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Summary
HvGAMYB, a MYB transcription factor previously shown to be expressed in barley aleurone cells in
response to gibberellin during germination, also has an important role in gene regulation during
endosperm development. The mRNA was detected early (10 DAF) in the seeds where it accumulates, not
only in the aleurone layer, starchy endosperm, nucellar projection and vascular tissue, but also in the
immature embryo as shown by in situ hybridization analysis. The HvGAMYB protein, expressed in
bacteria, binds to oligonucleotides containing the 5-TAACAAC-3' or 5-CAACTAAC-3' sequences, derived
from the promoter regions of the endosperm-specific genes Hor2 and Itrl, encoding a B-hordein and
trypsin-inhibitor BTI-CMe, respectively. Binding is prevented when these motifs are mutated to 5TgACAAg-3' and 5-CgACTgAC-3'. Transient expression experiments in co-bombarded developing
endosperms demonstrate that HvGAMYB trans-activates transcription from native Hor2 and Itrl
promoters through binding to the intact motifs described above. Trans-activation of the Hor2 promoter
also requires an intact prolamine box (PB). This suggests that HvGAMYB interacts in developing barley
endosperms with the PB-binding factor BPBF, an endosperm-specific DOF transcriptional activator of the
Hor2 gene. The in vivo interaction experiment between HvGAMYB and BPBF was done in the yeast twohybrid system, where HvGAMYB potentiates the BPBF trans-activation capacity through interaction with
its C-terminal domain.
Keywords: barley developing endosperm, DOF protein, GAMYB protein, Hor2 promoter, Itrl promoter,
transcription factors.

Introduction
During cereal seed development, nitrogen and sulphur are
stored in the starchy endosperm cells, mainly in the form
of a complex group of proteins, the prolamines. Besides
these major storage proteins, cereal seeds accumulate
several antimicrobial peptides and proteinaceous inhibitors of heterologous hydrolases, putatively implicated in
plant defence (Carbonero era/., 1999; Garcfa-Olmedo,
1999; Shewry etal., 1995). The genes encoding prolamines
(hordeins in barley) are co-ordinately expressed in the
developing endosperm where they are under spatial and
temporal transcription control, involving c/s-acting motifs
in their promoters and frans-acting transcription factors
(TFs). A number of consensus sequences in gene promoters have been shown to be involved in conferring

endosperm specificity in cereals (Albani etal., 1997;
Marzabal etal., 1998; Mena etal., 1998; Ohate etal., 1999;
Takaiwa etal., 1996; Vicente-Carbajosa etal., 1998; Wu
etal., 2000). In barley, wheat and other members of the
grass subfamily Poideae, the most prominent of the cismotifs is the endosperm box. This bipartite motif is located
=300 bp upstream of the transcription initiation and contains two distinct protein-binding sites: the GCN4-like
motif (GLM: 5'-ATGAG/CTCAT-3') and the prolamine box
(PB: 5'-TGTAAAG-3'). A third motif, 5'-AACAAC-3', has
been shown to play a role in the expression of genes
encoding glutelins (globulin-like proteins) in rice of the
grass subfamily Bambusoideae. These three types of motif
are the target sites of different transcription factor (TF)

classes: (i) the GLM is recognized by bZIP proteins of the
Opaque2 family (Albani etal., 1997; Muth era/., 1996;
Onate etal., 1999; Schmidt etal., 1992; Vicente-Carbajosa
etal., 1998; Wu etal., 1998); (ii) the PB is bound by TFs of
the DOF (DNA-binding with one finger) class, generally
designated as prolamine-box binding factors (PBF;
Carbonero ef al., 2000; Mena etal., 1998; VicenteCarbajosa etal., 1997; Yanagisawa, 1996); (iii) the 5'AACAAC-3' motif in rice glutelin gene promoters is
recognized by a TF of the MYB class, OsMYB5 (Suzuki
etal., 1998).
In barley, the trans-acting factors reported as being
implicated in the regulation of genes encoding seed
storage proteins, such as that of a B-hordein (gene Hoi2),
are of the bZIP and DOF classes. Members of the bZIP
class, which includes BLZ1 and BLZ2 (Onate etal., 1999;
Vicente-Carbajosa etal., 1998), are able to interact with the
GLM in the Hor2 promoter through dimer formation, as
either homo- or heterodimers. BLZ2 is seed-specific, but
BLZ1 is also expressed in other tissues; both have been
shown to interact in vivo and synergistically transactivate
the appropriate reporter constructs in planta. BPBF is a TF
of the DOF class that activates transcription of a native
Hor2 promoter in co-bombarded barley endosperms
through PB recognition (Mena etal., 1998). As yet, neither
the 5'-AACAAC-3' c/s-motif nor its interacting TF has, so
far, been characterized in the genes expressed specifically
during endosperm development in the grasses of the
Poideae subfamily.
HvGAMYB is a MYB transcription factor from barley that
was previously shown to be expressed in barley aleurone
cells in response to gibberellin (GA) following germination
(Gubler etal., 1995; Gubler etal., 1999). HvGAMYB-responsive promoters include low- and high-pl a-amylases, the
EII(1-3,1-4-p)-glucanase, the cathepsin B-like protease and
the EPB cysteine proteinase (Cejudo etal., 1992; Cercos
etal., 1999; Gubler etal., 1995; Gubler etal., 1999). This TF
binds specifically to the GA-responsive element (GARE: 5'TAACAAA-3') present in these promoters. Mutations in the
GARE, abolished both binding and transactivation.
In a sequence search through the databanks we found the
presence of AACA/TA-like motifs in the promoters of many
genes specifically expressed during seed development,
both in monocots and in dicots (Figure 1). Two such genes
specific to the barley endosperm, Hor2 and Itr1, encoding a
B-hordein and trypsin-inhibitor BTI-CMe, respectively, were
chosen forfurther investigation.The similarity of the AACA/
TA-motifs with the GARE led us to explore if HvGAMYB was
also involved in the transcription regulation of Hor2and Itr1
during endosperm development.
In this paper, we report that the HvGAMYB-encoding
gene is abundantly expressed in the developing seed,
starting at 10 days after flowering (DAF). The mRNA was
detected not only in the starchy endosperm, but also in the

Figure 1. Schematic representation of c/s-motifs in the promoters of
seed-specific genes from barley WOR2 and ITR1), rice (GLUB1) and
Arabidopsis (ALB2S).
(a) M (solid bar), putative MYB-binding site, MYB; P1# P2 (open bar),
prolamine box, PB; G,, G2 (striped bar), GCN4-like motif, GLM.
(b) Sequences and their positions (referred to the ATG translation
initiation codon) of the MYB, PB and GLM motives in the promoters of
barley genes Hor2 and Itr1, encoding a B-hordein and trypsin inhibitor
BTI-CMe, respectively. (+) sense strand; (-) antisense strand.

aleurone layer, nucellar projection and vascular tissues, as
well as in the embryo, as shown by in situ hybridization
experiments. Transient expression studies in co-bombarded developing barley endosperms show that
HvGAMYB frans-activates native Hor2 and Itr1 promoters
through binding to the AACA/TA motifs. Trans-activation of
Hor2 is also dependent on an intact PB, which suggests that
HvGAMYB interacts with the BPBF in planta. Moreover,
HvGAMYB is capable of interacting in the yeast two-hybrid
system with the seed-specific DOF-transcription factor
BPBF, which was previously described to be a transcriptional activator of the Hor2 gene through binding to the PB
(Mena etal., 1998). These results strongly implicate this
MYB-protein from barley as an important TF in the
combinatorial regulation of genes specifically expressed
in the endosperm during development.

Results
Putative Myb-binding sites in the promoters of
endosperm-specific genes of barley
The proximal 5'-flanking region (-197 bp) in the promoter
of the rice storage protein gene GluB-1 is sufficient for
conferring endosperm specificity to this gene. In addition

to the GLM and the PB, this region also contains the AACA
motif (Wu etal., 2000). This observation prompted us to
look for AACA-like motifs in the promoters of the genes
Hor2 and Itrt, specifically expressed in the barley endosperm (Diaz etal., 1995; Forde etal., 1985; Royo etal., 1996;
Vicente-Carbajosa etal., 1992). In Figure 1, the position of
such a sequence (5'-C/TAACA^AA/CC-3') is shown for the
Hor2 and Itrl barley gene promoters and for rice GluB-1
and ALB2S from Arabidopsis. This motif, indicated schematically in Figure 1(a) as M and in Figure Kb) as MYB,
coincides with the consensus sequence recognized by
R2R3-MYB transcription factors (Martin and Paz-Ares,
1997; Solano etal., 1995) and, more specifically, with that
recognized by HvGAMYB (Gubler etal., 1995; Gubler etal.,
1999). The relative positions of the GLM (G1, G2) and PB
(P1, P2) motifs are also indicated. In the promoters of
barley genes encoding C- and D-hordeins, as well as in
those of the zein-encoding genes from maize, putative
AACA boxes are also present (data not shown). This
finding, together with the circumstantial evidence supporting an important role of the AACA box in rice glutelin
gene promoters (Wu etal., 2000), prompted us to explore
whether the HvGAMyb gene plays a role during barley
endosperm development.
The gene encoding HvGAMYB is expressed during
endosperm development
To examine the expression of the HvG/WKb-encoding
gene in barley, we isolated mRNA from leaves, roots,
mature embryo and four stages of endosperm development. Blots were hybridized under stringent conditions
using as a specific probe the 991 bp fragment (nucleotides
1198-2189) of the HvGAMYB cDNA described by Gubler
etal. (1995). Sequentially, blots were hybridized with
specific probes corresponding to the cDNAs of BPBF
(Mena etal., 1998), Hor2 (Vicente-Carbajosa etal., 1992),
and Itr1 (Royo etal., 1996). As shown in Figure 2, the
HvGAMYB mRNA was already present at 10 DAF and
could be detected throughout all stages of endosperm
analysed, as occurred with the DOF transcription factor
BPBF. The mRNAs of the B-hordein (Hor2 gene) and of the
trypsin inhibitor BTI-CMe (Itr1 gene) were detectable at
10 DAF and peaked at 22 DAF. The pattern of HvGAMYB
transcript accumulation was therefore consistent with the
possibility of HvGAMYB being a regulator of the Hor2 and
Itr1 genes. Upon long exposure, the mRNA of HvGAMYB
could be detected, although in moderate amounts, in
young leaves and roots (7-day-old plants) and in dry
embryos (data not shown).
In situ hybridization
To localize the spatial expression of HvGAMyb within the
seed, mRNA in situ hybridization studies were done. This

Figure 2. Northern blot analysis of HvGAMyb expression in different
barley tissues.
Total RNA (8 (ig) from endosperms (End) at 10, 14, 18 and 22 DAF, 7-dayold leaves (L) and roots (R) and mature embryo (E) were electrophoresed
in a formaldehyde-agarose gel and blotted. The filter was first hybridized
with the specific probe for barley HvGAMyb (GAMYB) and subsequently
with the specific probes derived from the cDNAs of BPBF (BPBF), Bhordeins (HOR2), and trypsin inhibitor BTI-CMe (ITR1) under stringent
conditions. The blot hybridized with GAMYB was exposed for 48 h, those
with BPBF, HOR2 and ITR1 for only 2 h. The rRNA picture is included as
a loading control.

analysis was performed in 20 DAF developing seeds. In the
developing endosperm, a clear signal with the antisense
probe was detected, mainly in the aleurone layer and
starchy endosperm, as well as in the nucellar projection
and vascular tissues (Figure 3a,b,d). There was also a
strong signal distributed throughout the developing
embryo that was especially prominent in the vascular
tissues of the scutellum, in the shoot meristem and in the
radicle (Figure 3e). No signal above background was found
when sections of developing seeds were hybridized with
the sense probe used as negative control (Figure 3c,f).

HvGAMYB binds to the 5'-CfTAACAfTAA/CC-3 motif from
barley endosperm-specific gene promoters
To evaluate further the possibility that HvGAMYB is a
transcription regulator of barley endosperm-specific gene
expression, we tested if it was capable of binding in vitro
to the 5'-C/TAACA^AA/CC-3' motif in the promoters of
Hor2 and Itrl genes. The HvGAMYB protein was expressed
as a GST-fusion in Escherichia coli, and its ability to bind
this motif was tested in electrophoretic mobility-shift
assays (EMSA), using two different oligonucleotide
probes. These probes, HOR and ITR in Figure 4, were
deduced from the corresponding regions of the Hor2 and
Itr1 gene promoters, respectively (Forde etal., 1985; Royo
etal., 1996). As shown in lanes 1 and 2 of Figure 4(a,b), the
wild-type probes were shifted only when incubated with

Figure 3. Expression of HvGAMYB in developing barley seeds by in situ hybridization.
Transverse sections of 20 DAF developing endosperms (a-d) and longitudinal sections of 20 DAF developing embryos (e,f). Hybridizations were done with
the antisense HvGAMYB probe (a,b,d,e) or with the control sense probe (c,f). p, pericarp; a, aleurone layer; e, endosperm; n, nucellar projection; vt,
vascular tissue; sc, scutellum; r, radicle; sm, shoot meristem; c, coleoptile. Scale bars: (a,c) 200 urn; (e,f) 100 urn; (b) 50 urn; (d) 25 (im.

the GST-HvGAMYB-enriched extract (+), and were not
shifted when incubated with a GST control protein (-). This
binding was effectively competed out by a molar excess of
the unlabeled probes (lanes 3,4 and 5; Figure 4a,b) but not
by the mutated variants hor and itr (lane 6; Figure 4a,b).
Furthermore, when these mutated variants were used as
probes, the formation of the shifted protein-DNA complex
was not observed (lane 7; Figure 4a,b).
These results indicate that HvGAMYB binds in vitro in a
sequence-specific manner to the 5'-C^AACA^AA/CC-3'
motif in the barley promoters of genes Hor2 and Itrl

HvGAMYB activates transcription from the AACA/TA
motif of the Hor2 and Itrl promoters in co-bombarded
barley endosperm
The functional relevance of the interaction observed
in vitro between HvGAMYB and the AACATA motif was
further tested in planta by transient expression assays in
co-bombarded barley endosperms. Figure 5(a) depicts the
scheme of the reporter and the effector constructs used in
the frans-activation study of the promoter of the itrl gene.
The pltrl carried the -343 bp region (relative to the site for
translation initiation) of the itrl gene promoter (Royo era/.,
1996) fused to the ^-glucuronidase (GUS) reporter gene
(uidA), followed by the 3' non-coding region of the
nopaline synthase gene (nos). The pltrl* construct differs
only from pltrl by the presence of the mutation in the
HvGAMYB binding sequence (5'-CAACTAACA-3' -»5'CgACTgACA-3') that we have previously shown to abolish
the in vitro binding of HvGAMYB in the EMSA (Figure 4b).

Developing endosperms, approximately 18 DAF, were
transiently transformed by particle bombardment with
the pltrl- and pltr1*-driven GUS reporters, alone or in
combination with the effector constructs pHvGAMYB or
pBPBF. Both effector constructs contain the CaMV35S
promoter plus the first intron of the maize Adh1 gene
fused to the cDNAs of HvGAMYB (Gubler era/., 1995) or of
BPBF(Mena era/., 1998), respectively, followed by the 3'
non-coding region of the nopaline synthase gene (nos). As
shown in Figure 5(b), the co-transfection of pltrl and
pHvGAMYB or pBPBF resulted in a three- to fourfold
increase in GUS activity over that directed by the pltrl
alone. In addition, the mutation of the AACA/TA site
introduced at the pltrl* plasmid resulted in =30% loss (see
insert in Figure 5b) of the basal transcriptional activity of
the Itrl promoter. As expected, no frans-activation was
exerted by pHvGAMYB when the promoter of the Itrl gene
was mutated at its MYB-binding site (pltrl*), and this
mutation did not interfere with frans-activation by the DOF
factor BPBF (pBPBF) that binds to the 5'-T/AAAAG-3'
sequence. The p35S construct, where the GUS reporter
gene was under the control of the CaMV35S promoter, was
always used as a control (data not shown).
We further investigated the in vivo interaction between
HvGAMYB or BPBF and the Horl gene promoter. The
reporter and effector constructs are schematically represented in Figure 6(a). The pBhor plasmid (Mena etal.,
1998) contained the -560 bp promoter region upstream
from the translation initiation codon of the Horl gene
fused to the GUS-reporter gene and followed by the 3'
non-coding region of the nopaline synthase gene (nos).

Figure 4. Electrophoretic mobility shift assays (EMSA) of the
recombinant HvGAMYB protein fused to GST, with the Hor2 and Itrl
gene promoter fragments containing the AACA/TA motif.
(a)EMSA with the 26 bp 32P-labelled (HOR probe) derived from the Hor2
gene promoter and its mutated version affected in the putative Mybbinding motif (hor).
(b)EMSA with the 28 bp 32P-labelled (ITR probe) derived from the Itrl
gene promoter and its mutated version affected in the Myb-binding motif
(itr). Competition experiments were performed using increasing amounts
(10X, 50X, 100X) of the indicated unlabeled HOR, hor, ITR and itr
probes. Sequences of the oligonucleotides used as probes are shown at
the bottom of each panel; identical residues are represented by dashes (-)
and only the mutated bases are indicated. The putative HvGAMYBbinding sites are overlined.

Figure 5. Transactivation of the Itrl promoter by HvGAMYB and BPBF in
developing endosperm.
(a)Schematic representation of the reporter and effector constructs used
in the transient expression assays. The effector constructs contained the
cDNAs of HvGAMYB and of BPBF under the control of the CaMV35S
promoter (p35S), followed by the first intron of the maize Adhl gene (IADHI). The reporter constructs consisted of the uidA gene (GUS) under
the control of the Itrl promoter (-343 bp upstream of ATG translation
initiation codon; pltrl) or under a mutated Itrl promoter with the
changes indicated (M, 5'-CAACTAAC-3'^ 5'-CgACTgAC-3', m) affecting
the HvGAMYB-binding motif (pltrl*). In all constructs, the 3' nos
terminator was included.
(b)Transient expression assays by co-bombardment of developing barley
endosperms (18 DAF) with the indicated combinations of reporter and
effector plasmids at a 1 : 1 molar ratio, ^-glucuronidase (GUS) activity
was detected by histochemical staining and subsequent counting of blue
spots per endosperm, and was expressed as percentage of GUS activity
relative to the control without effector. Transient GUS expression driven
by the mutant Itrl* promoter relative to its wild-type Itrl promoter is
shown in the insert. In each experiment, sets of five endosperms were
bombarded and three replicates of each experiments were done.
Standard errors are indicated.

The mutated versions, pBhor** and pBhor*, differed from
the wild-type pBhor plasmid only by the base changes at
the HvGAMYB-binding sequence in the pBhor** construct
<5'-TAACAAC-3' -» 5'-TgACAAg-3'> and at the BPBF-binding site in the pBhor* construct (5'-TGTAAAG-3' -> 5'TGTAgAc-3'; Mena era/., 1998). The transient expression
data are shown in Figure 6(b). When endosperms were cobombarded with the pBhor reporter and the pHvGAMYB or
the pBPBF effector constructs, an increase of the GUS
activity level of four- and tenfold, respectively, was
obtained, as compared to the activity measured when the
pBhor reporter was bombarded without an effector. As
expected, pHvGAMYB did not frans-activate the reporter
construct pBhor** mutated in the HvGAMYB-binding site,
and the mutation at this AACAA-site did not interfere with
the tenfold increase in frans-activation activity mediated
by BPBF (pBPBF). In contrast, using the reporter construct
pBhor* mutated in the PB at position -298 (BPBF-binding
site P1 in Figure 1; Mena era/., 1998) we found two
unexpected results: (i) HvGAMYB failed to transactivate
the GUS expression, although the HvGAMYB-binding site
was intact; and (ii) the BPBF effector was still able to
transactivate the GUS expression, although at a lower
level (4x rather than 10x) than that obtained when this
expression was driven by the wild-type Hor2 promoter
(pBhor; Figure 6b), probably because both sites, PI and P2
(position -445) were participating. As shown in the insert
of Figure 6(b), the mutation of the MYB-binding site
introduced at the pBhor** plasmid resulted in =25% loss,
and that of the DOF-binding site at the pBhor* plasmid in a
65% loss of the basal transcriptional activity of the pBhor
promoter construct.

Figure 6. Transactivation of Hor2 promoter by HvGAMYB and BPBF in
developing barley endosperm.
(a)Schematic representation of the reporter and effector constructs used
in the transient expression assays. The effector constructs were those
already used in the experiments described in Figure 5. The reporter
constructs consisted of the uidA gene (GUS) under the control of the 560 bp of the Hor2 promoter, upstream of the ATG translation initiation
codon (pBhor) or under its mutated versions, pBhor* and pBhor**,
differing from pBhor in the two indicated nucleotide changes at the PB
(pBhor*; P„ 5--TGTAAAG-3' -> 5'-TGTAgAc-3', P l ) and at the HvGAMYBbinding motif (pBhor**; M, 5'-TAACAAC -»5'-TgACAAg-3' (m),
respectively.
(b)Transient expression assays by co-bombardment of developing barley
endosperms (18 DAF) with the indicated combinations of reporter and
effector plasmids at a 1 : 1 molar ratio, p-glucuronidase (GUS) activity
was assayed and expressed as in Figure 5. Transient GUS expression
driven by the mutant Bhor** (Bh**) and Bhor* (Bh*) promoters relative
to their wild-type Bhor (Bh) promoter are shown in the insert.

Taken together, all these results indicate that HvGAMYB
mediates the frans-activation of the Itr1 and Hor2 gene
promoters in developing barley endosperm through binding to the 5'-CAACT/AAC/AA-3' motif, and that interaction
with the Dof factor, BPBF, is necessary for full transactivation of Hor2.
HvGAMYB interacts with the DOF transcription factor
BPBF in the yeast two-hybrid system
The finding that transactivation of the Horl gene promoter
by HvGAMYB in co-bombarded developing endosperms
was dependent on the integrity of both the AACA/TA and
the PB, suggested that HvGAMYB and BPBF did interact
in vivo. In order to check this hypothesis, the yeast twohybrid system (Fields and Sternglanz, 1994) was employed
using two different reporters: /aZ (strain SFY526) and His3
(strain HF7C), under the control of promoters wearing
GAL4-binding motifs.
The full-length HvGAMYB protein was expressed as a
translational fusion to the yeast GAL4 activation (AD)
domain, and three constructs derived from the BPBF cDNA

DOF-domain; (iii) the 3'-terminal of the BPBF cDNA,
spanning amino-acid residues 92-333. Yeast cells (strain
SFY526) transformed with the full-length GAL4BD-BPBF
fusion construct showed detectable background levels of
LacZ reporter activity (Figure 7b; lane 1), demonstrating
that BPBF is a transcriptional activator in yeast. However,
this activity increased significantly when the yeast strain
was co-transformed with the GAL4AD-HvGAMYB construct, indicating interaction between these two TFs in this
system (Figure 7b; lane 2). No reporter activity was
detected when transformation involved GAL4BD fusions
to the N-terminal BPBF (BD-DOF, lanes 3 and 4). The
interaction did take place between the C-terminal part of
BPBF and the HvGAMYB, as shown in Figure 7(b) lanes 5
and 6, where it is also demonstrated that BPBF, devoid of
the N-terminal DOF domain, is a stronger activator (X10)
than the full-length BPBF in yeast (lanes 1 and 5 in Figure
7b), an observation previously reported for other DOF
proteins by Kang and Singh (2000).

Figure 7. Interaction between HvGAMYB and BPBF in the yeast S.
cerevisiae two-hybrid system.
(a)Schematic representation of the effector constructions used: GAL4-BD,
GAL4 DNA-binding domain; GAL4-AD, GAL4 activation domain. BDfusions: BPBF, full-length BPBF cDNA (nt 1-999); DOF, N-terminal region
of BPBF (nt 1-273) containing the DOF domain; C-term, C-terminal region
of BPBF (nt 274-999). AD-fusions: GAMYB, full-length HvGAMYB cDNA
(nt 1-1719).
(b)Quantitative evaluation of the p-galactosidase (LacZ) reporter activity
under the control of Ga/4-responsive elements in a Gall truncated
promoter in S. cerevisiae strain SFY526. The effectors, schematically
indicated in (a), were the cDNA of BPBF and the N-terminal (DOF) or the
C-terminal (C-term) derived from it, fused to the GAL4-BD in plasmid
pGBT9 (Clontech), with GAMYB (+) or without (-) the HvGAMYB cDNA
fused to the Gal4-AD in plasmid pGAD424 (Clontech). Measurements of
p-galactosidase activity in liquid assays were made from at least three
independent replicates and expressed as Miller's units. Standard errors
of the mean were ==10%.
(c)Growth of yeast cells containing the constructions indicated in (a) as
effectors and the His3 reporter gene under the control of the Gall
truncated promoter in the HF7C strain of S. cerevisiae. Minimal His"
medium with increasing (5-60 mM) 3-aminotriazole (3-AT) concentrations
were used. Only cells carrying 'prey' and 'bait' interacting proteins or
activation domains fused to Gal4-BD were able to grow without histidine,
at concentrations &5 mM 3-AT.

were fused to the GAL4-binding (BD) domain. These
constructs, shown in Figure 7(a), were: (i) the full-length
cDNA of BPBF; (ii) the 5'-terminal of the BPBF cDNA
encoding the first 91 amino acid residues, including the

As certain MYB proteins have been reported to interact
with other transcription factors through the DNA-binding
domain (Grotewold era/., 2000), we generated fusions in
AD and BD vectors with the GAMYB N-terminal (152
amino-acid residues), spanning its DNA-binding domain
(Gubler era/., 1995). However, these constructs fail to show
any interaction in our yeast two-hybrid assays (data not
shown).
Expression of His3 (strain HF7C) conferring histidine
auxotrophy was used to confirm the interaction between
HvGAMYB and BPBF (Figure 7c). Growth-revertants in
histidine-lacking nutrient medium could be effectively
controlled by the inhibitory effect of 5 mM 3-aminotriazole
(3-AT), as shown when the N-terminal part of BPBF fused
to the GAL4BD was expressed in yeast or when it was coexpressed with the construct of the GAL4AD-HvGAMYB,
with which it does not interact (BD-DOF in Figure 7c,
central panel). However, when constructs with intrinsic
activation capacity, such as BD-BPBF or BD-Cterm were
used (Figure 7c, lanes 1 and 5), higher concentrations of 3AT were required to inhibit cell growth (15 and >60 mM,
respectively). In both cases co-transformation with ADGAMYB resulted in ineffective inhibition at the concentrations tested (Figure 7c; lanes 2 and 6), indicating that
interaction between the two proteins was taking place.
These results corroborate that these two TFs, HvGAMYb
and BPBF, interact in vivo through the C-terminal domain
of BPBF.

Discussion
The transcription factor HvGAMYB, previously known to
be a positive regulator of GA-induced genes following
germination, is documented here to have a role in the

regulation of barley genes whose expression is restricted
to the developing endosperm.
Regulation of seed-specific expression has been extensively studied since the characterization of Opaque2
(Hartings etal., 1989; Schmidt etal., 1990) as the first
transcription factor shown to participate in this process.
Critical regions responsible for this specificity have been
identified in different promoters, and these contain multiple c/s-elements. There is still an important gap in the
identification of the multiple c/s-elements and the corresponding frans-interacting factors to understand the complexity of this regulation and to establish to what extent
they are common among different plant species. In
cereals, numerous studies on promoter regions required
for seed-specific expression have identified two main cismotifs, GLM and PB, that are bound by transcription
factors of the bZIP and DOF classes, respectively. Recently,
the importance of a third putative Myb-binding motif,
AACAA, was functionally uncovered in a rice seed glutelin
promoter (Wu etal., 2000).
In this study we have determined the presence of similar
MYB-binding sites in the promoters of two barley genes
specifically expressed in the developing endosperm, Hor2
and Itr1. A comprehensive analysis of promoters from
seed storage protein genes, both from monocot and dicot
species (Figure 1), revealed a recurrent conservation of
such MYB-binding sites within them. Remarkably, these
c/s-elements appear regularly in close proximity to the
bZIP and DOF target sites mentioned above, indicating that
transcription regulatory complexes might form with the
TFs recognizing these GLM, PB and MYB-motifs.
The pattern of expression of HvGAMyb in the developing endosperm would be consistent with a putative role in
the transcription regulation of the endosperm-specific
genes Hor2 and Itr1, whose temporal mRNA expression
overlaps with that of HvGAMyb.
Attempts to uncover the role of this TF in the aleurone,
nucellar projection or vascular bundle, or in the embryo
tissues such as the scutellum, shoot meristem or radicle,
although probably important, have not been addressed
here.
To investigate the function of HvGAMyb in the control of
endosperm-specific genes, we used a transient expression
assay. The experimental system was based on microparticle bombardment of the homologous tissue, the barley
developing endosperm, that has been successfully
assayed by us and other groups (Mena etal., 1998;
Muller and Knudsen, 1993; Ohate etal., 1999; VicenteCarbajosa etal., 1998; Yunes etal., 1994). Different lines of
evidence, including the effects of altering HvGAMYB
dosage in bombardment experiments (data not shown),
the in vitro DNA-binding data (Figure 4), and the transaction
analysis in planta (Figures 5 and 6), support a

role for HvGAMYB as a direct activator of Hor2 and Itr1
genes.
The activation capacity of HvGAMYB was prominent
in transient expression analyses using Hor2 and Itr1
promoters in GUS-reporter fusions. When these constructs are co-bombarded in barley developing endosperm, the tissue where these genes are naturally
expressed, an increase up to four times in the levels
of reporter activity was observed (Figures 5 and 6). In
vitro DNA-binding studies using EMSA (Figure 3) show
that the GAMYB protein is able to bind putative target
sites in these promoters, and allowed us to design
mutated versions that do not support this interaction.
The introduction of such mutations in the promoter
reporter fusions abolished the GAMYB transactivation
capacity in the transient assays. Trans-activation experiments, performed with HvGAMYB as effector, included
as a positive control the seed-specific transcriptional
activator BPBF (Mena etal., 1998). This protein belongs
to the DOF class of TFs, and has been reported to
activate transcription from the Hor2 promoter trough
binding to the PB (Mena etal., 1998). Activation by this
factor was achieved, even in the case where MYBbinding sites were mutated in the promoters of Hor2
and /fr7-GUS fusion constructs (Figures 5 and 6). In
contrast, reporter constructs of the Hor2 promoter with
a mutated PB, lacking the capacity to be bound by BPBF
(Mena etal., 1998), could not be activated by HvGAMYB
regardless of the integrity of its DNA-binding motif.
Similar observations have previously been made for the
bZIP transcription factors, BLZ2/BLZ1 from barley and
OPAQUE2 from maize, whose full activation capacity
also depends on an intact PB in the vicinity of their
target DNA-binding sites (GLM). The ability of these
bZIP proteins to physically interact with the corresponding PBFs of barley and maize (Vicente-Carbajosa etal.,
1997; our unpublished results) indicate that they are
part of a regulatory complex. In line with this situation,
we have used the yeast two-hybrid system to survey
interactions between HvGAMYB and BPBF. Earlier studies using one-hybrid analysis in yeast demonstrated that
HvGAMYB contains two independent activation domains
and is a very potent activator (Gubler etal., 1999),
making unrealistic its use as a fusion to the GAL4-DNA
binding domain (BD) for the two-hybrid assays. Using
the yeast system, we have shown that the activation
capacity of BPBF is about four times weaker than that of
HvGAMYB (data not shown), and can be controlled by
the use of the inhibitor 3-AT in BD-BPBF fusions (Figure
7). Under these conditions, and using two different
reporter systems (His3 and LacZ), we could unambiguously verify that BPBF and HvGAMYB, do interact, and
that the C-terminal domain of BPBF is involved in this
interaction.

All the data obtained by the different experimental
approaches described here support the idea that
HvGAMYB and BPBF are part of a regulatory complex:
(i) both factors display physical interactions in vivo in
the yeast two-hybrid system; (ii) for the interaction to
occur in the developing endosperm both TFs must be
expressed at the same time in this tissue, and this has
been documented both by Northern blotting and by in
situ hybridization analyses. Finally, the effects of
dependence observed in the frans-activation assays
represent a functional framework for the meaning of
this interaction.
Experimental evidence presented here shows that the
transcription factor HvGAMYB is involved in the control of
gene expression in the developing seed. So far, the only
known function assigned to this gene was its participation
in the induction of gene expression in the aleurone in
response to gibberellins following germination. Seed
maturation and germination are programmes under strict
developmental control, characterized by antagonistic
physiological processes (Raz etal., 2001 and references
therein). Maturation is an adaptation step that renders an
embryo tolerant to desiccation and prepared to interrupt
its life cycle during unfavourable environmental conditions. It is characterized by an active synthesis and storage
of proteins and starch. During germination, active degradation of storage compounds occurs. All these processes
are governed by the hormonal ratio of gibberellin to
abscisic acid (White etal., 2000). In this scenario, it is
interesting to understand how the activity of a given TF,
such as HvGAMYB, can be modulated in order to be able
to participate in such divergent programmes of gene
expression. In other words, why genes activated by
GAMYB in the germinating aleurone are repressed in the
developing endosperm, or conversely, why Hor2 and Itrl
are not active during germination, despite of the presence
of the HvGAMYB in both cases. As for other characterized
systems, at least two models, or a combination of both,
can be envisioned to explain this versatility. One possibility is based on the dual capacity of certain TFs to activate
or repress gene expression according to intrinsic conditions. One relevant example of this type is the antagonistic
role displayed by VP1 (Hoecker etal., 1995) in the maturation/germination programmes. Another alternative would
imply the combinatorial interactions of different TFs that
would result in diverse programmes of gene regulation.
Examples of this kind are commonplace among homeotic
genes involved in flower development (Ng and Yanofski,
2000; Theissen, 2001). Detecting GAMYB expression during seed development, identifying GAMYB-interacting
partners such as BPBF, and demonstrating its capacity to
act as a positive regulator of genes expressed during seed
maturation, are important steps towards the elucidation of
these questions.

Experimental procedures
Plant material
Barley (Hordeum vulgare) cv. Bomi was germinated in the dark,
vernalized at 4°C for 4 weeks, and grown in a greenhouse at 18°C
under a 18/6 h day/night photoperiod. Developing endosperms
(10-22 DAF), mature embryos, 7-day-old leaves and roots were
frozen in liquid nitrogen and stored at -70°C until used for RNA
extraction. Developing endosperms (18 DAF) for mRNA in situ
hybridization and for transient expression experiments were
collected from greenhouse plants and used immediately.

Northern blot analysis
RNA was purified from frozen tissues by phenol/chloroform
extraction, followed by precipitation with 3 M LiCI. Denatured
RNA was electrophoresed in 7% formaldehyde, 1.2% agarose gels
and blotted onto Hybond N-membranes (Amersham Pharmacia
Biotech, Freiburg, Germany). The Northern blot was sequentially
hybridized with specific 32P-labelled probes for HvGAMyb, Pbf,
Hor2 and Itrl genes, as previously described (Diaz etal., 1995;
Gubler etal., 1995; Mena etal., 1998; Vicente-Carbajosa etal.,
1992). Hybridization and washings were performed under stringent conditions according to standard procedures (Sambrook
etal., 1989).

In situ hybridizations
Developing barley seeds (20 DAF) were fixed in FAE solution
(ethanol : acetic acid : formaldehyde : water, 50:5:3.5:41.5)
for 2 h at room temperature, dehydrated and embedded in
parafin, and sectioned to 8 urn. After de-washing in histoclear
and rehydration, sections were treated with 0.2 M HCI, neutralized
and incubated with 1 ng ml"1 proteinase K as described by
Ferrandiz etal. (1999). Finally, tissue sections were dehydrated
in an ethanol dilution series and dried under vacuum before
applying the hybridization solution (100 ng ml"1 tRNA; 6 X SSC;
3% formamide, containing approximately 100 ng nT1 antisense or
sense DIG-labelled RNA probe, corresponding to the 430 bp
BamHI-C/al fragment of the HvGAMyb cDNA clone (Gubler etal.,
1995). Hybridization was performed overnight at 52°C followed by
two washes in 2 X SSC and 50% formamide for 90 min at the
same temperature. Antibody incubation and colour detection
were carried out according to the manufacturer's instructions
(Boehringer Roche Diagnostics, Mannheim, Germany).

Electrophoretic mobility shift assays
The HvGAMYB protein was expressed in E. coll[BL21 (DE3) pLysS
strain] by cloning the cDNA into the pGEX-2T vector (Amersham
Pharmacia Biotech) as a translational fusion to GST. Recombinant
proteins were induced with 1 mM isopropyl-p-D-thio-galactopyranoside (IPTG) for 1 h and protein purification of the GSTfusion protein from bacterial extracts was achieved by affinity
chromatography with glutathione-Sepharose 4B (Amersham
Pharmacia Biotech) following the manufacturer's instructions.
Cells carrying the pGEX-2T vector with no insert were identically
processed as negative controls. The probes containing the
putative consensus HvGAMYB binding site from the Hor2 and
Itrl gene promoters, ITR and HOR, respectively, and their mutated
versions itr and hor, were produced by annealing the comple-

mentary single-stranded oligonucleotides, indicated below, that
generated 5'-protruding ends. All probes were end-labelled with
a32P-dATP by a fill-in reaction with the Klenow exo-free DNA
polymerase (United States Biochemicals, Cleveland, OH, USA)
and purified from an 8% polyacrylamide gel (29 : 1 cross-linking).
#HOR: 5'-CATATCTTAACAACCCACACA-3', 3'-AGAATTGTTGGGTGTGTGCTAA-5';
#hor: 5'-CATATCTIGACAAGCCACACA-3'; 3'-AGAACTGTTCGGJGTGTGCTAA-5'; #ITR: 5'-ACTCCAACAACTAACAGAAA-3'; 3'TGTTGATTGTCTTTCAGTCTTT-5';
#itr: 5'-ACTCCAACGACTGACAGAAA-3'; 3'-TGCTGACTGTCTTTCAGTCTTT-5'.
DNA-protein binding reactions were performed in 20 nl of a
mixture containing 10 mM Tris-HCI pH 8, 50 mM NaCI, 1 mM DTT,
1 mM EDTA, 10 mM glycerol, 1 nl d(l)/d(C), 1 ng radiolabelled
probe (approximately 30 000 c.p.m.), and 5 ng GST-purified
proteins. When required, unlabeled double-stranded oligonucleotides were included immediately prior to probe addition in the
excess indicated. After incubation for 30 min at 4°C, the DNAprotein complexes were resolved on a 6% polyacrylamide gel
(29 : 1 cross-linking) with 0.25 X TBE running buffer at 130 V for
1 h at 4°C. The gel was dried onto Whatman 3MM paper and
subjected to autoradiography at -70°C, using X-OMAT S film
(Kodak).

DNA constructs and particle bombardment in developing
barley endosperm
The reporter constructs pBhor and pltrl, containing the barley
endosperm specific promoters from the Hor2 and Itrl genes,
respectively, fused to the GUS reporter gene, have been
described previously (Diaz era/., 1995; Mena era/., 1998). To
generate mutant reporter constructs, the putative HvGAMYB
consensus-binding site, 5'-TAACAAC-3', in the Hor2 promoter
(Figure 1) was changed to 5'-TGACAAG-3' (nucleotide changes
underlined) using site-directed mutagenesis in a PCR approach.
The base changes were introduced in two overlapping fragments.
One of =165 bp was obtained with the external universal sense
primer #uni: 5'-CATTATGCTGAGTGATATCCCG-3', and the antisense primer #ahor: 5'-AGAACTGTTCGGTGTGTGCTAA-3'. The
second fragment of =438 bp was amplified with the sense primer
#shor: 5'-CATATCTTGACAAGCCACACA-3' and the external antisense GUS-primer #aGUS: 5'-ACAGTTTTCGCGATCCAGAC-3'.
Then these two fragments were annealed and extended by a
PCR reaction using the two external primers. The resulting
fragment replaced the internal Not\-BamH\ portion of the Hor2
promoter in the pBhor plasmid and was called pBhor**. The
pBhor* construct containing a mutated PB sequence (P1 in Figure
1) in the same promoter was previously described by Mena etal.
(1998). The putative HvGAMYB-binding motif 5'-ACAACTAACA-3'
in the Itrl promoter (Figure 1) was mutated to 5'-ACGACTGACA-3'
by using a similar recombinant PCR approach described above.
The two external primers were sense universal and GUS
antisense, and the two internal overlapping primers were the
antisense itr (#aitr: 5'-TGCTGACTGTCTTTCAGTCTTT-3') and the
sense itr (#sitr: 5'-ACTCCAACGACTGACAGAAA-3'), respectively.
The mutated plasmid was called pltrl*. As effectors we used the
HvGAMYB cDNA (Gubler etal., 1995), cloned in a pBlueScript
vector (Stratagene, La Jolla, CA, USA) under the control of the
CaMV35S promoter, followed by the first intron of the maize Adhl
gene and with the 3' nos terminator (pGAMYB) and the pBPBF
plasmid described by Mena etal. (1998).

Particle bombardment was carried out with a biolistic Helium
gun device (DuPont PDS-1000, Bio-Rad, Hercules, CA, USA). Gold
particle coating and bombardment conditions were performed
according to Vicente-Carbajosa etal. (1998). After bombardment,
the endosperms were incubated at 25°C for 24 h and GUS
expression was determined histochemically following Jefferson
(1987). Blue spots were counted under a dissecting microscope
and the GUS activity, calculated as the mean value of blue spots
per endosperm in each assay, was expressed as percentage,
considering 100% as the value obtained with the reporter
construct without effectors. The histochemical data were directly
correlated with the GUS expression quantified by chemiluminescence (GUS-light Kit, Tropix, Bedford, MA, USA) per mg protein
with a correlation coefficient of 0.96 (data not shown).

Yeast transformation and LacZ assays
Plasmids pGBT9 and pGAD424 (Clontech, Heidelberg, Germany),
which contain the alcohol dehydrogenase I (Adhl) promoter fused
to the Gal4 DNA-binding domain (GAL4DBD; pGBT9 vector) or to
the GAL4 DNA activation domain (Gal4AD; pGAD424 vector),
respectively, were used to generate translational fusions with
GAMYB and BPBF (or derived fragments from it). The full-length
GAMYB cDNA was amplified with the primers GAMybATG 5'GATATCGATGTA-CCGGGTGAAG-3' (EcoRV extension site underlined) and GAMybStop 5'-TCATTTGAATTCCTCCGACATTTGA-3',
and inserted into the Smal and Sa/I sites of pGAD424 (Clontech).
Three BPBF constructs in pGBT9 were generated by PCR amplification using appropriate primers with engineered restriction
sites for cloning, with the exception of that carrying the Nterminal region that contains the DOF domain, corresponding to
the 273 pb EcoRI-Smal fragment of the BPBF cDNA clone (Mena
etal., 1998). The full-length cDNA was amplified with forward and
reverse primers 5'-GAATTCATGGAGGAAGTGTTTTC-3' and 5'GTCGACTTACATCAGGGAGGT-3', with additional EcoRI and Sa/I
flanking sites. The C-terminal region, lacking the DOF domain
(nucleotides 273-991), was amplified with the forward primer 5'GAAJTCGGGGACCTCTGACGCCCA-3' (EcoRI site underlined) and
the reverse primer described above. All constructions were
checked by restriction digestion and sequencing. Two haploid
strains of Saccharomyces cerevisiae (Clontech) were used in this
study: SFY526 carrying a LacZ reporter gene under the control of a
truncated Gall promoter, which contains Ga/4-responsive elements; and HF7C carrying a His3 auxotrophy gene controlled by the
same promoter. Yeast transformation was performed by the
polyethylene glycol method and transformants were screened for
p-galactosidase production (LacZ) and for growth in histidinedepleted agar medium (His") with increasing 3-aminotriazole
(3AT) concentrations (Clontech). Quantification of p-galactosidase
activity in liquid cultures was calculated using Miller's formulas as
described by Ausubel efa/., 1990).
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