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Summary 

Functional analysis of hydrolase gene promoters, induced by gibberellin (GA) in aleurone cells following 
germination, has identified a GA-responsive complex (GARC) as a tripartite element containing a pyrimi-
dine-box motif 5 -CCTTTT-3 . We describe here the characterization of a new barley gene [Sad gene) encod
ing a transcription factor (SAD) of the DNA binding with One Finger (DOF) class that binds to the pyrimidine 
box in vitro and activates transcription of a GA-induced protease promoter in bombarded aleurone layers. 
RT-PCR and in situ hybridization analyses showed that the Sad transcripts accumulated in all tissues ana
lysed, being especially abundant in the scutellum and aleurone cells upon seed germination. The SAD 
protein, expressed in bacteria, binds in a specific manner to two oligonucleotides containing the sequence 
5 -G/CCTTTT/C-3 , derived from the promoter region of the AI21 gene encoding a cathepsin B-like cysteine 
protease. Although the Sad transcript accumulation did not respond to external GA-incubation in aleurone 
cells, in transient expression experiments in co-bombarded aleurone layers, SAD trans-activated transcrip
tion from the AI21 promoter in a similar manner as did GAMYB, a MYB protein previously shown to respond 
to GA and to activate several hydrolase gene promoters in barley aleurone cells. In vivo interaction between 
the GAMYB and SAD proteins was shown in the yeast two-hybrid system, where GAMYB potentiates the 
SAD trans-activation capacity through interaction with its C-terminal domain. 

Keywords: aleurone layers, barley germinating seeds, cathepsin B-like thiol protease gene, GAMYB protein, 
SAD protein, transcription factors. 

Introduction 

The imbibition of seeds initiates a sequence of events 
leading to germination. Diffusible stimuli from the embryo, 
implicating gibberellins (GAs) as one of the most important 
compounds, induce a signal transduction cascade in the 
aleurone cells that eventually trigger the transcriptional 
activation of genes encoding hydrolases that mobilize 
the endosperm storage content, mainly starch and pro
teins. The resulting hydrolysis products are absorbed by 
thescutellum and utilized forseedling development (Apple-
ford and Lenton, 1997; Fincher, 1989; Skadsen, 1998). 

Although a GA receptor has not yet been isolated, many 
interesting findings have been documented related to the 
site of perception of GA in the aleurone cells, elegantly 
localized to the external face of the plasma membrane 

(Gilroy and Jones, 1994), and related to the transduction 
events that follow after the signal is perceived (for a com
prehensive review, see Bethke and Jones, 1998; Lovegrove 
and Hooley, 2000). However, little is known about the actual 
transcription factors involved in the regulation of the hydro-
lase-encoding genes. 

Functional analysis of high and low pi a-amylase promo
ters from barley, wheat and rice has identified a conserved 
c/s-acting response complex (GARC) that most often con
tain three sequence motifs, the TAACAAA box, or GA-
responsive element (GARE); the pyrimidine box, CCTTTT; 
and the TATCCAC box, which are necessary for a full GA 
response (Gubler and Jacobsen, 1992; Jacobsen ef a/., 
1995; Lanahan ef a/., 1992). Mutations of these elements 



result in a partial loss of gene expression (Lanahan et ai, 
1992; Tregear et ai, 1995). The promoters of other GA-res-
ponsive aleurone genes, such as those encoding EII(1-3,1-
4)-p-glucanase II (Slakeski and Fincher, 1992), cathepsin 
B-like (Cejudo et ai, 1992; Gubler et ai, 1999) and L-like 
thiol proteases (Cercos et ai, 1999; Mikkonen et ai, 1996), 
and type III carboxypeptidase (Washio and Ishikawa, 1992), 
have c/s-elements similar to those found in a-amylase pro
moters. However, there are differences in the sequence and 
position of these c/s-elements in each of the promoters stu
died that can explain the diverse spatial and temporal pattern 
of expression of these genes upon seed germination. 

Gubler et ai (1995) characterized the first transcription 
factor (TF) interacting with one of the c/s-acting elements 
(GARE) mentioned above. This TF was a MYB protein 
induced by GA in aleurone cells (GAMYB) that frans-acti-
vated a number of hydrolase gene promoters through 
binding to the GARE (Gubler et ai, 1995,1999). The GARE 
was also recognized by the HRT protein, a barley TF with 
three unusual zinc fingers that repressed expression from 
low and high pi a-amylase promoters (Raventos et ai, 
1998). Up to date, no frans-acting factors recognizing the 
TATCCAC box have been identified. However, several TFs 
able to bind to the pyrimidine box, belonging to the DNA 
with One Finger (DOF) class, have been described in rice 
and barley. Washio (2001) identified five genes, encoding 
DOF proteins (OsDofl-5), by Southern-Western screening 
of a rice aleurone cDNA library with a pyrimidine box probe. 
Transient expression experiments in co-bombarded aleur-
ones have indicated that some of them activated, while 
others were repressors oftheGA-inducible activity of a type 
III carboxypeptidase promoter. Recently, we have demon
strated that BPBF, a DOF transcription factor from barley, 
previously shown to be involved in the activation of seed 
storage protein genes (Mena et ai, 1998), has also a role in 
gene regulation in aleurone layers upon germination (Mena 
et ai, 2002). In transient expression experiments, BPBF 
repressed transcription of the cathepsin B-like thiol-pro-
tease gene promoter in GA-treated barley aleurone layers, 
and reverted the GAMYB-mediated frans-activation of this 
protease promoter (Mena et ai, 2002). 

The DOF proteins are plant-specific TFs (Yanagisawa, 
1995) involved in regulating not only the expression of 
genes related to seed germination (Gualberti et ai, 2002; 
Mena et ai, 2002; Papi et ai, 2000; Washio, 2001), but also 
other biological processes unique to plants, such as seed-
specific expression of storage proteins, guard cell function, 
phytohormone-regulated expression, plant-pathogen inter
action and photosynthesis-related genes (Baumann et ai, 
1999; Chen et ai, 1996; Mena et ai, 1998; Plesch et ai, 2001; 
Vicente-Carbajosa et ai, 1997; Yanagisawa and Sheen, 
1998; Yanagisawa, 2000). The Arabidopsis and rice geno
mic projects indicatethe presence of 37 and 21 DOF protein-
encoding genes, respectively, although their complete 

annotation and functional characterization arefarfrom being 
fully established (Goff et ai, 2002; Riechman et ai, 2000). 

In the present study, we report the isolation and char
acterization of a novel barley gene encoding a DOF tran
scription factor that is highly expressed in the post-
germinating scutellum and aleurone cells (scutellum and 
aleurone-expressed DOF, SAD). The SAD protein produced 
in bacteria binds in vitroto two pyrimidine boxes present in 
the promoter of the GA-inducible AI21 gene, encoding a 
cathepsin B-like thiol protease, and transiently frans-acti-
vates transcription from this promoter in aleurone layers. In 
addition, SAD activates transcription in yeast, and in the 
two-hybrid system, it interacts, outside of the DOF domain, 
with the GAMYB protein. All these data strongly implicate 
SAD, together with GAMYB, in the transcriptional activa
tion of genes expressed in the aleurone cells of germinating 
cereals. 

Results 

Cloning of a new DOF-encoding gene (Sad) from barley 

As a first step in the isolation of DOF-related genes from 
barley, a 150-bp probe corresponding to the DOF domain of 
the barley Pbf gene (Mena et ai, 1998) was used to screen a 
barley genomic library under hybridization conditions of 
moderate stringency. From 20 positive X clones, one con
taining a 2271-bp insert was selected for further character
ization. Sequence analysis indicated that this clone 
represented a new DOF gene, designated Sad, that was 
truncated downstream of the DOF coding region. Rapid 
amplification of cDNA ends (RACE) with total RNA isolated 
from scutellum of 2-day imbibed seeds and a Sad-specific 
primer was used to obtain the sequence of the 3' portion of 
the gene transcript. The Sad full-length ORF was further 
confirmed by reverse transcriptase-polymerase chain reac
tion (RT-PCR) amplification of a 1470-bp fragment extend
ing from the putative translation initiation codon. 

The presence of an intron of 933 bp in the Sad gene, 
located upstream of the DOF domain, was established by 
sequence comparisons of PCR amplification products from 
total DNA and first strand cDNA with the same pairs of 
primers, flanking the ORF. Figure 1(a) shows a schematic 
representation of the Sad gene, which contains putative 
Myb, Dof and bZIP binding motifs in its promoter (data not 
shown). The nucleotide and deduced amino acid sequences 
of the cDNA (Figure 1 b) indicates that Sad gene encodes a 
putative protein of 472 amino acid residues with a predicted 
molecular mass of 49.5 kDa that contains a DOF domain 
near its N-terminus (residues 153-202), followed by a ser-
ine-rich stretch (residues 206-213). A region with abundant 
glutamine and histidine residues is located near its C-ter-
minus (residues 338-374). 



Figure 1. Genomic structure and sequence of the barley Sad gene. 
(a) Schematic representation of the Sac/gene showingthe promoter, thetwo 
exons (boxes) and the intron. The DOF domain, within exon 2, is represented 
as dashed box. The remaining of the ORF is in a dark box and the non-coding 
sequences are represented as white boxes. The translation initiation codon 
ATG is indicated. 
(b) Nucleotide and deduced amino acid sequences of the SadcDNA. Amino 
acid residues of the DOF domain are in bold. A region rich in glutamines and 
histidines is underlined and a putative serine-rich phosphorylation site is 
indicated with a dotted line. The double arrow shows the intron position and 
the stop codon is indicated with an asterisk. Nucleotide sequence numbers 
refer to the ATG translation initiation codon; those concerning amino acid 
positions are in parentheses. The Sad genomic clone has the EMBL acces
sion number AJ312297. 

Figure 2. Dendrogram of the DOF domains corresponding to the Sad gene 
and of other 14 annotated cereal DOF proteins available in the Data banks. 
OS: Oryza saliva; ZM: Zea mays; HV: Hordeum vulgare; TA: Triticum 
aestivum. The Gene bank numbers corresponding to these sequences are 
as follows: OS Dof 1-5 (AB028129, AB028130, AB028131, AB028132, 
AB028133, Washio, 2001); OS (P0038F12, P0453A06, P0001B06.2); ZM Dof 
1-3 (X66076, X79934, X79935, Yanagisawa and Sheen, 1998); ZM PBF 
(V82230; Vicente-Carbajosa et ai, 1997); HV BPBF (A000991) and TA WPBF 
(AJ012284;Menaefa/., 1998). 

A phylogenetic dendrogram based on the comparison of 
the DOF domain of all the DOF proteins from cereals whose 
sequences are annotated, appears in Figure 2. The barley 
Sad gene is probably the orthologue of rice Dof1 and Dof2 
genes (Washio, 2001; OS Dof 1 and 2 in Figure 2) since they 
share 100% identical residues in the DOF domain (61 and 
71% identity, respectively, over the whole protein). This 
percentage never falls below 82% when comparisons are 
made with the other cereal DOF proteins that clearly define 
a subfamily of plant DOFs (OS Dof3, ZM PBF, HV BPBF and 
TA WPBF; Figure 2). 

The Sad gene is ubiquitously expressed in germinating 
barley seeds 

To explore the pattern of expression of this gene, total RNA 
was isolated from developing endosperm, immature and 
mature embryos and from dissected tissues (scutellum, 
aleurone, roots and leaves) of 2-day-imbibed kernels of 
the barley cv Bomi. Since the Sad transcript accumulation 
was almost undetectable by Northern blot assays (data not 
shown), semiquantitative RT-PCR analysis was performed. 



Figure 3. RT-PCR analysis of Sad expression in barley tissues and of Sad 
hormonal response in aleurone layers. 
(a) Total RNA, isolated from 18daf developing endosperm (En), immature 
(iE) and mature embryos (mE), scutellum (S) and aleurone (A) after 4days of 
imbibition, and of 4-day-old roots (R) and leaves (L), was reverse transcribed 
in the presence of random hexamers. The first-strand cDNA was then 
amplified by PCR using specific primers for the Sad transcript (SAD). 
(b) Total RNA, isolated from aleurone layers incubated for 16h with 1 nM 
GA3 (G), 10^M ABA (A), 1 ^M GA3 plus 10^M ABA (G+A) or without 
hormones (C), was reverse transcribed and the first-strand cDNA amplified 
by PCR using specific primers forthe Sad (SAD) or the cathepsin B-like (CAT-
B) transcripts. Amplification of a region of the 18S rRNA was used as the 
internal control (18S). 

As shown in Figure 3(a), Sad was detected in all samples 
analysed, although it was more abundantly expressed in 
the scutellum and aleurone cells. 

The observed accumulation pattern of the barley Sad 
transcript upon seed imbibition suggested that it may be 

under hormonal control. Isolated aleurone layers were 
used as a system to study the hormonal response of the 
Sad gene. These aleurone layers that do not synthesize GA 
or ABA, but are able to respond to them, were isolated from 
de-embryonated grains of Himalaya barley after 4days of 
imbibition and incubated in the presence of 1 \iM GA3, 
10nM ABA, or a mixture of the two. Figure3(b) shows 
the level of the Sad mRNA as well as that of the cathepsin 
B transcripts run as a control. No hormonal response was 
observed in the Sad expression, while that of the cathepsin 
B (AI21 gene) did respond to external GA, an effect counter
acted by ABA, as previously described (Cejudo era/., 1992). 

To localize the spatial and temporal expression of Sad 
upon seed germination, mRNA in situ hybridization studies 
were done. In longitudinal sections of embryos, a clear 
signal was already observed after 8 h of imbibition, mainly 
in the scutellum (Figure4b), and after 16h, transcript accu
mulation was also detected in the region corresponding to 
the coleorhiza and to the foliar primordia (Figure 4c) where 
it gradually increased up to 72 h of imbibition (Figure4d,e). 
A strong signal was also observed in the aleurone layer at 
24 and 48 h of rehydration, and this was especially promi
nent in the internal cells in contact with the starchy endo
sperm (Figure 4g,h). In the emergent roots after 2 days of 
imbibition, the mRNA label was very strong along the 
vascular tissues and throughout the meristematic region, 
as well as in the cortex (Figure 4j,l). No signal above back
ground was detected when sections were hybridized with 
the sense probe, used as negative control (Figure 4a,f,j,k). 
These in situ hybridization data enlarge and corroborate the 
results obtained by RT-PCR analysis. 

Figure 4. Expression of the Sad mRNA upon 
seed germination by in situ hybridization. 
Longitudinal sections of embryos at 8 (a, b), 16 
(c), 48 (d) and 72 h (e) of seed imbibition. Long
itudinal sections of aleurone at 24 (f, g) and 48 h 
(h) of seed imbibition. Longitudinal (i, j) and 
transverse (k, i) sections of roots collected at 
48 h of seed imbibition. Hybridization was done 
with the antisense Sad probe (b-e, g, h, j , I) or 
with the control sense probe (a, f, i, k). al, 
aleurone cells; c, coleoptile; co, coleorhiza; ex, 
cortex; e, endosperm; em, embryo; fp, foliar 
primordia; m, meristematic region; p, pericarp; 
r, radicle; re, root cap; rt, root; sc, scutellum; vt, 
vascular tissue. Scale bars: (a-e, i, j) 100urn; (f, 
g, k, I) 50Rm; (h) 25^m. 



SAD activates transcription of the cathepsin B-like 
promoter in co-bombarded barley aleurone layers 

Having established that the Sac/gene was more abundantly 
expressed in aleurone and scutellum upon germination, 
we investigated its putative function as a TF in isolated 

Figure 5. Transient expression assays by co-bombardment of barley aleur
one layers using the promoter of the AI21, cathepsin B-like thiol protease, 
fused to the GUS reporter gene and, as effectors, the sense and antisense 
Sad cDNA. 
(a) Schematic structure of reporter and effector constructs. The reporter 
construct used was the pCBG13 plasmid described by Cejudo era/. (1992). 
The open and black boxes indicate the location of putative binding sites for 
DOF (D1 and D2) and GAMYB (M1 and M2) transcription factors, respec
tively. Their sequence and positions in the promoter (referred to the ATG 
translation initiation codon) are indicated. (+) sense strand; (-) antisense 
strand. The effector constructs contained the complete ORF of the SadcDNA 
in the sense or antisense orientations under the control of the CaMV35S 
promoter (p35S), followed by the first intron of the maize /WWgene(l-Adhl) 
and are downstream flanked by the 3' nos terminator (nos). 
(b) Transient expression assays by co-bombardment of aleurone layers with 
the indicated reporter to effector molar ratios (1:0.5, 1:1 and 1:2). p-
glucuronidase (GUS) activity was detected by histochemical staining and 
subsequent counting of blue spots per aleurone, and expressed as percen
tage of GUS activity relative to the control without effector. In each assay, 
sets of five aleurones layers were bombarded and three replicates of each 
experiment were done. Standard errors are indicated. 

aleurone layers. For this pourpose, transient expression 
experiments were done. 

As a reporter, the pCBG13 (Cejudo etal., 1992) construct, 
containing the GUS gene under the control of the promoter 
of the AI21 gene, encoding the wheat cathepsin B-like thiol 
protease, was used. The AI21 promoter included three 
putative DOF-binding sites, D1, D2 and D3, and two other 
c/s-motives for MYB proteins, indicated as M1 and M2. 
D1 corresponds to a canonical pyrimidine box motif 

(5'-CAAAAGG-3'; 5'-CCTTTTG-3' in the antiparallel strand) 
at position -401, and D2 (5'-CGAAAGC-3') and D3 
(5'-TCTTTCA-3') are imperfect DOF-binding sequences at 
positions -235 and -434, respectively (Yanagisawa and 
Schmidt, 1999). M1 (5'-CAACGGCAAC-3') is located at posi
tion -367 and M2 (5'-ATCAACAACC-3') at position -312, in 
sense and antisense orientations, respectively (Figure 5a). 
As effectors in the bombardment experiments, we used the 
Sad cDNA, in sense and antisense orientations, both under 
the control of the 35S promoter followed by the first intron 
of the alcohol dehydrogenase I [Adhl) gene promoter. The 
transient expression data are summarized in Figure5(b). 
The 4/27 promoter was activated in trans by the SAD 
protein. The construct of the SAD as effector in the sense 
orientation increased the expression of the reporter up to 
300% (at the 1:1 effector to reporter ratio), while the anti-
sense Sad repressed GUS activity, attaining a 50% reduc
tion already at the lowest ratio tested (1:0.5; Figure 5b). 

SAD binds in vitro to two DOF motives in the promoter of 
the Am gene 

Since SAD mediates frans-activation of the AI21 gene pro
moter in transient expression experiments and the sequ
ence of this promoter presents three putative DOF-binding 
motives (Yanagisawa and Schmidt, 1999) at -434 (TCTTTCA), 
-401 (CAAAAGG) and -235 (CGAAAGC), we tested if SAD 
wascapableofbindingspecificallytothesemotives/nwfroby 
Electrophoretic mobility shift assays (EMSA). 

The SAD protein, expressed as a GST-fusion in Escher
ichia coli, was incubated with three labelled-oligonucleo-
tide probes but only two of them, those spanning the DOF 
motives at positions -401 and -235 (D1 and D2 probes in 
Figure 6a) were able to produce retardation bands. Binding 
specificity was demonstrated by competition titrations, up 
to 100x molar excess, with cold oligonucleotides. Neither 
binding nor competition abilities were found with the 
mutated probes, where the AAAG core sequence was 
changed to AgAc (d1 and d2 probes in Figure 6a). As 
expected, the binding was not detected when the control 
GST-protein was used in the assay (Figure 6a). Although D1 
contained a canonical DOF-binding core (5'-A/TAAAG-3'), 
D2 and D3 had imperfect but identical cores (5'-GAAAG-3'). 

These results indicate that SAD binds in a sequence-
specific manner to the D1 and D2 motives in the AI21 gene 



Figure 6. Electrophoretic mobility shift assays (EMSA) of the recombinant SAD and GAMYB protein fusions to GST, with oligonucleotides derived from the AI21 
(cathepsin B-like thiol protease) gene promoter. 
(a) EMSA of the recombinant SAD protein with the 32P-labelled, D1 and D2 probes, including the two binding DOF domain from the ,4/27 promoter or their 
mutated versions, d1 and 62. 
(b) EMSA of the recombinant GAMYB protein with the 32P-labelled, M1 and M2probes, including the two putative binding MYB motives from the AI21 promoter 
ortheir mutated versions, m 7 and m2. Competition experiments were performed using increasing amounts (20x, 50x, 100x) of the indicated unlabeled probes. 
Sequences of the oligonucleotides used as probes are shown at the bottom of each panel. The putative binding sites are underlined. 

promoter and that the different bases flanking the DOF-
binding core are important for this interaction, as pre
viously reported by Yanagisawa and Schmidt (1999) for 
other DOF proteins, and as sustained by the lack of in vitro 
binding of SAD and the D3 motif. 

Besides the DOF-binding motives described (D1 and D2), 
the AI21 gene promoter also contains two motives that 
are the binding cores for MYB proteins (M1 and M2 in 
Figure 5a). Although it has been previously shown that 
the GAMYB frans-activated the expression of the AI21 gene 
in aleurone layers, EMSA assays have not been done in the 
context of this promoter. We investigated this interaction, 
following the same approach described above, with specific 
oligonucleotides (M1 and M2 probes) whose sequences 
contained the M1 and M2 motives derived from the AI21 
gene promoter (Figure 6b) and the GAMYB protein 
expressed as a GST-fusion in E.coli (Diaz et al., 2002). A 
shifted complex was observed with both probes, although 

the M1 motif seemed to present a higher binding affinity for 
the GAMYB protein than the M2 motif (Figure 6b). These 
bindings were effectively competed out by a molar excess 
of unlabeled probes, but not by the mutated variants (ml 
and m2 probes). Furthermore, when these variants were 
used as probes, the formation of the shifted protein-DNA 
complex was not observed (Figure 6b). 

SAD interacts with GAMYB in the yeast two-hybrid 
system 

The simultaneous expression of SAD (this report) and 
GAMYB (Gubler et al., 1995) in the aleurone cells, and 
the transient expression assays indicating that both tran
scription factors were able to frans-activate independently 
the same AI21 promoter (Figure 6; Gubler et al., 1999), 
prompted us to check if these proteins interacted in vivo 
in the yeast two-hybrid system. 



Figure 7. Interactions between SAD and GAMYB in the yeast Saccharo-
myces cerevisiae two hybrid system. 
(a) Schematic representation of the effector constructs used. Gal4BD, Gal4 
DNA-binding domain; Gal4AD, Gal4 DNA-activation domain; N-term SAD, 
N-terminal region of SAD (nt 1-720) containing the DOF-encoding domain; 
C-term SAD, C-terminal region of SAD (nt 696-1419). GAMYB, full-length 
cDNA. 
(b) Schematic structure of the LacZreporter gene used in liquid assays. Gall 
UAS: Gal4 responsive element in a GaM truncated promoter. The full-size 
ORF of the Sad cDNA and the N- and C-terminal regions described above 
were fused to the GalBD in the plasmid pGBT9 (Clontech) and the complete 
ORF of GAMYB cDNA was fused to the Gal4AD in the plasmid pGAD 
(Clontech). Both plasmids were used to transform S. cerevisiae strain 
SFY526 to test for LacZ induction. Measures of p-galactosidase activity in 
liquid cultures were made from at least three independent replicates. 
Standard errors are indicated. 

We used as a 'bait' the whole SAD cDNA or two different 
fragments derived from it, one spanning the N-terminal 
moiety containing the DOF domain (amino acid residues 
1-241), and the other containing the C-terminal half (resi
dues 233-472), that were translationally fused to the 
Gal4BD. As a 'prey' the GAMYB fused to the Gal4AD 
(Figure7a) was used. As shown in Figure7, yeast cells 
transformed with the full-length Gal4BD-SAD fusion con
struct showed low, but detectable background levels of 
LacZ reporter activity (Figure 7b, lane 1), demonstrating 
that SAD is a transcription activator in yeast. This activity 
increased significantly when the yeast strain was co-trans

formed with the Gal4AD-GAMYB construct, indicating 
interaction between these two factors in this system 
(Figure7, lane 2). No reporter activity was detected when 
transformations involved the Gal4BD fusion to the N-term
inal DOF domain of SAD (amino acid residues 1-241), either 
alone or co-transformed with the Gal4AD-GAMYB con
struct (Figure 7b, lanes 3 and 4). The interaction did take 
place between GAMYB and the C-terminal part of the SAD 
protein (residues 233-472; Figure 7b, lanes 5 and 6). As 
shown in lanes 1 and 5 of Figure 7(b), the SAD protein, 
devoid of the N-terminal part containing the DOF domain, 
was a stronger transcription activator (>10x) in yeast than 
the full-length SAD, an observation previously reported for 
other DOF proteins (Diaz et ai, 2002). 

The AI21 promoter is activated by SAD in barley aleurone 
layers 

The functional relevance of the interaction observed in the 
yeast two-hybrid system between SAD and GAMYB was 
further investigated inplanta by transient expression 
assays in co-bombarded barley aleurone layers. 

Figure8(a) shows schematically the deletion constructs 
of the AI21 gene promoter fused to the GUS reporter gene 
(Cejudo et ai, 1992) that were used in the transient assays. 
The position of the DOF and MYB-binding motives is indi
cated. The effector constructs contained the complete 
cDNAs from the Sad and GAMyb genes controlled by the 
CaMV35S promoter plus the first intron of the maize Adhl 
gene (Figure 8a). Isolated barley aleurone layers were tran
siently transformed by particle bombardment with the 
reporters alone, or in combination with the effectors at a 
1:1 molar ratio. As shown in Figure 8(b), the co-transfection 
of pCBG13, containing the longest AI21 promoter fragment 
(-480 bp from the translation start codon), with SAD or 
GAMYB effectors resulted in three and sixfold increase in 
GUS activity, respectively, overthat directed by the reporter 
alone. Similar percentage increases in GUS activation, 
mediated by SAD as effector, over background levels, were 
obtained when the pBCG13.1 and pCBG13.5 were used as 
reporters, although the basal GUS activities were 70 and 
40%, respectively, of that supported by the longest pCBG13 
construct. These reporters included -381 and -355-bp 
promoter fragments, respectively, and still contained one 
DOF-binding motif (D2). When the pCBG13.2 was used, no 
frans-activation was exerted by GAMYB, which is in agree
ment with the absence of MYB motives in this -278-bp 
promoter construct. However, SAD still conserved its capa
city as an activator, probably through binding to the D2 
motif. Only the complete deletion of both Dof-binding sites 
in the AI21 promoter, as occurs in the pCBG13.3 construct 
(-225 bp; Cejudo et ai, 1992), not only supported very low 
levels of GUS expression, but also was not frans-activated 
by the SAD factor (data not shown). 



Figure 8. Trans-activation of the 4/27(cathepsin B-like thiol protease) gene 
promoter by SAD and GAMYB in barley aleurone layers. 
(a) Schematic structure of reporter and effector constructs used in the 
transient expression assays. The reporter constructs were: pCBG13, 
pCBG13.1, pCBG13.5 and pCBG13.2 described by Cejudo et al. (1992). 
The open and black boxes, respectively, indicate putative binding sites 
for TFs of the DOF and MYB classes. The effector constructs contained 
the full size ORF of the cDNAs of SAD and of GAMYB under the control of 
CaMV35S promoter followed by the first intron of the maize Adhl gene (I-
Adhl) and flanked downstream by the 3' nos terminator. 
(b) Transient expression assays by co-bombardment of aleurone layers 
upon germination with the indicated combination of reporter and effector 
plasmids at a 1:1 molar ratio, p-glucuronidase (GUS) activity was assayed 
and expressed as in Figure5. Transient GUS expressions driven by the 
longest ,4/27 promoter fragment assayed (pCBG13) and several deletions of 
it(pCBG13.1,pCBG13.5,pCBG13.2)areshownintheinsert(1,2,3,4).lneach 
assay, sets of five aleurones layers were bombarded and three replicates of 
each experiment were done. Standard errors are indicated. 

Aleurones co-bombarded with the reporter constructs 
plus an equimolar mixture of both effectors, SAD and 
GAMYB, showed an activation of the GUS level similar 

to that driven by the stronger activator of the two TFs, 
GAMYB, in constructs pCBG13 and 13.1. However, a clear 
additive effect of SAD and GAMYB, as effectors was 
observed in the pCBG13.5 construct. Whether the lack of 
additive effects in the first two cases reported is due to a 
saturation effect remains to be elucidated (Figure8b). It is 
important to mention that the GUS activation is expressed 
as percentage relative to the control without effector, con
sidered as 100%. As it is shown in the insert of Figure8(b), 
the successive deletions of the AI21 promoter fused to the 
GUS reporter gene resulted in a progressive reduction of 
the GUS expression that is in agreement with the functional 
analysis of this promoter previously performed in oat pro
toplasts by Cejudo era/. (1992). Finally, the co-expression of 
the mixture of SAD and GAMYB with the pCBG13.2 reporter 
construct produced a similar effect as that originated when 
co-bombarding with SAD alone, an expected result since 
there is no MYB-binding motif in this construct. 

Taken together, all these data indicate that SAD and 
GAMYB mediate the frans-activation of the cathepsin B-
like gene promoter in aleurone layers through binding to 
their specific binding domains. 

Discussion 

We have characterized the cDNA and genomic clones cor
responding to the barley Sadgene that encodes a new DOF 
transcription factor. As shown by RT-PCR and in situ hybri
dization analysis, Sad transcripts, although ubiquitously 
expressed, are particularly abundant in the scutellum and 
aleurone cells following germination. This pattern of 
expression, together with in vitro binding of SAD to the 
pyrimidine boxes in context of the promoter of the cathe
psin B-like protease-encoding gene (AI21) and data from 
transient expression assays, is compatible with SAD being 
a transcriptional activator of hydrolase genes induced in the 
aleurone cells upon germination. In this study, we also 
document that SAD interacts in the yeast two-hybrid sys
tem with GAMYB, another important TF of GA-inducible 
hydrolase genes in post-germinating seeds. 

SAD and BPBF (Mena et al., 1998, 2002) are the first two 
DOF proteins described in barley that belong to the same 
DOF subfamily (see dendrogram in Figure 2). SAD and rice 
OS Dof1 and OS Dof2 (Washio, 2001) show a relevant 
sequence homology that is not restricted to the DOF 
domain. However, OS Dof1 expression was not detected 
which may be an indication of its being a pseudogene, 
while OS Dof2 presents a similar expression pattern than 
Sad (Washio, 2001): both mRNAs accumulated in vegeta
tive tissues as well as in different seed tissues during 
development and upon germination, and do not respond 
to hormone treatment in aleurone layers. This can indicate 
that Sadand OS Dof2 may be orthologous and argues for a 
general conservation of this new class of DOF proteins as 



important regulators of hydrolase gene expression in ger
minating aleurone, across a wide spectrum of cereal crops. 

The success of germination depends on the response of 
aleurone cells to GA which activates the expression of 
genes encoding hydrolytic enzymes, such as a-amylases, 
proteases, p-glucanases, etc. (Lovegrove and Hooley, 
2000). The promoters of these GA-regulated genes gener
ally contain a tripartite c/s-complex,GARC (Jacobsen ef a/., 
1995; Lanahan ef a/., 1992). So far, the best characterized 
element of this GARC is the GARE which is recognized by 
the TFs, GAMYB acting as an activator (Gubler ef a/., 1995, 
1999) and HRT, acting as a repressor of transcription 
(Raventosefa/., 1998). 

We have recently described (Mena ef a/., 2002) that barley 
BPBF (gene Pbf), a DOF transcription factor previously 
shown to be an activator of hordein gene expression during 
endosperm development (Mena ef a/., 1998) is a transcrip
tional repressor upon germination through interaction with 
the pyrimidine box of the GARC. In transient expression 
assays in barley aleurone layers, the GA-inducible BPBF 
repressed the GAMYB frans-activated or GA-inducible GUS 
reporter activity controlled by the cathepsin B-like thiol-
protease AI21 gene promoter. The DOF protein described in 
this paper, SAD, does not respond to GA but acts as a 
transcriptional activator of AI21 through recognition of the 
pyrimidine box motives in its promoter. Thus, it appears 
that two DOF zinc finger genes Sad and Pbf influence with 
opposite effects the regulation of a hydrolase gene in barley 
aleurone. 

The regulation of the AI21 gene may be explained under 
the possibility of SAD competing with BPBF for binding to 
the same c/s-motives. This view is consistent with the ob
servation that the pyrimidine boxes are positive elements 
(Cejudo ef a/., 1992; Mena ef a/., 2002; insert in Figure 8b). It 
is also supported by data found in the analysis of the Amy2/ 
32b (Lanahan ef a/., 1992), Amy1/6-4 (Jacobsen ef a/., 1995) 
and EPB-1 (Cercos ef a/., 1999) genes. According to this 
model, the relative concentrations of SAD and BPBF at a 
given time, and their relative binding affinities, would direct 
the overall effect of the pyrimidine box elements along the 
germination process. Couple of DOF factors involved in 
regulating the expression of the same gene and competing 
for a common binding site have been previously described 
in maize and Arabidopsis. In maize leaves, ZM Dof1 and ZM 
Dof2 are implicated in the light-responsive expression of 
multiple genes including the C4 photosynthetic PEPCarbox-
ylase gene (Yanagisawa and Sheen, 1998; Yanagisawa, 
2000); modulation is achieved in this case by competition 
for a common binding site between the activator Dof1 and 
the repressor Dof2. Genetic evidence for two Arabidopsis 
DOF proteins, DAG1 and DAG2 with opposite effects on 
germination has been recently reported, although their 
mechanism of action is not completely elucidated 
(Gualberti ef a/., 2002; Papi ef a/., 2000, 2002). 

Yeast two-hybrid assays reported in this paper and our 
previous results (Diaz ef a/., 2002) indicate that SAD and 
BPBF do interact with GAMYB and this interaction takes 
place in both cases through the C-terminal half of these 
proteins, devoid of their DOF domains. It is worth noticing 
that the DOF domain, as well as other zinc fingers of other 
TF families, has been reported to have bi-functional 
domains that mediate not only DNA binding but also pro
tein-protein interactions with bZIPs, HMGs (chromatin-
associated high mobility group proteins), etc. (Mackay 
and Crossley, 1998; Ohate ef a/., 1999; Vicente-Carbajosa 
ef a/., 1997; Yanagisawa, 1998; Zhang ef a/., 1995). 

All the data obtained by us and others support the idea 
that SAD and BPBF interacting with the pyrimidine box, and 
GAMYB and HRT interacting with the GARE, are part of the 
regulatory complex controlling expression at the transcrip
tion level in the germinating barley seeds. For full under
standing of the expression control of the hydrolase-
encoding genes in aleurone cells upon germination, a 
crucial point would be the characterization of the transcrip
tion factors recognizing the third element in the tripartite 
GARC, i.e. those interacting with the TATCCAC box. 

Experimental procedures 

Screening of a barley genomic library and 
characterization of Sad gene 

A barley (Hordeum vulgare) cv Igri genomic library constructed in 
Lambda FIXII (Stratagene) was screened with a 150-bp probe 
corresponding to the DOF domain of the barley Pbf gene (Mena 
etal., 1998). An unamplified library sample, representing 5x105 

plaque forming units, was plated after infection of the £ co//strain 
XL1-blue MRF. The plates were transferred onto Hybond-N mem
branes (Amersham) and filters hybridized and washed under 
standard conditions (Sambrook ef al., 1989). Several positive 
plaques were identified and one of them wasfurthercharacterized. 
This clone, hereafter the Sad gene, was truncated down stream of 
the DOF domain. To complete this clone at its 3' site, total RNA 
isolated from scutellum of 2-day-old, germinated seeds of barley 
cv Bomi was used as the template for the reverse transciptase 
reaction using a synthetic oligonucleotide composed of a string 
of T-residues and an anchor domain as a primer (First-strand 
cDNA Synthesis Kit, Amersham-Pharmacia Biotech, Freiburg, 
Germany). The cDNA corresponding to the Sad gene was then 
PCR-amplified using this universal anchor oligonucleotide and the 
Sad specific primer 5'-GAGAAGGCAATCAACTGC-3' derived from 
the 5' side of the DOF domain (nt 442-459 from the translation 
initiation codon). 

To determine if the Sad gene ORF was interrupted by the 
presence of introns, the cDNA, as well as total DNA preparation 
from barley leaves, was amplified by PCR using the primers 5'-
ATGACATATGGAGGAG-3' (translation initiation codon under
lined) and 5'-CTCCACATGCTGACAACC-3' (complementary to 
the sequence corresponding to the nt 1452-1470 located at the 
3' non-coding region). The length of the amplified fragments was 
determined and the nucleotide sequences of both fragments were 
compared. 



DNA and deduced protein sequence analysis was determined 
with the ABI PRISM 377 dye DNA sequence analyser (PerkinElmer-
Applied Biosystem). 

RNA preparation and RT-PCR analysis 

Seeds of barley (H. vulgare) cv Bomi were germinated at 22°C in 
the dark and used to collect samples of root and shoot tissues. 
Developing endosperms and embryos were prepared from kernels 
15 days after pollination (daf) and grown in the greenhouse at 18°C 
under 18-h day/6-h night photoperiod and mature embryos were 
isolated from dry barley Bomi seeds. Samples were frozen in liquid 
nitrogen and stored at -70°C until used for RNA extraction. 

For the isolation of RNA from aleurones, barley cv Himalaya 
seeds (1992 harvest, Washington, State University, Pullman) were 
de-embryonated, sterilized in 1.7% NaOCI for 10min and treated 
with 0.01 M HCI for 5min. After several washes in distilled water, 
seeds were incubated for 48 h at 22°C in the dark, on filter paper 
soaked with a buffer containing 20 mM Na-succinate, pH5.2 and 
20 mM CaCI2. Aleurone layers were isolated under dissecting 
microscope and incubated for 16 h at 22°C in the dark, with the 
buffer described above including no hormones, 1 nM GA3, 10nM 
ABA or a mixture of both hormones. 

Total RNA for RT-PCR analysis was isolated from the mentioned 
tissues and organs of barley by the RNeasy Plant protocol (Qiagen, 
Inc., USA). Contaminating genomic DNA in the RNA preparations 
was then digested by DNase treatment using the DNA-f ree system 
(Ambiom Inc. Austin, TX, USA). First-strand cDNA synthesis was 
primed with random hexamers and catalysed by M-MuLV Reverse 
Transcriptase according to the manufacturer's recommendations 
(Amersham Pharmacia Biotech). PCR amplification of 497 bp por
tion of the Sad cDNA (nt 227-722 from the ATG initiation codon) 
was performed using the forward primer 5'-AGTGGCACCAGG-
GGCTAGG-3', which spans an intron-exon boundary in the Sad 
cDNA and the reverse primer 5'-ATCAGCTTCGGGTTCTTGG-3'. A 
650-bp fragment of the cDNA encoding a cathepsin B-like thiol 
protease of wheat (AI21 gene), corresponding to a nucleotide 
sequence highly conserved (Cejudo ef al., 1992), was amplified 
using the primers 5'-TCGCGAATTACACTATTGAGC-3' and 5'-
CACCGGTGATGTGCTTGTA-3', as control of hormonal response. 
The 18S amplicon was used as internal control using a mixture of 
18S primers/competimers (Ambion) at a 2:8 and 3:7 molar ratio 
forSadandcathepsinB-like.respectively.TheresultingPCRproducts 
were analysed by 2% agarose gel electrophoresis, visualized by 
ethidiumbromidestainingandtheamplificationsequencedto verify 
the specific amplification of the desire target messages. 

In situ hybridization 

Barley seeds of cv Bomi were germinated onto filter paper soaked 
with distilled water at 22°C in the dark. Different seed tissues were 
collected upon germination and fixed in FAE solution (ethanoka-
cetic acid:formaldehyde:water, 50:5:3.5:41.5) for 2h at room 
temperature, dehydrated and embedded in paraffin and sectioned 
to 8urn. After de-waxing in histoclear and rehydration, section 
were treated with 0.2 M HCI, neutralized and incubated with 
l u g m r 1 proteinase K as described by Ferrandiz ef al. (1999). 
Finally, tissue sections were dehydrated in an ethanol dilution 
series and dried under vacuum before applying the hybridization 
solution (100 ng mP1 tRNA, 6x SSC, 3% SDS and 50% formamide), 
containing approximately 100 n g ^ 1 ! antisense or sense DIG-
labelled RNA probe corresponding to the 684-bp fragment (posi
tions -456 to 228 from the ATG initiation codon) of the Sad gene. 

Hybridization was performed overnight at 52°C, followed by two 
washes in 2x SSC and 50% formamide for 90min at the same 
temperature. Antibody incubation and colour detections were car
ried out according to the manufacturer's instructions (Boehringer). 

Electrophoretic mobility shift assays 

The SAD and GAMYB proteins were expressed in E.coli (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-|3-D-
thio-galacto-pyranosyde (IPTG) for 1 h and protein purification 
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 
DOF (D) or GAMYB (M) binding sites from the cathepsin B-like thiol 
protease promoter and their mutated versions (d and m) were 
produced by annealing the complementary single-stranded oligo
nucleotides, indicated below, to generated 5'-protruding ends. All 
probes were end-labelled with a32P-dATP by fill-in reaction with 
the Klenow exo-free DNA polymerase (United States Biochem-
icals, USA) and purified from an 8% polyacrylamide gel (29:1 
cross-linking). 

#D1: 5'-TTTTCCACAAAAGGATTCTCGCAAG-3' and 3'-GGTG-
TTTTCCTAAGAGCGTTCCTCT-5' 
#d1: TTTTCCACAAgAcGATTCTCGCAAG-3' and 3'-GGTGTTcTg-
CTAAGAGCGTTCCTCT-5' 
#D2: 5'-TTAGCCGGGAACCGAAAGCGGGCGCGCGC-3'and 3'-GG-
CCCTTGGCTTTCGCCCGCGCGCGCAGT-5' 
#d2: 5'-TTAGCCGGGAACCGAgAcCGGGCGCGCGC-3'and 3'-GG-
CCCTTGGCTcTgGCCCGCGCGCGCAGT-5' 
#M1: 5'-TTGAAGCAACGGCAACGCATGGGCGAG-3' and 3'-TC-
GTTGCCGTTGCGTACCCGCTCGCTT-5' 
#m1: 5'- TTGAAGCAgCGGCAgCGCATGGGCGAG-3' and 3'-TC-
GTcGCCGTcGCGTACCCGCTCGCTT-5' 
#M2: 5'-TTAAAAACGGGTTGTTGATTCTGGCGT-3' and 3'-TTTGCC-
CAACAACTAAGACCGCACCGT-5' 
#m2: 5'-TTAAAgACGGcTTGTcGATTCTGGCGT-3' and 3'-TcTGCC-
gAACAgCTAAGACCGCACCGT-5' 

DNA-protein binding reactions, competitions with unlabeled or 
mutated probes and final analysis of DNA-protein complexes were 
performed as described in Diaz et al. (2002). 

Transient expression assays in barley aleurone layers 

Reporter constructs containing the wheat cathepsin B-like thiol 
protease promoter from the AI21 gene were obtained by linking 
different promoter fragments to the ^-glucuronidase (uidA) repor
ter gene. The pCGB13 plasmid contained a -480bp portion 
upstream of the translation start site; the pCBG13.1, pCBG13.5 
and pCBG13.2plasmids were deletions spanning up to-381,-355 
and -278 of the ATG, respectively (Cejudo ef al., 1992). The 
complete Sad cDNA in sense or a 684-bp fragment (positions 
-456 to 228 from the ATG initiation codon) in antisense orienta
tion, and the entire GAMyb cDNA (Gubler et al., 1995) were used as 
effector constructs. Each one was independently cloned in the 
pBlueScript vector (Stratagene) under the control of the CaMV35S 
promoter, followed by the first intron of the maize Adhl gene. All 
constructs contained the 3' nos terminator. 

Himalaya barley seeds were de-embryonated, sterilized in 1.7% 
NaOCI for 10min and treated with 0 . 0 1 M HCI for 5min. After 
several washes in distilled water, seeds were imbibed for 48 h in 



the dark on water-soaked filter paper. Then, the endosperm was 
removed under a dissecting microscope and isolated seed layers 
(aleurone, pericarp and testa) were incubated in a Petri dish con
taining 20 mM Na-succinate buffer (pH 5.2) and 20 mM CaCI2 with 
gentle shaking for 6 h at 22°C in the dark. Finally, seed layers were 
placed onto soaked filter paper with the same buffer, placing the 
internal face of aleurone layers up and shot in sets of six. 

Particle coating and bombardment were carried out basically as 
described in a previous study (Vicente-Carbajosa etal., 1998), with 
a biolistic Helium gun device (DuPont PDS-1000) using rupture disk 
of 1500psi and a 6-cm distance between macro-carrier and target 
sample. After bombardment, aleurones layers were incubated in a 
6-cm dish with the buffer described above, with gentle shaking for 
24 h at 22°C in the dark. GUS expression was determined histo-
chemically following Jefferson (1987). GUS activity was calculated 
as the mean value of blue spots per aleurone in each assay and 
expressed as percentage, considering 100% as the value obtained 
with each reporter construct without effectors. The histochemical 
data were directly correlated with the GUS expression quantified 
by chemiluminescence (GUS light Kit, Tropix) per milligram pro
tein with a correlation coefficient of 0.95 (data not shown). 

Yeast transformation and LacZ assays 

Plasmids pGBT9 and pGAD424 (Clontech) were used to generate 
translational fusions with the complete SAD or derived fragments, 
and with the GAMYB. Three SAD constructs in pGBT9 were gen
erated by PCR amplification using appropriate primers with engi
neered restriction sites for cloning. The full-length SadcDNAwas 
amplified with the forward primers SadATG 5'-GAATTCATGACA-
TATGGAGGAGAC-3' and reverse primer SadSTOP 5'-GTCGACC-
TCCACATGCTGACAACC-3', with additional EcoRI and Sal\ 
flanking sites (underlined). The N-terminal region (nt 1-723) was 
amplified with the SadATG primer and the reverse primer 5'-
GTCGACATCAGCTTCGGGTTCTTGG-3' and for the C-terminal 
region (nt 696-1570) lacking the DOF domain, the primer 5'-
GAATTCATGCCGGCCAAGAACCCG-3 and the SadSTOP primer 
were used. The entire GAMyb cDNA was cloned in pGAD424 
(Clontech) as described by Diaz etal. (2002). Two haploid strains 
of Saccharomyces cerevisiae were used in this study: SFY526, carry
ing a LacZ reporter under the control of a truncated GaUUAS 
promoter which contains Ga/4-responsive elements; and HF7C 
carrying a His3 auxotrophy gene controlled by the same promoter. 
Yeasttransformation was performed by the polyethylene glycol and 
transformants were screened for |3-galactosidase production (LacZ) 
andforgrowth in histidine-depleted agar medium (His") with increas
ing 3-aminotriazole (3AT) concentrations (Clontech). Quantification 
of |3-galactosidase activity in liquid cultures was calculated using 
Miller's formula as described byAusubel etal (1990). 
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