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The maize Dof protein PBF activates transcription of y-zein

during maize seed development
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Abstract Maize PBF (prolamin-box binding factor)
belongs to the Dof class of plant specific transcription
factors containing one highly conserved zinc finger DNA-
binding domain, called Dof (DNA binding with one finger)
domain. Maize PBF trans-activates the y-zein gene (yZ)
promoter in developing maize seeds as shown by transient
expression in maize endosperms. Co-transfection of a
vZ:GUS construct with 35S:PBF resulted in a sevenfold
increase in GUS expression, however, PBF mutation in Cys
residues within the Dof domain abolishes both, binding to
DNA and the capacity to activate yZ promoter. We present
two pieces of evidence that PBF transactivates yZ promoter
by binding to the Pb3 motif (TGTAAAG). First, recom-
binant Dof domain of PBF (bdPBF) specifically recognized
Pb3 site as shown by gel mobility shift assays and second,
co-expression of PBF with yZ promoter mutated in Pb3
motif suppressed PBF trans-activation capacity. Immuno-
cytochemical analysis on developing endosperm sections
shows that PBF is localized in the nuclei of the peripheral
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layer cells of starchy endosperm, the tissue in which the
initial accumulation of y-zein protein occurs. By contrast,
PBF is detected in the cytosol of the starchy endosperm
cells newly differentiated from aleurone daughter cells,
where y-zein was absent. Taken together these data indicate
that maize PBF plays an essential role in the regulation of
the temporal and spatial expression of yZ gene.
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Introduction

Prolamins, the most abundant cereal seed storage proteins,
accumulate in a spatial and developmental stage-specific
pattern in the highly specialized endosperm tissue. The
expression of prolamins, then, appears to be highly regu-
lated and several cis-motifs present in their promoters as
well trans-acting transcription factors that interact with
them have been described. The best characterized cis-
consensus motifs are the bifactorial endosperm box (Kreis
et al. 1985) and the 5 AACA 3’ motif. The 5' AACA 3
motif is the binding site of OsMYBS transcription factor in
rice (Wu et al. 1998) and HvGAMYB in barley (Diaz et al.
2002; Wu et al. 1998). The bifactorial endosperm box is
largely conserved along cereal prolamin genes such as
those for zeins in maize (Marzabal et al. 1998; Schmidt
et al. 1992), hordeins in barley (Entwistle et al. 1991;
Forde et al. 1985), secalins in rye (Hull et al. 1991) or
gliadins (Sumner-Smith et al. 1985) and glutenins (Ham-
mond-Kosack et al. 1993) in wheat. The endosperm box is
composed of two motifs separated by few nucleotides: the
7 bp prolamin box (P-box: 5" TG (T/C/A)AAAG 3') motif
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(Boronat et al. 1986; Ottoboni et al. 1993; Thompson and
Larkins 1989) and the GCN4-like motif (5' G(A)TGA(G)
GTCAT 3'), which shares homology with yeast GCN4
(Hill et al. 1986) and mammalian AP1 (Piette et al. 1988)
binding sites. The GCN4-like sequence is bound by basic
leucine zipper (bZIP) class of transcription factors, the best
characterized on regulation of prolamin expression
belonging to the Opaque2 (O2) subfamily (Albani et al.
1997; Onate et al. 1999; Schmidt et al. 1990; Wu et al.
1998), and the P-box motif is recognized by the Dof
transcription factors called PBFs (Mena et al. 1998;
Vicente-Carbajosa et al. 1997; Yanagisawa 2004).

Dof proteins are plant-specific transcription factors con-
taining a highly conserved DNA-binding domain, the Dof
domain [reviews in Yanagisawa (2002, 2004)], which
includes one single C,—C, zinc finger (Umemura et al.
2004), hence the name Dof (DNA-binding with one finger).
In previous years, it was reported that numerous Dof proteins
were involved in diverse plant processes such as seed ger-
mination (Isabel-LaMoneda et al. 2003; Mena et al. 2002;
Papi et al. 2000; Washio 2001), photosynthesis (Yanagisawa
2000; Yanagisawa and Sheen 1998), secondary metabolism
(Skirycz et al. 2006), phytohormone expression (Baumann
et al. 1999) and seed storage protein expression (Diaz et al.
2005; Mena et al. 1998) in both monocots and dicots. The
assumption that Dof proteins are plant specific was verified
in a comparative study of Arabidopsis, Drosophila, yeast and
Caenorhabditis elegans genomes (Riechmann et al. 2000).
A recent phylogenetic analysis of Dof sequences allowed the
identification of six major clusters of orthologs and seven
subfamilies from green algae to plants (Moreno-Risuefio
et al. 2007). These proteins usually contain two principal
domains: the N-terminal conserved DNA-binding Dof
domain (Yanagisawa 1995, 2002) and the variable C-ter-
minal domain, which can include activation domains (Diaz
et al. 2002; Kang and Singh 2000; Yanagisawa 2002). Like
other zinc fingers (Mackay and Crossley 1998), Dof proteins
are also involved in protein-protein interactions. OBP1 and
OBP2 are members of the Arabidopsis Dof transcription
factor family (Kang and Singh 2000; Zhang et al. 1995) that
interact with OBF bZIP transcription factors, and are able
to significantly stimulate the binding of OBF4 protein to
octopine synthase (ocs) elements characteristic of pathogen-
responsive promoters.

In cereals, the maize prolamin-box binding factor, PBF,
is able to interact in vitro with a prolamin-box motif
present in the 22-kDA «-zein gene promoter and the maize
bZIP protein O2 (Vicente-Carbajosa et al. 1997). In vivo
maize PBF activity was demonstrated by transient
expression assays in an heterologous system, developing
rice endosperms (Hwang et al. 2004). PBF is a 36 kD
protein that contains a single copy of the Dof domain in its
N-terminal region linked by a stretch of serines to a
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C-terminal domain. Maize PBF orthologs have been iso-
lated from wheat (WPBF) and barley (BPBF) and have
been shown to be transcriptional activators of endosperm
gene expression in wheat, barley and coix (de Souza Filho
et al. 1999; Mena et al. 1998; Oiiate et al. 1999). However,
it seems that WPBF transcriptional activity is not specific
of storage protein genes since it was not only expressed in
seeds but also in other wheat tissues (Dong et al. 2007).
Recently, a rice PBF ortholog (RPBF) has been reported to
activate endosperm rice genes in cooperation with the
transcription factor RISBZ1, which recognizes the GCN4-
motif observed in many storage protein genes (Yamamoto
et al. 2006).

It has also been described that Dof proteins interact with
transcriptional factors of the GAMYB family. For instance,
BPBF interacts with HYGAMYB through its C-terminal
domain to activate barley endosperm specific genes during
seed development (Diaz et al. 2002). SAD, another Dof
protein from barley, also interacts in vivo through its
C-terminal domain with HVGAMYB. This interaction
enhances the transcriptional activation of a gibberellin
induced protease promoter in aleurone cells (Diaz et al.
2005; Isabel-LaMoneda et al. 2003). Thus, Dof proteins
not only bind to DNA cis-elements but also mediate
protein-protein interactions through its Dof domain or
C-terminal domain. This dual activity of Dof proteins could
be essential to understand how each Dof protein can reg-
ulate the correct target in vivo. It is likely that this dual
function participates in the correct choice as well as in
selective activation or repression of target genes in vivo
(Yanagisawa 2002).

Maize endosperm cells express a large family of zein
genes. y-zein gene (yZ), highly regulated during the
endosperm development, is present in only one or two
copies in the maize genome (Boronat et al. 1986). The yZ
gene product, (y-zein) is a 27 kD protein that represents as
much as 15% of the total endosperm protein content.
Several cis-elements have been identified on the proximal
vZ gene promoter (Marzébal et al. 1998) that include four
possible prolamin-boxes (Pbl, Pb2, Pb3 and Pb4), one
GCN4-like motif (GZM) and a 5 AACA 3’ motif. The
functional role of the prolamin-box Pbl was established by
Ueda et al. (1994) by using transient expression in pro-
toplasts isolated from cultured endosperm cells. The role of
the bifactorial endosperm box containing the prolamin-box
Pb3 and the GCN4-like motifs in yZ gene regulation was
analyzed by using transient expression in the homologous
maize endosperm tissue (Marzabal et al. 1998). Both pro-
lamin-box and GCN4-like motif were shown to be
necessary and act co-ordinately for yZ gene regulation.
Protein regulators of yZ gene transcription have not been
isolated so far. While a-zeins are regulated by O2 (Schmidt
et al. 1990, 1992) it seems that this bZIP factor is not
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involved in y-zein gene expression, since it is not affected
in opaque2 maize mutants (Geetha et al. 1991; Motto et al.
1989).

In this report, in an effort to elucidate functional tran-
scriptional factors involved in yZ gene expression, we
explore the role of maize Dof protein PBF by using tran-
sient expression in maize developing endosperms. PBF is
shown to be a transcriptional activator of yZ gene. Muta-
tion analysis of prolamin-box domains showed that gene
activation is the result of Dof domain binding to yZ pro-
lamin-box sequences and that the C-terminal domain is
also necessary for this activation. Moreover, we confirm
that PBF up-regulates yZ gene during endosperm devel-
opment and localizes in nuclei of transcriptionally active
sub-aleurone cells.

Materials and methods
Plasmid constructs

Vector pET28a (Novagen) was used to express recombinant
PBF derived proteins fused to His-tag in E. coli. The maize
PBF cDNA and its Cysgs (Cys — Ala) mutated version
(hereafter mPBF) were cloned in the pGEX-2TK vector
(Pharmacia). The coding regions of PBF and mPBF from
pGEX derived constructs were cloned as BamHI-Ncol
fragments into pET28a vector and the new vectors were
named pET28A-PBF and pET28A-mPBF. The N-terminal
domains of PBF and mPBF (residues 1 to 105) were obtained
through PCR amplification by using 5’GTAATACGACTC
ACTATAGGG3' and 5GCTCAATTGCTAGAGCTAGC3'
as primers (annealing regions are underlined) and were also
cloned into pET28a vector by BamHI-Sacl to obtain the new
constructs pET-bdPBF and pET-mbdPBF. These N-terminal
fragments are hereafter referred as bdPBF (from PBF binding
domain) and mbdPBF. pGEX-CtPBF was obtained by the
amplification of the C-terminal domain of maize PBF by PCR
using 5GGATCCATGAGCATCAACAAACATATG3?' and
5'CTCGAGTCATTATTGTCCCTTGTTGTT3' as primers
(annealing regions are underlined) over the construct
pET28A-PBF and cloning into pGEX-4T3 vector restricted
with BamHI-Xhol.

For endosperm transient expression experiments we
used 444yZ and 5277Z constructs containing the proximal
region (from —444 or —527 bp, respectively, to +61 bp of
the transcriptional start) of yZ promoter fused to the GUS
reporter gene and the nos 3’ region (Tnos) of the pBI 101.1
vector (Jefferson et al. 1987). These constructs as well as
the corresponding mutated versions in Pb and GZM boxes
were obtained as previously described (Marzabal et al.
1998). Constructs containing maize PBF and barley PBF
DNA sequences were obtained by cloning PBF sequences

into the expression vector PMF6 under the control of the
CaMV 35S constitutive promoter, the first intron of maize
Adhl gene and the nos 3’ regions as previously described
(Mena et al. 1998). PMF6-PBF, PMF6-mPBF and PMF6-
02 constructs, containing respectively the cDNA sequen-
ces of maize PBF, its Cysgs (Cys — Ala) mutated version
or the maize opaque 2 (02) sequence. PMF6-bdPBF con-
tained the N-terminal domain of maize PBF and was
obtained by cloning the BamHI-Sacl fragment from pET-
bdPBF into PMF6 vector restricted by the same enzymes.
PMF6-CtPBF was obtained by BamHI-Xhol restriction
over pGEX-Ct-PBF and was introduced into PMF6 vector
restricted with the same enzymes. PMF6-bdofPBF con-
tained the Dof domain of barley PBF and was obtained
after PCR amplification using 5CCCGGGATGGAGGA
AGTGTTTTCGTC3’ and 5GGATCCAGGGCGTTTGGG
CTTGCG3’ as primers (annealing regions are underlined)
over the construct pGBT9-DofBPBF (kindly provided by
Dr. Vicente-Carbajosa) and cloning into PMF6 vector
restricted with BamHI. PMF6-ChPBF contained the Dof
domain of barley PBF fused to the C-terminal domain of
maize PBF and was obtained by cloning the BamHI
restriction fragment from pET28A-PBF, containing the
PBF C-terminal domain, into the PMF6-bdofPBF plasmid.
Lastly, the plasmid pCaMV35SLUC, used as an internal
control in transient expression experiments, was obtained
as previously described (Torrent et al. 1997).

Microprojectile bombardment and enzyme assays

Developing maize seeds (from 8 to 30 days after pollina-
tion (DAP)) of the inbred line W64 A were sterilized. The
embryo, the pericarp and the aleurone cell layer were
removed from seeds under a low-powered microscope
using special forceps (Dumoxel 4, Dumont). Tangential
sections of endosperms were cut in order to expose a large
surface of subaleurone endosperm cells. After dissection,
six to nine endosperms were placed in sterile Petri dishes
on filter papers soaked in Murashige and Skoog medium
(Duchefa). Endosperms were transformed by particle
bombardment as previously described (Torrent et al. 1997)
using 2 pg of 4449Z:GUS or 527yZ:GUS derived con-
structs, and variable amounts of effector constructs (from
0.5 to 2 ng). The endosperms were co-transformed with
1 ug of the pCaMV35SLUC construct used as internal
standard (Torrent et al. 1997). All of the samples were
bombarded twice and subsequently incubated for 24 h at
26°C in the dark before freezing in liquid nitrogen.

For quantitative enzyme assays, samples were thawed
and homogenized on ice in a buffer containing 25 mM
Tris, pH 7.8, 2 mM CDTA, 2 mM DTT, 10% glycerol and
1% Triton X-100. After centrifugation at 12,000g for 5 min
at 4°C, the supernatants were decanted and the total soluble
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protein in the extracts was quantified using the Bradford
Assay (BioRad). Around 60 to 100 pg of protein extract
were used in luciferase (LUC) and GUS assays. LUC
activity was determined by luminometry, using the Lucif-
erase Assay System Kit (Promega) and GUS activity was
determined using the chemiluminescent assay GUS-
Light™ Kit (Tropix), according to the manufacturer’s
instructions. For cytological localization of 444yZ:GUS
expression, transversal sections of 15 DAP maize kernels
were bombarded with 2 pg of 444yZ:GUS as described
(Torrent et al. 1997) and GUS activity was detected by
hystochemistry using X-Gluc (Duchefa) as substrate
essentially as described (Jefferson et al. 1987).

Eletrophoretic mobility shift assays

DNA oligonucleotides used in electrophoretic mobility
assays (EMSAs) are described in Fig. 2a. The full-length
oligonucleotides were purified as previously described
(Busk et al. 1997), and complementary oligonucleotides
were annealed. The double-stranded oligonucleotides were
labeled with a->*P-dCTP (3000 Ci mmol ', Amersham) by
filling in with the Klenow fragment of DNA polymerase,
and purified on NAPS columns (Pharmacia). The radioac-
tive probe (25,000 cpm) was incubated with different
recombinant proteins in binding buffer (25 mM HEPES, pH
7.8, 75 mM KCl, 10% glycerol, 500 uyM EDTA, 5 mM
MgCl,, 450 uM DTT, 800 ng Poly(dI-dC) (Sigma) and
25 pg BSA (Sigma) for 20 min at room temperature as
previously described by Marzabal et al. (1998). The
recombinant proteins (PBF, bdPBF, mbdPBF and Ct-PBF)
were produced either by in vitro transcription and translation
using the kit from Promega (TnT) as indicated by the
manufacturers, or by overexpression of transformed BL21
E. coli cells with the constructs described above. Proteins
produced in E. coli were induced with 1 mM IPTG. After
2 h of induction, the recombinant proteins were purified by
Ni-affinity columns as described by the manufacturers
(Amersham). The DNA-protein complexes were resolved
on 4% polyacrylamide native gels in 0.5x Tris-borate-
EDTA (TBE). Electrophoresis was performed at 10 V cm ™"
for 3 h at 4°C. In supershift assays, the protein tested was
pre-incubated in binding buffer for 10 min at room tem-
perature with either the anti T7-tag antibody (Novagen) or
the PBF antiserum. Non-immune serum was used as a
control.

Antibodies and immunocytochemistry
Polyclonal antibodies against PBF were raised in rabbits
injected with purified recombinant His-PBF. The antiserum

was purified against recombinant bdPBF by affinity chro-
matography, using Hi-Trap NHS-activated columns
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(Amersham Biosciences) and following the manufacturer’s
instructions. Anti-y-zein antibodies (anti-G2) were raised
in rabbits as described (Ludevid et al. 1985). For immu-
nolocalization, 15 DAP maize seeds (Zea mays) of pure
inbred line W64A were fixed for 1 hour at room temper-
ature with 2% paraformaldehyde and 1% glutaraldehyde in
PBS pH 7.4. After the dehydration process (Langdale
1994), samples were embedded in paraffin. Sections (8§ pm
thick) of paraffin-embedded samples were blocked with
0,5% BSA and 5% Normal Goat Serum (NGS, Gibco) in
PBS pH 7.4 and incubated either with purified anti-PBF or
anti-G2 (Ludevid et al. 1985) antibodies (dilutions 1:10
and 1:300, respectively). For immunodetection the samples
were incubated with Biotin conjugated goat-antirabbit
antibody (Jackson ImmunoResearch, 1:500 dilution) and
stained with either Streptavidin-X-Rodamin or Streptavi-
din-X-Oregon-green 488 (Jackson ImmunoResearch, 1:100
dilution). Negative controls were performed by using non-
immune sera. When indicated, the samples were stained
with the fluorescent dye DAPI (Sigma-Aldrich), and
mounted on Mowiol (Calbiochem). Samples were observed
in a Zeiss AxioPhot microscope and in a Leica TCS
SP confocal laser scanning microscope (Heidelberg,
Germany).

Total and nuclear protein extracts and immunoblot

Protein extracts were obtained from around 50 maize seeds
at different stages of development (8 to 25 DAP) dissected
in order to remove pericarp, embryo and the central
endosperm tissue. After grinding the endosperms in frozen
nitrogen using a mortar, the fine powder was extracted with
70% ethanol in order to remove «-zeins. Nuclear extracts
from 8 to 25 DAP endosperms were carried out as
described (Marzabal et al. 1998). Samples were processed
and analyzed by SDS-PAGE and immunoblot as previously
described (Torrent et al. 1997). For immunoblot, nitrocel-
lulose sheets were incubated o/n at 4°C with anti-PBF
(1:200 dilution) purified antibody or 1 h at room temper-
ature with anti-G2 (1:10.000 dilution) antiserum.
Immunoreactive bands were detected by chemiluminis-
cence (ECL, Amersham).

Results

PBF activates the y-zein promoter through Pbl
and Pb3 motifs

In order to study in vivo the activity of maize PBF (mPBF)
over the yZ promoter in the homologous tissue, transient
transformation assays were performed on 15 DAP maize
endosperms by biolistic methods. Maize endosperms were
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co-transformed with the proximal yZ promoter (444yZ)
fused to the GUS reporter gene (Marzabal et al. 1998) and
the effector 35S:PBF (Fig. 1a) at 1:3 molar ratio. As it can
be seen in Fig. 1b, as much as sevenfolds of activation
were observed in co-transformation experiments when
compared to the basal GUS activity determined after co-
transformation using a control vector lacking the PBF
transcription factor cDNA (Fig. 1b, lane c). In the 444yZ
proximal promoter used in these transient assays, two
putative functional Pbs have been described: Pbl and Pb3
(Marzabal et al. 1998). To determine whether PBF acti-
vation could be the result of its binding to these cis-
elements, GUS reporter constructs were generated con-
taining site directed mutations at the 44477 promoter either
in Pb3 (Fig. 1a, M1), Pbl (Fig. 1a, M2) or in both elements
(Fig. 1a, M3). The results obtained after transformation
(Fig. 1c) showed that the promoters bearing mutations in
Pbl and Pb3 (lanes M2 and M1) exhibit a significant lower
GUS activity as compared with the wild type construct
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Fig. 1 PBF effect on the expression of the proximal yZ promoter on
transiently transformed 15 DAP maize endosperms. (a) Schematic
representation of wild type (WT) and mutated (M1, M2, M3 and M4)
444y7:GUS constructs used as reporter genes and 35S:PBF and
35S:02 constructs used as effectors. The mutated cis-elements Pbl,
GZM and Pb3 are represented by the empty boxes indicated by
arrowheads. (b) Relative activation of the expression of 444yZ:GUS
(wt) in maize endosperms co-transformed with the effectors 35S:PBF,
35S:02 or the corresponding empty vector (c) used as control. (c¢)
Relative transcriptional activity of wild type (WT) and mutated (M1,
M2, M3 and M4) 444yZ:GUS constructs after co-transformation with
the 35S:PBF vector. In all of the cases the mean value of at least three
independent experiments is included and the error bars indicate the
standard deviation from the mean

(wt), indicating that the transactivation capacity of PBF is
accomplished by these two cis-elements. Nevertheless, it
should be noted that only the mutation in Pb3 was able to
completely abolish the PBF transcriptional activation of the
4447 promoter (Fig. lc, lane M1). As expected, when
both Pbl and Pb3 were mutated in the same construct
(Fig 1a, M3) no any effect of the effector 35S:PBF was
observed (Fig. 1c, M3).

These results show that Pb3 plays an essential role in
the trans-activation of the 444yZ promoter by PBF. The
GZM motif is located at 7 bp downstream of Pb3 of yZ
promoter. In order to test the likely existing functional
interaction between these two cis-elements, a new mutant
affecting the GZM box was produced (Fig. 1a, M4). The
co-expression of M4 and 35S:PBF resulted in a reduced
PBF trans-activation capacity (Fig. 1c, M4) suggesting
that the presence of a functional GZM element in the yZ
promoter is important for PBF activity. Lastly, since the
GZM motif is a bZIP binding cis-element, we analyzed
whether O2 could have some functional relevance in yZ
expression. As it can be seen in Fig. 1b, the 35S:02
effector promotes more than threefolds of activation of
the 444yZ proximal promoter.

The Dof domain of PBF interacts specifically
with the Pb3 motif

yZ activity assays indicate that maize PBF is able to acti-
vate the yZ promoter through the Pb3. To study whether
PBF is able to interact directly and specifically with this
cis-element, the PBF protein synthesized by in vitro tran-
scription and translation method was used in EMSA
experiments using probes containing both elements, Pb3
and GZM (Fig. 2a). Additional EMSA experiments were
performed with the N-terminal half of PBF containing the
Dof domain, hereafter referred to as PBF binding domain
(bdPBF), as well as the C-terminal half of PBF (Ct-PBF).
The incubation of the Ct-PBF with the bifactorial box
probe (Fig. 2a, 0BB) did not produce a shift (Fig. 2b, lane
3), but the bdPBF was able to interact with the oBB probe
and a clear shift was observed (Fig. 2b, lane 5, arrow). In
addition, a mutated bdPBF protein (m-bdPBF) was pro-
duced where one Cys of the zinc finger was replaced by
Ala. The disruption of the Zn finger abolished the inter-
action capacity of bdPBF with the oBB probe (Fig. 2b, lane
4), indicating that the Zinc finger was essential for the
protein-DNA interaction.

In order to further analyze the specificity of the inter-
action of bdPBF with its site in the bifactorial box, bdPBF
was produced in E. coli. The incubation of recombinant
bdPBF with the oBB probe produced a clear shift (Fig. 2c,
lane 2). Nevertheless, when recombinant bdPBF was
incubated with a mutated oBB probe within the Pb3 motif
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Fig. 2 The PBF binding domain (bdPBF) interacts in vitro with the
prolamin box Pb3 motif. (a) Oligonucleotides oBB, oBBAPb3 and
0BBAGZM used in the electrophoretic mobility shift assays (EMSA)
showing the bifactorial box motifs Pb3 and GZM in boxes. The
nucleotide substitutions in the oligonucleotides oBBAPb3 and
oBBAGZM, showing respectively the Pb3 and GZM mutated cis-
elements, are in lower case and indicated by arrows. (b) EMSA assays
with the oBB probe using PBF domains produced by in vitro
transcription and translation. The specific interaction of 0BB probe
with bdPBF (lane 5) is indicated by an arrow, and the unspecific
binding to some protein present in reticulocyte extracts is indicated by
an arrowhead (lanes 2-5). (¢) EMSA assays with bdPBF produced in

(Fig. 2a, oBBAPD3), the interaction was completely abol-
ished (Fig. 2c, lane 3). In contrast, mutations within the
GZM motif did not disrupt the interaction of bdPBF with
Pb3 site (Fig. 2c, lane 4). As a control, band shift experi-
ments using m-bdPBF, which contained a non functional
Dof domain, were also carried out, and no shift was
detected (Fig. 2c, lane 5).

To demonstrate that bdPBF promoted the shift observed,
bdPBF was preincubated with a T7 monoclonal antibody.
A supershift corresponding to the antibody-PBF-probe
complex was observed (Fig.2c, lane 6, white arrow).
When an antiserum against the bdPBF was used, the
interaction was also abolished (Fig. 2c, lane 8), however
we did not observe a supershift. The lack of supershift
could be explained by the polyclonal origin of the anti-
body, which recognized some epitopes of bdPBF and
disturbed its DNA binding. A non-specific complex was
detected in immuno-EMSA experiments (Fig. 2c, lanes 7,
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E. coli. The specific interactions of bdPBF and the intact Pb3 (lanes 2,
4 and 7) are indicated by a black arrow. The supershift observed after
pre-incubation of bdPBF with an anti-T7 antibody is indicated by an
empty arrow (lane 6). The arrowhead shows the unspecific interaction
of some protein present in the rabbit serum with the o0BB probe (lanes
7, 8 and 9). Negative controls: probe incubated with the binding
buffer (lanes 1 in b and ¢) or with the transcription and translation
reaction performed with an empty vector (lane 2 in b). Ct-PBF,
C-terminal domain of PBF; bdPBF, PBF N-terminal half including
the Dof binding domain; m-bdPBF, PBF binding domain mutated at
Cysgs residue. Prel: Rabbit pre-immune serum; Im: anti-PBF antibody

8, 9; arrowhead). This upper band was present either in
absence of bdPBF (lane 9) or in control experiments using
non-immune serum (lane 7).

The C-terminal domain of PBF is involved in yZ gene
activation

PBF as a transcriptional activator of yZ gene might be
included in a transcriptional complex that determines the
spatial and temporal expression of this storage protein. As it
occurs with the Dof proteins described so far, Dof domain of
PBF could be a bifunctional domain for DNA-binding on
AAAG motif and protein—protein interactions (Yanagisawa
2004). In addition to Dof domain, the non-conserved C-
terminal domain of PBF could also play a relevant role in
the up-regulation of yZ gene through protein-protein
interactions. To explore activation domains within PBF
protein, a first set of transient co-transformation assays over
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15 DAP endosperms were carried out using the proximal yZ
promoter (444yZ) and it was found that PBF activated the
444y7Z promoter in a dose-dependent manner (Fig. 3b,
PBF). In addition, it was observed that the PBF activity was
dependent on the Dof domain, because no transactivation of
the 44477 promoter was observed when the PBF mutated at
the Zinc finger domain (Fig. 3a, m-PBF) was used as
effector in the co-transformation experiments (Fig. 3b, m-
PBF). These results evidenced that a functional Dof binding
domain was essential for PBF to activate 444yZ promoter.
However, we cannot discard that the loss of transactivation
was due to an overall change in PBF conformation created
by Cys mutation. Nevertheless, the Dof domain of PBF
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Fig. 3 The C-terminal half of PBF is necessary for yZ promoter
activation. (a) On the left, schematic representation of the reporter
constructs showing the principal cis-elements identified in the 444yZ
and 527yZ promoters. On the right, the effector constructs coding for
PBF or PBF domains are shown. Maize PBF sequences are indicated
in light grey, the Dof domain in intense grey. The chPBF construct
codes for a chimeric PBF containing the barley N-terminal domain of
BPBF (including the corresponding Dof domain bDof) fused in frame
to the maize PBF C-terminal domain. Ct-PBF and bdPBF are as in
Fig. 2 and m-PBF corresponds to PBF with the Dof domain mutated
at Cysgs residue. (b) Transient expression of 4449Z:GUS in maize

(bdPBF) is insufficient by itself to induce the transcription
of the 444yZ promoter. As it can be seen in Fig. 3b, when
overexpressing bdPBF a slight but consistent decrease of yZ
promoter activity was observed. It is likely that this
decrease is due to some competition of bdPBF with
endogenous PBF for Pb3 site, as it has been described for
the DNA binding domains of maize Dofl transcription
factors over the C4pepc promoter (Yanagisawa 2000).
These results suggested that the C-terminal region of
PBF was necessary to transactivate the yZ promoter. This
hypothesis was supported by the result of a set of transient
transformation assays using the proximal 527yZ promoter
fused to GUS as a reporter (Fig. 3a). We decided to use
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endosperms co-transformed with increasing amounts of PBF, m-PBF
or bdPBF effectors. The results are expressed as folds of activation
with regard to the basal expression of 4449Z:GUS co-transformed
with equivalent increasing amounts of an empty vector. (¢) Transient
expression of 527yZ:GUS in maize endosperms co-transformed with
increasing amounts of PBF, Ct-PBF or chPBF effectors. The results
are expressed as folds of activation with regard to the basal expression
of 527yZ:GUS co-transformed with equivalent amounts of an empty
vector. In all of the cases the mean value of at least three independent
experiments is included and the error bars indicate the standard
deviation from the mean
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527yZ promoter, because it contained an AACA box. The
presence of this motif in prolamin genes from barley has
been demonstrated to be relevant for quantitative expres-
sion (Diaz etal. 2002). Thus, we expected some
differences by adding additional 5’ regulatory sequences.
However, it was not the case, we found similar overall
activation results by using both proximal promoters, 444yZ
and 527yZ. The co-transformation with the 35S:Ct-PBF
effector construct (Fig. 3a) had no effect on the basal
527yZ promoter activity (Fig. 3¢, Ct-PBF), indicating that
if any protein—protein interaction takes place in this region
it is insufficient for activation and depends on the DNA
binding capacity of the Dof domain. Furthermore, a chi-
meric construct was designed containing the Dof domain of
the PBF from barley (BPBF; Mena et al. 1998) fused
in frame to the Ct-PBF from maize (Fig. 3a, chPBF).
Co-transformation of the 527yZ:GUS construct used as
reporter and the 35S:chPBF as effector showed restored
levels in the transcriptional activation capacity of maize
PBF (Fig. 3c, ch-PBF). Interestingly, the chimeric chPBF
promotes a slightly higher activation of the 527yZ:GUS
reporter than the wild type PBF construct (Fig. 3¢ compare
PBF and chPBF), maybe due to a better anchorage to its
target sequence.

The presence of PBF protein in the developing
endosperm is temporally correlated with yZ gene
transcription

We further examined the correlation between the 444yZ
transcriptional activity and the presence of PBF protein
through the maize endosperm development. In order to
detect PBF protein we used a polyclonal antibody affinity-
purified against bdPBF. To determine yZ transcriptional
activity, endosperms at different DAP (from 8 to 30 DAP)
were transiently transformed with the 444yZ:GUS reporter
gene, using the LUC vector as a control of the transfor-
mation efficiency. As it can be seen in Fig. 4a, the GUS/
LUC relative activity indicates that the yZ promoter is
active from 10 to 25 DAP, the main transcriptional activity
being restricted to a narrow window during the endosperm
development (from 10 to 20 DAP) with a maximum at
around 12 DAP. It is worth noting that, except at 30 DAP,
the luciferase values were high in all the stages analyzed
(data not shown), indicating that the tissue was functional
and the transformation was efficient at these developmental
stages. The lack of LUC expression at 30 DAP agrees with
the cessation of transcription activity linked to the endo-
sperm desiccation developmental stage. When endosperm
extracts were analysed by western blot using the anti-PBF
antibody, one single band was detected (Fig. 4b, PBF). We
observed a correlation between the presence of PBF

@ Springer

i
(o]
= 300+
)
o
e
€,200-
z
(%]
]
2100-
3
[+ 4
0 I I I I I
5 10 15 20 25 30
DAP
: T -
(B) 8 10 12 15 20 25 :DAP g3
PBF | — — |-=0 |28
e
¥-zein -_ ——--~zno_"",§
8 12 15 20 25 :DAP_QE
S
PBF[ —— —:sm_gg
©w 7]
o 64
o
T 51
(=]
8 41 o
2
g o
(Y.
[=]
@ 217 I
k=)
e -
D- 1 I I
8 10 12 15 20

DAP

Fig. 4 Temporal correlation of PBF accumulation and activity with
yZ gene expression during endosperm development. (a) Expression
of the 444yZ:GUS reporter construct in maize endosperms trans-
formed at different DAP. The results are expressed as GUS
activity relative to the efficiency of transformation determined by
co-transformation with LUC reporter constructs (see methods). (b)
Western blot showing the presence of PBF in total protein extracts
and in nuclear extracts of endosperms at different DAP. Total
protein extracts were also immuno-labeled for y-zein by using a
y-zein antibody. PBF was detected by using a polyclonal antibody
against bdPBF. Molecular weights are indicated on the right. (c)
Transient expression of 444yZ:GUS in maize endosperms at
different DAP co-transformed with PBF. The results are expressed
as folds of activation with regard to the basal expression of
444y7:GUS co-transformed with and equivalent amount of an empty
vector. In graphs (a) and (c¢) the mean value of at least three
independent experiments is included and the error bars indicate the
standard deviation from the mean
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transcription factor and the activity of the 444yZ promoter
(see Fig. 4a) being the larger amount of PBF detected at 12
and 15 DAP (Fig. 4b) when yZ gene reached the maximal
transcriptional activity. In this context it is worth noting
that PBF was also detected by western blot in nuclear
extracts of 12 and 15 DAP maize endosperms. The corre-
lation between the presence of PBF and the initial process
of 7y-zein accumulation in the maize endosperm cells
was also evidenced. As it can be seen in Fig. 4b, y-zein
was immuno-detected from 10 DAP endosperms and
accumulated progressively throughout the endosperm
development. Note that although PBF was mainly present
in 12 and 15 DAP nuclear extracts, a small amount of PBF
was also detected at earlier DAP in over-exposed films
(data not shown).

PBF gene was previously found to be expressed spe-
cifically in maize endosperms and its mRNA was first
detected at 10 DAP reaching a peak at 15 DAP (Vicente-
Carbajosa et al. 1997). As shown in Fig. 4a, yZ was not
expressed at the early stages of seed development in our
transient experiments. GUS activity was detected after 10
DAP reaching a peak at 12 DAP and decreasing afterwards
to undetectable values at 30 DAP. To test whether PBF
determines the starting point of yZ expression, we explored
the transactivation capacity of PBF over the 444yZ pro-
moter along the endosperm development by using the
effector 35S:PBF and the reporter 444yZ:GUS. The results
in Fig. 4c show that the over-expression of PBF increased
the expression of GUS only at the developmental stages
where the activity of 444yZ detected in our transient
expression assays was high (compare Fig. 4a and c).
Effectively, at 8 and 10 DAP no significant yZ activity
increase was observed by PBF over-expression but almost
seven and fourfolds of 7yZ promoter activation were
determined respectively when 12 and 15 DAP endosperms
were used. There is a clear correlation between the basal
expression detected after transformation with the 444yZ
promoter and the trans-activation capacity of PBF in the
co-transformation experiments (r = 0.97), thus demon-
strating that PBF upregulates yZ expression along the
endosperm development. Nevertheless, high levels of PBF
by itself are insufficient to trigger the mechanisms
responsible for the induction of the yZ expression; indi-
cating that other protein factors bound to PBF should also
play an essential role.

PBF localizes in the nucleus of peripheral cells
of 15 DAP endosperms

In developing maize endosperm mitotic phase occurs after
4 DAP and completes at around 12 DAP. During this
period of time, cells in peripheral position differentiate in
aleurone layer cells (Fig. 5a, (a)), over the main vascular

tissue in transfer cells and central cells in starchy endo-
sperm (Olsen 2001). After mitotic phase, cell divisions
only occur in the subaleurone layer and the central cells
initiate the accumulation of starch and storage proteins
(Lopes and Larkins 1993). As described, y-zein protein
accumulates both in peripheral and central cells of devel-
oping endosperms (Fig. 5c). However, the transcription of
yZ was restricted to the peripheral cells of the endosperm
(Fig. Se). To investigate the cellular localization of PBF
and whether it correlates with those cells which are more
active in yZ expression, we analysed the endosperm corti-
cal region by immunocytochemistry over paraffin-embedded
sections of maize seeds. Transversal sections of 15 DAP
seeds (Fig. 5a) show the classical morphology at this stage
of development. Pericarp (P), nucella (N), aleurone layer (a)
and endosperm (En) were clearly recognisable with the aid
of the autofluorescence associated with the cell walls. Star-
chy endosperm is composed of large cells that diminished in
size from central endosperm to peripheral cells. This cell
size gradient was more evident when nuclei were labelled
with DAPI (Fig. 5f), the smallest cells, most of them still
dividing, being detected in the subaleurone region (black
arrowheads). To localize PBF, the grain sections were
incubated with an anti-PBF antibody and labelled with FITC
(Fig. 5d). Immunolabelling of PBF indicated that this pro-
tein localized exclusively in the endosperm cells since no
specific label was detected in the external peripheral layers.
No significant background was observed in the control
sections with the exception of some autofluorescence
detected in cell walls of aleurone layer (Fig. 5b).

It can be observed that PBF label was detected in nuclei
and also broadly distributed along the cytoplasm in divid-
ing cells close to the aleurone layer (compare Fig. 5, d and
f, black arrowheads). However, we observed that PBF
localizes preferentially in the nucleus in the cell layers
extending from the periphery to the central region (Fig. 5.
d and f, white arrowheads). Note that in those cells where
PBF label was distributed both, in nuclei and cytoplasm
(black arrowheads in d), the y-zein label was not detected
(white arrows in c). This indicates that, as expected, PBF
biosynthesis temporally precedes y-zein accumulation.

Discussion

Since the original cloning of the maize Dof protein PBF
(Vicente-Carbajosa et al. 1997) there have been no reports
demonstrating PBF function on maize storage protein
genes. Circumstantial evidence, however, suggests that
PBF is a regulator of the 22 kD «-zein, since it specifically
binds to the prolamin box in the gene promoter and inter-
acts in vitro with the O2 protein (Vicente-Carbajosa et al.
1997), which is known to regulate 22 kD «-zein expression
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Fig. 5 PBF localizes in the nuclei of 15 DAP maize endosperm cells.
(c) Transversal sections of 15 DAP maize grains incubated with anti-
y-zein antibody showing the specific y-zein immunolabeling (in red)
in the endosperm tissue. Arrows in (c) indicate the absence of label in
the aleurone layer (a). In (a) the autofluorescence associated with the
cell walls is shown. (b) and (d): high magnification of grain sections
incubated with (d) or without (b) purified anti-PBF antibodies
showing the PBF pattern by immunofluorescence (d, in green). The

(Schmidt et al. 1992). Nevertheless, previous attempts to
verify PBF transactivation of the o-zein promoter have
failed, both in transient transformation studies performed
on suspension cultures of maize endosperm cells (Vicente-
Carbajosa, personal communication), as well as in whole
maize endosperms (supplemental data). A recent report has
confirmed that maize PBF and O2 proteins act as effective
stimulators of rice glutelin gene expression in rice endo-
sperms (Hwang et al. 2004).

PBF is a critical regulator of the yZ gene promoter
In this study, we provide experimental evidences that
maize PBF is a y-zein gene regulator in maize endosperms.

PBF is an efficient activator of y-zein gene, most likely by
binding to AAAG motifs (prolamin boxes) present in the

@ Springer

DAPI staining (f) of the section in d shows the presence and position
of the nuclei in the sub-aleurone endosperm cells (black arrowheads),
in the rest of the cortical endosperm cells (white arrowheads) and in
the aleurone (a) and the nucelle (N) tissues. (e) GUS activity detected
in the maize endosperm peripheral region after bombardment of
transversal kernel halves with the 444yZ:GUS construct. En, Endo-
sperm; a, aleurone; N, nucelle and P, pericarp. White arrows and
black arrowheads indicate the first subaleurone cell layers

yZ regulatory sequence. This binding activity is consistent
with those reported previously for Dof proteins in other
cereals (Onodera et al. 2001; Vicente-Carbajosa et al.
1997; Yanagisawa and Schmidt 1999). Through transient
expression assays we found that maize PBF is able to
activate by up to sevenfold the transcription of the proxi-
mal region of yZ promoter by binding to Pb3 and Pbl
sequences. Although previous research showed Pb boxes to
have merely a quantitative role (Wu et al. 1998), our data
indicate that Pb3 plays a central role in the control of yZ
expression. The transactivation capacity of PBF was
completely abolished when yZ promoter is mutated in the
Pb3 site, in contrast, PBF was able to slightly activate yZ
expression when Pbl was mutated. The cis-element Pb2,
previously described in yZ promoter (Marzabal et al. 1998)
has not been considered in this study since it lacks the core
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sequence 5’ (A/T)AAAG3’ necessary for prolamin box
functionality (Ueda et al. 1994).

yZ promoter contains a unique binding site (GZM) that
matches the GCN4-type consensus (TGACATG). yZ pro-
moter mutations in the GZM site also reduced significantly
the PBF capacity to transactivate the yZ promoter, con-
firming the functional interaction between Pb3 and GZM
that we reported in a previous study (Marzabal et al. 1998).
It is well known that during seed development several
trans-acting factors including bZIP and Dof proteins act
together in regulating the expression of storage protein
genes (Isabel-LaMoneda et al. 2003; Mena et al. 1998,
2002). The GCN4 motif is the recognition site of bZIP
proteins such as maize O2 (Schmidt et al. 1992), barley
BLZ2 (Onate et al. 1999), wheat SPA1 (Albani et al. 1997)
and rice RISBZ1 (Onodera et al. 2001). O2 has been pre-
viously described as an important activator of o-zein
multigenic family (Cord Neto et al. 1995; Schmidt et al.
1992) as well as of other endosperm specific proteins in
maize (Hunter et al. 2002; Lohmer et al. 1991). Maize O2
was able to activate 444yZ:GUS expression in functional
assays and to bind specifically to the GZM box in EMSA
experiments (supplemental data). However, it is well
known that yZ expression is not affected by the opaque2
mutation in maize endosperms (Geetha et al. 1991; Mar-
zabal et al. 1998; Motto et al. 1989). These data suggest
that in maize endosperm there should be a component of
the bZIP family other than O2, which up-regulates yZ
promoter in a redundant manner.

Functional domains of PBF

Maize PBF, like other Dof proteins, is a bi-functional
transcription factor. The N-terminal PBF region (first 145
amino acid residues, bdPBF) contains the Cys2/Cys2 Zn**
DNA-binding domain (52 residues) that specifically binds
to Pb3 site within target promoter. When Cysgs was
replaced by Ala, the protein lost its capacity to bind Pb3
and also transactivate yZ. This indicates that the Cys2/
Cys2 Zn** structure is necessary to maintain the proper
conformation for DNA binding, as it has been previously
described for other Dof transcription factors (Mena et al.
1998; Shimofurutani et al. 1998; Yanagisawa 1995). In
addition to Cys residues, it appears that aromatic residues
(Y and W) in the C-terminal part of Dof domain con-
tribute to stabilize the Dof structure (Umemura et al.
2004). BAPBF binds to Pb3 site but is unable by itself to
transactivate yZ when overexpressed in endosperm cells.
The C-terminal region (last 183 amino acid residues),
which does not bind Pb3, also contributes to yZ transac-
tivation, although, as expected, over-expression of Ct-PBF
could not induce transactivation on its own (Fig. 3c,
Ct-PBF). In fact, both N-terminal (bdPBF) and C-terminal

(Ct-PBF) caused a slight inhibition of the basal yZ pro-
moter activity. It is noteworthy that when the Ct-PBF was
fused to a heterologous Dof domain (Dof-BPBF), the
chimeric protein (chPBF) was able to transactivate yZ
promoter, even to a higher level than the native maize
PBF protein (Fig. 3c, chPBF). Therefore, it appears that
the PBF C-terminal region needs an anchorage to DNA to
show functional activation. Recently it has been reported
that the Dof domain was involved in trans-activation of
target genes by protein-protein interactions (Dong et al.
2007), yet the role of C-terminal domain of cereal PBFs
being still unknown. In maize PBF, the striking presence
of an asparagine-rich strain located at the end of the
C-terminal half of maize PBF suggests that it may be
involved in the activation of the transcriptional machinery
via protein—protein interactions. Recently, asparagine rich
domains have been reported to be overrepresented in
yeast transcriptional activators (Titz et al. 2006) and,
interestingly, Asn content correlates with activation
capacity.

PBF temporal and spatial expression is consistent
with its role in yZ regulation

During maize endosperm development, we observed that
the presence of PBF protein correlates temporally with the
accumulation of 7-zein protein in maize endosperms.
Antibodies against PBF allowed us to detect PBF in both,
total protein and nuclear extracts of endosperms of 12 and
15 DAP. However, at later stages of development (20-25
DAP), where y-zein is highly accumulated, PBF is not
detectable either in nuclei or in total protein extracts. These
data are consistent with a temporal delay between RNA
expression/protein accumulation and the long-life of y-zein
mRNA (Plotnikov and Bakaldina 1996; Woo et al. 2001).
However, we cannot exclude the possibility that it might
reflect a restricted spatial distribution of PBF within the
endosperm tissue. The transcriptional activity of the
444yZ:GUS during the endosperm development correlates
with the presence of PBF and is in agreement with previous
data on the expression profile of PBF gene along endo-
sperm development (Vicente-Carbajosa et al. 1997).
Transiently-expressed PBF failed to transactivate yZ pro-
moter outside the temporal window where endogenous
PBF is expressed (from 10 to 20 DAP with a peak at 12
DAP) indicating that, besides PBF, other protein factors are
involved in yZ gene regulation. Several protein factors
interacting with Dof proteins have been described as
co-regulators of target genes. As it occurs with PBFs in
other cereals, maize PBF could participate as a partner in
the yZ transcriptional complex interacting with other pro-
tein factors such as HMG-type proteins, MYB proteins and
bZIP O2-like proteins.
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444v7:GUS promoter expression in sections of 15 DAP
endosperms is mainly localized in peripheral cells, whereas
the central part of the endosperm is yZ transcriptionally
inactive and cells are entering the early programmed cell
death. Interestingly, PBF is localized in the nucleus of
peripheral cell layers and in the cytoplasm of cells that are
in contact with aleurone layer. In maize, it seems that
aleurone and starchy endosperm cell fate specification
occurs through an intrinsic developmental program that
discriminates between surface and internal cell positions
(Gruis et al. 2006). To expand the aleurone layer and to
increase the endosperm volume, endosperms retain a low
activity of mitosis in the peripheral cell layers as late as 42
DAP (Mangelsdorf and Jones 1926). Inner daughter cells of
dividing aleurone cells become starchy endosperm upon
internalization (Costa et al. 2003). The absence of PBF in
aleurone, but its immuno-detection in the first layer of
peripheral cells might reflect the positional conversion of
aleurone cells into starchy endosperm. In inner cells, the
nuclear localization of PBF could determine the activation
of yZ promoter and the subsequent start of storage protein
synthesis. This pattern corresponds to the y-zein accumu-
lation that is absent in the first two-subaleurone layers but
present in the rest of endosperm. The absence of PBF in the
central region of the starchy endosperm indicates the loss
of transcriptional activity in these cells. In fact, DAPI
staining of endosperm sections revealed the presence of
few nuclei with irregular shape, suggesting that cells enter
programmed cell death (Young and Gallie 2000).

Maize storage protein mutants should be a tool to
understand yZ gene expression and to search for yZ regu-
latory genes. At present, several maize mutants have been
described to influence a large number of genes including
zein genes in endosperm (Hunter et al. 2002). However,
with the exception of opaque2 (Schmidt et al. 1992) and fI2
(Coleman et al. 1997), little is known about the molecular
basis of these mutants. Neither PBF nor other yZ regulatory
gene mutants have been identified. Among the 02 mutants,
y-zein biosynthesis is altered in the opaque-15 but not in
other opaque mutants (Dannenhoffer et al. 1995). There is
evidence, however, that the opaque-15 mutant is the result
of a mutation of an opaque-2 modified gene not related to a
putative yZ gene transcription factor. These genetic
approaches together with post-transcriptional gene silenc-
ing approaches, recently developed in plants, would help to
elucidate mechanisms underlying seed storage gene regu-
latory pathways (Houmard et al. 2007; Segal et al. 2003).
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