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Abstract

The type Ielement (CCACGTCACCAATCCGCG) is a cis - acting element essential for cell cycle-
dependent expression of the wheat histone H3 gene (TH012). This element consists of two distinct
motifs, Hex (CCACGTCA) and Oct (CGCGGATT). To understand the mechanism of transcriptional
regulation via the type Ielement, we analyzed the function of HBP- Ib(c38), a Hex-motif-specific
DNA - binding protein of wheat, by using a transient expression systern, Cotransfection experiments
with effector and reporter plasmids indicated that overexpressed HBP-1b(c38) did not activate

expression of the reporter gene with a normal type Ielement but unexpectedly enhanced the activity of
the promoter with a mutated Hex - motif- containing type Ielement. This activation was Oct - motif-
dependent. Basic, Ieucine zipper, and acidic regions of the HBP- Ib(c38) protein were necessary for this
activation. These results suggest that HBP- Ib(c38) has an ability to activate transcription without
interacting with a target DNA sequence.

Abbreviations

bZIP, basic/leucine zipper; CaMV, cauliflower
mosaic virus; CAT, chloramphenicol acetyl trans-
ferase; EMSA, electrophoretic mobility shift assay

Introduction

Transcription of eukaryotic class 11 genes me-
diated by RNA polymerase 11 is controlled by
several cis- acting elements in the regulatory region

that are responsive to numerous environmental and
physiological signals. These cis-acting elements

provide binding sites for sequence-specific tran-

scription factors, termed trans- acting factors. These

factors play important roles in transcriptional regu-
lation (Johnson and McKnight, 1989).

The promoter of the wheat histone H3 gene
(TH012; Tabata et al., 1984) has a type Ielement
(consensus: CCACGTCANCGATCCGCG). This
element is conserved among several plant histone

genes (Mikami et al., 1994) and is composed of two

distinct motifs, Hex (CCACGTCA) and Oct
(CGCGGATC). The Hex motif contains the ACGT
core sequence and exists in cis-regulatory regions

of various plant cellular and viral genes and in T-

DNA of Agrobacterium (Tabata et al., 1991). On
the other hand, the Oct motif has been shown to be a
cis-element specific to plant histone genes (Chau-

bet et al., 1986; Nakayama et al., 1992). The type I
element has been shown to be involved in S- phase-
specific regulation of the H3 gene by loss- and gain
-of-function analyses (Ohtsubo et al., 1997; Kaya
et al., unpublished). Previously we identified five
kinds of DNA-binding proteins that can specif-
ically interact with the Hex motif and showed that
these proteins contain bZIP domains and are consti-
tuted of two subfamilies, HBP-1a and HBP-1b,
based on their binding properties and structural

characteristics (Tabata et al., 1989; Tabata et al.,

1991; Mikami et al., 1994). The members of the

HBP- Ia subfamily exhibit a strong binding affinity
to the G-box motif (CACGTG) and the Hex motif
and a lower affinity to the as-1 element in the
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CaMV 35S promoter (Izawa et al., 1993; Mikami et
al., 1994). On the other hand, the members of the
HBP- Ib subfamily exhibit a strong binding affinity
not only to the Hex motif but also to the as-1
element, and a lower affinity to the G-box motif
(Tabata et al., 1991; Mikami et al., 1994). Many
plant nuclear proteins bearing bZIP domains have

been reported as candidates for transcription factors

(Foster et al., 1994; Meshi and lwabuchi, 1995), and

some of the bZIP-type proteins, such as TGAla,

TAF- 1, Opaque-2, GBF1, and HBP- Ia(17), have
been shown to function as transcriptional activators
(Katagiri et al., 1990; Yamazaki et al., 1990; Oeda

et al., 1991; Schindler et al., 1992; Schmidt et al.,

1992; Neuhaus et al., 1994; Nakayama et al., 1997).
Thus, cDNA clones encoding the HBP-1 family
members we had isolated have been supposed to be
candidates for transcription factors involved in the

regulation via the Hex motif of the wheat histone

H3 gene.
To understand the mechanism of transcriptional
regulation via the Hex motif of the H3 gene, it is

necessary to elucidate the function of individual

members of the HBP- Ifamily. Here, we focused on
HBP- Ib(c38), one of the HBP- Ib subfamily mem-
bers, because the lb(c38) gene is coordinately

expressed with the H3 gene during germination and
has been suggested to be involved in the transcrip-

tional regulation of the H3 gene (Minami et al.,
1993). As the type Ielement exists commonly in
both monocots and dicots (Mikami et al., 1994), this

suggests that transcription via the type Ielement is
common to plant species. Therefore, in this study,

we adopted a transi.ent expression assay using
heterologous tobacco mesophyll protoplasts because

the tobacco system is well established. We show
that lb(c38) does not transactivate a promoter with

a normal type I element but can transactivate a
promoter with a Hex-motif-mutated type I ele-
ment. This activation is Oct-motif- dependent.

These results suggest that HBP-1b(c38) has an
ability to activate transcription without interacting

with a target DNA sequence.

Materials and Methods

Plasmid construction

A CAT expression reporter plasmid, pWTCAT,
was driven by the CaMV 35S (-90) promoter with
three repeated sequences of the H3 type Ielement
(Fig. IA). Three types of mutant reporter plasmids,

pM3CAT, pM6CAT, and pMgCAT, were con-
structed, in which Hex, Oct, and both motifs were
changed, respectively.

To prepare a series of effector plasmids, we
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Fig. I Schematic representation of reporter and effec-
tor constructs for cotransfection assay. (A)

Reporter constructs consisting of three copies of

wild - type or mutated type Ielement, truncated
CaMV 35S promoter (-90 35S [M7]), and the
coding region for CAT. Hex and Oct motifs are
underlined, and the type Ielement is bracketed.
In each mutated type Ielement (M8, M6, and M9),
only substituted bases are indicated. (B) Effector

constructs consisting of the CaMV 35S promoter
and CDNA for HBP- Ib(c38) derivatives. The
amino acid sequence of the basic region is shown
in the HBP-1b(c38) row, and a substituted

amino acid residue is shown in the HBP-
lb(c38)mB row. Acidic, b. Zip, and Q represent
acidic, basic, Ieucine zipper, and glutamine- rich

regions, respectively
.

initially constructed a plasmid, pCaMV, by ligating

a BamHl-Sacl backbone of pB1221 (Clontech
Laboratories, Inc., Palo Alto, CA, USA). A wild-
type effector plasmid, pCaMVlb-c38, was made as
follows. A 2.2-kb ECORI fragment of lb-c38 in
M13mpl9 (Tabata et al., 1991) was used as a
starting CDNA for HBP- Ib(c38). By using oligonu-
cleotide mutagenesis, bases at positions between - 9
and -4 (the A residue of the ATG start codon of
HBP - Ib(c38) was +1) were changed from
TAATCT to GGATCC (BamHI site). From this

35S prQmoter NOS tem

1 332

Aeidic b Zi Q Q

47 G6
TMRRLAQNREAARKSRLRKK+



mutated construct, a BamHI (at-9)-Hha I (at
+1002) fragment containing an open reading frame
of HBP-1b(c38) was isolated. This fragment, the

BamHl-Sacl backbone of pB1221, and two compli-
mentary oligonucleotides, 5'-TCGACGCATGCA-
GCT-3', and 5'-GCATGCGTCGACG-3' were
ligated to give pCaMVlb- c38. Effector plasmids for
HBP-1b(c38) derivatives were also prepared (Fig.

1B)
.

Preparation ofprotoplasts and transformation
Protoplasts from tobacco (Nicotiana tabacum cv.
Petit Havana, SR1) mesophyll cells were prepared

as described by Lepetit et al. (1992). To introduce
the reporter and effector plasmids into protoplasts,

electroporation was done as described by Ito et al.
(1995). After electroporation, the protoplasts were
kept on ice for 10 min, washed once with the
protoplast culture medium, then incubated in the

same medium at 26 'C in dark.

CATassay
Electroporated protoplasts were cultured for 24 h,

harvested, and then sonicated in 0.2 ml of 0.25 M
Tris-HCI (pH 7.6), followed by incubation at 65 'C
for 5 min. Lysates were centrifuged at 15 OOO rpm
for 5 min at 4~), and supernatants containing the
same amount of proteins were assayed for CAT by
using a FluoReporter FAST CAT Gene Detection
Kit (Molecular Probes, Inc., Eugene, OR, USA).

Preparation of bacterially expressed recombinant

proteins

The coding fragments of HBP-1b(c38) were
subcloned into the blunt-ended BamHI site of
pETl5b (Novagen), and the constructs were ex-
pressed in Escherichia coli strain BL21(DE3)pLysS
according to the manufacturer's instruction. IPTG-
induced cells were lysed by sonication in binding
buffer (20 mM Tris-HCI [pH 7.91 at 4 'C, 500 mM
NaCl, ImM phenylmethylsulfonyl fluoride, and
10% [v/v] glycerol) containing 5 mM imidazole,
and each soluble fraction was loaded onto an affin-
ity column (HiTrap Chelating I ml; Pharmacia
Biotech, Uppsala, Sweden) equilibrated with Ni2+

Recombinant proteins were eluted with binding
buffer containing 300 mM imidazole. Eluted His-
tagged HBP- Ib(c38) proteins were used for EMSA.
His-tagged HBP- Ib(c38)AAcidic protein could not
be obtained; it probably formed insoluble aggre-
gates in the bacterial cells.

EMSA
Double- stranded synthetic 30- mer DNA was 5' -
end- Iabeled with T4 polynucleotide kinase and [7 -
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32P] -ATP, and then used as a probe. The nucleotide

sequences of the competitors (W.T., HexM, and
OctM in Fig. 3A) correspond to those of the type I
elements of the reporter constructs in Fig. 1. The
binding reaction mixture containing bacterially ex-
pressed recombinant protein, I ng probe, 2.5 Ilg
poly d(1- C), competitor DNA, 20 mM HEPES (pH
7.9), 100 mM KC1, 10 mM EDTA, ImM dithio-
threitol, 2.4% Ficoll, and O.012% Nonidet P-40,

was incubated for 30 min at room temperature in a
final volume of 14 /ll and then loaded on a 5%
native polyacrylamide gel containing 0.15X Tris-
borate EDTA buffer ai 4 'C.

Immunoblot assay
To detect expression of HBP- Ib(c38) protein and
its derivatives in plant cells, cell extracts prepared

from transfected mesophyll protoplasts (1 x l05 cells
mL~1) were fractionated by SDS-PAGE and
assayed by immunoblotting with anti-His-tagged

HBP- Ib(c38) rabbit antiserum using an Amplified
Alkaline Phosphatase Immun- Blot Assay Kit (Bio-
Rad Laboratories Inc., Richmond, CA, USA).

Results and Discussion

To detennine the function of HBP-1b(c38) via
the type I element, we examined whether HBP-
lb(c38) can transactivate or transrepress the expres-
sion of reporter genes with the type Ielement. As
shown in Fig. IA, the reporter genes possess the
coding region of the CAT gene, driven by a trun-
cated CaMV 35S promoter (up to -90 bp). Because
the 35S promoter originally had two sets of the

TGACG motif in the as- Ielement, to which HBP-
lb(c38) can bind in vitro, both sets were changed to

TTACTT not to bind to HBP- Ib(c38) (Kawata et
al., unpublished). Three copies of the type Ielement
were joined in tandem to the upstream region of the
truncated promoter.

When the wild-type reporter plasmid (WT; Fig.
IA) was introduced into tobacco mesophyll proto-
plasts together with an effector plasmid expressing

HBP-1b(c38) (Fig. IB), no significant change in

CAT activity was observed (Fig. 2A, columns Iand
2). But, unexpectedly, the expression of the M3
reporter gene (Fig. IA) with a mutated Hex motif

was apparently activated (Fig. 2A, columns 3 and
4). When Me and M~ reporter plasmids (Fig. IA)
were used, activation by HBP-1b(c38) was not
observed (Fig. 2A, columns 5-8), which indicates
that the stimulatory effect of HBP- Ib(c38) on the
M3 reporter is Oct-motif-dependent. To examine
whether the effector plasmid really expresses HBP-
lb(c38) protein in transfected protoplasts, protoplast
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Fig. 2 Transactivation of type Ielement - containing
reporter genes by HBP-1b(c38) in tobacco

mesophyll protoplasts. (A) Cotransfection experi-

ments. Fifteen micrograms of the reporter plas-

mid, 40 !lg of the effector plasmid, and 100 flg

of sonicated calf thymus DNA were added to O.5
ml of protoplast suspension. Relative CAT
activity (%) was calculated on the basis of the

activity of the control (100%; column 1) (B)

Immunoblot analysis of the extract from tobacco

mesophyll protoplasts transfected with an effec-

tor plasmid. Quantities as in panel A. The arrow
indicates the band corresponding to HBP-
lb(c38). Bands with lower molecular weights

probably indicate degraded products of HBP-
lb(c38).

lysates were prepared and then assayed by immuno-
blotting using antiserum against bacterially ex-
pressed HBP-1b(c38). The results showed that

HBP- Ib(c38) was synthesized in transfected proto-
plasts (Fig. 2B). We also showed that binding of
HBP-1b(c38) to the Hex motif was prevented by
the mutation in the Hex motif but was not in-

fluenced by altering the sequence of the Oct motif

by using competitive EMSA (Fig. 3A). We also
confirmed that HBP- Ib(c38) could not bind to the
M3 probe (data not shown). From these results, it

was assumed that HBP-1b(c38) can work as a
positive factor through interaction with Oct-con-

taining motif, only when it cannot interact with the

Hex motif.
Next, we prepared four kinds of HBP-1b(c38)
derivatives, mB, AB, AL, and AAcidic (Fig. IB) to
identify functional domains of the HBP-1b(c38)
protein necessary for M3 reporter activation and
examined their transactivation abilities. HBP-
lb(c38)mB is a derivative in which a serine residue

in the basic region is changed to a glutamic acid

residue. This serine residue is conserved in

almost all the plant bZIP-type proteins reported to
date (data not shown). HBP-1b(c38)AB, AL, and

AAcidic lack the basic, Ieucine zipper, and acidic

regions, respectively. As shown in Fig. 4A, mB
activated transcription and the other derivatives did

not (columns 3-6). Immunoblot analysis showed
that HBP-1b(c38) and its derivatives were ex-
pressed at a comparable level in tobacco mesophyll

protoplasts (Fig. 4B). We then examined DNA-
binding activity of HBP-1b(c38) derivatives by

EMSA with partially purified His-tagged fusion
proteins (Fig. 3B and 3C). Fig. 3C shows that
neither HBP- Ib(c38)mB, ~B nor AL could bind to
the type Ielement. Similarly, these mutated proteins
did not bind to the Hex-mutated type I element
(data not shown). These results indicate that acidic,

basic, and leucine zipper regions are necessary for

M3 reporter activation and that DNA-binding abil-
ity of HBP-1b(c38) is not necessary for this acti-

vatlon.

In this paper, we showed that HBP- Ib(c38) could
not activate the WT reporter gene, but activated
reporter gene expression Oct-motif-dependently

only when Hex motif was mutated (Fig. 2). The
above seemingly contradictory results can be inter-

preted by either of the two possible explanations.

One of them is that HBP- Ib(c38) negatively regu-
lates transcription Hex-motif-dependently. Re-

cently, both activators and repressors were found

among Arabidopsis ethylene-responsive element
binding factors (Fujimoto et al., 2000). In the case
of HBP-1 family, activators and repressors may
cooperatively regulate transcription of the histone

genes. The other explanation of the M3 reporter
activation is that HBP- Ib(c38) activated transcrip-
tion through direct or indirect interaction with Oct -
binding factor of tobacco. We have no direct evi-
dence of interaction between HBP- Ib(c38) and Oct
-binding factor. However, the protein-protein in-

teractions of DNA-binding transcription factors

have been reported in many cases; for example,
between c- Jun and glucocorticoid receptor or Myo -
D (Yang-Yen et al., 1990; Schule et al., 1990;
Bengal et al., 1992), and between C/EBP and NF-
!CB (Stein et al., 1993). In these cases, one functions

to the other without binding to its target sequence.

We have indicated that acidic, basic and leucine
zipper regions were necessary for M3 reporter
activation (AB, AL and AAcidic in Fig. 4A). These
results support that there may be the pro-
tein-protein interaction between HBP-1b(c38)
and presumed tobacco factor.
It has to be elucidated what M3 gene activation by
HBP-1b(c38) means in vivo. We think that it
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Competitive mobility shift assay of HBP- Ib(c38). His- tagged HBP- Ib(c38) protein was
expressed in E, coli and partially purified by Ni2. affinity column chromatography, as
described in Materials and Methods. Double- stranded 30-mer oligonucleotides used as
probes and competitors were synthesized. In the three competitors, only substituted bases

are indicated. Hex and Oct motifs are underlined, and the type Ielement is bracketed. F,
free probe; C, DNA- protein complex. (B) SDS - PAGE analysis. Partially purified His-
tagged HBP- Ib(c38) derivatives were loaded on a 12% SDS-polyacrylamide gel and
stained with Coomassie Brilliant Blue. Molecular weight markers are shown on the left.
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Values are averages
indicate

standard errors. (B) Immunoblot analysis of the

extract from tobacco mesophyll protoplasts trans-
fected with HBP- Ib(c38) or its mutants. Quan-
tities as in Fig. 2. Arrows indicate bands

corresponding to HBP - Ib(c38) derivatives. A
band shown by asterisk was not reproducible, so
it may be an artifact.

reflects the transcriptional function of HBP-
lb(c38) from the wheat histone promoter. In plant

histone gene promoters, Taoka et al. (1999) showed
that at least three kinds of Oct-motif-containing

cis-elements-types I, 11 and 111 elements-exist.

Type Iconsists of Hex and Oct motifs, type 11 of
TCA and Oct motifs, and type 111 of CCAAT-boX
and Oct motifs. Activation in this study might
reflect the function of HBP- Ib(c38) via type II, 111
or other unknown cis-elements lacking the Hex
motif but containing the Oct motif. We have to
examine these possibilities by introducing mutations
into Hex motif other than mutation in the M3
reporter gene.

In this study, we examined the function of wheat
HBP- Ib(c38) in a heterologous expression system
using tobacco cells. At first we had tried to use a
homologous system with cultured wheat cells.

However, in this system, no reliable data were
obtained because the expression efficiency of all the

reporter genes was extreamly low. Thus, further
studies are needed to elucidate the real function of

HBP-1b(c38) in vivo in the homologous system
such as a transgenic wheat system.
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