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Summary 

A cDNA encoding a DNA-binding protein of the DOF 
class of transcription factors was isolated from a barley 
endosperm library. The deduced amino acid sequence for 
the corresponding protein is 94% identical through the 
DOF domain to the prolamin-box (P-box) binding factor 
PBF from maize. The gene encoding the barley PBF (BPBF) 
maps to chromosome 7H, and its expression is restricted 
to the endosperm where it precedes that of the hordein 
genes. The BPBF expressed in bacteria as a GST-fusion 
binds a P-box 5 -TGTAAAG-3 containing oligonucleotide 
derived from the promoter region of an Hor2 gene. Binding 
was prevented when the P-box motif was mutated to 5'-
TGTAgAc-3 . A P-box binding activity, present in barley 
and wheat endosperm nuclei, interacted similarly to BPBF 
with this synthetic oligonucleotide, and the binding was 
abolished by 1,10-phenanthroline. Transient expression 
experiments in developing barley endosperms demon
strate that BPBF transactivates transcription from the P-
box element of a native Hor2 promoter and that direct 
binding of BPBF to its target site is essential for transactiv-
ation since mutations in the DOF DNA-binding domain or 
in the P-box motif of this promoter abolished both binding 
and transactivation. Evidence was also obtained for the 
presence in wheat of a Pbf homologue having similar 
DNA-binding properties to that of BPBF. These results 
strongly implicate this endosperm-specific D OF protein 
from barley as an important activator of hordein gene 
expression and suggest the evolutionary conservation of 
the Pbf gene function among small grain cereals. 

Introduction 

In cereal grains, nitrogen and sulphur are stored mainly in 
the form of a complex group of proteins, the prolamins, 
characterized by their alcohol-soluble properties. Synthesis 
of the prolamin polypeptides occurs only in the endosperm 
where it is under tissue-specific and temporal transcrip
tional control. The barley prolamins, called hordeins, are 
grouped into three major classes, B-, C- and D-hordeins 
which are co-ordinately expressed from approximately 
8 days after pollination (Sørensen et al., 1989). The primary 
structure of hordein polypeptides is closely related to that 
of prolamins from other grass species from the Pooideae 
subfamily, such as wheat and rye (Shewry and Tatham, 
1990; Shewry et al., 1995). The close evolutionary relation
ship is also manifested by the conservation of a putative 
regulatory element in their gene promoters, the endosperm 
box (Forde et al., 1985; Kreis et al., 1985). This conserved 
region consists of two motifs, a 7 bp element 
(5'TGTAAAG3') termed the Prolamin Box (P-box) or endo
sperm motif (EM) followed at a distance of up to 8 nucleot
ides by the GCN4-like motif (GLM) which has the 5'(G/ 
A)TGA(G/C)TCA(T/C)3' consensus sequence (reviewed by 
Muller etal., 1995). Although these two motifs are present 
in B- and C-hordein promoters, only the prolamin box is 
present in the D-hordeins. Likewise, the prolamin box 
is present inthe promoters of the prolamin genes of wheat, 
maize and their relatives of the grass subfamilies Pooideae 
and Panicoideae, respectively (Albani etal., 1997; Boronat 
etal., 1986; Brown etal., 1986; Colot etal., 1987; Forde 
etal., 1985; Hammond-Kosack etal., 1993). It has been 
proposed that the common co-ordinated expression pro
files shown by prolamin genes of different cereal species 
is attained through conserved regulatory mechanisms 
mediated by the P-box element. This hypothesis has been 
further supported by the functional analysis of the P-box 
by different approaches. Specially relevant in this context 
are the transient transformation experiments using homo
logous systems. In a native C-hordein promoter, the P-box 
was found to be essential for full promoter activity in 
barley isolated endosperm (Muller and Knudsen, 1993). 
The positive effect of the P-box in endosperm transcription 
has also been documented by analysis of synthetic pro
moters. P-box containing fragments from 19 and 27 kDa 
zein and from B-hordein gene promoters have been shown 
to confer a high level of transcriptional activity to minimal 



versions of the CaMV35S promoter in maize endosperm 
protoplasts or cell cultures and in bombarded developing 
endosperms from barley, respectively (Quayle and Feix, 
1992; Ueda et al., 1994; Vicente-Carbajosa et al., 1998). 
Endosperm-specific nuclear factors that bind to the P-box 
have also been identified in wheat and maize, defining the 
AAAG core of the P-box as essential for protein-DNA 
recognition (Hammond-Kosack et al., 1993; Maier et al., 
1987; Ueda et al., 1994). Recently, the cloning of a maize 
endosperm-specific cDNA, encoding a protein with the 
expected characteristics for such a P-box binding factor, 
has been reported (Vicente-Carbajosa et al., 1997). The 
protein, named prolamin-box binding factor or PBF, was 
found to bind to the P-box with the same specificity as the 
P-box binding activity from maize endosperm nuclei and 
to interact in vitrowith the bZIP protein Opaque-2 (O2), a 
transcription factor that activates expression of the 22-kDa 
zein genes by binding to a promoter element adjacent to 
the P-box (Hartings et al., 1989; Schmidt et al., 1990; 
Schmidt et al., 1992). PBF contains the highly conserved 
Cys2-Cys2 zinc finger motif characteristic of the recently 
discovered DOF (DNA binding with One Finger) class of 
DNA-binding proteins (reviewed by Yanagisawa, 1996). 

In this paper, we describe the isolation and characteriza
tion of a barley PBF homologue, designated as BPBF 
(Barley Prolamin-Box Binding Factor). The barley Pbfgene, 
located on chromosome 7H, is expressed only in the 
endosperm and its mRNA accumulates earlier than that of 
the hordein genes, the putative target of this DOF protein. 
The BPBF protein expressed in bacteria was able to bind 
specifically to the P-box motif in an Hor2 gene promoter 
and, through direct interaction with this cis-element, transi
ently transactivated transcription from the Hor2promoter 
in microparticle-bombarded developing barley endo
sperms, thus providing the first functional evidence for 
prolamin transactivation by a Pbfgene. Through the isola
tion of its homeologue from wheat we provide additional 
support for a general conservation of this regulatory gene 
among small grain cereals. 

Results 

Cloning ofaBPBF cDNA from barley endosperm and its 
homeologue from wheat 

The strong circumstantial evidence supporting an import
ant role of the prolamin box in barley hordein gene expres
sion prompted us to try and identify the barley gene 
encoding the prolamin box binding protein. Our recent 
success at identifying a similar gene in maize (Vicente-
Carbajosa et al., 1997) raised the possibility of identifying 
the corresponding gene in barley through homology 
screening. 

A barley endosperm cDNA library, representing 

Figure 1. Nucleotide and deduced amino acid sequences of the barley 
Pbf cDNA. 
The DOF domain is underlined and the four cysteine residues putatively 
involved in Zn2+ co-ordination are in bold. The asterisk indicates the stop 
codon. The barley Pbf EMBL accession number is AJ000991. 

poly(A)+ RNA from 5 to 15 days after pollination (d.a.p.) 
was constructed by directional cloning (5'-EcoRI, 3'-XhoI) 
in a XZAPII vector. 5 x 105 plaque forming units from an 
unamplified library sample were screened with a 390 bp 
XbaI fragment from the 5' end of the maize Pbf cDNA 
clone, which included the DOF coding region (Vicente-
Carbajosa etal ., 1997). Moderately stringent conditions 
were used for hybridization and subsequent washes. Sixty-
eight positive plaques were identified and partial sequence 
information for six independent clones showed that they 
were derived from the same mRNA. The longest of them 
was selected for further characterization and was desig
nated XBPBF. Figure 1 shows the nucleotide and deduced 
amino acid sequences of the XBPBF cDNA insert. The BPBF 
protein contains 333 amino acid residues with a predicted 
molecular mass of 34 112 Da. Near its N terminus, it con
tains a conserved 50 amino acid stretch typical of DOF 
proteins, spanning the Cys2-Cys2 zinc finger. 

Preliminary Southern-blot studies (see next section) indi
cated the presence in wheat of a gene closely related in 
sequence to barley Pbf. To search for this potential wheat 
Pbfhomeologue, an RT-PCR based strategy was applied. 
Total RNA from immature wheat endosperm was used as 



Figure 2. Comparison of the deduced amino 
acid sequences of BPBF and WPBF with other 
DOF proteins. 
(a) Sequence conservation through the DOF 
domain. Those of BPBF and WPBF are shown 
aligned with other DOF proteins from maize 
(MPBF; Vicente-Carbajosa etal., 1997; Dof1, 
Dof2, Dof3; Yanagisawa, 1995), tobacco 
(NtBBF1, NtBBF2a, NtBBF2b, NtBBF3; De 
Paolis et al ., 1996), Arabidopsis (OBP1; Zhang 
etal., 1995; AtBBFa; De Paolis etal., 1996) and 
pumpkin (AOBP1; D45066). Residues identical 
to those in BPBF are indicated by dots. 
Numbers in parentheses on the right indicate 
the percentage of sequence identity with 
BPBF within the DOF domain. The four 
cysteine residues that putatively co-ordinate 
to Zn2+ are shown by arrowheads. 

(b) Alignment of BPBF, WPBF and MPBF 
deduced protein sequences. The sequence of 
WPBF presented here was deduced from a 
partial cDNA isolated by a PCR strategy by 
which the six first and five last residues of its 
sequence became established by the primers 
used for amplification. Identical residues are 
boxed. Dashes indicate gaps introduced to 
maximize alignment. 

template and oligo-dT as primer for first-strand cDNA 
synthesis. An approximately 1Kb PCR product was 
obtained with primers derived from the N-terminal (sense) 
and C-terminal (antisense) coding sequence of the barley 
PbfcDNA. Sequencing confirmed the isolation from wheat 
of a partial cDNA spanning the whole coding region of a 
DOF protein with a clear homology to BPBF, hereafter 
designated WPBF (Wheat Prolamin-box Binding Factor). 
Through the DOF domain, BPBF and WPBF are identical, 
sharing 94% of sequence identity with the maize PBF 
(MPBF). This percentage never falls bellow 72% when 
comparisons are made with the other DOF proteins 
described thus far (Figure 2a). When considering their 
whole sequence (Figure 2b), BPBF and WPBF share 85% 
identical amino acid residues, and although they have only 
around 30% of conserved positions with respect to MPBF, 
these three proteins share several distinctive regions of 
extensive homology, such as an asparagine-rich stretch at 
the C-terminus. Outside the DOF domain, neither BPBF, 
WPBF nor MPBF show any significant homology with the 
other DOF proteins in the SwissProt databank. 

BarleyPbf isasingle copy gene and its expression is 
restricted to the endosperm 

Total DNA from barley cv. Bomi was digested with a set of 
restriction enzymes and analyzed by Southern-blot under 
stringent conditions, using as a probe the 896 bp SmaI-
XhoI fragment spanning position 302–1198 in the lcDNA 
insert (Figure 1). This probe excluded the conserved DOF 
coding region to avoid cross hybridization with other 
related genes. A single hybridizing band was observed in 
all cases (Figure 3a), indicating that barley Pbfis a single 
copy gene. The chromosomal location of the barley Pbf 
locus was approached by RFLP analysis of wheat/barley 
addition lines. As shown in Figure 3(b), this locus is located 
on chromosome 7H. The two faint bands that appear in 
the hexaploid wheat background most probably represent 
homeologous genes encoding WPBF protein(s), since a 
Pbflocus per diploid genome would be expected. 

The spatial distribution of Pbf gene expression was 
examined among the major barley organs: endosperm, 
embryo, leaves and roots. The result of the Northern 



Figure 3. Southern blot analysis. 
(a) Total DNA from barley cv. Bomi was digested with EcoRI (E), BamHI 
(B), HindIII (H) and XbaI (X), and hybridized with the barley Pbf-specific 
probe described in Experimental procedures. 
(b) Chromosomal location of gene encoding BPBF using wheat Chinese 
Spring/barley cv. Betzes addition lines. DNA from Betzes (B), Chinese Spring 
(CS) and addition lines carrying the indicated barley chromosomes were 
digested with HindIII and hybridized with the barley Pbf-specific probe. 

hybridization blots, using the same probe as in the South
ern blots described above, are presented in Figure 4(a). 
The barley PbfmRNA was only detected in the endosperm. 
If BPBF were a regulator of the hordein gene expression, 
then one would anticipate the occurrence ofPbfexpression 
prior to the onset of the hordein message. In order to 
establish this correlation, the presence of the Pbf mRNA 
at several stages of barley endosperm development was 
compared with that of the major class of barley prolamins, 
the B-hordeins (Figure 4b). Developing endosperms were 
collected every 5 days after pollination (d.a.p.), starting at 
7 d.a.p., according to stages described by Bosnes et al. 
(1992). High levels of Pbftranscript were already present 
at 7 d.a.p. and these subsequently increased moderately 
at 12 and 17 d.a.p., decreasing thereafter. In contrast, 
accumulation of the B-hordein mRNA was delayed relative 
to that of Pbf, being barely detectable at 7 d.a.p. and 
peaking at 19 d.a.p. The patterns of Pbf and hordein 
message accumulation are therefore consistent with the 
possibility that BPBF wereanactivatorofthe hordein genes. 

BPBF binds to the P-box motif from hordein gene 
promoters 

To further evaluate the possibility that BPBF is an activator 
of hordein gene expression, we tested if BPBF was capable 
of specifically binding to the hordein promoter. The BPBF 
protein was expressed as a GST fusion protein in Escher-
ichiacolifrom the pGEX-2T vector and purified from acrude 
bacterial extract through GST-affinity chromatography. Its 
ability to bind to the P-box sequence was tested in electro-
phoretic mobility shift assays (EMSA), using a 33-mer 

Figure 4. Northern blot analysis of barley Pbfexpression. 
(a) RNA-blot analysis of barley Pbfexpression in endosperm (E), embryo 
(Em), etiolated leaves (EL), green leaves (GL) and roots (R). The blot was 
hybridized with the barley Pbf-specific probe. 
(b) Comparative accumulation of barley Pbf and B-hordein transcripts in 
developing barley endosperms. Total RNA was extracted from developing 
endoperms at 7, 12, 17 and 21 d.a.p. (lanes 1–4, respectively). The blot was 
first hybridized with the specific probe for barley Pbf and subsequently 
with a B-hordein probe. All blots were also hybridized with a 18S rRNA 
probe as a loading control. 

oligonucleotide containing the P-box motif (WT P-box; 
Figure 5a) whose sequence was deduced from the corres
ponding region of the Hor2 B-hordein gene promoter in 
the genomic clone pBHR184 (gene Hor2–184;Forde et al., 
1985). As shown in Figure 5(a) (lanes 1–6), the WT 
P-box was shifted only when incubated with the GST-BPBF 
protein and not with a GST control protein (C), and this 
binding was effectively competed by a 50 molar excess of 
unlabeled WT P-box oligonucleotide but not by a mutated 
variant where the AAAG core sequence was changed to 
AgAc (mt P-box; Figure 5a). When this mutant derivative 
was used as a probe, the formation of a protein-DNA 
complex was not observed (lane 8). In addition, the muta
tion of the cysteine to a serine at position 41 in the BPBF 
protein (GST-mtBPBF), located within its DOF domain, 
abolished its DNA-binding activity (lane 7), presumably 
because this cysteine residue is essential for the formation 
of the zinc-finger with three other cysteines at positions 
38, 63 and 66 (Yanagisawa, 1995; Yanagisawa, 1997). Even 
after increasing the usual amount of protein in the binding 
reaction 10 times, no shifted complex was observed when 
the GST-mtBPBF protein was incubated with the WT P-box 
probe (data not shown). These results indicate that BPBF 



Figure 5. Electrophoretic mobility shift assays (EMSA) with the recombinant 
BPBF protein or with nuclear proteins from barley and wheat. 
(a) EMSAs with affinity purified GST-BPBF protein. The sequences of the 
wild-type (WT) and mutant (mt) P-box oligonucleotides used as probes are 
shown at the bottom of the panel. The P-box motif is underlined and the two 
nucleotide changes that were introduced in the mt P-box oligonucleotide are 
shown by lower case letters. Binding reactions were performed with the 
GST protein as negative control (C), with the GST-BPBF protein (+) or with 
the GST-mtBPBF protein (mt) and in the absence (-) or in the presence of 
probe competitors at the indicated molar excesses. In all cases, five 
nanograms of protein and one nanogram of probe were used. 
(b) P-box binding activity on nuclear extracts from 15 d.a.p. barley and 
wheat endosperms. Fifteen micrograms of proteins were incubated with 
one nanogram of the indicated probe. 
(c) Sensitivity of the P-box binding activity in barley and wheat endosperm 
nuclei to 1,10-phenanthroline. Binding to the WT P-box probe was 
performed in the presence (+) or absence (-) of 5 mM 1,10-phenanthroline, 
as described in (b). Arrowheads indicate the position of the free probes. 

binds in a sequence specific manner to the P-box core 

sequence and that cysteine at position 41 is essential for 

DNA binding. 

The presence in barley endosperm nuclei of a P-box 

binding factor has been assumed thus far by the extension 

of the studies carried out in wheat and maize (Hammond-

Kosack etal., 1993; Maier etal., 1987; Ueda etal., 1994). 

To obtain direct evidence for this DNA binding activity in 

barley and to compare it with that of the recombinant 

BPBF protein we performed a number of EMSA studies. 

As shown in Figure 5(b), there is a P-box binding factor(s) 

in barley endoperm nuclei that, as occurs with the recom

binant BPBF, interacts specifically with the Hor2-184 pro

moter fragment containing the AAAG core. Parallel assays 

with wheat nuclear extracts further suggest a high struc

tural conservation of such a factor between barley and 

wheat. The nucleoprotein complexes observed in both 

cases showed identical mobilities and identical sequence 

requirements for the interaction with the P-box motif 

(Figure 5b). Since the DNA-binding activity of the zinc 

finger in other DOF proteins have been shown to be 

effectively inhibited by the metal-chelator 1,10-phenanthro

line (Yanagisawa, 1995), we examined if the P-box binding 

activity in barley and wheat endosperm nuclei extracts 

were also sensitive to this compound. When nuclear 

extracts from barley and wheat endosperm were incubated 

with the WT-Pbox probe in the presence of 5 mM 1,10-

phenanthroline, binding to the P-box was not detected 

(Figure 5c), as expected for a DNA-binding activity that 

depends on metal ions. 

BPBF activates transcription from the P-box of a 

B-hordein promoter in co-bombarded barley endosperms 

The functional relevance of the interaction observed in vitro 

between BPBF and the P-box motif was investigated in vivo 

by assessing the effect of BPBF on the expression of a 

representative B-hordein promoter by transient expression 

assays in co-bombarded barley endosperms. Figure 6(a) 

depicts the structure of the reporter and effector constructs 

generated for this study. The pBhor plasmid carried the 

-560 bp region (relative to the site for translation initiation) 

of the Hor2-184 promoter (Forde et al., 1985) fused to the 

|3-glucuronidase (GUS) reporter gene followed by the 3'-

non coding region of the nopaline synthase gene (nos). 

This Hor2-184 promoter region had been previously shown 

to contain all the necessary cis-elements for endosperm 

specificity and for developmentally regulated expression in 

transgenic tobacco plants (Marris etal., 1988). The pBhor* 

construct differs from pBhor only by the presence of the 

mutation in the P-box sequence (AAAG -> AgAc) that we 

have previously shown to abolish the in vitro binding of 

BPBF to the WT P-box 33-mer oligonucleotide (Figure 5). 

Developing endosperms of approximately 18 d.a.p. were 

transiently transformed by particle bombardment with the 

pBhor or pBhor* reporters alone or in combination with 

the effector construct pBPBF. In the pBPBF construct, the 

whole barley Pbf cDNA was expressed under the control 

of the CaMV35S promoter followed by the first intron of 

the maize Adh1 gene (Vasil et al., 1991). As represented in 

Figure 6(b) co-transfection of pBhor and pBPBF resulted in 

about an eightfold increase in GUS activity over than 

directed by the pBhor alone. No transactivation by pBPBF 

was observed from the pBhor* reporter, indicating that 

BPBF mediates activation of this B-hordein promoter 



Figure 6. BPBF transactivation of a B-hordein promoter through interaction 
with the P-box element. 
(a) Diagrammatic structure of the reporter and effector constructs used in 
this study. The pBhor construct contains 560 bp of upstream sequences of 
the Hor2-184 gene. pBhor* differs from pBhor in the two indicated 
nucleotide substitutions at the -300 P-box motif. The effector genes were 
under the control of the CaMV35S promoter followed by the first intron of 
the maize Adh1 gene. pBPBF contains the whole barley Pbf cDNA. In 
pBPBF*, the codon for Cys at position 41 in BPBF was mutated to encode 
a Ser. In all constructs, the nos3' sequences were included. 
(b) Isolated developing barley endosperms (approximately 18 d.a.p.) were 
transfected by particle bombardment with the indicated combinations of 
reporter and effector plasmids at a 1:1 molar ratio. (-) indicates the absence 
of the effector pBPBF. b-Glucuronidase activity (GUS) was detected by 
histochemical staining and subsequent counting of blue dots per 
endosperm. Columm height represents the mean value of three 
independent experiments. Bars indicate standard errors. In each experiment 
involving the pBhor plasmid as reporter, sets of five endosperms were 
bombarded and four replicates were done, while two replicates were 
performed for the experiments involving pBhor*. 

through the wild-type P-box. In addition, the mutation of 
the P-box site introduced at the pBhor* plasmid resulted 
in the loss of detectable transcriptional activity of the 
Hor2-184 promoter in the endosperm, indicating that this 
mutation also disrupts the transactivation elicited by the 
endogenous factor(s) that binds to this site. As shown in 
Figure 6(b), the pBPBF* effector plasmid that expressed 
the same mutant protein (Cys41 ® Ser41) previously found 
to be defective for in vitro DNA-binding (Figure 5b), was 

also unable to transactivate GUS expression from the 
reporter pBhor. Taken together, these results strongly sup
port a role of the barley PBF in the positive activation of 
hordein gene expression. 

Discussion 

The cloned PbfcDNA from barley encodes an endosperm-
specific protein of the novel DOF family of plant DNA-
binding proteins. In this study we document for the first 
time that the PBF class of DOF proteins has a positive role 
in prolamin gene activation. 

The BPBF protein, expressed in Escherichia coli, binds 
in a sequence-specific manner to the P-box motif of the 
Hor2–184 gene promoter. By transient expression assays 
in microparticle bombarded barley endosperm, we have 
shown that this interaction occurs in the homologous 
tissue and in the context of the native Hor2–184promoter. 
Direct binding of BPBF to the P-box element was necessary 
for transactivating the transcription of the pBhor reporter 
construct. These results, together with the conservation in 
sequence and position of the P-box element among prola-
min promoters, suggest that BPBF plays a pivotal role 
in co-ordinating the activation of hordein genes in the 
endosperm. The fact that the barleyPbftranscripts accumu
late in the endosperm before and during hordein gene 
expression strongly supports this idea. Two additional 
observations suggest that BPBF is likely to be the in vivo 
P-box regulatory factor from barley endosperm nuclei. In 
vitro experiments showed that the core sequence AAAG 
within the P-box motif was critical for specific recognition 
by the recombinant BPBF protein as well as by the nuclear 
P-box binding activity present in barley and wheat 
endosperm nuclei. In vivo, the P-box mutated form of the 
Hor2–184 promoter (pBhor*) was not transactivated in 
microparticle bombarded endosperm either by the 
transiently overexpressed BPBF protein or by the endo
genous P-box transacting factor, further supporting their 
functional similarity. It should be noted that transient 
expression data indicate that BPBF must not be saturating 
in barley endosperm or we would not have seen stimulus 
upon adding the 35S::BPBF plasmid together with the 
hordein::GUS reporter. This suggests that overexpression 
of BPBF in transgenic barley might lead to increased levels 
of storage protein gene expression. 

In addition to the P-box element, most prolamin pro
moters of the Pooideaegrasses contain a second cis-acting 
sequence, the GLM. Both P-box and GLM are conserved 
in barley B- and C-hordeins (Brandt et al., 1985; Entwistle 
et al., 1991; Forde et al., 1985), in the wheat a/b gliadins 
and LMW-glutenins (Colotet al., 1987; Sumner-Smithet al., 
1985), and in the rye w-secalins (Hull et al., 1991). In 
barley endosperm, a positive interaction between these 
two elements appears necessary for high expression levels 



driven by C-hordein promoters (Mu¨ ller and Knudsen, 1993). 
In a previous study from our laboratory, we have shown 
that an intact P-box site is essential for transactivation 
through the GLM site, by the barley bZIP protein BLZ1 
(Vicente-Carbajosa et al., 1998). A second barley bZIP fac
tor, BLZ2 which appears to be the orthologue of the wheat 
bZIP protein SPA (Albani et al., 1997), also depends on 
intact P-box and GLM motifs for in vivo transactivation 
(L.Oñ  ate et al., in preparation). Interestingly, the maize 
PBF interacts in vitro with the O2 bZIP protein (Vicente-
Carbajosa et al., 1997). It is possible that BPBF can both 
activate transcription by itself as well as elicit the maximal 
expression of some hordein genes through protein–protein 
contacts with barley endosperm bZIP factors that mediate 
activation from the GLM site in hordein promoters. 
Although the data are consistent with BPBF being a tran-
scriptional activator, we cannot exclude the possibility that 
its effect on transcription might be due to recruitment of 
another factor(s) to the promoter upon binding to the P-box 
sequence, and that this new factor(s) is (are) responsible 
for activating transcription. However, the fact that co-
bombardment of barley leaves with 35S::BPBF and the 
Hor2–184::GUS reporter leads to detectable, although mod
erate, GUS expression while bombardment of Hor2– 
184::GUS alone does not (data not shown), suggest that 
BPBF itself is the transcriptional activator. 

BPBF is one of the few DOF-proteins as yet shown to 
mediate transcriptional activation, and this was found to 
occur in the context of a native promoter of a likely 
target gene in the homologous tissue where it is naturally 
expressed. While this work was in progress, two previously 
described maize DOF proteins, Dof1 and Dof2 (Yanagisawa 
and Izui, 1993; Yanagisawa, 1995), were reported to have 
transcriptional activity in transfected leaf protoplasts: Dof1 
acting as a transcriptional activator, while Dof2 repressed 
the activation mediated by Dof1 in the light response of 
the C4PEPC gene promoter (Yanagisawa and Sheen, 1998). 
Putative target promoters have been suggested for other 
previously characterized DOF-proteins. The OBP1 Arabi-
dopsis protein is known to interact with the b-ZIP factors 
OBFs involved in the expression control of the glutathione-
S-transferase-6 geneviathe ocs element (Chenet al., 1996; 
Zhanget al., 1995). As mentioned previously, the PBF factor 
from maize endosperm in vitrobinds to the P-box element 
conserved among the zein genes and interacts with the 
b-ZIP protein Opaque-2 (Vicente-Carbajosa et al., 1997). 
The tobacco NtBBF1 protein recognizes the TAAAGT 
sequence in the promoter of the rolBgene of Agrobacter-
iumrhizogeneswithin a region that regulates its expression 
in meristems (De Paolis et al., 1996). 

Barley and maize PBFs show a relevant sequence homo-
logy that is not restricted to the DOF domain, a similar 
endosperm-specific expression pattern, and similar DNA-
binding specificities which suggest that these genes may 

be orthologous. The isolation of a wheat PBF homeologue 

that shares a striking sequence identity with that of barley 

also argues for a general conservation of this new class of 

DOF DNA binding proteins as important regulators of 

storage protein gene expression across a wide spectrum 

of cereal crops. 

Experimental procedures 

Library construction and screening 

Total RNA was isolated from endosperms of barley (Hordeum 
vulgare) cv. Bomi, collected between 5 and 15 d.a.p., by Phenol/ 
Chloroform extraction and subsequent precipitation with 3 M 
Lithium Chloride (Lagrimini etal., 1987). The poly(A)+RNAfraction 
wasfurther prepared with oligo(dT)-cellulose spun columns (Phar
macia) and used to generate a XZAPII library with the Uni-ZAP XR 
vector system (Stratagene). Synthesis of the first cDNA strand 
was primed with the oligo(dT)-oligonucleotide and extended with 
the Moloney murine leukemia virus reverse transcriptase. All steps 
in the construction of the library were performed according to the 
manufacturer’s recommendations. An unamplified library sample, 
representing 5 X 105 plaque forming units, was plated after infec
tion of the E. colistrain XL1-Blue MRF'. The plates were transferred 
onto Hybond-N membranes (Amersham) by standard procedures 
(Sambrook etal., 1989). Plaques were screened with a 32P-labelled 
maize Pbfprobe consisting of a 390 bp XbaI fragment from the 5' 
end of the maize PbfcDNA clone (U82230; Vicente-Carbajosa etal., 
1997)whichincludedtheDOFcoding region. Filterswere hybridized 
for 16 h at 58°C in 5XSSC and 0.1% SDS with 150 |xg ml–1 

salmon sperm DNA and then washed three times at 58°C in 
0.5XSSC and 0.1% SDS for 15min. Filters were exposed for 3 
days on X-OMAT-AR film (Kodak) at -70°C with two intensifying 
screens. Sixty-eight positive plaques were identified and 15 of 
them further purified. cDNA clones were recovered in pBluescript 
SK by in vivo excision methods. For six of the clones a partial or 
complete sequence was obtained. Nucleotide sequences were 
determined using the ABI PRISM 377 dye terminator sequencing 
system and the ABI PRISM 377 DNA sequence analyzer. 

Isolation of a Pbf cDNA from wheat endosperm 

The isolation of a wheat homeologue of barley Pbf was 
approached by a PCR strategy. Total RNA was prepared from 15 
d.a.p. endosperms of hexaploid wheat (Triticum aestivum cv. 
Chinese Spring), as described above, and used as a template for 
first-strand cDNA synthesis with the oligo dT-anchor primer and 
reagents provided by the 3' RACE system from Boehringer 
Mannheim. This cDNA was amplified by PCR with two primers 
deduced from the barley PbfcDNA sequence. The sense primer 
was 5'-ATGGAGGAAGTGTTTTCG-3', identical to the beginning of 
the N-terminal coding sequence of the barley Pbf cDNA (the 
initiation codon is underlined). The antisense primer derived from 
the C-terminal coding sequence of the barley PbfcDNA was the 
following: 5'-ACTTACATCAGGGAGGTGC-3' (the complementary 
sequence to the stop codon is underlined). A major PCR product 
of approximately 1Kb was obtained after 35 cycles of amplification, 
carried out as follows: 1 min at 94°C, 1 min at 60°C and 1 min 
at 72°C. 



Southern and Northern analysis 

Genomic DNA was isolated from etiolated coleoptiles as previ
ously described (Vicente-Carbajosa etal., 1998). DNA samples 
(5|xg from barley and 8|xg from wheat or wheat/barley addition 
lines) were digested with the appropriate restriction enzymes, 
electrophoresed in 0.8% agarose gels, and blotted onto MSI 
nylon membranes (Micron Separations INC) following standard 
procedures (Sambrook etal., 1989). Blots were hybridized for 16 h 
with a 32P-labelled 896 bp SmaI-XhoI fragment of the barley 
Pbf cDNA clone, spanning from position 302-1198 (Figure 1). 
Hybridization was performed at 42°C in 50% formamide, 50 mM 
Pipes pH 7.0, 1 M NaCl, 0.5% Sarcosyl, 10 mM EDTA and 500 
|xg ml–1 of salmon sperm DNA. Blots were washed for 15 min at 
65°C in 1XSSC and 0.1% SDS followed by three washes of 15 min 
at 65°C in 0.1 XSSC and 0.1% SDS. 

Total RNA was extracted from various tissues essentially as 
described by Lagrimini etal. (1987). Ten micrograms of each RNA 
sample was fractionated in 1% agarose gels containing 7.5% 
formaldehyde and 1XMopssolution.(20 mM3-[N-morpholino]pro-
panesulfonic acid, 5 mM sodium acetate, 1 mM EDTA). Blotting, 
hybridization and washes were as detailed above. The barley Pbf 
probe was the same as in Southern analysis. The B hordein-
specific probe has been described previously (Vicente-Carbajosa 
etal., 1992). As control for loading, the blots were also hybridized 
with a 18S rDNA-specific probe from wheat (Gerlach and Bed-
brook, 1979). All 32P-labelled probes were generated by the ran
dom-primed method (Boerhinger Mannheim). Blots were exposed 
to X-OMAT S film (Kodak) with two intensifying screens at -70°C. 

Expression of recombinant proteins in E. coli 

Expression plasmids for GST fusion proteins were constructed 
using the pGEX-2T vector (Pharmacia). In order to obtain the 
translational fusion of the GST and the barley Pbf coding 
sequences, a 1.2 kbp cDNA fragment, spanning from positions 
30-1234 in the barley PbfcDNA clone (Figure 1), was amplified 
by PCR using the following oligonucleotides as primers: the 
forward BPBFf primer was 5'-GGGGGGATCCCATATGGAGGAAGT-
GTTTTCG-3', that incorporated a BamHI site (underlined) while 
positioning in frame the first ATG codon (in italic) of the barley 
Pbf cDNA; the reverse BPBFr primer was 5'-GGGATGCTTAATTTA-
AGTCGACGAATTCCCCC-3', that added an EcoRI site at the 3' end 
of the amplified fragment. This PCR fragment was cloned into a 
BamHI-EcoRI digested pGEX-2T vector to generate the pGST-BPBF 
expression plasmid. A single base substitution (G by C) was 
introduced at position 187 in the barley PbfcDNA to replace the 
TGC codon for Cys by the TCC codon for Ser, using site-directed 
mutagenesis by a recombinant PCR approach. First, the single 
base change was independently introduced in two overlapping 
cDNA fragments. One of 130 bp was obtained with the BPBFf 
primer described above and the mtBPBFr primer 5'-CCAGACTT-
GGACCGAGGGCACTCC-3' (the nucleotide changed is underlined). 
The other, of 1095 bp, was amplified with the BPBFr primer (see 
above) and the mtBPBFf primer 5'-GGAGTGCCCTCGGTCCAAGTC-
TGG-3'. Next, these two fragments were annealed and extended 
during a PCR reaction that amplified the resulting 1.2 kbp fragment 
with the BPBFf and BPBFr primers. This fragment was cloned into 
the BamHI and EcoRI sites of the pGEX-2T vector. The resulting 
plasmid was designated as pGST-mtBPBF. 

Expression plasmids were transformed into E. coli strain DH5a. 
LB medium was inoculated with a 1:10 dilution of an overnight 
culture and grown for 1 h at 37°C. Expression of the recombinant 
proteins was induced with 0.5 mM IPTG for 2 h. Purification of the 

GST or GST fusion proteins from bacterial extracts was achieved 
by affinity chromatography with glutathione-Sepharose 4B (Phar
macia) following the manufacturer’s instructions. 

Preparation of nuclear extracts from endosperm 

Nuclei were isolated from developing barley and wheat endo
sperms (10-15 d.a.p.) essentially as described by Luthe and 
Quatrano (1980). Purified nuclei were incubated for 24 h at 4°C in 
the buffer of lysis of Jensen etal. (1988) containing 2 |xg ml–1 of 
each of the following proteinase inhibitors: leupeptin, pepstatin A 
and aprotinin. Nuclear debris were removed by centrifugation 
(15 000 g, 15 min) and the supernatant was dialysed for 2 h against 
buffer containing 20 mM HEPES pH 7.9, 20% glycerol, 0.1 M KCl, 
0.2 mM EDTA, 0.5 mM DTT and the proteinase inhibitors previously 
described. Aliquots were frozen in liquid nitrogen and stored 
at -70°C. 

Electrophoretic mobility shift assays 

WT P-box and mt P-box oligonucleotide probes described in 
Figure 5(a) were generated by annealing complementary single-
stranded oligonucleotides that created a 4 base overhang at the 
5' end. They were 3' end-labelled using (a32P)dATP and Klenow 
DNA polymerase, and gel purified following standard procedures 
(Sambrook et al ., 1989). DNA-protein binding reactions were per
formed in 20 jj.l of a mixture containing 10 mM HEPES pH 7.9, 
50 mM KCl, 10 mM DTT, 2 mg ml–1 BSA, 10% glycerol, 1 |xg d(I)-
d(C), 1 ng of radiolabeled probe (approximately 30.000 c.p.m.) 
and 5 ng of GST-purified proteins or 15|xg of nuclear protein 
extract. When required, unlabelled double-stranded oligonucleot
ides were included immediately prior to probe addition in the 
excess indicated. After incubation for 30 min at room temperature, 
the DNA-protein complexes were resolved on a 6% polyacrylamide 
gel (29:1 crosslinking) with 0.5X TBE running buffer at 150 V for 
3.5 h at 4°C. The gel was dried onto Whatman 3 MM paper and 
subjected to autoradiography at -70°C using X-OMAT S film 
(Kodak). 

Transient gene expression assays by microprojectile 

bombardment of developing barley endosperms 

The proximal promoter region of the B1 hordein gene represented 
by the pBHR184 genomic clone (Forde etal, 1985) was amplified 
from barley cv. Bomi total DNA with the primers Bhorf (5'-
GCGGCCGCATTCGATGAGTCATGTCATG-3') and Bhorr (5'-GGAT-
CCGGTGGATTGGTGTTAACG-3'). The 560 bp resulting PCR frag
ment carried flanking 5' NotI and 3' BamHI sites that were 
introduced by the PCR primers (underlined). PCR-generated 
restriction enzyme sites were used to clone this promoter fragment 
into pBluescript SK and to subsequently obtain its transcriptional 
fusion with the fS-glucuronidase reporter gene (GUS; Jefferson, 
1987) followed by the 3'-nos terminator, resulting in the pBhor 
plasmid. To generate the reporter construct pBhor*, the internal 
XbaI-HpaI portion of this promoter was replaced by the same 
fragment with a mutated P-box motif. The P-box sequence 5'-
AAAG-3' was changed to 5'-AgAc-3' using the recombinant PCR 
approach described above. In this case, the two external primers 
were Bhorf and Bhorr, and the two internal overlapping primers 
were the mtP-box oligonucleotides described in Figure 5(a). 

Effector constructs were derived from the plasmid p35IN, 
harbouring the CaMV35S promoter followed by the first intron of 



the maize AdhI gene and the 3'-nos terminator in a pBluescript 
vector. The pBPBF plasmid contained the 1230 bp EcoRI-XhoI 
barley PbfcDNA fragment that spans the whole barley Pbfcoding 
region. The mutant barley PbfcDNA fragment included in plasmid 
pGST-mtBPBF (see above) was released by BamHI and SalI digest 
and inserted into p35IN to obtain the pBPBF* plasmid. 

Particle bombardment was carried out with a biolistic Helium 
gun device (DuPont PSD-1000) according to Klein etal. (1988). 
DNA-coated gold particles were prepared by mixing 18|xl of gold 
suspension (60 mg ml–1; 1.0 |xm in size), 2 JLLl (2 |xg) of Quiagen 
prepared plasmid, 25 JLLl of 2.5 M CaCl2 and 10 |xl of 0.1 M spermid
ine. In all cases, 1 |xg of the reporter plasmid was included, and 
for co-transfections the reporter was combined with the effector 
plasmid at 1:1 molar ratio. After vortexing for 1 min, the mixture 
was incubated on ice for at least 2 min, washed twice with ethanol 
and finally resuspended in 50 |xl of ethanol. For bombardment, 
rupture disks of 1100 p.s.i. were used and 7 JLLl of particles, 
dispersed by brief sonication, were spotted onto macro-carriers. 
The distance between macro-carrier and sample was set at 6 cm. 

Barley developing endosperms of approximately 18 d.a.p. were 
collected from plants grown in the greenhouse at 18°C under 
constant illumination. After a surface sterilization, endosperms 
were manually isolated and placed on half-strength MS medium 
supplied with sucrose (15 g l–1) and containing 0.4% of Phytagel. 
Endosperms were shot in sets of five and then incubated at 
25°C for 24 h. GUS expression was determined by histochemical 
staining for 16 h according to Jefferson (1987). Blue-spots were 
counted under a dissecting microscope and the GUS activity in 
each assay was expressed as the mean value of blue spots per 
endosperm. Results from our laboratory had previously shown 
that this measure of GUS activity directly correlated with fluoro-
metrically quantitated GUS activity per mg of protein, with a 
correlation coefficient of 0.96 (Vicente-Carbajosa et al., 1998). 
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