesting that both DNA
binding proteins are involved in transcriptional regulation
of wheat histone genes.

Key words: HBP-1a/HBP-1b/leucine zipper/transcription
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Introduction

Transcription is regulated through sequence-specific binding
of transcription factors to cis-acting DNA elements within
promoter and enhancer sequences. A given cis-acting
element generally binds a single protein, but there are notable
examples of sites that are recognized by several distinct
factors or of proteins which interact with different binding
sites, thereby modulating variable transcriptional effects. For
instance, the animal octamer motif (ATGCAAAT) was
characterized originally as part of a well-conserved sequence
of animal histone H2B promoters (Harvey et al., 1982) but
has thereafter been found in a number of different promoters.
The octamer motif has been shown to interact with both
ubiquitous (Oct-1) and lymphoid-specific (Oct-2) transcrip-
tion factors. Oct-1 is implicated in S-phase regulation of
human H2B genes (LaBella e al., 1988; O’Neill et al., 1988)
and regulation of small nuclear RNA transcription (Ares et
al., 1987; Tanaka et al., 1988), and Oct-2 is implicated in
cell type-specific regulation of immunoglobulin genes (Clerc
et al., 1988). Another well characterized instance is the ATF
binding site (GTGACGTCA) and its cognate transcription
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factor ATF in mammals (Lin and Green, 1988). E1A-
inducible adenovirus E2, E3 and E4 promoters contain one
or more ATF sites. In the E4 promoter, the ATF sites have
been shown to be required for E1A inducibility (Lee and
Green, 1987). In addition to viral genes, several cellular
promoters also contain ATF sites. The best studied among
them are the cAMP-inducible promoters in which the ATF
site is referred to as a cAMP-response element (CRE) and
the binding factor thereof is referred to as CREB (Roesler
et al., 1988). There are several cellular promoters that
contain ATF sites, yet are not regulated by either E1A or
cAMP; for instance, heat-inducible HSP 70 and serum-
inducible c-fos gene promoters (Hai et al., 1989). Recently,
more than 10 independent cDNA clones encoding distinct
ATF or CREB binding factors have been isolated (Hoeffler
et al., 1988; Gonzalez et al., 1989; Maekawa et al., 1989;
Hai et al., 1989; Berkowitz and Gilman, 1990). It has been
thought that the different ATF proteins bind selectively to
ATEF sites present in various promoters, thereby mediating
distinct signal transduction.

We have been studying wheat transcription factors HBP-1a
and HBP-1b, which were identified by binding to a cis-acting
element of wheat histone genes with the hexameric core
sequence, ACGTCA (Mikami ef al., 1987, 1989a; Tabata
et al., 1989). The hexamer motif is also present in the
promoters of several plant cellular and viral genes and
genes in T-DNAs of Agrobacterium, and is similar to the
ATF/CREB binding motifs. This sequence has been shown
to be required for efficient transcription of the wheat H3
gene (Nakayama et al., 1989) and the 35S RNA gene of
cauliflower mosaic virus (CaMV) (Kawata et al., 1989; Lam
et al., 1989). Our previous study showed that HBP-1b could
bind to the hexamer (ACGTCA) in the promoters of the
CaMV 35S RNA and the nopaline synthase (NOS) genes,
whereas HBP-1a could not (Mikami et al., 1989a). This
finding suggests that the difference in the binding specificity
between them is due to the difference in their abilities
to recognize the flanking sequences of the hexamer. We
hereafter, for convenience, simply refer to the gene-specific
hexamer as the H3 hexamer, the CaMV hexamer, the NOS
hexamer, etc., but it must be remembered that these
hexamers have their particularly unique flanking sequences.
Nuclear proteins that bind to the CaMV hexamer or the
hexamer homologies in other genes have also been identified
in several plants. A maize transcription factor, OCSTF
(octopine synthase transcription factor), binds to the OCS
(octopine synthase) element that is conserved within the
promoter regions of seven T-DNA genes and three plant viral
genes, including CaMV (Bouchez et al., 1989). The OCS
element includes two hexamer homologies, and OCSTF has
been shown to bind to each hexamer homology in the OCS
element (Tokuhisa et al., 1990). We have found that HBP-1b
also binds to the hexamers (ACGTCA) in the OCS element
of the CaMV and the NOS gene (Mikami ez al., 1989b).
It is likely that the OCS element can be viewed as a
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composite of two hexamer homologies. Chua and his
co-workers have identified a tobacco nuclear factor, ASF-1,
that binds to the CaMV hexamer (they have referred to this
sequence as as-1) in the OCS element (Lam et al., 1989).
They have also shown that ASF-1 binds to the H3 hexamer
and the OCS element in the OCS and NOS promoters
(Fromm et al., 1989). These lines of evidence suggest that
wheat HBP-1b, tobacco ASF-1 and maize OCSFT may
belong to a family of transcription factors bearing the same
binding properties.

We now report the isolation and structural analysis of the
cDNA encoding HBP-1b. Sequence analysis of this cDNA
showed that HBP-1b contains both basic and leucine zipper
motifs, which are the functional domains for DNA binding
and dimer formation of a group of eukaryotic transcription
factors including yeast GCN4, and mammalian ATF/CREB,
Jun, Fos and C/EBP (for review, see Busch and Sassone-
Corsi, 1990). We have previously isolated a cDNA (\17),
encoding a wheat DNA binding protein which also interacts
with the H3 hexamer and belongs to a leucine zipper class
of transcription factors (Tabata er al., 1989). The DNA
binding properties of the A17-encoded protein, which we
previously called HBP-1, demonstrate that this cDNA clone
encodes HBP-1a. Using the two cDNA clones, we have
investigated the DNA binding domains and the dimerization
properties of HBP-la and HBP-1b. In addition, DNA
mobility shift experiments using the hexamer homologies
in various plant genes were performed to find possible target
genes of HBP-1a and -1b. The binding affinities of HBP-1a
and -1b to those sequences were considerably lower com-
pared with those to the H3 hexamer. This finding, as well
as other data, suggests that HBP-1a and HBP-1b may be
involved in cell cycle-dependent transcriptional regulation
of plant histone genes.

Results

Isolation of cDNA encoding HBP-1b

The wheat nuclear proteins HBP-1a and HBP-1b bind to the
hexamer motif of the wheat histone genes (Mikami et al.,
1989a). In addition, HBP-1b also binds to the hexamer motif
in the CaMV 35S promoter, whereas HBP-1a does not
(Figure 1). We have already isolated a cDNA clone (\17)
encoding a protein that specifically binds to the hexamer
motif in the wheat histone H3 gene (Tabata et al., 1989).
The cDNA-encoded protein was expressed under the control
of the T7 phage promoter in Escherichia coli, and was
examined by gel mobility shift assay (Figure 1). The
formation of the probe — protein complex was not competed
by the CaMV hexamer, and the relative mobility of the
complex was the same as that of native HBP-1a extracted
from wheat nuclei, indicating that the 17 clone encodes
HBP-1a. Therefore, we have named this clone 1a-17.

In order to determine the structure of the other factor,
HBP-1b, we screened a wheat cDNA library in Agt11 for
B-galactosidase fusion proteins using a probe containing the
CaMV hexamer that binds to HBP-1b but not to HBP-1a.
Of 3 000 000 clones screened, three clones remained after
three rounds of screening. A gel mobility shift assay with
a lysogen extract from one clone, \c8, gave a specific
retarded band that was competed out by both the H3 and
CaMV hexamers (data not shown). Therefore, we proposed
that this clone may encode HBP-1b. Sequence analysis of
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Fig. 1. DNA mobility shift assay of wheat nuclear extracts, and
la-17- and 1b-c38-encoded proteins. The 32P-labeled probe containing
the H3 hexamer was incubated with wheat nuclear extracts, or
bacterially expressed 1a-17- or 1b-c38-encoded protein, in the absence
or the presence of the 10 ng of competitors. The sequences of the H3
and CaMV competitors are shown in Table I.

the insert revealed that Ac8 did not encode the amino-terminal
region of HBP-1b. The cDNA library was re-screened by
plaque hybridization using a synthetic oligonucleotide
corresponding to the 5’ terminal sequence of the \c8 insert.
After three rounds of purification, the clone (1b-c38)
containing the longest insert was isolated. The nucleotide
sequence of 1b-c38 (Figure 2) was the same as that of
Ac8, except for 11 differences in nucleotides within the
overlapping regions. The most proximal AUG codon in the
open reading frame of 1b-c38 is preceded by a stop codon
(position —9). Beginning at this putative initiation codon,
the translated open reading frame apparently encodes a
protein of 332 amino acids, with a predicted molecular mass
of 36 800 daltons. The protein was expressed in E. coli, then
subjected to gel mobility shift assay (Figure 1). The relative
mobility and competition patterns were indistinguishable
from those obtained with native wheat nuclear HBP-1b. To
examine the binding properties of the protein encoded by
1b-c38 more precisely, the bacterially expressed protein
was subjected to methylation interference analysis. The
interference pattern was centered over the hexamer motif
(Figure 3) and was quite similar to that obtained with native
wheat HBP-1b (Mikami et al., 1987; T.Tabata, K.Mikami
and M.Iwabuchi, unpublished results). We therefore
conclude that 1b-c38 encodes HBP-1b.

The predicted amino acid sequence reveals that HBP-1b
belongs to a member of the leucine zipper family of
transcription factors, which includes a highly basic region
and a stretch containing leucines arranged as a heptad repeat
(Busch and Sassone-Corsi, 1990). HBP-1a (1a-17) also has
a leucine zipper domain, but significant sequence homology
between 1a-17 and 1b-c38 is restricted to the basic and
leucine zipper regions. Overall, the HBP-1b clone, 1b-c38,
resembles the tobacco nuclear protein TGA-1a (ASF-1) that
has also been identified by binding to the H3 hexamer and
the CaMV hexamer (Katagiri ef al., 1989): there is 90%
similarity in the amino acid sequences of the basic and
leucine zipper regions, and 51% similarity in the overall
regions between 1b-c38 and TGA-1a. In addition, HBP-1a
contains a proline-rich domain near the amino terminus, and
HBP-1b contains a glutamine-rich domain near the carboxy
terminus. Recent studies have suggested that the mammalian
transcription factor Spl activates transcription through a
distinct motif characterized by a high glutamine content
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-145 GAATTCCGGCGACGGCGGCAGTCTACTACCCCGTAGTTCGGATAGAGGCCCCTCTTCCTATCGAGTGTTTAGGCATATATCTGCAGCTTT

-55 GTCACAACAAAGGAATCTCTCTGGGAGTTACATTGAGCACTATGAATAATCTGCAATGGCAGAGGCCAGCCCTAGAACAGAAACGTCAAC
EASPRTETST

35 AGATGATACTGATGAAAATCTTATGCTTGAACCAGGGAATGCTGCTCTTGCTGTTGTTTCTGACTCYAGTGACAGATCCAGAGACAAAAA
13 00T DENLMLE G NAALAVYVSDSSDR RS D N

125 CGGAGATCAAAAGACAATGCGTCGGCTTGCTCAAAAnCGCGAGGCTGCTAGGAAAAGTCGTTTGAGGAAAAAGGCATATGTTCAACAATT
43 G D Q K T M R R L AQ NREAARIKST SR RTL K AYVQQO®

215 GGAGAACAGCAGBCTAAAGCTTACCCAGCTAGAGCAGGAGTTGCAACGAGCTCGTCAACAAGGCATTTTTATATCTAGTTCAGCAGACCA
73ENSRLKOTO QEOQQRARQQGTI F I SSS D Q

305 GTCCCATTCCATGAGTGGAAATGGGGCGTTGGCTTTTGACACGGAGTACGCACGGTGGTTGGAAGAACACAATCGACAAGTTAATGAGCT
103 S HSMSGNGA AFDODT R W LEEHNR RDTU E

395 GAGAGCTGCAGTTAATGCTCATGCAGGCGATACTGAGCTGCGTAGTGTTGT TGAGAAGATCATGTCACACTATGATGAGATTTTTAAGCA
133 R AAVNAHAGDTETLRSVVEKIMSHYDETITFTKHNQ

485 AAAAGGAAATGCAGCCAAAGCAGATGTCTTTCATGTGTTATCAGGCATGTGGAAGACACCAGCTGAGAGGTGTTTCCTATGGCTTGGAGG
163 K G NAAKADVFHVLSEG W KTPAERTCTFTLWLGSG

575 TTTCCGACCTTCTGAGCTTTTAAAGCTTCTTTCGACCCAGCTTGAACCCCTAACTGAGCAGCAGCTGTCAGGGATATGCAACCTTCAGCA
193 F R P S E L L K L L Q L PLTEQQLSGTIC Q

665 ATCATCACAACAAGCTGAGGATGCTCTTTCACAAGGAATGGAGGCTCTTCAGCAGTCTTTGGCAGAAACGTTGGCTGGGTCTATCGGCTC
223 'S S A D A GMEALOQQSLAETL G

755 TTCTGGATCTGGATCAACAGGAAATGTGGCAAACTACATGGGGCAAATGGCCATGGCCATGGGAAAGCTTGGAACCCTTGAAAATTTCCT
253 S G S TGNVANYMGOQMAMAMGK G L ENFL

845 TAGTCAGGCTGACAACCTGCGGCAGCAGACTCTTCAGCAGATGCAAAGGATCCTGACCACAAGGCAGTCTGCCCGTGCACTTCTTGTGAT
283 S Q A DN RQQTLQQMOQRTIULTTRQSARALLUVI

935 AAGTGATTACTCATCCCGGCTTCGTGCCCTAAGTTCTCTTTGGCTTGCTCGACCGAAGGAATAACAAGCGCGTGTGATTTGACTGCAATA
313 S DY S SRLRALSSLWLA K E

1025 CATTTTCGCAATTTGGGGGTGATGGTGGTGGCAGTCATGCAACAGACTTGATTCAGAGAAACTTGCACATACTATAATCCAAAGAGATGC
1115 TGTGTTCAGGTAGCTTAGCCATATAGTGAAGTTGAGTGCATTAGGGAAGGGTCCTTGTTGTACCGTTAACCGCTGTAAAATTGGCATCTA
1205 ATGGTTGCCAAGTAATCTTTAAGATACTAATTTGCAGAGAGCCATCCCTTTAGATGTGCATTTATAACTCTTTTGTTGCTAATCGGAAAA
1295 AAAAAAGGAGGAAGAGCGAGCTAGGCAAGAGGCTATCGCGAAAAAGGCTGCAGAAGACAACAAGGATCAGCCCTCAAGCTCTACCGATGC
1385 TATTATGGCTGAAGCGGAACTTACCTTAAATGCTCCTGCTGATCTTGACGCAGATCTACTCAAGGATGATGATGATGCTCAGCTACTACA
1475 GCAAGCACTTGCTATGTCAATGGATGAGGGTGCTTCAGGAGCTGCAGCCGTGGCTGATGCTGCTATGGCAGAAGCTGCTGCAGATGACCA
1565 GGATTTGGCATTGGCTCTTCAAATGTCTGTCCAGGACGCTGAGGCGGCTGGTCAATCTGATATGAGCAAAGTGT TTGAAGACAGATCATT
1655 TGTGACATCCATCCTTAATTCGCTTCCTGGTGTTGACCCCAATGACCCATCTGTGAAAGATCTACTGGCATCTTTGCATGGCCAAGGAGA
1745 GCAGGAGGAGAAGAAAGATAAGGAGGACAAGCCAGACATTTCTGAAGATGGGAAGAACTGAAGGCAATGAACATCTATTTTCTCGGAAAA
1835 GTGCAGGCGCATGAAGTGAAGAAGATTGCCTGCATTAGCTGCTTTTACACTCGGGCTCTATGAATTTACTTAATCCTCTTGTAACTGCGT
1925 TGATGATAACTGCCGAGAGAACTTGTATTATGTCTGCTCTCACGAATGCTCCTTCATGTTTGTCTTAAGTGATTACATGTTGCAAATTCA
2015 TTTGTACACTTTATGTCTGTTGAAGGTGAAATTGAACGGAATTC

Fig. 2. The nucleotide sequence of 1b-c38 (HBP-1b) and the deduced amino acid sequence thereof. Numbering of nucleotides and amino acids begins
with the first ATG codon. Amino acid sequence is shown using single letters. The basic motif is underlined and periodically appearing leucines in

the leucine zipper structure are circled.

(Courey and Tjian, 1988). The factor CTF/NF1 (CAAT
binding transcription factor/nuclear factor 1) has an active
domain rich in proline residues (Mermod et al., 1989). When
considering these facts, it can be imagined that these domains
of HBP-la and -1b may also function as transcription
activating regions (Figure 4A).

DNA binding domain and dimer formation of HBP-1a
and HBP-1b

The basic and leucine zipper domains of transcription factors,
such as GCN4, Jun/Fos and C/EBP, have been shown to
mediate DNA binding and protein dimerization, respectively
(Busch and Sassone-Corsi, 1990). To examine whether these
domains of HBP-1a and -1b play similar roles in the
protein —DNA interaction, two cDNA clones for truncated
HBP-1a and HBP-1b, termed HBP-1aBL and HBP-1bBL,
which contain both the basic and leucine zipper domains,
were constructed and expressed in E.coli. Bacterially
expressed proteins were analyzed by gel mobility shift assay
(Figure 4). As shown in Figure 4B, both truncated proteins
could bind to the DNA fragment containing the H3 hexamer

motif, indicating that the truncated proteins containing the
basic and leucine zipper regions of HBP-1a and -1b are
sufficient for DNA binding, like those of other leucine zipper
class of transcription factors. This, however, is not clear
evidence about the DNA binding activity of HBP-1bBL (in
Figure 4B), probably due to inefficient expression of
HBP-1bBL in our system using transformed bacterial cells.
Alternatively, the amino acid residues 1 —127 of HBP-1bBL
may be essential but not sufficient for DNA binding. When
bacterial cell lysates containing HBP-1a and -1aBL were
mixed, a third protein—probe complex of an intermediate
electrophoretic mobility appeared (Figure 4B). This inter-
mediate complex, due to the dimer formation between
HBP-1a and -1aBL, suggests that HBP-1a binds DNA as
a homodimer. However, such an intermediate complex was
not formed between HBP-1b and -1-bBL, although they
bound to the probe (Figure 4B).

In order to obtain additional evidence for protein
dimerization, in vitro translated proteins were cross-linked
with glutaraldehyde and subjected to SDS —polyacrylamide
gel electrophoresis (Figure 4C). In vitro synthesized HBP-1a
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Fig. 3. Methylation interference analysis of 1b-c38-encoded protein.
Methylation interference analysis was carried out with the probe
containing the H3 hexamer, which had been end-labeled with
[y->P]ATP on either strand with T4 polynucleotide kinase. The
partially methylated probe was incubated with bacterially expressed
1b-c38-encoded protein and separated by electrophoresis into a
protein-bound fraction (lane B) and unbound fraction (lane F). Each
fraction was cleaved at methylated G residues and analyzed by
electrophoresis on a 6% sequencing gel. Lane G is a reference ladder
generated by cleavage of the probe at G residues. The positions of
methylated G residues that weakly and strongly interfere with binding
are indicated by open and closed circles, respectively, and are depicted
at the bottom.

migrated on gels with a molecular mass of 50 kd, which
was larger than the value (37 kd) estimated on the basis of
the deduced amino acid sequence from its cDNA. This
phenomenon is probably due to a high content (12%) of
proline residues. On the other hand, the apparent molecular
mass of in vitro translated HBP-1b, as determined by PAGE,
exhibited almost the same value as the predicted one (37 kd)
from the deduced amino acid sequence. When in vitro
translated proteins were treated with glutaraldehyde to cross-
link anticipated multimers, bands of HBP-1a and -1b, with
a molecular mass approximately twice that of the respective
monomer, were observed in addition to the monomer bands.
Thus, we conclude that HBP-1a and -1b each can form
homodimers. As mentioned above, HBP-1b did not form
a mixed dimer between the normal and truncated proteins.
Taken together with the above observations, the results of
the protein cross-linking experiments suggest that the
preformed HBP-1b dimers are very stable.

Formation of the homodimers raises a possibility that a
heterodimer between HBP-1a and HBP-1b may also form.
To test this point, the two proteins, which were co-translated
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in vitro in the same test tube, were treated with glutar-
aldehyde. As shown in Figure 4C, no bands of the predicted
mol. wt of heterodimer were observed; however, protein
bands corresponding to the HBP-1a or HBP-1b homodimer
appeared, suggesting that heterodimer between HBP-1a and
HBP-1b is not formed in vivo. This result is consistent with
observations that only protein—DNA complex of HBP-1a
or -1b was found in DNA mobility shift assays with
wheat nuclear extracts (cf. Figure 1). But, more detailed
experiments using pure proteins of high concentrations are
needed to rule out the possibility of the heterodimerization
between HBP-1a and HBP-1b.

Binding specificity of HBP-1a and HBP-1b to hexamer
motifs in various plant genes

Although HBP-1a binds only to the H3 hexamer, HBP-1b
can be associated with the CaMV and NOS hexamers as well
as the H3 hexamer, implying that 5’ and/or 3’ flanking
sequences of the hexameric motif are also involved in an
interaction between proteins and the DNA (Mikami e al.,
1989a). Gel mobility shift assays were performed using
double-stranded synthetic DNA oligomers (H3m1 to H3m?7),
with base substitutions within the hexamer or its flanking
sequences, as competitors to identify the critical nucleotides
involved in sequence-specific DNA binding of HBP-1a and
-1b. Figure 5 shows the competition patterns of various
synthetic oligomers on the DNA —protein complex formation
between the H3 hexamer and HBP-1a or -1b. The relative
DNA-binding affinities were determined and are summarized
in Table I. All mutations greatly reduced the ability of the
oligonucleotide to compete binding of protein to the H3
hexamer although there were slight differences among them:
alterations of two Cs 5’ or 3’ to the hexamer motif affected
binding of HBP-1a more severely than binding of HBP-1b,
whereas mutations within the hexamer motif itself reduced
the ability to bind HBP-1b more than HBP-1a. Thus, it seems
unlikely that all nucleotides within the hexamer and its
surrounding sequences contribute to the HBP-1a and -1b
binding in the same way.

The hexamer homologs are found in the upstream,
presumably regulatory, regions of nuclear, plasmid and viral
genes in plants. The gene dbp of Arabidopsis thaliana,
encoding a lysine-rich DNA binding protein (Alliotte et al.,
1989), contains an 11 bp sequence GCCACGTCACC
(DBP hexamer) in its 5’ flanking region that has perfect
homology to the corresponding sequence of the H3 hexamer.
A similar sequence, GCCACGTCACA (NITR hexamer),
is present in the rice nitrate reductase gene (Choi et al.,
1989). The genes of chlorophyll a/b binding protein (AB)
of Nicotiana plumbaginifolia (Castresana et al., 1988),
spinach ribulose bisphosphate carboxylase activase (RBCA)
(Werneke et al., 1989) and pea legumin A (Leg A) (Lycett
et al., 1985) also contain the hexamer homologs in their 5’
flanking sequences (Table I). The ‘G box sequence’, with
the consensus sequence CCACGTGG, has been shown to
function as a light-regulatory element in many plant genes
(Schulze-Lefert et al., 1989; Block et al., 1990). The
sequence CCACGTGGCC, containing the G box of the
parsley chalcone synthase (CHS) gene (Herrmann e al.,
1988), resembles the H3 hexamer and its surrounding
sequence. The OCS element is conserved in the promoters
of opine synthase genes such as OCS (De Greve et al.,
1982), NOS (Depicker et al., 1982) and mannopine synthase
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Fig. 4. DNA binding domain and dimer formation of HBP-1a and HBP-1b. (A) Schematic representation of HBP-1a and HBP-1b, and their truncated
versions. The basic (B), leucine zipper (L), proline-rich (P) and glutamine-rich (Q) regions are depicted. (B) DNA mobility shift assay using
bacterially expressed proteins. The *2P-labeled probe DNA containing the H3 hexamer was incubated with bacterially expressed proteins, HBP-1a
(lane 1), HBP-1aBL (lane 2), HBP-la plus HBP-1aBL (lane 3), HBP-1b (lane 4), HBP-1bBL (lane 5), or HBP-1b plus HBP-1bBL (lane 6). Each
probe —protein complex is indicated. (C) Cross-linking assay of HBP-1a and HBP-1b. HBP-1a and HBP-1b were separately translated (lanes 3—6) or
co-translated (lanes 7 and 8) from mRNA, which had been synthesized in vitro from their cDNAs driven by T7 phage promoter, in the cell-free
system with wheat germ extracts. These reactions were treated with glutaraldehyde (lanes 2, 4, 6 and 8), then run on 10% SDS—polyacrylamide

gels.

(MAS) (Velten et al., 1984) genes on T-DNAs of several
Agrobacterium Ti plasmids and plant viral genes including
CaMV (Franck et al., 1980). This sequence has been
shown to function as an active cis-element (Bouchez et al.,
1989) in an array of two hexamer homologs. To determine
whether HBP-1a or -1b binds to these hexamer homologs,
the competitive abilities of 20 bp synthetic oligomers, with
hexamer homologs in the above described genes and their
flanking sequences, were examined by DNA mobility shift
assays (Figure 5). The binding affinities of these synthetic
oligomers to HBP-1a and -1b are summarized in Table I.

Of the synthetic oligomers tested, the H3 hexamer
exhibited the highest affinity for both HBP-1a and -1b. The
DBP and NITR hexamers could bind to both HBP-1a and
-1b, as expected, although their binding affinities were less
than one-fifth that of the H3 hexamer, suggesting that
flanking sequences of a perfectly matched 10—11 bp
sequence, including the DBP or NITR hexamer, must also
influence an interaction with the DNA binding proteins. The
Leg A hexamer also bound to the two proteins with lower
affinity (6—10% of the H3 hexamer affinity). The CHS G
box could bind small amounts of HBP-1a,and no HBP-1b.
In contrast, the RBCA hexamer and the hexamer homologs
in the OCS elements bound very slightly to only HBP-1b.

Unexpectedly the MAS and CaMV hexamers had higher
affinities to HBP-1b than the DBP hexamer, yet the DBP
hexamer apparently has a high sequence homology to the
H3 hexamer, compared with the MAS and CaMV ones.
Thus, it is supposed that surrounding sequences as well as
the hexamer may also be implicated in an interaction between
DNA and HBP-1b.

Discussion

HBP-1 family in plants
HBP-1a and -1b were first identified as nuclear proteins that
specifically bind to the hexamer motif in the wheat histone
H3 and H4 genes (Mikami er al., 1989a). In addition, it is
possible to consider that there may be other target genes of
HBP-1a and -1b because the hexamer and its homologs are
present in the 5’ flanking regions of some plant nuclear
genes. Competition analyses using a DNA mobility shift
assay revealed that some hexamer homologs of other genes
can bind to both HBP-1a and -1b, and the H3 hexamer had
higher binding affinity to the two proteins than any other
hexamer homologs.

Regulatory and activating transcription factors, which may
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Fig. 5. DNA mobility shift assays of HBP-1a and HBP-1b with various competitors. A 32P-labeled 90 bp probe containing the H3 hexamer was
incubated with bacterially expressed HBP-1a or HBP-1b in the presence of 2.5 ng, 5 ng, 10 ng or 20 ng of various competitors shown in Table I.
Radioactivities of the retarded complexes and free probe were measured with Imaging analyzer (Fuji film).

interact with the hexamer homologs, seem to be involved
in the expression of various genes: a cell cycle-regulated gene
(histone H3), a catabolic-related gene (NITR), some light-
controlled genes (CHS G box, CAB and RBCA), and at least
one developmentally regulated gene (LegA). If these hexamer
homologs function as cis-acting elements, they would not
necessarily be functionally equivalent. Therefore, it seems
unlikely that HBP-1a and -1b participate in the regulation
of all of these genes. Rather, it is highly probable that
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different transcription factors, which exhibit similar binding
specificity to that of HBP-1a or -1b, would be selectively
associated with the hexamer homologs present in various
promoters. In fact, we have isolated three other distinct
cDNAs encoding DNA binding proteins of a leucine zipper-
type; their binding specificity is somewhat different
from that of either HBP-1a (1a-17) or HBP-1b (1b-c38)
(A.Sakamoto, T.Tabata and M.Iwabuchi, unpublished
results). Now, a group of DNA binding proteins, including




Wheat transcription factors

Table I. DNA binding specificity of HBP-1a and HBP-1b

b

Genes? Sequences Distance Relative binding afﬁnityd (%)
from TATA® HBP-1a HBP-1b
H3 TCGGCCACGTCA|ICCAATCCG 126 100 100
H3ml TCGGCCIAAGTAA|ICCAATCCG <l <l
H3m2 TCGGAAACGTCA|ICCAATCCG <1 8
H3m3 TCGGCCAACGTCAAAAATCCG <l <l
H3m4 TCGGCCIAAGTCA|CCAATCCG 2 <l
H3m5 TCGGCCIACGCCA[CCAATCCG 2 <1
H3mé6 TCGGCCIACGTGA|[CCAATCCG 3 <1
H3m7 TCGGCCIACGTCC|ICCAATCCG 3 <1
DBP TGATGCCIACGTCAICCTCTGT (REV) 177 20 16
NITR TTTTGCCIACGTCA|CATGCTG 21 13 16
LEGA GTTGGACIACGTCA|TTGAAAG(REV) 19 6 10
CAB ATTTGCCIACGTCT|GATTGT G (REV) 201 3 <l
CHS G TTATTCCACGTGGCCATCCG 119 8 <1
RBCA TGGCGTAACGTCAITTTGTT C(REV) 104 <1 3
CaMV ATCCCTTIACGTCA|GT GGAGA(REV) 39 <1 32
CaMV2 GGATTGTI[GCGTCATCCCTT A (REV) 27 <1 10
NOS AGCACATIACGTCA|[GAAACCA 91 <1 13
NOS2 TTTAATG[AGCTAAGCACATA 79 <1 3
0OCS ACCAAAAIACGTAAGCGCTTA 149 <1 4
MAS GATACTTIACGTCAICGTCTTG 24 <l 57

4Sources for sequences: H3, wheat histone H3 (Tabata er al., 1983); DBP, dbp of Arabidopsis thaliana (Alliotte et al., 1989); NITR, rice nitrate
reductase (Choi er al., 1989); LEGA, pea legumin A (Lycett ez al., 1985); CAB, chlorophyll a/b binding protein of Nicotiana plumbaginifolia
(Castresana et al., 1988); CHS G, parsley chalcone synthase (Herrmann er al., 1988); RBCA, spinach ribulose bisphosphate carboxy/oxygenase
activase (Werneke et al., 1989); CaMV, cauliflower mosaic virus (Franck et al., 1980); NOS, nopaline synthase (Depicker et al., 1982); OCS,
octopine synthase (De Greve er al., 1982); MAS, mannopine synthase (Velten et al., 1984).

YThe hexamer motifs are boxed. Mutated nucleotides are underlined. For comparative purposes the sequences indicated by (REV) are written in the

opposite orientation.

“The distances in bp of these sequence elements from their respective TATA boxes.
dExpressed as the ratio of H3 competitor to heterologous competitors needed to achieve 50% reduction in binding of HBP-1a or HBP-1b to the 32p.
labeled H3 probe in gel mobility shift assays (Figure 5). Note that the values do not represent the absolute binding affinities of HBP-1a and HBP-1b.

HBP-1a and -1b, may be regarded as a HBP-1 (Histone gene
Binding Protein-1) family.

Recently, leucine zipper-type transcription factors have
been identified in other plants as well. The O2 locus, which
is known by classical genetic studies to activate the maize
zein gene in trans, encodes a protein which belongs to the
leucine zipper class of transcription factors (Hartings ez al.,
1989; Schmidt et al., 1990). The basic region of the O2
protein is more similar to that of HBP-1a than to that of
HBP-1b, prompting us to speculate that the target site of O2
within the zein promoter may resemble the HBP-1a binding
site. Chua and his co-workers have isolated two cDNAs,
TGA1la and TGA1b, probably encoding ASF-1 and HSBF,
respectively, from tobacco on the basis of their ability
to bind to the H3 hexamer (Katagiri er al., 1989; Lam
et al., 1990). Judging from their DNA binding properties,
ASF-1 and HSBF seem to correspond to HBP-1b and -1a,
respectively. However, there was no significant homology
between HBP-1a and HSBF except for the basic and leucine
zipper regions, although the amino acid sequence of HBP-1b
was 51% homologous to that of ASF-1.

Most recently, cDNAs encoding other sequence-specific
DNA binding proteins of a leucine zipper-type have been
isolated in two laboratories: one is EmBP-1, which interacts
specifically with ABRE (abscisic acid response element) in
wheat (Guiltinan et al., 1990) and the other is OCSBF-1
(OCS enhancer binding factor) in maize (Singh et al., 1990).
The DNA binding motif, CACGTGGC, within ABRE
completely matches the consensus G box motif. Since
HBP-1a can bind to the G box motif of the CHS gene, it

would be important to know the relationship between HBP-1a
and EmBP-1 to understand the function of the HBP-1 family.

The HBP-1 family can be compared with the ATF/CREB
family in mammals: first, both contain multiple members
of leucine zipper-type transcription factors; second, the core
sequence of their target sites is the hexamer motif; and lastly,
the hexamer motif exists within promoters of various plant
and mammalian genes. It has been shown that ATF/CREB
members are functionally distinguishable, although all ATF
proteins can bind to ATF sites (hexamer motifs) in vitro.
For instance, ATF-2 supports an Ela-inducible transcription
of the adenovirus early genes, but unlike CREB, does not
support a cAMP-inducible transcription response (Liu and
Green, 1990).

Thus, it is proposed that in plant and animal cells, similar
sets of cis-elements and trans-acting factors may commonly
be utilized for regulation of gene transcription.

Possible role of HBP-1a and HBP-1b

The results of the in vitro DNA binding experiments have
led us to conclude that the target genes of HBP-la and
HBP-1b are mainly histone genes. However, given that the
OCS element, which can bind HBP-1b, confers tissue-
specific gene expression in plants, we must consider the
function of HBP-1b. Using a reporter gene construct, the
OCS element in the CaMV 35S or the OCS promoter is
preferentially expressed in proliferating tissues, for instance,
root tips and shoot apex in transgenic tobacco (Benfey et al.,
1989; Fromm et al., 1989). This evidence prompts us to
speculate that HBP-1b would be a transactivator in the cell
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OCS element

Histone promoter

CoNSENSUS

Fig. 6. Schematic representation of a model in which homologous or
heterologous factors simultaneously contact a common target protein,
thereby regulating cell cycle-dependent transcription. The diagram
shows the interaction of HBP-1a, HBP-1b and an as yet unidentified
octamer binding protein with their target sites within the OCS element
and the wheat histone promoter. Sequence comparisons of the
promoter regions of several plant H3 and H4 histone genes are
depicted at the bottom. The hexamer and octamer motifs are boxed.
Sources for sequences: wheat H3 (THO12), Tabata er al. (1984);
wheat H4 (THO11), Tabata et al. (1983); wheat H4 (THO81),

Y .Fujimoto and M.Iwabuchi (unpublished results); corn H4, Philipps
et al. (1986); alfalfa H3, Wu er al. (1988).

cycle-dependent transcription of wheat histone genes. If this
is indeed the case, what is the function of HBP-1a? We would
prefer to think that HBP-1a also participates in the regula-
tion of cell cycle-dependent transcription of wheat histone
genes because HBP-1a and -1b mRNAs, as well as histone
mRNA, are abundant in proliferating tissues of wheat seed-
lings (M.Minami, T.Nakayama and M.Iwabuchi, unpub-
lished results). In addition, the relative expression of the
HBP-1a and HBP-1b mRNAs, in the early germination stage
of wheat seeds, resembles that of the histone mRNA: the
amounts of three mRNAs reached the first peak 24—28 h
after imbibition (M.Minami, T.Nakayama and M.Iwabuchi,
unpublished results). Although we do not know anything
about functional differences between HBP-1a and HBP-1b,
it seems likely that distinct target protein(s), which would
be component(s) of the transcriptional apparatus, may contact
HBP-1a or HBP-1b since the putative activation domains of
HBP-1a and HBP-1b, which would interact with target
proteins, are different from each other.

The OCS element contains two hexamer homologs, which
have been shown to be required for activating the function
of this element (Ellis ez al., 1987; Benfey ez al., 1989). Thus,
a dimer of HBP-1b, which binds to each of two adjacent
hexamer homologs, could better contact another distinct
target protein simultaneously (Figure 6). On the other hand,
the hexamer motif and a highly conserved octamer motif,
GATCCGCG, which is located 2 bp downstream of the
hexamer reside in the wheat histone H3 and H4 promoters
(Figure 6). We therefore speculate that in histone genes, an
as yet unidentified octamer binding factor may exist. This
octamer binding factor may participate with HBP-1a or -1b
in transcription regulation, perhaps in a cell cycle-dependent
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manner (Figure 6). Such regulatory mechanisms with
multiple transcription factors have been proposed in other
transcription regulation systems, for instance, the yeast
transcription factor GAL4 binds to multiple sites on DNA
to activate transcription synergistically (Carey et al., 1990),
and GAL4 also works synergistically with a heterologous
factor ATF (Lin et al., 1990). It remains to be determined
whether the hexamer or octamer motif, or both, is really
involved in the cell cycle dependency of plant histone gene
transcription.

Materials and methods

Isolation of the HBP-1b cDNA

A wheat \gt11 cDNA library was screened using a catenated oligomer
containing the CaMV hexamer as a probe according to the methods of Vinson
et al. (1988) with slight modifications (Tabata et al., 1989). We isolated
three clones from 3 X 10° plaques after three rounds of purification. The
insert of one of them (Ac8) was recloned into M13mp19 and sequenced
by the dideoxy sequencing method using Sequenase (USB). A 29 bp
oligonucleotide derived from the 5’ end portion of the Ac8 insert was
synthesized and used as a probe to screen the same library by plaque
hybridization to isolate a full-size cDNA. Of 3 X 10° plaques screened,
26 clones remained positive after three rounds of plaque purification. Among
them, we chose 1b-c38, which contained the longest insert, and determined
the nucleotide sequence as above.

Preparation of bacterially expressed HBP-1a and HBP-1b

The T7 polymerase expression vector pAR2106 (Studier and Moffat, 1986)
was used to express each of the HBP-1a and -1b cDNA clones in E.coli
cells. The plasmid pAR1a-17 (HBP-1a expression plasmid) was constructed
by subcloning a 1.3 kb Accll — EcoRI fragment containing an entire HBP-1a
coding region into pAR2106 using BamHI linkers. Oligonucleotide-directed
mutagenesis was used to create an Ndel site at the initiating ATG of
the 1b-c38 (HBP-1b) coding sequence by using the oligonucleotide
GGCCTCTGCCATATGAGATTATTCATA. The plasmid pAR1b-38
(HBP-1b expression plasmid) was constructed by subcloning the 2 kb
Ndel—EcoRI fragmrent of 1b-c38, mutated as above, into pAR2106. For
the truncated HBP-la protein, a Nhel—Xhol fragment containing the
amino-terminal half of HBP-1a was removed from pAR1a-17 (Figure 4A)
and religated to create pAR1a-17BL. For the truncated HBP-1b protein,
a Sphl—Tagql fragment of pAR1b-c38, which contained the T7 promoter
and the amino-terminal half of HBP-1b (Figure 4A) was subcloned into
pBR322 to create pAR1b-c38BL.

Proteins were expressed in the bacterial strain BL21(DE3), which contains
the T7 RNA polymerase gene under the control of the inducible lacUV5
promoter (Studier and Moffatt, 1986). Cells transformed with the expression
plasmids were grown at 37°C in super broth with 100 ug of ampicillin
per ml. The cells were grown to an Agy of 0.5, IPTG (isopropyl-3-
D-thiogalactopyranoside) was added to the culture to a final concentration
of 1 mM, then the cells were grown for an additional 2 h.

Induced cells were harvested by centrifugation and resuspended in 1/20
volume of Z0 buffer [25 mM HEPES, pH 7.9, | mM EDTA, 1 mM
phenylmethyl sulfonyl fluoride (PMSF), 1 mM DTT and 0.15% Nonidet
P-40]. Cells were frozen in liquid nitrogen and then thawed on ice. Lysozyme
was added to a final concentration of 0.5 mg/ml, and the cell suspension
was incubated on ice for 15 min. After this incubation, KCl was added to
a final concentration of 1.3 M. The lysates were gently rotated at 4°C for
15 min, then centrifuged at 350 000 g for 45 min. The supernatant was
dialyzed against the buffer ZO with 100 mM KCl and 20% glycerol. Dialyzed
samples were incubated with Sepharose 4B coupled with calf thymus DNA.
The resin was packed in an Econocolumn (BioRad). Proteins were eluted
with Z0 with 600 mM KCI and used for DNA binding assays.

Gel mobility shift assay

A HindIll—EcoRI fragment containing the 5’ flanking region, —185 to
—130, including the hexamer motif of the wheat histone H3 gene (Tabata
et al., 1984) and flanking yolylinker sites was isolated, 3'-end-labeled with
Klenow enzyme and [a-"2P]dCTP, and used as a probe. The binding
reaction mixture contains 1—2 ul of cell extracts containing bacterially
expressed HBP-1a and -1b, or nuclear extracts prepared from wheat germ
(Mikami et al., 1987), 0.25 ng of the probe , 1 ug of poly d(I-C), 0—20 ng
of 20 bp competitors, 12 mM HEPES (pH 7.9), 12% glycerol, 60 mM
KCI, 0.2 mM EDTA, and 0.5 mM DTT. All 20 bp competitors were



chemically synthesized using Cyclone Plus DNA synthesizer (Milligen/
Biosearch). The reaction mixture was loaded on 5% native polyacrylamide
gels containing 0.5 X TBE. Radioactivities of the migrated complex and
the free probe were measured by Image analyzer (Fuji film).

Methylation interference analysis

The same DNA fragment as that used for gel mobility shift assays was 5'-end
labeled on either strand with T4 polynucleotide kinase and [y-?PJATP,
partially methylated on G residues with dimethylsulfate, and used as a probe.
This probe was subjected to the gel mobility shift assay described above,
then bound and unbound DNAs were eluted from the gel, cleaved with 1 M
piperidine, and analyzed on a 6% sequencing gel.

Cross-linking of the proteins

The plasmids pAR1a-17 and pAR1b-c38 were linearized by cutting with
EcoRlI and used as templates for RNA synthesis. RNA was synthesized with
T7 RNA polymerase using the transcription kit mCAP (Stratagene). In vitro
translation of the purified RNA was carried out using wheat germ extract
(Amersham) in the presence of (33S]methionine.

After in vitro translation, 5 ul of products were incubated with 0.01%
of glutaraldehyde in 75 mM phosphate buffer (pH 7.0) at 20°C for 30 min.
The products were directly loaded on a 10% SDS —polyacrylamide gel.
Fluorography was performed after treatment of the gel with Amplify
(Amersham).
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Note added in proof
The nucleotide sequence data reported will appear in the EMBL. GenBank

and DDBJ Nucleotide Sequence Databases under the accession numbers
X56781 (for HBP-1a) and X56782 (for HBP-1b).
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