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Abstract We have isolated and characterised three barley
cDNAs encoding glutathione peroxidase (GPX) homologues,
designated HVGPH1, HVGPH2 and HVGPH3. HVGPHI1
may represent a cytosolic form of GPX. The structure of the
HVGPH2 N-terminal domain is typical for a plastid transit
peptide. A potential peroxisomal targeting sequence occurs near
the N-terminus of HVGPH3. Transcript levels of HYGPH1 and
HVGPH2 were increased in leaves undergoing stress. In
contrast, HVYGPH3 mRNA accumulation showed a negative
response to stress. OQur data indicate that the barley genome
bears a small gene family encoding GPX homologues differing in
their function and cellular localisation.
© 1999 Federation of European Biochemical Societies.
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1. Introduction

Biotic and environmental stresses lead to an increase in
antioxidant enzymes such as superoxide dismutases, ascorbate
peroxidase, catalases, glutathione reductase and glutathione
peroxidase (GPX) [1,2]. GPXs are diverse enzymes that cata-
lyse the reduction of hydrogen peroxide, organic hydroperox-
ides and lipid hydroperoxides by reduced glutathione [3] and
thus help to protect the cells against oxidative damage [4,5].
Several forms of GPX belong to the few proteins known to
contain the rare amino acid selenocysteine [6]. In vertebrates
various forms of GPX are known to exist: the cellular and
cytosolic GPX, the extracellular plasma GPX, the cytosolic
gastrointestinal GPX and the phospholipid hydroperoxide
GPX (PHGPX). These isoenzymes differ in their structure,
substrate specificity and tissue distribution (for review see
[3D- In addition, vertebrates also contain epididymal GPXs,
that differ from other forms by the replacement of selenocys-
teine by cysteine at their active site [7,8].

In plants, increased GPX activity was observed after cold
treatment of apple callus [9] and after SO, fumigation of
barley [10]. GPX activity has been detected in cell-free extracts
from suspension cultures of several higher plants using both
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H,0, and organic hydroperoxides as substrates [11]. How-
ever, at least part of this activity might have been due to
the presence of glutathione S-transferase, known to exhibit
GPX- in addition to its GSH-transferase activity [12]. Differ-
ent cDNAs showing similarity to GPXs, in particular to ani-
mal PHGPXs, have been isolated from Nicotiana sylvestris
[13], Citrus sinensis [14], Avena fatua [15], Arabidopsis thaliana
[16] and Lycopersicon esculentum [17]. Only for two plant
GPX homologues the subcellular localisation has been deter-
mined: putative PHGPXs from A. thaliana and Pisum sativum
were shown to be targeted to the plastids [18].

Whereas the importance of animal GPXs for the protection
of cells against oxygen radicals is well established, the role of
GPXs in plants remains to be elucidated. A role in stress
response is suggested by several observations. GPX mRNA
levels have been shown to increase in tissues of several plant
species undergoing stress, including germinating seeds [13,15],
mesophyll protoplasts [13], salt-stress in suspension culture
cells and plants [14,16,19], infection by viral or bacterial
pathogens [20], treatment with heavy metals [13,16], and me-
chanical stimulation of the plant [17].

Here we report for the first time on a gene family in a
monocotyledonous plant showing sequence similarity to ani-
mal genes coding for PHGPXs. We cloned and sequenced
three cDNAs encoding Hordeum vulgare glutathione peroxi-
dase homologues (HVGPHs): HVGPH1, HVGPH2 and
HVGPH3. Sequence features of the deduced gene products
suggest that they are located in different compartments. More-
over, we have examined the accumulation of HVGPH tran-
scripts in barley leaves subjected to different stress conditions.

2. Materials and methods

2.1. Plant material

All experiments were performed with H. vulgare L. cv. Haisa (wild-
type) and the mutant line albostrians derived from cv. Haisa. This
mutant line produces green, white and green-white striped plants
[21]. Seedlings were grown in moist vermiculite at 23°C under a 15 h
light/9 h dark regime with an illumination of 32 W/m? and harvested
7 days after sowing. White albostrians seedlings were carefully checked
to exclude contamination with small areas of green tissue. Seedlings
grown in constant darkness were harvested under green safety light
into liquid nitrogen and sorted under normal illumination into aetio-
lated yellow and white mutant plants. For treatment with Norflurazon
(Dr Ehrenstorfer, Augsburg, Germany) seeds were soaked in 50 uM
Norflurazon solution for 3 h and subsequently germinated for 7 days
under continuous illumination (32 W/m?). For treatment with NaCl,
sorbitol and paraquat, primary leaves of wild-type seedlings were cut
into segments of 5 cm length, starting 1 cm below the tip, and were
floated in Petri dishes for 24 h on water or other solutions, as indi-
cated in the legends to the figures.

2.2. South-Western screening
South-Western screening of a cDNA expression library from white
seedlings of the barley albostrians mutant [22] was performed essen-
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tially according to Garabedian et al. [23] with the 108 bp fragment
(from —250 to —142) of the wheat cabl-promoter [24]. This fragment
was amplified by PCR using primers: Cl1, TTAAGCCAGCGGT-
CTCTTTCGACTT (from —250 to —226) and Cl2, CACGCA-
GAGGCCTTAAATGGATGAG (from —142 to —166) [24] and
cloned into the vector pMOSBIlue (Amersham). Plasmid with insert
was cut with restriction endonucleases Xbal and BamHI, labelled by
filling in 5" overhangs with ¥P-dCTP and Klenow fragment and pu-
rified by electrophoresis on polyacrylamide gel [25].

2.3. RNA isolation and Northern hybridisation
Total RNA was isolated following the protocol of Paulsen and
Bogorad [26], separated on 1.4% (w/v) agarose-formaldehyde gels
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and transferred to Hybond-N+ nylon membrane by capillary blotting.
To prepare RNA from the laef sections, 7 day old primary leaves were
cut into 1 cm segments. Northern hybridisation was carried out in
0.12 M Na;HPO,4 (pH 7.2), 0.25 M NaCl, 7% (w/v) SDS and 50%
formamide at 42°C. Filters were washed twice in 2XSSC, 0.1% SDS
at 65°C for 15 min, then twice in 0.1 X SSC, 0.1% SDS at 65°C for
20 min.

2.4. DNA isolation, Southern hybridisation and sequence analysis
Phage DNA was isolated, digested with restriction enzymes, sepa-
rated by electrophoresis and transferred to nylon membrane by stand-
ard methods [25]. Southern hybridisation was carried out in 7% SDS
and 250 mM Na[POy], pH 7.2, at 65°C (high stringency) or at 55°C

A. HVGPH1
accctcctcccecccaaactcccaactaccegetcetgetectectgagtectgactectageecegetcgatctecgecgecagecagecate 90
ccaccgacgccgectccgtcecggecgecacggggaacctetecatggecgecgegtecteecgecacctecegtccacgacttcacegtcaag 180

M A A S S A T S V H D F T V K 16
gatgcaagcggcaaggacGTCGACCTGAGCGTCTACAAGGGGAAGGTTCTTCTCATCGTTAACGTCGCATCCCAGTGTGGCTTAACGAAC 270

DA S G KD VDUL S VY KG XK VL LI VNV VA S QCGTULTN 46
TCCAACTACACCGAGCTGAGCCAGCTGTACCCCAAGTACAAGGACCAAGGCTTTGAGATCTTGGCTTTCCCATGCAATCAGTTTGGTGGG 360

S N Y T E L S Q L Y P K Y KD QG VFETIULA ATFUPTCNA QT FGG 76
CAGGAGCCTGGCACCAATGATGAGATCGTTCAGTTTGCCTGCACTCGCTTCAAGGCCGAGTACCCCATTTTTGACAAGGTTGATGTCAAC 450

Q E P G TNDE I V Q F ACTU RFI KA AEYU?PTIVFUDI KVDVN 106
GGCAACAATGTTTCTCCCCTATACAAGTTCCTGAAGTCTAGCARAGGCGGCTTTTTCGGCGACAGCATCAAATGGAACTTCTCTAAGTTC 540

G NNV S P L Y K F L K S S K GGV FF GD S I KWNTF S K F 136
TTGGTTGACAAGGAGGGTCACGTTGTGGACCGCTATGCCCCGACCACTTCCCCCATGAGCATTGAGAAGGATATCAAGAAGCTGCTTTAG 630

L VDK EGHV VDU R YA AZPTTSPMSTIEIZ KU DTII KT KTILTIL - 165
AGCTCTTAGACCTGCTGGCTGGAGCCTGTAGAGAAATCTGTCACTCTGCACTCAAGAARACATGAATAATGTTGTGTCAAAATAAAAATCT 720
GTATGTAGTATTTCAGAGGTTGCATCTACTGTATTTTCTGCATCCTACTCTGTACTTGTTGTATATGTCGTGTTAATGAATTCAATTATT 810
GTAGCTGTTTGATATGTATGCCTTTATTTGGATCATGTTGTTGTCTGGTCAAGTTACTGAAGAACATAATTTATCACATTGGTGCATCAC 900
CTTGATAGCAAAAAA 915
B. HVGPH2
CGAATAAAAGGAAATAAAAAAGCCGAAGCAGATATCGTTCTCCTCCCCGCGCACCCACGATTTCCGCTATAAAGCCCGGTCTCCGATCCC 90
CGATGCCTTCTCGCCCCGCCCCGTTCATCCACCGCCTCCGCCTCCTGAGAAGCGCCGTCGTCTCTCCCTCCTCCGCGCCGCTGCCGTGCA 180

M P S R P A PF I HRUILIRILULU RSA AV YV S P S S AUPTULPC 29
GCCGCCCGCGCCTCGCCGTCCCGTTCGCGCAGCCGCCGATCCGCGCCCCCGCCTTCGCCGCCGCCGGCTCGCCGCTGCTCCGCCCGGTCG 270
S R P R L AV PVFAQUPUPTIU R APATFA AAAGS S PULILIRUPUV 59
GCGCCCGATTCTCGCTGTCCAGCAACATGGCCGCCGCCGCCTCCTCCGCCTCCTCCGTCCACGACTTCACCGTCGAGGATGCAAGTGGAA 360
G ARVF S L S S NMAAAASSAS SV HDTFTVEUDA ASG 89
AAGATGTCGATCTGAGCACCTACAAGGGGAAGGTTCTCCTCATTGTCAATGTTGCATCCCAGTGTGGATTGACCAATTCCAACTATACGG 450
K DV DL ST YXKG XK VL L I VDNVASOQCGTULTNSNYT 119
AACTCGCTCAGTTGTATGAGAAGTACAAGGACCAGGGTTTTGAGATCCTTGCTTTCCCATGCAACCAGTTTGGTGGGCAGGAACCTGGCA 540
E L A Q L Y E K Y KD QGV FEILATFUPCNZ QT FG GGG QE P G 149
CTAATGAGGAAATTGTTCAGTTTGCTTGCACTCGCTTCAAGGCCGAGTATCCAATTTTTGACAAGGTTGATGTCAATGGTGACAATGTTG 630
T N E E I V Q FACTU®RUFI KA AEY®PTIVFDI KUVDVDNGU DNV 179
CACCTGTCTACAAGTTTCTGAAGTCAAGCAAAGGCAGTCTCTTCGGGGACAACATCAAATGGAACTTCTCCAAGTTCTTGGTTGACAAGG 720
A PV Y K F L K S S K G S UL F GDNTIIKMWNT FS KV FUL V DK 209
ATGGGAATGTTGTGGATCGCTACGCGCCGACCACCTCCCCCCTCAGCATCGAGAAGGACATCAAGAAGCTGCTCGCGAGTTCTTARATCT 810
D G NV VD RYAUPTTSPUL S I EI KU DTII KU KULTLAS S - 237
TTATGCTGGATCAACTCGACGCATCGGTACACCTGAAGCTTCAATAATGTTGTAATAAGGGTCGTGCTCGGAACTGGCTATGTTATGCGT 900
GCTCAGCAGCCTCCGATACCTTGCGCATTCCAATCTCGTATTGCCCGTCTCGTAGTATATATGACATGTAATGGATTGGGTGGAATGCAT 990
TACTTCTGTTGCAAAAAAAAAAAAAAAAAAAAAAAA 1026
C. HVGPH3
GTCGACCCACGCGTCCGGTTGTTCAGGGTGCTGCCGCTTAACTCTTCTCCAATCCTTCCTCTAGTTATTGCTGAAAGCAAAGATGGGCGC 90

M G A 3
AGCAGAGTCGTCTTCCAAGCTTGGTGGTTCCGTCCATGACTTCGTCGTTAAGGATGTGAGAGGAAATGATGTGGAGCTCAGCAGATACAA 180
A E S S S K L G G S VHDUFVV KDV RGNDUVETLSR Y K 33
GGGGAAAGTCCTGCTTATTGTCAATGTCGCATCTCGATGCGGTCTGGCCAATTCCAACTACACGGAAATGGGCCAGCTCTATGAGAAATA 270
G K VL L I V NVASURZ CGLA ANSNYTEMMG O QTULYE K Y 63
CCGGGAGAAAGGTTTGGAGATATTGGCGTTCCCCTGCAATCAATTTGCCGGGCAGGAACCAGATAGCGATGAGAAGATTGTGGAGTTTGC 360
R E K G L E I L A F P CNIGQT FAGI QEU®PDSDEIZ KTIVEF A 293
TTGCGACCGCTTCCAAGCACAGTTTCCTATTTTTCGCAAGGTGGACGTGAATGGCAACAATGCTGCCCCGCTGTACAAGTTCTTGAAGTC 450
C DR PF QA QFPIF R KVDVDNGNNA AA- AaPTILYZKT FTUL K S 123
AGAGAGGGGCGGTCTATTCGGAGAGCGTATCAAATGGAACTTCACCAAGTTTCTAGTTGACAAAGAGGGGCATGTCATGAATCGATATGC 540
E R GG L F G EUR I KWNU FTI K FULVDI KEGHVMNZRY A 153
ACCGACCTGGTCCCCACTCGGCATTGAGAATGATATCAAGAAGCTGTTGGAGGTTTGAGGTATCTCAAGGGAAGATCATGCGTCGTCTGT 630
P T W S P L G I ENDTIKKULTULE V - 171
GTCATGTTTTCGCTACTATATGTGTATGTACACTTGCTCTATCATGAGTAACCCCAGCCTGTTGTATGCTACTCTGTTTTCTACACTGTG 720
AAAGGAAAGCAACATTCCGCTGAAATAAAAAAAAA 755

Fig. 1. Nucleotide and deduced amino acid sequences of the barley cDNAs encoding HVGPHI1 (A), HVGPH2 (B) and HVGPH3 (C). Numbers
at the right margin refer to the base pair and the amino acid positions. Codons for cysteine in GPX active sites are in bold and underlined.
A: The 5" end of the w541 insert is in lower-case characters. B: Two in-frame methionine residues are in bold and underlined.
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Amino acid sequence similarity of putative GPXs from barley (HVGPHI, HVGPH2, HVGPH3), A. thaliana (ATPG1, GPX1), C. sinensis
(GPXCs), N. sylvestris (GPXNs), L. esculentum (GPXLe), S. oleracea (GPXSo) and P. sativum (GPXPs)

HVGPH1 HVGPH2* HVGPH3 ATGPI GPXCs GPXNs GPXLe GPXSo GPX1? GPXPs?*

HVGPH1 100 95.2 82.4 90.3 89.1 89.7 89.7 89.7 80.6 79.4
HVGPH2 100 78.7 89.9 89.2 86.4 85.8 87.6 79.2 78.0
HVGPH3 100 79.9 80.2 76.9 76.3 82.5 71.4 72.0
ATGP1 100 90.4 89.9 88.8 923 78.0 79.8
GPXCs 100 89.2 87.4 89.8 76.1 78.4
GPXNs 100 97.0 89.3 76.2 78.6
GPXLe 100 88.2 76.2 78.0
GPXSo 100 77.4 76.8
GPXI1 100 89.9
GPXPs 100

2Amino acid sequences starting with region of high homology were used for comparison

(low stringency). Probes for hybridisation were labelled to high spe-
cific activity by random priming (using an Amersham rediprime kit)
according to the procedure recommended by the manufacturer (Amer-
sham, Braunschweig, Germany). Filters were washed twice in 2 X SSC,
0.1% SDS at temperature of hybridisation for 15 min, then twice in
0.1 XSSC, 0.1% SDS at 65°C for 20 min, if specific probe was used.

DNA sequences were analysed using a thermal cycle amplification
system (Bio-Rad, Hercules, CA, USA) and an ABI 373 automatic
DNA sequencer (Applied Biosystems, Perkin Elmer). Database
searches and general sequence comparisons relied on the BLAST
world wide web server at the National Center for Biotechnology In-
formation [27]. Amino acid alignments were performed using the
ClustalW program [28].

3. Results

3.1. Isolation and sequence analysis of cDNAs encoding
putative glutathione peroxidases from barley

The first barley cDNA encoding a putative PHGPX was
fortuitously identified during screening of a cDNA expression
library from white seedlings of the barley albostrians mutant
for DNA binding proteins using a 108 bp fragment of the
wheat cabl-gene promoter: one clone, designated w54, was
found to bind the probe through two rounds of screening
and plaque purification. Further analysis revealed an unspe-

HVGPH3 —--------m - mmm oo m oo oo oo o m— oo -o---——---- MGAAESSSKLGGSV
(€25 €5 T T MASDSSAQPKSV
HVUGPHl —---- - - - - - mmm oo oo oo oo o o o e — - ---—---- MAAASSATSV
HVGPH2 MPSRPAPFIHRLRLLRSAVVSPSSAPLPCSRPRLAVPFAQPPIRAPAFAAAGSPLL-RPVGARFSLSSNMAAAASSASSV
ATGPl ---------emecemecc e me e mc e m e e e e m o mm e eseo o - ————— - -~ MAASSEPKSL
(€504 = T MASQSSKPQSI
GPXLE  —--=------ - mmm e e e e e e - m———--------------- MATQTSNPQSV
GPXCS == mmm - s oo oo oo oo m - oo ----—----- MASQSKTSV
GPX1 MVSMTTSSSSYGTFSTVVNSSRPNSSATFLVPSLKFSTGISNFANLSNGFSLKSPI-NPGFLFKSRPFTVQARAAAEKTV
GPXPs -MASMAFSTTFFTPLRDFNQPRTNSTPSTSLPFTKSSIASSKSPFFQLGFSQQASSNFPIVPSKTRSFSVNAKAIKDKTI
HVGPH3 HDFVVKDVRGNDVELSRYKGKVLLIVNVASRCGLANSNYTEMGQLYEKYREKGLEILAFPCNQFAGQEPDSDEKIVEFAC
GPXSo HEFVVRDARGNDVDLSIYKGKVLLIVNVASQCGLTNSNYTEMTELYEKYRELGLEILAFPCNQFGNQEPGSNEEVLEFAC
HVGPH1 HDFTVKDASGKDVDLSVYKGKVLLIVNVASQCGLTNSNYTELSQLYPKYKDQGFEILAFPCNQFGGQEPGTNDEIVQFAC
HVGPH2 HDFTVEDASGKDVDLSTYKGKVLLIVNVASQCGLTNSNYTELAQLYEKYKDQGFEILAFPCNQFGGQEPGTNEEIVQFAC
ATGP1 YDFTVKDAKGNDVDLSIYKGKVLLIVNVASQCGLTNSNYTELAQLYEKYKGHGFEILAFPCNQFGNQEPGTNEEIVQFAC
GPXNs YDFTVKDAKGNDVDLSIYKGKVLIIVNVASQCGLTNSNYTDLTEIYKKYKDQGLEILAFPCNQFGGQEPGSIEEIQNMVC
GPXLe YDFTVKDAKGKDVDLSIYKGKVLIIVNVASQCGLTNSNYTDMTELYKKYKDQGLEILAFPCNQFGGQEPGNIEDIQQMVC
GPXCs HDFTVKDAKGQDVDLSIYKGKLLLIVNVASQCGLTNSNYTELSQLYDKYKNQGLEILAFPCNQFGAQEPGDNEQIQEFAC
GPX1 HDFTVKDIDGKDVALNKFKGKVMLIVNVASRCGLTSSNYSELSHLYEKYKTQGFEILAFPCNQFGFQEPGSNSEIKQFAC
GPXPs YDFTVKDIDKKDVSLSKFKGKVLLIVNVASRCGLTSSNYTELSHLYENFKNKGLEV AFPCNQFGMQEPGSNEEIKQFAC
Sk k| ok sk k| skkkgiokkkkkkokkk kkk kok o kkkkkhkkk | kkk . gk
HVGPH3 DRFQAQFPIFRKVDVNGNNAAPLYKFLKSERGGLFGERIKWNFTKFLVDKEGHVMNRYAPTWSPLGIENDIKKLLEV--
GPXSo TRFKAEYPIFDKVDVNGSNAAPIYKFLKSSKGGLFGDGLKWNFTKFLVDKDGNVVDRYAPTTSPKSIEKDVKKLLGIQK
HVGPH1 TRFKAEYPIFDKVDVNGNNVSPLYKFLKSSKGGFFGDSIKWNFSKFLVDKEGHVVDRYAPTTSPMSIEKDIKKLL----
HVGPH2 TRFKAEYPIFDKVDVNGDNVAPVYKFLKSSKGSLFGDNIKWNFSKFLVDKDGNVVDRYAPTTSPLSIEKDIKKLLASS-
ATGP1 TRFKAEYPIFDKVDVNGDKAAPVYKFLKSSKGGLFGDGIKWNFAKFLVDKDGNVVDRFAPTTSPLSIEKDVKKLLGVTA
GPXNs TRFKAEYPIFDKVDVNGDNAAPLYKFLKSSKGGFFGDSIKWNFSKFLVDKEGNVVDRYSPTTTPASMEKDIKKLLGVA-
GPXLe TRFKAEYPIFDKVDVNGDNAAPLYRFLKSSKGGFFGDGIKWNFSKFLIDKEGHVVDRYSPTTSPASMEKDIKKLLGVA-
GPXCs TRFKAEFPIFDKVDVNGDNAAPLYKHLKSSKGGLFGDSIKWNFSKFLVDKEGNVVERYAPTTSPLSIEKDIKKLLETA-
GPX1 TRFKAEFPIFDKVDVNGPSTAPIYEFLKSNAGGFLGGLIKWNFEKFLIDKKGKVVERYPPTTSPFQIEKDIQKLLAA- -
GPXPs TKFKAEFPIFDKVDVNGPFTAPVYQFLKSSSGGFFGDIVKWNFEKFLVDKNGKVVERYPPTTSPFQIEKDIQKLLAA- -

skok . s kkk kkkkkk skok  kkk ok .ok skkkk kkk o kk kok, o k. kk ok sk ok s kkk

Fig. 2. Comparison of the amino acid sequences of putative plant GPXs. Alignment of barley HVGPH1, HVGPH2 and HVGPH3 with puta-
tive GPXs from: Spinacia oleracea (GPXSo) [30], A. thaliana (ATGP1) [16], A. thaliana (GPX1) [18], N. sylvestris (GPXNs) [13], L. esculentum
(GPXLe) [17], C. sinensis (GPXCs) [14], and P. sativum (GPXPs) [18]. Asterisks and dots indicate identical and similar amino acid positions,
respectively. Amino acid sequences corresponding to conserved regions are marked as follows: the GPX selenocysteine active site (or GPX sig-
nature 1) is in bold; the GPX signature 2 is in bold and underlined; domain WNF(S/T)KF found in most plant and mammalian GPXs is in

bold and italics.
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Fig. 3. The effect of light on the accumulation of HVGPH tran-
scripts in barley seedlings. Total RNA was isolated from aetiolated
(DD) or 6 h illuminated (DL) primary leaves of wild-type seedlings.

HVGPH1

HVGPH3

cific binding to DNA (data not shown). The respective phage
was isolated and its insert was subcloned into the vector
pBluescript KS+ (Stratagene) for further analysis. Sequence
analysis of the 717 bp w54 insert showed similarity to
PHGPX genes. Unspecific DNA binding of a GPX is not a
surprising finding because several enzymes were shown to
bind to nucleic acids even though they lack known binding
motifs [29]. Clone w54 did not represent a full-length cDNA.
To obtain a complete cDNA clone, the w54 insert was used as
a probe to rescreen the cDNA library at high stringency.
Sequence analysis of the longest recombinant clone identified,
designated w541, demonstrated that it represented an ex-
tended version of w54 containing additional 198 bp at the
5" end (Fig. 1A). The longest open reading frame within clone
w541 encodes a protein of 165 amino acids with a predicted
molecular mass of 18.3 kDa (Fig. 1A). Comparison of the
w541 deduced amino acid sequence with protein sequences
available in NCBI data bases revealed that this protein is
most closely related to putative PHGPXs from plants. We
designated this protein as HVGPHI1. We have then used the
w54 insert to screen the cDNA library at low stringency.
Three positive clones were recovered from approximately
50000 recombinant plaques. Inserts from isolated phages
were subcloned into pBluescript KS+ and sequenced. Se-
quence analysis revealed open reading frames with high sim-
ilarity to GPX genes in all three clones. Two of the three
cDNA clones were obviously derived from identical mRNAs.
The longer one of the two cDNAs, designated w12, was se-
lected for further analysis. The third cDNA was designated
w15. The cDNA insert of 1026 bp from clone w12 was found
to contain two ATG codons that are in frame: a first ATG at
position 93, a second one at position 297 (Fig. 1B). The lon-
gest open reading frame encodes a protein of 237 amino acids
with a predicted molecular mass of 25.7 kDa (HVGPH?2). The
shorter open reading frame encodes a protein of 169 amino
acids with a predicted molecular mass of 18.6 kDa (Fig. 1B).
Clone w15 contained a ¢cDNA insert of 755 bp. The longest
open reading frame encodes a protein of 171 amino acids with
a predicted molecular mass of 19.3 kDa (HVGPH3) (Fig. 1C).

A comparison of the three HVGPHs from barley and pu-
tative PHGPXs from other plants revealed a high sequence
similarity ranging between 71 and 96% (Table 1, Fig. 2). Ami-
no acid sequences of all analysed GPXs contain three con-
served domains: GPX signature 1, GPX signature 2 and do-
main WNF(S/T)KF found in most plant and mammalian
GPXs (Fig. 2) [31-34]. These three domains contain amino
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acid residues which form part of the proposed catalytic site
of GPX, namely C and G in GPX signature 1, Q in GPX
signature 2 and WNF in the third conserved domain (Fig. 2)
[35].

3.2. Accumulation of HVGPH mRNAs under various stress
conditions

To examine whether HVGPHs respond to light, Northern
blot analysis of total RNA was carried out. RNA was isolated
from aetiolated (DD) and from first dark-grown and than
illuminated (DL) wild-type leaves. Transcript levels for all
three HVGPHSs were very low in aetiolated leaves and found
to be drastically elevated after 6 h of illumination (Fig. 3).

Stress-related genes were recently reported to show an en-
hanced expression in white compared with green leaves of the
barley albostrians mutant [22]. To determine if the expression
of HVGPH mRNAs is also affected in white leaves of the
albostrians mutant, we examined steady-state levels of
HVGPH transcripts in green and white mutant leaves. For
comparison, total RNA from wild-type leaves treated with
the bleaching herbicide Norflurazon was used. Norflurazon
inhibits the synthesis of carotenoids in plant leaves. The
lack of these protective pigments results in the destruction
of pigment-protein complexes by photo-oxidation and blocks
chloroplast development [36]. HVGPH1 and HVGPH2 exhib-
ited nearly the same transcript accumulation pattern: a very
low steady-state level in green leaves that was drastically in-
creased in white leaves of the mutant and in wild-type leaves
treated with Norflurazon (Fig. 4). In contrast, the level of
HVGPH3 mRNA was highest in green, untreated leaves
whereas its accumulation in white leaves and in wild-type
Norflurazon-treated leaves was barely detectable (Fig. 4).

To examine the effect of different stress factors on HVGPH
mRNAs, we subjected primary leaves of 7 days old wild-type
barley seedlings to salt/osmotic stress (400 mM NaCl and 1 M
sorbitol, respectively) and oxidative stress produced by the
herbicide paraquat. Northern blot analysis of total RNA iso-
lated from treated leaves revealed that HVGPHI1 and
HVGPH2 transcript abundance markedly increased in leaves
treated with any of those stress factors (Fig. 5). Interestingly,
HVGPH2 mRNA accumulation increased stronger under salt
stress than by paraquat treatment whereas HVGPHI1 tran-
script level was higher after paraquat treatment. In contrast,
the HVGPH3 mRNA accumulation was drastically decreased
under all stress conditions (Fig. 5).

G W NF
L3

.
-

HVGPH2 - . -

nveris e e

255 rRNA -..'

Fig. 4. Steady-state level of HVGPH transcripts in green (G) and
white (W) seedlings of the albostrians mutant and in wild-type, Nor-
flurazon-treated (NF) seedlings.
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Fig. 5. Accumulation of HVGPH mRNAs in barley leaves under-
going stress. Total RNA was isolated from segments (5 cm in
length) of wild-type primary leaves floated on water (H,O), 400 mM
NaCl, 10 uM paraquat, or 1 M sorbitol solutions for 24 h.

4. Discussion

The ¢cDNAs analysed in this study are closely related to
cDNAs isolated from several plants and encoding putative
PHGPX [13-18]. Only for one of these gene products, the
activity of a PHGPX has been experimentally proven [37].
The HVGPH2 cDNA contains two ATG codons that are
in-frame (Fig. 1B). The amino acid sequence between first
and second in-frame methionines is high in serine, contains
no acidic residue, and has a net positive charge (+7), features
reminiscent of plastid targeting sequences [38,39]. Hence,
HVGPH?2 is likely to be plastid localised as recently demon-
strated for an Arabidopsis and a pea GPX ([18]; Fig. 2). This
conclusion is further substantiated by a computer-aided anal-
ysis of the putative targeting sequence using the program
PSORT (data not shown). HVGPH1 and HVGPH3 have no
apparent plastidial or mitochondrial presequences. Moreover,
a stop codon not far upstream of the start codon for
HVGPHI1 rules out the possibility that an additional targeting
sequence is encoded. HVGPHI1 represents most probably a
cytosolic form of the enzyme. HVGPH3, however, contains
near the N-terminus an SSS sequence (position 6-8) (Fig. 1C),
which has been shown to be a peroxisomal targeting signal in
cotton catalase [40]. The peroxisomal catalases CAT-2 from
barley, CAT-A from rice and CAT-3 from maize also contain
this tripeptide near the N-terminus (position 9-11) [41]. Thus,
HVGPH3 may be a peroxisomal glutathione peroxidase.
While animal PHGPX genes were found to include the codon
TGA for selenocysteine, the codon for the corresponding ami-
no acid residue in homologous plant genes, including
HVGPH1 and HVGPH2 cDNAs (Fig. 1A,B), is TGT
[17,18,42], which encodes a cysteine residue [43]. The corre-
sponding codon in HVGPH3 is TGC (Fig. 1C). Thus, the
three barley enzymes, as the other known putative plant
GPX, should contain cysteine instead of selenocysteine in
their catalytic centre.

It has been observed that the expression of some antioxi-
dant genes is regulated by light [44-46]. The transcript accu-
mulation of all three HVGPHs was increased after illumina-
tion of aetiolated leaves.

It has been shown that the steady-state level of putative
GPX mRNA and/or GPX protein increases in plant tissues
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under stress conditions like high osmolarity, salt, H,O, and
pathogen infection [13-15,20,47] suggesting a function of
these enzymes in the stress response of plants. The data ob-
tained from our studies on HVGPH transcript levels suggest
that the putative chloroplast HVGPH2 and the putative cy-
tosolic HVGPHI1 may play a role in the response of barley
plants to stress, whereas the putative peroxisomal HVGPH3
should have another, hitherto unknown function. Treatment
of barley leaf segments with NaCl or sorbitol induced the
accumulation of both HVGPH1 and HVGPH2 transcripts
(Fig. 5). Levels of HVGPHI and HVGPH2 mRNA were
also much higher in white albostrians leaves and Norflura-
zon-treated wild-type leaves than in green, untreated leaves
(Fig. 3). Enzymes with suggested or proven function in stress
response show much higher levels of their transcripts in white
than in green leaves of albostrians mutant. White albostrians
leaves are deficient in chlorophyll and carotenoids [21,22].
Norflurazon acts as a non-competitive inhibitor of phytoene
desaturase [48] and blocks the synthesis of all photo-protective
carotenoids. If carotenoid-free chloroplasts are exposed to
bright light they suffer extensive oxidative damage [49]. There-
fore, it is probable that the increase of mRNA accumulation
for HVGPH1 and HVGPH?2 is a response to oxidative stress.
This view is supported by our results obtained with paraquat-
treated leaves. Bipyridyl herbicides such as paraquat are re-
dox-active compounds that become reduced within the cell
and subsequently transfer their electrons to oxygen, forming
the superoxide anion [50,51]. Their main activity is exhibited
in the light, where photosystem I is responsible for their re-
duction [52]. Significant increases in mRNA steady-state levels
of some antioxidant enzymes in response to paraquat stress
were observed [46,53]. Moreover, it has been recently shown
that Escherichia coli cells expressing the cDNA for a putative
Citrus GPX, were more tolerant to paraquat [54]. The treat-
ment of barley leaf segments with paraquat increased the tran-
script level for HVGPH1 and HVGPH?2 drastically (Fig. 5).
The cytosolic compartment is most likely also involved in
antioxidant responses to paraquat [1]. Thus, HVGPHI and
HVGPH2 may contribute to antioxidant defences in cytosol
and chloroplast, respectively.

In contrast, analysis of mRNA levels for HVGPH3, which,
as we suppose, is localised to peroxisomes, showed a distinctly
different pattern. The HVGPH3 transcript level was reduced
after treatment of barley leaf segments with NaCl, sorbitol
and paraquat as well as in white seedlings of the albostrians
mutant and in Norflurazon-treated wild-type leaves Interest-
ingly, similar observations have been reported for other per-
oxisomal enzymes. The maize Caz2 mRNA level was very low
in the leaves of mutants /w3 and w3, that suffer from photo-
oxidation due to the lack of protective carotenoids [55,56].
Moreover, it has been shown that activities of peroxisomal
enzymes such as glycolate oxidase, hydroxypyruvate reductase
and catalase were very low after treatment of plants with
Norflurazon [57,58]. In white albostrians leaves not only ac-
tivities but also mRNA accumulation for glycolate oxidase
and catalase were drastically reduced compared to green
leaves [59]. Thus, HVGPH3 may be involved in peroxisomal
metabolism rather than in the defence of plants against oxi-
dative stress.

Although the role of plant GPX homologues is still ob-
scure, the data presented here support the view that the plant
GPX homologues may play a role in the protection of cells
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against oxidative damage. For the first time we could demon-
strate the existence of three GPX homologues in a plant which
probably are localised to different compartments and could
show that their transcript accumulation responses in different
ways to various stress conditions.
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