Plant Maolecular Biology 260 617630, 1994, )
© 1993 Khiower Acadeniic Publishers, Prived in Belgion. 617

Structure and promoter analysis of an ABA- and stress-regulated barley
gene, HVAI

Peter F. Straub ', Qingxi Shen' and Tuan-hua David Ho*
Plant Biology Program, Department of Biologv, Division of Biology and Biomedical Sciences, Washington
University, St. Louis. MO 63130, USA (¥ author for correspondence)

Received 20 April 1994 gecepted in revised form 6 July 1994
Key words: ABA. barley, gene expression, Hordewin vudgare, phylogeny. stress

Abstract

A single-copy barlev gene. HV.A1. encoding a class 3 late embryogenesis-abundant protein, can be in-
duced by either treatment with abscisic acid (ABA) or by stress conditions such as drought, cold. heat
and salinity. We have 1solated an HVA genomice clone containing about 400 bp of 3 -upstream se-
guence, a single 109 bp intron, and the full coding sequence. Linker scan mutagenesis and transient
expression studies were used to test the function of four HVA47 promoter clements conserved in ABA-
responsive genes. Mutations in two of these elements. the C box and the putative ABRE | (ABA-
responsive element) containing an ACGT core, resulted in no significant change in transcription level
or ABA induction. In contrast, mutations of the other two elements. putative ABRE 2 & 3 cause the
level of transcription to drop to 10-20°, of that obtained with the wild-type promoter indicating that
the high level of expression of HVA! is dependent on both pABRE 2 & 3. Interestingly, despite their
low level of expression, the mutated promoters still gave more than 20-fold induction in response to ABA
treatment. We suggest that the ABA induction of barley H¥ 4! gene is governed by a complex consisting
of pABRE 2 & 3 working together to regulate the absolute level of expression. and either of these ele-
ments or a possible third element may regulate ABA inducibility. Phylogenetic analysis by parsimony
indicates that the barley VA und wheat pMA2003 sequences share a recent common ancester. These
two genes are closely related (o the carrot De3 and cotton D-7 genes with which they share a similar
structural gene organization.

Introduction molccular mechanism of ABA action, ABA-

responsive genes have been 1solated from a vari-
The phytohormone abscisic acid (ABA) mediates cty of plants, including barley, wheat. rice, maize,
seed development and dormancy, und adjustment cotton, rapeseed and soybean (see [43] for re-
to environmental stresses. In order to studyv the view). Many of these genes ure termed Lea (late

' P. Straub und Q. Shen have made equal contributions to this work and should he considered as co-authors.
The nucleotide sequence data reported will appear in the EMBL, GenBank and DDBJ Nucleotide Sequence Databases under
the accession number 78203.
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embryogenesis-abundant) genes which express at
late stages of seed development. und the other are
designated as Rab (responsive to ABA) genes
which express in stressed vegetative tissues. Other
ABA-responsive genes include those encoding a
barley aldose reductase [3], a maize RNA-
binding protein [34], a putative transcription fac-
tor {47] and a putative protein kinase [1]. The
Lea genes have been divided mnto three groups
based on common amino acid sequence domains,
and members in each group arc probably similar
in function [14]. The barley Lea gene we have
studied. #V.A7 [28], belongs to the group 3 which
encompasses other members such as cotton D-7,
and D-29 [2, 13]. Brassica pLEA76 [22], carrot
Dc8 and De3 [19. 40], sovbean pmGAM2 [29]. and
wheat pMA2005 and pMA1949 [9, 10]. These
proteins are characterized by 11 amino acid tan-
dem repeats which could form a probable am-
phiphilic z-helical structure that presents a hy-
drophilic surface with 4 hvdrophobic stripe [ 13].
These proteins have been hvpothesized to reori-
ent cellular water molecules, and bind 1ons to
ameliorate the consequences of water removal
during desiccation. The induction of LEA pro-
teins is highly correlated with the maturation and
desiccation of the embryvo as it completes the final
steps m a developmental program designed to
maintain dormancy and protect the embrvo dur-
ing seed dispersal.

In parallel to the studics of the physiological
roles of ABA, efforts are being made to mvesti-
gate the molecular mechanism of ABA action,
including the definition of ABA-responsive ele-
ments (ABRE) and the wrans-acting factors that
mnteract with ABREs. It 1s reported that a 75 bp
fragment of the ABA-inducible wheat £m gene,
when fused in either direction to a truncated ( —=90)
358 promoter, gave a greater than 10-fold induc-
tion of GUS activity in the presence of ABA [21].
A leucine-zipper protein, EmBP-1, is shown to
bind the ABRE sequence (CACGTGGC) in this
75 bp region. Mutation of this sequence abolishes
the binding of EmBP-1 to this sequence as well
as the ABA responsiveness of the chimeric pro-
moter [21]. Skriver er al. [44] demonstrated that
six copies of the sequence GTACGTGGCGC

conferred ABA inducibility to a truncated 33S
minimal promoter. In a similar study with barlev
HVA22, we have shown that at least three ele-
ments, two located in the promoter and one in the
first intron are essential for the high-level expres-
sion of this gene in response to ABA treatment
[42]. Recently, Michel et al. [36] report that two
promoter regions of an ABA- and stress-regulated
Craterostizma plantagineunt gene appear to be in-
volved in the ABA response.

The expression of HVAI is tissue-specific and
temporally regulated in developing seeds, with its
mRNA detected in aleurone lavers and embryos,
but not in the endosperm [27]. In vegetative tis-
sues. H¥A41 1s also developmentally and organ-
specifically rezulated by ABA and drought treat-
ment. Accumulation of its mRNA is also induced
bv salt, cold and heat stress [27]. The purpose of
this study was to isolate and characterize the
HVAT genomic sequence and investigate the role
of upstream sequence elements in ABA induction
of the HVA[ gene. We have found that two pu-
tative. ABRE sequences are necessary for the
high-level cxpression of HVAI. vet mutations in
either of these sequences do not seem to affect
ABA inducability. An additional objective of this
work was to place the HVA4/! gene sequence within
a phvlogenetic tree of related Lea 3 gene se-
quences.

Materials and methods
Chemicals

Unlabeled deoxynucleotide triphosphates and
random hexamers were acquired from Boehringer
Mannhemm Biochemicals, Indianapohs, IN.
Deoxyevtidine  a-[**P]-triphosphate (3000 Ci/
mmol), guanidine x-{*"P] triphosphate (3000 Ci

mmol) and [°S]-deoxvadenosine 5'(z-thio)-
triphosphate (1185 Ciymmol) were purchased
from NEN Research Products, Boston, MA. Se-
quenase 2.0 sequencing kit, exonuclease III, and
acrvlamide were obtained from USB, Cleveland,
OH. ~ZAPIl, packaging extracts, BlueScript
plasmid vectors and sequencing oligonucleotides



were obtained from Stratagene, La Jolla, CA. Re-
striction enzymes, T4 DNA ligase, polvnucleotide
kinase and Klenow were obtained from Promega,
Madison, WI; New England Biolabs, Beverly,
MA: and International Biotechnologies, New
Haven, CT. Agarose, low-melting-temperature
agarose, Tris, bis-acrylamide, urea and guanidine-
HCI, were obtained from Fisherbiotech. Fair-
lawn, NJ. Unless specified all other reagents were
acquired through Sigma Chemical Co., St. Louis,
MO.

Treatment of planis

Barley seeds (Hordewmn vulgare 1. cv. Himalava),
obtained from the 1985 harvest at Department of
Agronomy and Soils, Washington State Univer-
sitv, Pullman, WA, were used throughout this
study. Three-day-old seedlings were treated with
the following conditions. For ABA treatment. the
secdlings were sp.aved and watered with 0.1 mM
ABA for 24 h. For the drought treatment, the
seedlings were dehvdrated to 85°, of original
fresh weight and kept dehvdrated for 24 . For
cold treatment, the seedlings placed on ice 1n a
cold room (1 *C) for 96 h. For cold stress recov-
ery, the cold-stressed plants were transferred back
to room temperature (22 °C) for 14 h. For hcat
treatment. the seedlings were placed n a flask of
1009, relative humidity and then transferred to a
37 C water bath for 2 h. For NaCl treatment.
seedlings were watered with 0.17 M NaCl for
72 h.

Isolation of toral RNA and northern blor analvsis

Total RNA was isolated using the guanidine HCI
method as described previously [4]. Ten ug of
total RNA from each sample was electrophorc-
sed in formaldehyde-agarose gel and blotted on a
GeneScreen membrane (New England Nuclear,
Boston, MA) following Maniatis ¢ a/. [33] and
the manufacturer’s instructions. Hybridization
and washing were performed according to the
method of Church and Gilbert [7]. The probe
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used was random-primed [ P]-labeled cDNA of
HVAT [28]. For autoradiography, the membrane
was exposed to ¢ Kodak XAR film at -80 “C.

Lsolation of genomic DNA

Shoots of two-week-old barley secedlings were
frozen in liquid nitrogen, ground with dry ice in
a coffee grinder and genomic DNA was 1solated
by a procedure modified from Sutton [45]. Briefly,
50 ¢ of ground plant material was homogenized in
S0ml of extraction buffer (0.2 M Tris-HCl
pH &3 10mM EDTA, 1%, SDS). The homoge-
nate was then extracted with one volume (100 ml)
of cold phenol/chloroform isoamyl alcohol
(25:24:1) by shaking on ice (30 min) and centri-
fuged ut 8000 x g m a Sorvall GSA rotor. The
aquecous laver was removed, and the phenol layver
back-extracted with 0.2 vol of buffer. The com-
bined aqueous extract was adjusted to 0.5 M Na-
ClO, and again extracted with an equal volume of
cold phenol/chloroform/isoamyl alcohol
(23:24:1) by shaking on ice followed by centri-
fugation at 8000 x g. The aqueous phase was then
precipitated with 2 vol of ethanol and the DNA
was recovered by spooling on a glass rod. The
spooled DNA resuspended in 20 ml TE buffer
dialvzed against TE. The dialvzed DNA was then
treated with RNase A (boiled) at 30 pg per ml for
60 min at 37 “C. The DNA was then made to
0.15 M with NaCl and extracted twice with an
equal volume of chloroform:isoamyvl alcohol
(24:1) on ice for 30 min. The aqueous layer was
recovered after centrifugation at 8000 x g and the
organic laver back extracted with 0.2 vol of TE
containing (.15 M NaCl. The combined aqueous
extract was precipitated with 2 vol of ethanol and
the DNA recovered by spooling on a glass rod.
Spooled DNA wuas resuspended in 10 ml of TE
and extensively dialyzed against TE.

Southern blot analvsis

Ten pg of genomic DNA was digested with a
number of restriction enzvmes and electrophore-
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sed through (0.8°, agarose gzel. After the acid
depurination and neutralization, the gel was blot-
ted to nvlon filters (GeneScreen; NEN, Boston,
MA)with 10 x SSC. Filters were UV crosslinked
for 2min at 2534 nm, prehybridized, hvbridized
and washed at 63 °C by the method of Church
and Gilbert [7]. Probes were prepared with ran-
dom hexamers labeling [17] from the entire
FEco RI cDNA insert, an Ava I1'Eco RV 3’ frag-
ment or an Ava [1'Bam HI 5" fragment of HVA]
cDNA [28].

Isolation of HVAL genomic clone

A partial genomic DNA library was prepared as
following. Bam HI-digested genomic DNA was
size selected by electrophoresis in 0.6°; agarose
in TAE buffer and the 2.5-4.0 kb fraction was
electroeluted and purified. Sized DNA fragments
were filled in with dATP und dGTP using the
Klenow enzyvme. ~ZAPII (Stratagene. La Jolla.
CA) DNA was digested with YAo I and filled in
with dCTP and dTTP to create cohesive termini
with the msert DNA while preventing  self-
ligation. Inscrt and vector DN A were heated with
T4 DNA ligase at a 1:1 molar ratio, 0.5 pug phage
arms to 0.05 pg insert, and packaged according
to the manufacturer’s instructions.

The bibrary was screened by plating with E. ¢ofi
strain ER1647 at a titer of 6 x 10" plaques per
150 mm plate. The 4va I1/Eco RV 37 frugment of
the HVAL ¢cDNA [28], was used as a probe. A
total of 1.3 x 107 plaques were screened in dupli-
cate resulting in two positive plaques. After the
secondary screening, posttive clones were recov-
ered 1 the BlueScript SK( - ) plasmid by in vivo
excision method as instructed by the manufac-
turer (Stratagene, La Jolla, CA).

To sequence the genomic clone, Exonu-
clease III and S1 nuclease were used to create a
unidirectional nested sct of overlapping deletions
on both strands [23]. The DNA sequence was
determined by the Sanger dideoxy chain termina-
tion method [39] using the Sequenase 2.0 kit
(United States Biochemical, Cleveland, OH).

Gene copy number veconstruction

Single- and multiple-copy reconstructions were
calculated based on the size of the haploid ge-
nome being 5.5 x 10~ '* g. To purify the cloned
msert DNA 1t was necessary to cut with Bst X1
which resulted in the loss of 143bp of 53 se-
quence since the cloning procedure destroyed the
original flanking Bam HI restriction sites. This
loss was included in all subsequent calculations.
For this cloned insert, 11.1 pg was calculated to
be the single copy equivalent of HVAl DNA
present in 10 g of genomic DNA. Electrophore-
sis, blotting, and hybridization were as above In
the Southern analysis.

Primer extension

A 30 base oligonucleotide (3'-TGGTA GCTCC
CCTGG TTCTG GTTGG AGGCC-3', comple-
nientary to the sequence between + 134 and + 93.
Fig. 4) was synthesized at the DNA Chemistry
Facility, Dept. of Biology, Washington Univer-
sity. Oligonucleotide labeling with polynucleotide
kinase, hvbridization and reverse transcription
were done cssentially as described [20]. Total
RNA (30 ug), isolated with guanidine-HCl frofn
mature embryos and aleurone layers [4] treated
with or without 0.01 mM ABA for 24 h, was hy-
bridized overnight at 30 °C with the *?P-labeled
oligonucleotide. E. coli tRNA was also included
as a negative control. Reverse transcription was
conducted at 42 =C for 2 h. The primer extension
oligonucleotide was used as a sequencing primer
to gencrate a size standard for comparison with
the extension product. Extension products and
size standard were electrophoresed and visual-
1ized by autoradiography as for DNA sequencing.

Phvlogenetic analvsis of Lea 3 coding sequences

DNA sequence was obtained for the Lea 3 genes
presently available from the databases, EMBL
and GenBank, and from published sources: cot-
ton D-7,and D-29 (2, 13], Brassica pLEA76 [22],
carrot Dc8 and De3 {19, 40], soybean GmPM2



[29] and wheat pMA2005 and pMAI1949 [9. 10].
Since genomice sequences were not available for
all the clones, we limited the analysis to DNA of
the coding regions. The GCG routine *Pileup™ [ 1 1]
was used for initial comparisons. To obtain a
reasonable block of sequence for comparison. and
since the clones are of varying size, the analysis
was limited to the region of overlap present in all
the clones with appropriate gaps for insertions/
deletions. The Phylogenctic Analysis Using Par-
simony (PAUP) version 3.0 [46] was used with a
heuristic search strategy for this analysis. Statis-
tical testing was conducted using a resampling
bootstrap technique [16] for evaluating the accu-
racy of clades [ 18] and a g, statistic was used to
evaluate the statistical confidence levels of the
possible tree lengths based on skewness of a dis-
tribution of all possible tree topologies [25].

DNA constructions and transient expression

A Sall site was introduced at + 93 (Fig. 3) by
PCR with the Bamr Hl-cut DNA of the HVAL
genomic clone as hc template. The two primers
used were the M13-20 (3'-GTAAAACGACG-
GCCAG-2"), which s a vector sequence, and the
oligonucleotide (5"-AGGTC GACCTTCGTCT-
CACGATCTAGCT-3"), which includes the
HVAI sequence between + 92 and =+ 82 plus the
Sall site (underlined) and two extra nucleotides.
The Kpnl'Sal I-digested PCR  product was
cloned into the corresponding sites of plasmid
Bluescript SK 7. Sequencing was performed to
confirm the sequence of the resulting clone, des-
ignated PAL. The Kpn 1/Sul 1 of PAL, containing
the HVA1 promoter plus the 92 bp untranslated
sequence of HVATL, was linked to the construct
IGU, which contains the coding sequence for the
E. coli GUS gene [31] with 4 modified ATG ini-
tiation codon [33], the intron l-exon 2-intron 2
fragment and the 37 region of HVA22 [42] to
generate the construct WT. As a control. the con-
struct IGU linked to a minimal Amv6o4 promoter
was previously shown to not be inducible by ABA
treatment in a transient assay syvstem [41]. To
make linker-scan mutants, the PAl DNA was
introduced into £. coli dut™ ung™ strain (CJ236)
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and single-strand DNA was prepared. Three oli-
gonucleotides, 5'-AAGGG GTGGC GCGTG
gaatt ccgat CCGGC GAGCA CAAGT-3 for
pABREIL, 5'-GGTGC TCGTA CATGG gtgaa
ttCac GGGAG GACAC GCGTT-3' for
pABRE2 and 5'-CGGGA GAGTC GCCGG
teaAt tegta GCGGC GGTGC TCGTA-3' for
pABRE3, were synthesized with each containing
a 9 or 10 bp mutation (lower case) and a Eco Rl
site (underlined) to facilitate screening. The oli-
gonucleotides were hybridized to the single-strand
DNA templates prepared from the construct
PAL. [ vitro DNA syathesis, ligation and trans-
formation were conducted as described [32]. The
mutated promoters were linked to the construct
IGU to give the construets LS-pAl, LS-pA2 and
L.5-pA3. The same procedure was performed with
the oligonucleoude 3'-ACACG  TTGCG
CGGCG acgaa ttCut ATGGC CGCCA CG-
TAG-3" to produce the linker scan mutant at the
C-box region, designated LS-Box C. The HVAI
promoter sequence in these mutants were se-
quenced to ensure no unwanted mutation was
introduced. The junctions of all constructs were
also confirmed by sequencing.

Embrvoless half sced preparation, DNA con-
struct  bombardment. homogenization of the
bombarded seeds, f-glucuronidase and luciferase
assavs were conducted essentially as described
previously [42]. Brieflv. test constructs, along
with an internal control ubiquitin promotor/
luciferase reporter construct [6], were coated on
tungsten particles in a 1:1 molar ratio and intro-
duced into alucrone tissue by microprojectile
bombardment. Bombarded tissue was incubated
with or without 0.02 mM ABA for 24 h, ground
in buffer, and then aliquots assayed for GUS and
luciferase activity.

Results

Regulation of HVAL gene expression by ABA and
swess conditions

Although the ¢cDNA of HVAT was first isolated
from ABA-treated burley aleurone layers and
classified as a LEA protein based on sequence
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similarities, the expression of HVATL can also be
induced by various stress conditions in the veg-
etative tissues of three-day-old barley seedlings.
Similar to the previous report by Hong er al. [27],
the steady state level of HVA! transcripts in-
creased dramatically after treatment with ABA,
drought, and cold (Fig. 1). The effect of salinity
(watering with 0.17 M NaCl) and heat was much
more modest compared to the other conditions.
It 1s intriguing that heat induced the expression of
HVAT only in roots but not in shoots. The eflect
of cold mduction of HVATL could be readily re-
verted, no HVAT transcripts were detected after
the cold-stressed plants were transferred back to
room temperature for 14 h. To mvestigate the
mechanisms regulating the expression of HVATL.

Control ABA
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Shoot
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Root
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Fig. 1. Northern blot analysis showing ABA and stress in-
duction of the HVA7 gene in three-day-old barley seedlings,
The plants were treated with ABA, drought (Dehvd). NaCl,
cold (1C and recovery to 22C) and heat (37C). Detailed in-
formation of the treatments is described under the Materials
and methods.

we have cloned and analyzed the promoter of this
gene.

Structure, copy number, and ranscription start site
of the HVAL gene

A 2.8 kb Bam HI fragment was identified, by ge-
nomic Southern analysis, that appeared to con-
tain the entire gene plus a significant amount of
5 -upstream sequence (Fig. 2). A partial genomic
library was constructed using Bam Hl-digested
DNA enriched for this fragment. Screening the
partial genomic library resulted in two positive
clones with different restriction maps. Initial
DNA sequencing indicated that both of them
matched the HVA1 ¢DNA but were cloned in
opposite orientations.

Copyv reconstruction of the HVA! gene from
the cloned DINA indicated that this gene 1s prob-
ably present in a single copy in the barley haploid
cenome (Fig. 3). A single band in lanes loaded
with the Bam Hl-digested barley genomic DNA
(fanes 1 and 2) hybridized to the HVAl cDNA
probe with the intensity similar to the single copy
equivalent of the genomic clone (lane 3). The five-
copy and ten-copy equivalent samples were in-
cluded for comparison (lane 4 and 3). Not shown
1s the high molecular weight region where we
noted some faint hvbridization that could indi-

Beill Xbal
Xhol| a
Kpnl
Xbal B 1 Xhol
Apal Kpnl Apa
[EcoRV Bg'fl
[ !
l 5kb
BamH]1 Kpnl BamH1
| |
1.0 Kb

Fig. 2. Restriction map of HVAL genomic clone. The boxed

region is the HVAl-coding sequenc: with the hatched area
being the coding region interrupted by the single intron
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Lig. 3. Copy reconstruction experiment indicating that F/174/
1s u single-copy zene. The two left lanes are loaded with 10 ug
of Bam Hl-digested barley genomic DNA. The three right
lanes contain aliquots of the HVAT genonuc clone insert cal-
culated to approximate one (I x ). five (3 x ). and ten (10 x )
copies of the HVA/ genc sequence in 10 g of total genomic
DNA. The HVAL insert used in the reconstruction is 163 bp
smaller than the full length genomic clone because a conven-
lent restriction site was unavailable 10 liberate and purify the
entire [ragment. The size difference results in the mobility
difference on the Southern blot.

cate that there are distantly related sequences to
HVAT in the barlev genome.

The HVAT genomic clone was completelyv se-
quenced on both strands (Fig. 4) and matched
the ¢cDNA sequence perfectly except bevond
nucleotide =72 of the cDNA published sequence
[28]. This mismatch probably indicates that the
¢DNA had been subject to some rearrangement
due to cloning. The numbering of the sequence is
relative to the mapped transcription start site
{ + I, see below). The coding region 1s divided mto
two exons by a single 109 bp intron that 1s bor-
dered by consensus intron splicing sequences [ 3].
The first exon 1s 20 amino acids 1n length and the
second 193 amino acids. In the 5" upstream re-
gion three putative ABA-responsive elements
(pPABRE) with ACGT cores were noted at —06,
-98, and -244 as well as a sequence at —80
region, designated as C box, that 1s conserved in
a number of ABA responsive genes. In the 3'-
untranslated region a sequence similar to the con-
sensus polvadenylation signal (AATAAA) was
noted at + [070.

The transcription start site of HVAIl was
mapped with the primer extension technique
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(Fiz. 3). The site is designated as +1, which 1s
30 bp downstream from the TATA box and 12 bp
from the CAAT box. No signal was detected mn
the non-ABA-treated sample (lane 6) or the
E. coli RNA negative control (lane 7).

Phivlogenetic analysis of the Lea 3 gene family

Comparison of nucleic acid and amino acid se-
quence of Lea 3 genes has been extremely impor-
tant in defining the conserved regions believed to
be important to the function of these genes [14].
However. these compurisons have not attempted
to use sequence variation to systematically relate
the members of this gene family on a phylogenetic
basis. For this purpose we used parsimony analy-
sis to reconstruct the phylogeny and infer
sequence evolution among the DNA of the vari-
ous members of the Lea 3 gene family. From the
sequences input into the analysis, a consensus.
majority rule, phylogenetic tree was drawn to re-
present the most parsimonious changes neccs-
sary to relate these sequences (Fig. 6). Numbers
on the nodes of the tree indicate bootstrap values
with 1000 replicates from repeated resampling of
the population of all possible parsimonious tree
configurations or topologies [ 18]. Bootstrap val-
ues =70 correspond to a probability of =93¢
that the clade supported by that node on the tree
1s real [24]. Except for two nodes, the bootstrap
supports the phyvlogenetic inference of the parsi-
mony analysis. The distribution of possible tree
topologics 1s significantly skewed leftward.
al=—1.03509 (p<«<0.01), and indicates that the
tree represents a true phylogeny rather than a
random association of DNA sequences [25]. The
nonocot VAl sequence and the monocot
pMA2005 genes formed a clade supported by a
significant bootstrap value of 100 and were most
closely related to the dicot carrot De3 and dicot
cotton D-7 genes which also formed a clade sup-
ported by a significant bootstrap value of 100.
These two clades were separated from the rest of
the genes analyzed by a node in the tree with a
significant bootstrap value of 85. The most dis-
tant groups from barley HVAI were the dicot



TCCACCGAGATGCCIACGCACATGGCG
GCGACGATCGATTGGCGTCCATCCOGTECATGCTCCAGTCCACCGCACCGCCACCALGTG
pPABRE-1
CAACCCCCTAGCTAGTTTAACCAGCCAGAGASCCGCATCCAACTTGTGCTCGCCGGLGTA
COTGCACACGCGCCACCCCTTTACACTTGTTTATTATTGCAGCTTCTTCGCCCCTTTTGG
GCTTCTTCTCCCGACATGGSCTCTATCGACATGGCGGGECTTCGCGAAGCTACGGCGG
DPABRE-2 Box-C pPABRE-3
GGGAGCGGCARACGLGTGTCCTCOCTACGTGRCGGCCATGTACGAGCACCGCCGCRLAACT
TETCCCGGCGACTOCTCCCGTCCGTCCLGCCTATARAGGCCACCCGCGCLAATCTCCTCTC
CACAAGCAGTCGATCCATTCCAAGTGAGC TAAGCAACAGCCTAARGCGAGTCLGAGTGET

GATTCCAGTTCGTGTTTGTTTGAGCTAGATAGTGAGACGARGATGGCCTCCAACCAGAAC

+121 CAGGGGACGCTACCACGCCGGCGAGACCAAGS
Q G § ¥ H A & E 7T K
+181 gtgtctatctatactcbgofLgoogogoge

M A 5 N Q N
CCCGCACCGAGgLgaccghiogcLootiig
A& R T E
Atgeggogttgoteceggoggtgatcigata

+241 tgttcttcotgtatcrgetgggtyaottgeagGAGAAGACCOGECAGATGATGGGCECCAL

E K T @ § M M G A T
+301 CAAGCAGARGGCGOGGCAGACCACCGAGGCCACCAAGCAGAAGGCCGGCGAGACGEICGA
K @ X a2 & g T T FEF AT K Lo XK A & B T A E
+361 GGCCACCAAGCAGAAGACCSGCGAGACGGCUGAGECCECCAAGCAGAAGGCCACCGAGGC
A T K Q K T G E T A E A A K Q K A A E A
+421 CAAGGACAAGACGGCGCAGACGGCGCAGECCGCCAAGGACAAGACGTACGAGACGGLGLA
K D E T A T A 2 A A K D K T ¥Y E T A Q
+481 GGCGGCCAAGGAGCGCGCUCGCCCAGGGCAAGGACCAGACCGRCAGCGCCCTCGGCAGAL
& A K E R A A @Q G K D Q T G S A L G E K
+541 GACGGAGGCGOCCAAGCAGALGGLCGCCGAGACGACGGAGGLGGECCAAGCAGARGGCCGT
T E & A K P XK A A E T T E A A K Q K A A
+601 CGAGGCAACCGAGGCGGCCAAGOAGARGGCGTCCEACACGGCECAGTACACCAAGGAGTC
E A T E A & K ¢ K A 5§ DT A QX P KX EBE 8 7
+661 CGCBOTGGCCGGLAAGGACAAGACCGECAGCGTCLTCCAGCAGGCCGGCGAGACGETGET
A v A G K D K T G 5§ ¥V L Q a G E 7T Vv VW
+721 GAACGCCGTGGTGGGCGCCRAGGACGCCGTLGCAMACACGCTGEGUATGGGAGGGGRCAR
N A V VW G A K T AV A N T L G M G G D N
+781 CACCAGCGCCACCARGGACGCCACCACCGECGCCACCGTCAAGGACACCACCACCACCAC
TS AP K D AT TG AT VK DT T T-T
+841 CAGGAATCACTAGACGCATGCGTTCSCGCTTAATTTCCRTTCCTTT, AGTCGTCTT“GGTC
R N H stop

+901 GTTCGAGGGCOTTCTACATATTTCATATTTGTATGTTTCCACTCTTTCATGATTTCCED

+361 CATTTAGTGTAAGTTTGCCTCCGATTTGATGTACTCOTOTCTGGTTCTGTAATGAGTTAT

+1021
+1081
+1141
+1201

AATCCATGGGCTTTGGTGTAAATGEATAACGAGGACACTCGAAGCCGGCAATAMLGTTGT
AT GTGATCGARTTTCTCTAT T TTGGTAGTGTCAATGAAAACATATATTGTGTTTCATAGA
TAGTGTGGCCTTTAARATATGCAAATAGTCTGACCCTTARANTATGCAAATTAGCTACTS
ACTTCGAGACATTGTACATCACTTARGATGTACACTGACTTGAGACATTGTACATGACTT

+1261 TAARGATGTACACTIAAGACATGGTACATGACCCAARCCAACCCATTATTCCTCGATACGT

+1321 TTTCARGGAAGACATTTTTTTACGATGAATS

ATATGTTGATAGAGGTATCATATGTTCGT

+1381 AGATACGTTTTTCTACGATTCTTAGCAGGCATCITAC

Fig. 4. Gene sequence and predicied amino acid sequence of HVAJ, Nucleotides are numbered downstream {rom the transernp-
von start site of + 1 under the arrow (see Fig. 3 or back from the same site in the upstream region. In the upsiream region pu-
tative ABA responsive elements (pABRE) and a C-box are underlined and labeled. Elements of the basal transcription recogni-
ton complex. TATA and CAAT boxes have a dotted underline. The coding region is interrupted by a single intron, noted by

-

lower-case nucleotides. The presumed polvadenyviation signal is noted by a dotted underline in the 3"-untranslated region.

carrot D¢§ and dicot sovbean GmPM2 which
though similar to each other, were different
enough from the rest of the sequences to be sepa-
rated by a node on the tree with a significant
bootstrap value of 835. The dicot Brassica pLLEA76,
monocot wheat pMA1949_ and dicot cotton D-29
were Intermediate between the HVAI-pMA2005
and Dc3-D-7 clades and the distant carrot De§

and sovbean GmPM?2 groups. However, Brassica
pLEA76, wheat pMA1949, and cotton D-29 were
different enough from each other to be placed on
separate nodes by the consensus parsimony
analysis but the bootstrap values were not signil-
icant (£70) and did not support this conclusion.
What the exact relationship of this intermediate
group is could not be determined by the an = =is
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Fig. 5. Mappmgofihe HVAT transcription start site by primer
extension. Total RNA prepared {rom aleurone lavers treated
with or without (.02 mM ABA for 24 h was used. The £ colf
total RNA was included as a negative control. The size marker
was obtamed by performing sequencing reaction with the same
ohgonucleotide used for the primer extension as the primer
and the HVAL cenomic clone as the template.

but we report the tree as a tentative model of the
infered evolution of the Lea 3 gene family.

Transient expression assayv for promoier function

To characterize the role of the putative ABA-
responsive elements noted in the promoter region,
the promoter, linked 10 a GUS reporter gene, was
analyzed in a transient expression svstem utiliz-
ing biolistic transformation of barley aleurone lay-
ers. Since constructs containing the intron 1-exon
2-intron 2 fragment of the HVA22 gene give the
highest level of ABA response when linked to the
GUS reporter and the HVA22 promoter [42] all

Dc8

—— pMA2005

100

L—— HVAT1

—— Dc3

1C0

— D-7

pLEA7S

88

pMA1949

D-23

- GmPM2

Fig. 6. Consensus phyvlogenetic tree constructed from Lea 3
sequences: barlev /141, wheat pMA2063 and pMA 1949, cot-
ton D-7 and D-29. carrot Dc¢3 and De8. Brassica pLEA476 and
sovhean GmPM2. Numbers on the nodes of the tree indicate

bootstrap values with 1000 replicates from all possible tree
topologies with a bootstrap value =70 indicating a =937,
confidence level that the node represents a true phylogenetic

mmference.

constructs used for this transient expression study
contain the intron l-exon 2-intron 2 fragment of
the HV422 gene. The C-box sequence, which is
found in several ABA-inducible genes, was mu-
tated with the linker-scan technique [32] (Fig. 7).
A mutation study on three sequences, pABREI,
pABRE2 and pABRE3 was also undertaken
(Fig. 8), because these ABRE sequences are
highly conserved in almost all ABA inducible
genes, including HV422 [42], Rabl6 [21. 37],
Rabh28 [38] and Em [21].

The wild type HVAIl promoter responds to
ABA, giving a 13-fold induction (WT, Fig. 7).
When 9 bases of the C-box were mutated (L5-
Box C, Fig. 7), no significant change was ob-
served both at the transcription level and induc-
tion fold, suggesting that C-box is not involved in
ABA response. Similarly, mutation of the whole
pABREI sequence (CGTACGTGCA) had little
effect on the response of the promoter to ABA
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A Box C

HVA 1 -84 ACGUACGAGCALCICOgCGCAACAT

HVA22 -265 AgGQACAAGCcCCtCOoCACACCAT

B 110 g-chCGAGCMgcCSnCﬂCA_CGT

HVA 1 [paerE2}—( Box C )}——{pABRE]]

wazz  [pEREI(Eex ©) PRERES
wt

-8
|
wT
LS-Box C
L ] L 1 | I 1 1 ! 1 i |
[ -ama 10000 20000 30000 40000 50,000 60000
ﬁ +ABA Relative Gus Activity

Fig. 7. Mutations in the conserved C box have no effect on the
ABA induction of HVA . A. The C-box sequence comparison
Is shown in the tep pancl and locations of C-box relative 1o
other elements in the promoters of V422, HI’41 and Em
genes at the bottom. B. Analysis of C box mutations with the
biolistic technique. A schematic diagranmy of testing construct
1s shown at the top; the thin black angled line indicates the
position of the intron l-exon 2-intron 2 fragment of HVA22
inserted between the §'-untranstated sequence (thick black
line) and the GUS-coding sequence (hatched box). The 3'-
untranslated region (thick black hne 1o the right of the hatched
box) was from HVAZ22 genomic fragment including polyade-
nylation sequence (AATAAA). The white box stands for the
relative GUS acuivity of the samples from lavers incubated in
the absence of ABA and the stippled box represents those
from half seeds incubated in the presence of 0.02 mM ABA.
The relative GUS activity, calculated as described in Materi-
als and methods, of cach construct is the mean of four repli-
cas. Error bar indicates the standard error of each set of
replicas, X indicates fold of increase.

(LS-pAl, Fig. 8). In contrast, when 9 out of 10
bases of the pABRE-2 sequence (TACGTG-
GCGG), or the pABRE-3 sequence (GCAAC-
GTGTC) were replaced, the level of transcription
dropped to 10-209%, of that obtained with the

368 Tatant! AT pGus

wT
LS-pAl
LS-pA2
] -aba
47X B ana
LS-pA3
| | I L 1 | 1 Ik | 1

10,000 20,000 30,000 40,000 50,000 60,000
Relative Gus Activity

-2+ -57

pPABRE3

pABRE1 pABRE2

WT COTACGTGCA...N136.. . CCTACGTGGOGE. . (N20. . . GCAACGTGTC

Fig. 8. Analvsis of pABRE mutations in the HVA ! promoter
with the biolistic technique. The WT construct (wild type pro-
moter) includes the sequence of HVAL between -381 and
~ 92 The mutaled sequences in the LS-pAl, LS-pA2 and
LS-pA3 constructs are shown at the bottom panel. All other
labelings are the same as in Fig. 7.

wild tvpe promoter (LS-pA2, LS-pA3 and WT,
Fig. 8). Interestingly, the mutated promoters con-
taining mutated pABRE 2 to 3 gave 4 27 or 47
induction fold response to ABA treatment, re-
spectively even at the low level of transcription
observed.

Discussion

The HVAI gene appears to be present as a single
copy in the barley haploid genome, and its ex-
pression can be regulated by ABA and various
stress conditions mncluding drought, cold, heat
and salinity. Using barley-wheat chromosome
addition lines [30], we have tentatively mapped
HVAIl gene to barley chromosome 5 (B. Hong
and T.D. Ho, unpublished). Based on sequence



comparisons, [/ VAl has been classified as a Lea
gene [14]. In developing barley seeds, HVA! is
mainly expressed in aleurone luvers and periph-
eral regions of the embryo, vet no HVAI tran-
scripts or proteins are detected in the starchy
endosperm [26]. We have estimated that the
HVATL protein constitutes about 1Y%, of total
soluble proteins in barley embryos. Since HVA|
is more highly expressed in the coleorrhiza and
the epidermal layer of the coleoptile, the relative
abundance of HVAI in these tissues would be
even higher than 19, of total protein [26]. Thus,
the single-copy HVA! gene appears to be highly
expressed in specific tissues of developing seeds.
Despite being a Lea gene, the expression of HV A1
is certainly not limited to developing seeds as its
expression can also be induced in vegetative tis-
sues [27] (Fig. 1 of this work).

The barley HVAI gene was found to be struc-
turally similar to the carrot D3 [40] and the cot-
ton D-7 gencs [2]. In these three genes the cod-
Ing region stu. ts with a short, less than 20 amino
acids, first exon, interrupted by a short intron,
followed by a larger downstream exon. Our par-
simony sequence analvsis Indicates that the
monocot barley HVA! and wheat pMA2005
genes. that are highly similar, are most closely
related to the dicot carrot Dc3 and cotton D-7
genes with which they share a common structural
gene organization as just noted above. Interest-
ingiy, the other monocot and dicot sequences do
not branch into two separate families indicating
that divergence of the ancestral Lea 3 genes prob-
ably occurred earlier than the divergence of the
two families of the flowering plants. These results
are consistent with the decision of Curry and
Walker-Simmons [ 10] to postulate a subcategory
of Lea 3 (11) because their wheat clone pMA1949
is significantly different from their wheat clone
pMA2005. The based their decision on similari-
ties of pMI1949 to carrot De¢8 and sovbean
GmpPM?2. However, 1t appears that wheat
pMA1949 1s somewhat intermediate between the
group refated more closely to Vet ! and the group
related to carrot D¢8. The results of our parsi-
mony analysis are encouraging. Construction of
a better phylogeny awaits the identification of a
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Lea 3 scquence from a more ancient group that
could possibly serve as an ancestral model on
which to base comparisons. Recently, proteins
related to the group 2 Lea's, or dehydrins have
been identified immunologically in the cyanobac-
teria [8]. As further sequences become available.
phylogenetic inferenccs will become more reliable
and a potential molecular clock may be used to
calibrate the sequence evolution and make esti-
mutes on the time frames over which this diver-
gence occurred.

The upstream promoter region of HVA/I gene
was found to contain sequence elements appar-
ently conserved among ABA-inducible genes.
three pABRE sequences (21, 37] and the C box
which has not been reporied before. However,
mutations in either the pABRE] region or the C
box have no effect on the fevel of expression or the
ABA inducibility of the HVAI gene. On the other
hand, mutations of either pABRE2 (CCTACGT-
GGCGG) or pABRE3 (GCAACGTGTC), ad-
verselv affects the absolute level of gene expres-
siont. Surprisingly, these pABRE 2 & 3 mutants
still display a high degree of ABA inducibility
(Fig. 8). It 1s interesting to note that although all
three pABRESs in the HVAI promoter have the
ACGT core that is conserved among all the
ABRESs. their role in ABA mnduction of HVAI
appears to be quite different. Replacing all ten bp
in pABREL including the ACGT core has no
observable effect on the HVAI promoter. Thus.
the presence of an ACGT core alone in a pro-
moter region does not necessarily suggest a role
in ABA response. In contrast, the presence of
both pABRE 2 & 3 is necessary for high level of
expression of HVAI, yet the ABA inducibility
could be regulated by pABRE 2. 3, or another
element. Sequences similar to the HVA1 pABRE
have been shown to be essential for the ABA
induction of several other genes, including the
wheat £m [21], nice Rabl6 [44] and barley
HVA22 gene [42]. With the wheat £m gene, Gul-
tinan et al. [21] have shown that a leucine-zipper
protein, EmBP-1, binds to the pABRE sequence.
A two base mutation of this sequence abolished
the binding of EmBP-1 to the pABRE as well as
the ABA responsiveness of the chimeric pro-
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moter. The work of Skriver ef al. [44] demon-
strated that six copies of the sequence
GTACGTGGCGC could confer ABA inducibil-
ity to a truncated 35S minimal promoter. In a
similar study with another ABA-induced barlev
gene, HVA22, we have shown that the mutation
of etther the pABRE2 or pABRE3 sequence of
HVA22 reduces the expression and induction
from this promoter in response to the ABA treat-
ment {42]. However. the mutated promoter still
responds to the ABA trecatment at a lower level.
The double mutation of pABRE2 and pABRE3,
in contrast, completely abolishes the ABA induc-
tion of the HVA22 promoter [41]. Taking all these
data together, it is apparent that the so-called
ABREs have not vet been clearlv defined. As
pointed out by Guiltinan es «/. [21], many ABA-
insensitive gene promoters also contain sequences
similar to ABREs. Even the presence of a highly
conserved ACGT core does not necessarily con-
fer ABA response as shown in the case of barley
HVAl pABRE 1. Other surrounding sequences,
which are not vet defined, must plav a role in
conferring ABA response and differentiating this
response {rom other developmental and environ

mental responses linked to G box elements con-
taining ACGT cores. Towards this end. Williams
etal. [48] svstematically replaced the border
nucleotide sequences surrounding the consensus
ACGT core in a senies of oligonucleotides and
looked at binding affinities of these oligonucle-
otides with nuclear binding proteins. This study
indicated that the nucleotide sequences surround-
ing the ACGT core defined the affinity for a par-
ticular type of nuclear binding protein and the
strength of binding observed. Thus it 1s conceiv-
able that the flanking sequences of the ACGT
core could determine the specific function of a G
box.

Our analvses of the barlev HV:[ gene pre-
sented in this paper also stronglv suggest that, at
least in the context of native promoters. multiple
regulatory elements need to work together in order
to confer a high level of ABA-regulated gene ex-
pression. A similar case has been shown in our
recent studies with the barley V22 gene, where
two elements in the promoter and intron | have

to be present to have the full ABA response [41].
In another hormone responsive gene, the barley
amylase gene, Lanahan et al. [33] have reported
that as many as four promoter elements have to
interact with one another in order to confer gib-
berellic acid induction of this gene in the aleurone
tissue during post-germination growth. In mam-
malian systems, the composite glucocorticoid re-
sponse element appears to have subsites capable
of interacting with both the glucocorticoid recep-
tor protein and another transcription factor, AP-1
[12]. In summary, the ABA induction of barley
HVAI gene appears to be regulated by a multi-
element complex: pABRE 2 & 3 working together
to regulate the absolute level of expression; and
either of these elements or a possible third cle-
ment may regulate ABA inducibility. Werk is cur-
rently underway to define this last element as well
as to mvestigate the interactions among these el-
ements.
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