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Several genes encoding putative glutathione peroxidase have been isolated from a variety of plants, all of which show the
highest homology to the phospholipid hydroperoxide isoform. Several observations suggest that the proteins are involved in
biotic and abiotic stress responses. Previous studies on the regulation of gpx1, the Citrus sinensis gene encoding phospholipid
hydroperoxide isoform, led to the conclusion that salt-induced expression of gpx1 transcript and its encoded protein is
mediated by oxidative stress. In this paper, we describe the induction of gpx1 promoter:uidA fusions in stable transformants of
tobacco (Nicotiana tabacum) cultured cells and plants. We show that the induction of gpx1 by salt and oxidative stress occurs at
the transcriptional level. gpx1 promoter analysis confirmed our previous assumption that the salt signal is transduced via
oxidative stress. We used induction of the fusion construct to achieve better insight into, and to monitor salt-induced oxidative
stress. The gpx1 promoter responded preferentially to oxidative stress in the form of hydrogen peroxide, rather than to
superoxide-generating agents. Antioxidants abolished the salt-induced expression of gpx1 promoter, but were unable to
eliminate the induction by H,O,. The commonly employed NADPH-oxidase inhibitor diphenyleneiodonium chloride and
catalase inhibited the H,O,-induced expression of gpx1 promoter, but did not affect its induction by salt. Our results led us to
conclude that salt induces oxidative stress in the form of H,0,, its production occurs in the intracellular space, and its signal

transduction pathway activating the gpx1 promoter is different from the pathway induced by extracellular H,O,.

Gluthatione peroxidases (GPXs) are a family of
isozymes that use glutathione to reduce hydrogen
peroxide (H,O,) and organic and lipid hydroperox-
ides, thereby protecting cells against oxidative damage
(Flohé and Giinzler, 1984). Several forms of these
enzymes have been described in great detail in mam-
malian systems (Ursini et al., 1995). The classical
cytosolic GPX is highly active in reducing H,O, and
in its native form is composed of homotetramers. The
other isoform, phospholipid hydroperoxide glutathi-
one peroxidase (PHGPX), is active as a monomer and
has a higher affinity to lipid hydroperoxides than
to H,0,. The mammalian PHGPX isoforms and most
of the mammalian GPXs are selenoproteins character-
ized by the presence of the rare amino acid residue
selenoCys in their catalytic site (Brigelius-Flohe, 1999;
Arthur, 2000).

In recent years, several genes encoding putative
GPXs have been isolated from a variety of plants,
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including citrus, tobacco, tomato, sunflower, spinach,
pea, rice, barley, Chinese cabbage, Avena fatua, and
Arabidopsis (Criqui et al., 1992; Holland et al., 1993;
Johnson et al., 1995; Eshdat et al., 1997; Sugimoto and
Sakamoto, 1997; Sugimoto et al., 1997; Depege et al.,
1998; Mullineaux et al., 1998; Roeckel-Drevet
et al., 1998; Churin et al.,, 1999; Li et al., 2000; Jung
et al., 2002). All plant cDNAs isolated to date show
the highest homology to the PHGPX isoform, and all
the encoded proteins have Cys, rather than selenoCys,
in their presumed catalytic site. The expected activity
of the plant proteins was determined in recombinant
proteins tanslated from the cDNAs isolated from
citrus, sunflower, tomato, and Chinese cabbage
(Beeor-Tzahar et al., 1995; Faltin et al., 1998; Herbette
et al., 2002; Jung et al., 2002). Substrate specificity of
these enzymes was, as expected, based on gene
homology, i.e. the highest activity was demonstrated
with lipid hydroperoxides and no activity was ob-
tained with hydrogen peroxide when glutathione
served as the reducing agent. In general, the overall
activity is rather low compared with those found in the
animal kingdom. In recent studies, it has been dem-
onstrated that at least two plant PHGPXs probably
represent a novel isoform of thioredoxin peroxi-
dase exhibiting much higher oxidation activity for
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thioredoxin than for glutathione (Herbette et al., 2002;
Jung et al., 2002). It was also demonstrated that H,O,
serves as their preferred substrate.

Several observations suggest that plant PHGPXs are
involved in biotic and abiotic stress responses. In-
creased levels of expression of PHGPX protein and of
mRNA were induced by exposure to salt (Avsian-
Kretchmer et al., 1999), infection by viral or bacterial
pathogens (Levine et al., 1994; Roeckel-Drevet et al,,
1998), treatments with heavy metals (Sugimoto and
Sakamoto, 1997), oxidative stress (Avsian-Kretchmer
etal., 1999; Li et al., 2000), and mechanical stimulation
(Depege et al., 1998). It is widely accepted that biotic
and abiotic stresses result in the formation of reactive
oxygen species (ROS) and lead to an increase in vari-
ous antioxidant defense mechanisms (Van Breusegem
et al., 2001). In the animal kingdom, GPXs serve as key
enzymes in reducing H,O, whereas in plants,
different pathways have evolved where the action of
superoxide dismutase is followed by APXs as the main
scavenging enzymes (Asada, 1994). The role of plant
PHGPXs remains to be elucidated. Nevertheless, their
induction under a wide range of stresses suggests that
they play a specific role in ROS scavenging, such as the
removal of lipid hydroperoxides.

In previous studies intended to understand the
regulation of gpx1 (formerly named csa), a citrus gene
encoding PHGPX, we examined its expression under
salt and oxidative stress. We showed that salt treat-
ment increases the amount of PHGPX with a concom-
itant decrease in overall APX activity (Gueta-Dahan
et al, 1997). Moreover, increasing the antioxidant
capacity by either preloading cultured citrus cells with
external antioxidants or using a cell line with a higher
level of constitutive APX activity, eliminated the salt-
induced PHGPX expression (Avsian-Kretchmer et al.,
1999). Based on these results, we proposed a model in
which ROS and peroxides are intermediates in the
cascade of events leading from salt exposure to an
increase in gpx1 transcript level. The model suggested
that when the capacity of the cell to scavenge ROS is
high, the induction of gpx1 by salt will be delayed.

The salt-induced increase in steady-state mRNA
accumulation may be regulated at the transcriptional
and post-transcriptonal levels. In alfalfa, both types of
regulation were found in different genes induced by
salt (Winicov and Krishnan, 1996). The specific mRNA
of tobacco (Nicotiana tabacum) osmotin has been shown
to accumulate under both salt stress and abscisic acid
(ABA) treatment. This gene was shown to be tran-
scriptionally regulated by salt and post-transcription-
ally regulated by ABA and wounding (La Rosa et al.,
1992). In our experiments, increased levels of gpx1
mRNA transcript were induced by salt, ABA, and
oxidative stress (Avsian-Kretchmer et al., 1999). We have
previously suggested that the NaCl-induced increase
in gpx1 mRNA is not mediated by ABA and that the
ABA-induced increase in the expression of gpx1 is
mediated by ROS production (Avsian-Kretchmer
etal., 1999).
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In this study, we describe the structure of a citrus
gene encoding PHGPX and analyze its promoter’s
pattern of expression. The isolated promoter fused to
uidA was inserted into tobacco plants and cultured
cells. B-Glucuronidase (GUS) activity in the trans-
formed tissues showed that gpx1 is regulated at the
transcriptional level by salt and oxidative stress but not
by ABA. Our experiments led to the conclusion that
the expression of gpx1 is not tissue specific, and that the
oxidative stress induced by salt is essentially in the
form of H,O,, which is produced in the intracellular
space. NADPH oxidase is involved in the signal trans-
duction activating the gpx1 promoter by H,O, induc-
tion but not in salt-induced activation of this promoter.

RESULTS
gpx1 Genomic Clone and Its Promoter

Isolation of a genomic clone corresponding to the
cDNA of gpx1 revealed a gene comprised of six exons
and five introns (Fig. 1A). Four of the introns were
shorter than 200 bp, and the length of intron number 4
was 610 bp. All the introns were spliced following the
consensus sequence, having GT and AG at their 5’ and
3’ end, respectively. The putative polyadenylation
signal (AATAAA) is located 18 bp upstream of the
poly(A) site (Joshi, 1987a). The sequence of the geno-
mic clone revealed an additional ATG (at position
—51), which was not found in the longest isolated
cDNA, starting at position 1. This ATG codon was in-
frame with the one of the cDNA at position 128. A
TATA-box and a CAAT-box were identified at posi-
tions —162 and —108, respectively. A fragment of
1.6 kb upstream to the 5" end of the longest cDNA
was cloned as the full-length promoter (Fig. 1B). This
sequence was analyzed for the presence of known
consensus elements described in studies of other
genes, as mentioned below, and by the software
offered by PlantCare database (Lescot et al., 2002).
The putative transcription initiation site (Joshi, 1987b)
coincided with the 5’ end of the cDNA (A at position
1) and the putative TATA box was 61 bp upstream,
within the range described by Joshi (1987b).

We identified several other consensus elements on
the gpx1 promoter. The core sequence ACGT, which is
characteristic for ABRE motifs (Uno et al., 2000), exists
at positions —129, —234, and —1,011. Only the one at
position —129 has the consensus sequence of a G-box
(CACGTG; Choi et al., 2000), whereas the two other
sequences do not have any of the predicted context. A
CEl-like sequence, CACCG, which is suggested to be
involved in ABA-induction, is found at position —201
(Niu et al., 2002). A sequence similar to the mamma-
lian binding site for the factor NF-kB (GGGATATTTC),
which is related to the oxidative stress response, was
identified at position —1,417 with one mismatch
(Scandalios et al., 1997). A cis-acting regulatory ele-
ment involved in methyl jasmonate (Me])-responsive-
ness, CGTCA, which is also part of the as-1 element
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Figure 1. Structure of the gpx7 gene and its promoter. A, Schematic structure of the gpx T gene (GenBank accession no. AJ)582678).
The length of each exon (square) and intron (line) is given. The ATG is located at position 128 bp in exon 1 and the termination TAA
at position 33 bp in exon 6. B, Sequence of the gpxT promoter. The putative transcription start site is at position 1. The various
putative cis-acting elements are marked. See text for further explanations. Arrows point to the sites of deletions.

(Johnson et al., 2001), was found in the minus strand of
the DNA at position —176. Several copies of a novel
6-bp CGCG box (Yang and Poovaiah, 2002), which
responds to a variety of stresses including salt, Me],
and H,O,, were located at positions —322, —275, and
—150. A heat shock-responsive element consisting of
tri-nucleotide repeats arranged in alternating, palin-
dromic orientation separated by 2 bp was identified
at position —447 (Guilfoyle, 1997). The WUN-motif
aAATTtcct, described as a wound-responsive element
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in Brassica oleracea, was found at position —1075. A
stress-responsive element (STRE) is characterized by
the core sequence AGGGG (Ruis and Koller, 1997) and
was found at position —402. The consensus sequence
RSTGACTMANN, which is present in various ROS-
modulated plant gene promoters (Kim et al., 2003),
was found at position —547 with one mismatch.
Several AT-rich regions exist in the gpx1 promoter,
located at —620 to —724 (94% AT), —940 to —964 (96%
AT), and —1,078 to —1,118 (88% AT).
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Expression of the gpx1 Promoter:uidA Fusion

The expression of GUS by the full-length promoter
and two additional deletion constructs was analyzed
in tobacco plants to determine tissue specificity and in
BY-2 tobacco cells for quantitative measurements of
the induction.

Expression of the gpx1 Promoter:uidA Fusion in
Tobacco Plants

Transgenic tobacco plants containing each one of the
three gpx1 promoter:uidA constructs were analyzed for
uidA expression of following salt and sorbitol treat-
ments. Data presented in Figure 2 show the patterns of
GUS staining in roots and leaves of seedlings trans-
formed with the full-length promoter, which were trans-
ferred to a medium containing 0.1 M NaCl or 0.2 M
sorbitol for 2 to 4 d. No GUS activity was observed in
control roots (Fig. 2A). In roots of plants exposed to NaCl
for 48 h, GUS activity was observed in distinct cells but
not in the root tips (Fig. 2B). After 72 h, this activity was
exhibited all along the roots but expanded to the root
hairs only after 96 h (Fig. 2, C and D). In roots treated
with sorbitol, only the root-tip was stained after 48 h (Fig.
2E), and roots treated for 96 h were stained all over,
similar to those treated with NaCl. In control leaves of
seedlings germinating on wet filter paper, no GUS
activity was observed (Fig. 2F), but when these seeds
were germinated and grown in vitro under sterile
conditions on Murashige and Skoog medium without
any hormones, a background of blue staining was often
observed (not shown).

In leaves, the overall intensity of GUS staining
increased with the duration of the stress and different
leaves from the same seedling were stained at different
intensities (Fig. 2, G and H). There was no difference in
the pattern of staining among NaCl, KCl, and sorbitol
treated seedlings (data not shown). The staining of
GUS expression in leaves of NaCl-treated seedlings
was quite evenly spread over the whole leaf area,
whereas in many leaves of Na,5O,-treated seedlings,

Figure 2. Expression of the gpxT
promoter:uidA fusion in tobacco
plants. GUS activity was deter-
mined as explained in “Materials
and Methods.” Root (A) and leaf (F)
of control plant; root (B) and leaf (F)
of plant exposed for 2 d to 0.1 m
NaCl; root of plant exposed for
3.dt0 0.1 M NaCl (C); root (D) and e
leaf (H and 1) of plant exposed for 4
d to NaCl; root of plant exposed for
2 d to 0.2 m sorbitol (E); leaf of
plant exposed for 4 d to Na,SO, (J);
root (K) and leaf (L) of plant 1 d after
wounding (K and L). Length of area
photographed in F, G, and H, 7
mm; length in | and J, 2.8 mm;
length in C, D, E, K, and L 1.73
mm; length in A and B, 0.7 mm.
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the pattern of staining showed more pronounced GUS
activity around the large veins and less intense activity
throughout the leaf area (Fig. 2, I and J). Wounding
leaves by squeezing them with forceps resulted in high
GUS activity in the wounded leaf, as well as in the
nonwounded leaves and roots, which was detected as
early as 24 h following the treatment (Fig. 2, K and L).

We analyzed GUS activity in homozygous plants
transformed with the two deletion constructs. No
activity could be detected in salt-grown plants trans-
formed with the construct containing only the 0.5-kb
fragment of the gpx1 promoter. GUS activity could be
detected in roots and leaves of salt-grown plants
transformed with the 1-kb fragment of the gpx1 pro-
moter, but in most of the plants the intensity of the
staining was somewhat lower than that observed with
the full-length promoter (data not shown).

Expression of the gpx1 Promoter:uidA Fusion in
BY-2 Tobacco Cells

Transformation of BY-2 tobacco cells results in a large
number of transformation events, exhibiting a large
variation in transformants. The use of cells enables
a better quantification of GUS activity and more
uniform exposure to stress. The various stresses were
usually imposed overnight to 24 h, as this was found
the time point to obtain maximal GUS activity. Expos-
ing cells to both NaCl and H,O, for 4, 7, and 17 h
resulted in 0%, 40%, and 90% to 100% of the activity
obtained after exposure for 24 h, respectively. GUS
activity was determined in control and treated cells by
the fluorometric method, as explained in “Materials
and Methods.” NaCl, sorbitol, and mannitol induced
high levels of GUS activity (Fig. 3), suggesting an
osmotic effect. KCl was as effective as NaCl in in-
ducing GUS activity, but Na,SO, was less so. GUS
activity induced by the addition of 100 mm CaCl, or
200 mM NaNO; was similar to that induced by Na,SO,,
and almost no activity was induced by 200 mwm choline
chloride (data not shown). It is of interest that ABA
and heat treatment (24 h at 37°C), which induce a high
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Figure 3. Effect of salts and osmotic stress on the expression of the gpxT
promoter:uidA fusion in tobacco cells. Tobacco cells toward the end of
their fast growth phase were exposed to the various stresses at the
indicated concentrations. Analysis of GUS activity was performed as
explained in “Materials and Methods.” The concentrations of NaCl,
sorbitol, mannitol, KCI, and Na,SO, were 0.2, 0.4, 0.4, 0.2, and 0.1 m,
respectively. The concentration of ABA was 50 um and that of MeJ,
0.2 mm.

level of gpx1 transcript (Avsian-Kretchmer et al., 1999),
were ineffective in inducing GUS activity (Fig. 3 and
data not shown).

We have previously shown that direct oxidative
stress induced by tert-butyl hydroperoxide (tBH), but
not by H,O,, increases gpx1-specific mRNA levels to
the same extent as NaCl (Avsian-Kretchmer et al.,
1999). Results presented in Figure 4 show that H,O,
induced high activity of GUS driven by uidA fused to
the gpx1 promoter, even higher than that observed
with tBH. It should be noted that cells recovered well
from the H,O, shock, as evidenced by the virtual lack
of growth inhibition when they were subcultured
for further growth. Lower GUS activity was obtained
following treatment with Glc and Glc oxidase. We
tested the effects of paraquat and menadione as
sources for the generation of superoxide. Paraquat, at
a concentration of 3 uM, inhibits the growth of cultured
citrus and tobacco cells by about 50% and fails to
increase the level of specific gpx1 mRNA or its encoded
protein (Gueta-Dahan et al., 1997). At this concentra-
tion it induced a very low level of GUS activity (Fig. 4).
We treated BY-2 tobacco cells with menadione, at
concentrations ranging from 5 to 25 um and obtained
low to total inhibition of growth. At a concentration
of 10 um, which inhibited growth by about 50%, it
also induced a very low level of GUS activity, compar-
able to that obtained with paraquat. Salicylic acid
(0.1-1 mMm), which has been shown to generate super-
oxide in tobacco cell suspension culture (Kawano and
Muto, 2000), did not induce GUS expression.

Plant Physiol. Vol. 135, 2004

Salt-Induced Induction of Citrus gpx1 Promoter

The level of induction of GUS activity reflects the
degree of stress imposed on the tissue; 0.1 M NaCl
induced a much lower level of GUS activity than 0.2 M
NaCl (Fig. 5). Preloading tobacco cells with the anti-
oxidant N-acetyl Cys (NAC) decreased NaCl-induced
GUS activity. Loading cells with NAC prior to the
addition of NaCl reduced GUS activity more than the
simultaneous addition of both, and loading with
a higher concentration of NAC resulted in better
protection.

Mn** and Zn*" ions have been shown to be efficient
scavengers of ROS in tobacco cell suspension (Kawano
etal., 2002). As shown in Figure 6, the addition of 5 mm
Mn** had no effect on GUS activity, but preloading cells
with Mn** ions strongly inhibited the NaCl-induced
expression of GUS. The action of Mn** as an anti-
oxidant in our system was independently proved
by applying the fluorometric method and the dye
5-(and-6)-carboxy-2',7’- dichlorodihydrofluorescein di-
acetate. We observed a very low fluorescence in control
cells which was dramatically increased by salt, whereas
in overnight Mn®*-preloaded cells, the addition of salt
did not resultin an increase of fluorescence, and the level
observed was even below that of the control cells (see
supplemental data). The addition of Zn>" alone induced
a high expression of GUS, and the addition of Zn** and
NaClresulted in a very high level of GUS activity, which
was basically the sum of the two stresses. The effects of
either Mn?" or Zn*" were rather specific, since other
bivalent ions, such as Co®" or Ni*", did not induce any
GUS activity by themselves, and they had a minor effect
on the activity induced by NaCl (data not shown).
Sorbitol-induced GUS activity was inhibited by NAC
and Mn®" in the same way as NaCl-induced activity
(data not shown). It should be noted that Min>* failed to
inhibit H,O,-induced GUS activity (Fig. 6). It has been
suggested that Zn?", but not Mn?*, acts as an inhibitor of
the putative NADPH oxidase in BY-2 tobacco cells

W

[\
L

GUS activity
(umol x mg protein! x min)

—

(=}

control  H,0, tBH GlutOx PQ  menadione

10mM 1mM 3uM 10 uM
Figure 4. Effect of oxidants on the expression of the gpxT promoter:
uidA fusion in tobacco cells. For details, see Figure 3. The concentra-

tion of glucose (Glu) was 10 mm and that of Glc oxidase (Ox), 0.2 units
mL~". PQ, paraquat.
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Figure 5. Effect of NAC on the expression of the gpx1 promoter:uidA
fusion in tobacco cells. For details, see Figure 3. NAC was added to the
cell suspension cultures 1 d prior to the treatment except when indicated
by an asterisk, where NAC and NaCl were added simultaneously.

(Kawano etal., 2002). To test whether Zn?*-induced GUS
activity involves NADPH oxidase, we tested the effect of
two known inhibitors of this enzyme, diphe-
nyleneiodonium chloride (DPI) and immidazole. Both
inhibitors induced GUS activity when applied alone,
although not to he same extent, and as in the case of
Zn*", their induced activity increased upon addition of
NaCl (Fig. 7A). In contrast, DPI and Zn** dramatically
inhibited the activity of GUS induced by H,O, (Fig. 7B).
We analyzed the ability of imidazole, Zn** and DPI to
produce H,O, in BY-2 tobacco cells by the fluorometric
method using 5-(and-6)-carboxy-2',7’- dichlorodihy-
drofluorescein diacetate. None of these agents showed
any activity against a positive control obtained by
applying NaCl (data not shown). There is no correlation
between the extent of induced GUS activity and the
degree of growth inhibition obtained by the various
chemical agents. Growth of cells was 50% inhibited by
0.2 M NaCl or 10 mm H,O,, and a similar inhibition was
obtained by 5 mM Mn?". The addition of Zn** inhibited
the growth of cells by about 80%, whereas very few cells
survived the treatment with DPL

To test whether the inability of DPI to inhibit NaCl-
induced expression of gpx1 is due to the intracellular
production of H,0O,, we added catalase to the cell
suspension prior to the addition of either salt or H,O,.
The addition of catalase dramatically reduced the
H,0O,-induced expression of gpxI but had no effect or
even increased the NaCl-induced expression. The
addition of catalase 30 min after the addition of H,O,
had only a minor effect on GUS activity (Fig. 8). In
parallel, we measured the capacity of the BY-2 cell
suspension to remove H,O, from the medium. Follow-
ing the addition of 10 to 40 mm H,0O,, only about 20%
to 25% could be detected in the medium after 2 min,
and the level was below 5% after 5 min. Addition of
Me], which may be involved in signal transduction
pathways induced by wounding (Ryan and Moura,
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2002), resulted in a moderate level of GUS activity in
tobacco cells at a concentration of 200 um (Fig. 3).

We tested the ability of the two deletion constructs to
induce GUS activity under a variety of stresses. In
tobacco cells transformed with the construct containing
the 1-kb fragment of the promoter, GUS activities
induced by salt, sorbitol, H,0,, tBH, and 7Zn*" were
similar to those obtained with the full-length promoter.
No GUS activity could be induced in tobacco cells
transformed with the 0.5-kb fragment of the promoter.

DISCUSSION

Although genes encoding plant PHGPXs have been
found in many species, their function in vivo has not
been clearly resolved. Recent reports indicate that the
encoded proteins are mainly active as thioredoxin-
dependent peroxidases rather than GPXs (Herbette
et al., 2002; Jung et al., 2002). The expression of most
of the genes has been found to be induced under
various stress conditions, where oxidative stress is
most probably the common secondary effect. Our in-
tensive studies on the regulation of citrus PHGPX
clearly demonstrate that its expression under salt stress
is mediated via oxidative stress (Avsian-Kretchmer
et al., 1999). To better understand the transduction of
salt stress to oxidative stress, we analyzed the regula-
tion of this gene by activating its promoter fused to
a reporter gene.

The sequence of the gene gpx1 shows a structure
similar to the Arabidopsis gene encoding PHGPX
(NM_117229). It consists of six exons and all of the
five introns are spliced at conventional sequences. The
homologous genes from human (GPX4) and pig heart
contain seven exons (Brigelius-Flohe et al., 1994;
Kelner and Montoya, 1998) and the nonselenium gene
isolated from Chlamydomonas reinhardtii contains five
exons (Leisinger et al., 1999). The genomic sequence of

—_
(=)} oo (=)
L |

GUS activity
N

(umol x mg protein! x min')

)

Mn?* ——++ - ——++ -+
(5 mM) Zn** Zn>* H,0,
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Figure 6. Effect of Mn?* and Zn?" ions on the expression of the gpxla
promoter:uidA fusion in tobacco cells. For details, see Figure 3. Mn?*

or Zn?* ions were added 1 d prior to the treatment. White bars, no
NaCl; black bars, 0.2 m NaCl.
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Figure 7. Effect of NADPH oxidase inhibitors on the expression of the
gpx1 promoter:uidA fusion in tobacco cells. For details, see Figure 3. A,
Effect of inhibitors on NaCl induction. Mn** was added 1 d prior to the
treatment with NaCl and imidazole or DPI were added 1 h prior to the
addition of NaCl. Control, white bars; NaCl, black bars; Mn** and
NaCl, gray bars. B, Effect of inhibitors on H,0O, induction. DPI or Zn**
were added 1 h prior to the addition of H,O,. Control, white bars;
H,0,, black bars. NaCl, H,O,, Zn**, Mn?", imidazole and DPI were
added at concentrations of 0.2 M, 10 mm, 5 mm, 5 mm, 10 mm, and
25 uM, respectively.

the gpx1 gene reveals an ATG 180 bp upstream of the
one present in the cDNA (Holland et al., 1993). It is of
interest that in rats, humans, pigs, and mice, the genes
encoding PHGPX have two in-frame ATGs, both of
which can serve as translation start sites to produce
a cytosolic and a mitochondrial protein, respectively
(Pushpa-Rekha et al., 1995; Nam et al., 1997; Borchert
et al., 1999). We previously characterized the citrus
PHGPX protein as a cytosolic enzyme based on its
detection in the soluble fraction following cell disrup-
tion (Ben-Hayyim et al., 1993). In addition, the citrus
gpx1 5" ATG does not conform with the consensus of
the plant translation start site (Joshi, 1987b; Joshi et al.,
1997) suggesting that the upstream ATG, absent from
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the cDNA, is not likely to function as a translation
initiation site for the protein.

Several putative regulatory elements were identified
in the promoter region. The fact that the construct
containing the 0.5-kb promoter fragment fused to uidA
showed no GUS activity under any of the applied
treatments suggests that the cis-acting elements found
in the region up to —390 are not sufficient for the
regulation of gpx1 expression. These elements include
the CGCG box and the core sequences of ABRE motifs.
Although osmotic stress induced a high level of
GUS activity (Fig. 3), we could not detect drought-
responsive-element motif found in drought or the
cold-induced RD29A and COR78 genes, which are
independent of ABA in Arabidopsis (Stockinger et al.,
1997).

Of all the consensus elements identified on the pro-
moter, the STRE at position —402 and the cis-acting
element responsive to ROS identified at position —547
may serve as important putative cis-acting elements in
regulating gpx1 promoter activity. Both factors exist in
the 1- and 1.5-kb promoter fragments, the region which
is required for driving GUS activity. The STRE has been
characterized in promoters of stress-induced yeast
genes. Two copies were located on the catalase T
promoter, which was shown to respond to a variety of
stresses such as essential nutrient starvation (nitrogen,
carbon, sulfur, and phosphorus), external low pH,
ethanol, osmotic, and oxidative stress (Ruis and Koller,
1997). This element was also identified in the sequence
of the maize cat3 promoter (Scandalios et al., 1997). The
other motif responsive to ROS, RSTGACTMANN, has
been identified in the promoter of sweet potato stress-
inducible peroxidase (Kim et al., 2003), and it shows
substantial homology to AP-1, which is present in
various ROS-modulated plant and mammalian gene
promoters (Kathryn, 1996; Grant et al.,, 2000). The
identification of these elements in the promoter region
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GUS activity
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control NaCl
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Figure 8. Effect of catalase on salt- and H,0O,-induced expression of the
gpx1 promoter:uidA fusion in tobacco cells. For details, see Figure 3.
Bovine liver catalase, at a concentration of 130 U mL™" was added
prior to salt or H,O,, except when indicated by an asterisk, where
catalase was added 30 min after the addition of H,0,. NaCl and H,0,
were added at 0.2 m and 10 mm, respectively. White bars, no catalase;
black bars, with catalase.
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of gpx1 strongly supports our earlier suggestion that
although PHGPX was initially isolated as a salt-
induced protein (Ben-Hayyim et al., 1993), it is actually
an oxidative stress-induced enzyme (Avsian-Kretchmer
etal., 1999).

Similar levels of GUS activity were induced by
NaCl, KCl, sorbitol, and mannitol, suggesting that
the gpx1 promoter is actually activated by osmotic
stress. However, the lower induction of GUS activity
obtained in the presence of other salts, such as NaNO,
and Na,S50O,, at iso-osmolar concentrations and the
lack of specificity for any particular ion indicate that
additional factors play a role in this response. We
suggest that both osmotic and salt stresses are trans-
duced to an oxidative stress and that the response of
the reporter gene is correlated with the degree of
oxidative stress imposed. This degree might change
with the permeability of the various ions and their
distribution within the cells. The fact that salt- and
osmotic stress-induced GUS activity were eliminated
by preloadm% the cells with antioxidants, such as
NAC and Mn“" ions (Figs. 5 and 6), provides further
support for this notion and strengthens our previous
model that salt stress induces gpx1 expression via the
production of ROS (Avsian-Kretchmer et al., 1999).

Northern-blot analysis of ABA-treated citrus cells
showed a marked increase in the level of the gpx1
transcript, which was interpreted to be mediated by
ROS (Avsian-Kretchmer et al., 1999). The most likely
explanation for the apparent inconsistency between
the high ABA-induced signal of gpx1 transcript, which
was detected in the northern-blot analysis and the very
low, if any, ABA-induced signal, which was detected
here, is the signal observed in the northern-blot
analysis represented a compilation of signals derived
from several members of a gene family, whereas only
one of them was analyzed in this study. Thus, it can be
speculated that ABA and salt do not regulate the same
promoter. The existence of a gene family for GPX has
been shown in most of the plants from which such
genes have been isolated (see introduction) and by
Southern-blot analysis in citrus (data not shown).

The failure of ABA to activate the gpx1 promoter
appears to be in contradiction with recent reports
indicating that ABA signaling is mediated by ROS
production. It has been shown that ABA treatment
increases the production of superoxide in maize leaves
(Jiang and Zhang, 2002) and induces stomatal closure
and the production of H,O, in guard cells (Pei et al.,
2000). It is possible that ABA is a rather weak inducer
of ROS, and/or that the ROS induced by ABA do not
activate gpx1, as discussed further on.

The most effective ROS in inducing gpx1 expression
seems to be H,0,, which, when added into the me-
dium, needs to be at the rather high concentration of
10 mm (Fig. 4). Lower concentrations of H,O, (1-5 mm)
were less effective (data not shown). The mixture of
Glc/Glc oxides, which generate H,0O,, induced low
GUS activity, most probably due to the low concen-
tration of H,O, produced under these conditions. It is
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of interest that the activation induced by paraquat and
menadione were rather poor, although both reagents
were applied at concentrations which imposed stress,
as evidenced by inhibition of cell growth. Paraquat
and menadione generate superoxide, which is sub-
sequently dismutated by superoxide dismutase to
produce H,O,. In citrus cells, it has been clearly shown
that paraquat, but not H,0O,, enhances the scavenging
capacity of both superoxide dismutase and ascorbate
peroxidase (APX; Gueta-Dahan et al., 1997). Thus, the
low activation of gpx1 promoter may be explained by
the low steady-state level of ROS maintained under
these conditions. An alternative explanation could be
based on the observation that in yeast, H,0O, and
menadione arrest the cell cycle at two different stages,
in RAD9-dependent and independent pathways, re-
spectively (Flattery-O’Brien and Dawes, 1998). Thus,
although superoxides produced by paraquat or men-
adione eventually lead to the production of H,O, they
are not perceived in the same manner. Another exam-
ple of the requirement of a specific form of ROS to
induce biological activity was recently reported, where
activation of Arabidopsis root-hair plasma-membrane
calcium channels required hydroxyl radicals, and
H,0, was ineffective (Foreman et al., 2003). Based on
the differential responses of the biological systems to
various forms of ROS, it can be suggested that regu-
lation of gpx1 expression responds to H,O, and that its
transduction pathway is not shared with those of
paraquat and menadione during induction of oxida-
tive stress. This notion can also explain the inability of
salicylic acid to induce the expression of gpxI pro-
moter fused to uidA (data not shown), although it has
been shown that salicylic acid generates superoxide in
the same cells (Kawano and Muto, 2000). The high
concentration of H,O, required for the activation of
gpx1, similar to the requirement described for initia-
tion of cell death in tobacco (Dat et al., 2003), is most
probably due to its very fast elimination by the cells.
In animal systems, Mn”" ions have been shown to
have a protective effect against H,O,-induced cell and
tissue injury (Ledig et al., 1991; Varanl etal., 1991). The
possible protective effect of Zn®* has been dlscussed in
animal systems as well as in the roots of Zn”*-deficient
plants (Bray and Bettger, 1990; Cakmalk, 2000) Our
results provide unequivocal evidence that Mn** ions
serve as a very efficient antioxidant. These ions totally
eliminated the NaCl-induced GUS activity (Fig. 6) and
dramatically reduced the accumulation of H,O, in the
presence of NaCl, even below the level of untreated
cells (supplemental material, see www.plantphysiol.
org). Thus, we provide further support toa previous
study by Kawano et al. (2002), where Mn*" ions were
shown to protect tobacco cells from ROS damage.
These authors have also shown the protective effect
of Zn®" ions but suggested that they operated at
a different site of action. It was proposed that Mn
ions act as a general scavenger, whereas Zn>* ions
inhibit the activity of NADPH oxidase, which is in-
volved in the production of ROS. Our results indicate
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that Zn** ions indeed act on a target which is different
from the one suggested for the Mn?" ions. While Mn*"
ions served as antioxidants and inhibited the NaCl-
induced GUS activity, Zn?" ions alone induced high
GUS activity, which was further increased in the
presence of salt (Fig. 6). The observation that GUS
activity was similarly induced by DPI and to a lesser
extent by imidazole, commonly used as specific
NADPH oxidase inhibitors (Fig. 7), suggests the role
of Zn®" as an inhibitor of NADPH (Kawano et al.
2002). If DPI, 7Zn*", and imidazole indeed act as
NADPH oxidase inhibitors, we have to assume that
inhibition of this activity imposes a stress which
activates gpx1. This stress is different from the one
imposed by NaCl, since we could not detect any
inhibitor-induced production of H,O,, and the in-
duced GUS activity was not abolished by Mn*" or
NAC (Fig. 7; G. Ben-Hayyim and Y. Gueta-Dahan,
unpublished data). The notion of the development of
stress conditions due to inhibition of NADPH oxidase
is in agreement with recent reports showing that
NADPH oxidase activity is required for normal plant
cell growth. For example, elongation of root hairs was
inhibited in a mutant of Arabidopsis possessing im-
paired alleles of NADPH oxidase. This mutant accu-
mulated reduced levels of ROS, and the addition of
ROS could partly reverse the inhibition of root-hair
elongation (Foreman et al., 2003). Maize leaf extension
was inhibited by treating the expanding zone with
DP], and the inhibition was reversed by H,O, (Rodri-
guez et al., 2002).

The lack of activation of gpx1 zpromoter by the
combination of H,0, and DPI or Zn*" versus the high
induction by each of these reagents alone is puzzling.
If we accept that DPI and Zn*"indeed inhibit NADPH
oxidase, we have to assume that: (1) NADPH oxidase
takes part in the transduction of H,O, signal to the
activation of gpx1 promoter; and (2) gpx1 promoter
also responds to a deprivation of ROS (a stress de-
veloped in the presence of DPI, or Zn2+), and that the
required level of ROS, which is supplied by NADPH
oxidase in the absence of the inhibitors, can be directly
derived from H,O,, resulting in a much lower
stress (Fig. 7). Alternatively, it is possible that both
DPI and Zn*" induce an unknown NADPH oxidase-
independent pathway leading to the induction of
gpx1 promoter, which is negatively regulated by
H,0, levels.

Despite the fact that NaCl stress produces H,O,,
there are differences in the responses of H,O,- and
NaCl-induced expression of gpx1 promoter to antiox-
idants, DPI, and catalase (Figs. 7 and 8). The most
likely explanation would be that added H,O, acts as an
extracellular signal, which is transduced via a compo-
nent in the plasma membrane, possibly NADPH
oxidase, whereas the H,O, mediating the salt signal
is formed inside the cell. Our suggestions and con-
clusions from the experiments described here are
summarized in a schematic model (Fig. 9). It is pro-
posed that preloaded Mn*" ions are able to act as
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antioxidant for the salt and sorbitol signal, when H,O,
is produced inside the cells, and fail to abolish this
signal when it is perceived from the extracellular space
(Fig. 6). It seems that the intracellular salt-induced
production of H,O, occurs throughout the cytosol and
is not restricted to any of the organelles, as indicated
by the specific staining with the dye 5-(and-6)-
carboxy-2',7’- dichlorodihydrofluorescein diacetate
(supplemental data, see www.plantphysiol.org).

The failure of catalase to reduce H,O,-induced GUS
activity when added 30 min after the addition of H,O,
reflect the fact that H,O, is already absent from the
medium and that a short exposure is required for the
induction of gpx1 promoter.

Salt activation of gpx1 promoter in leaves and roots
of transformed tobacco plants confirms our previous
studies showing increased levels of PHGPX protein in
leaves and roots of salt-induced citrus plants and cells
(Gueta-Dahan et al., 1997). The transformed tobacco
plants provide a good system to monitor the kinetics of
stress development in the tissues. Exposure of roots to
sorbitol or salt for 4 d showed a similar pattern of GUS
staining, but a shorter exposure of 2 d showed some
interesting differences (Fig. 2, B and E): under sorbitol
stress, only the cells at the root tip were stained,
whereas under NaCl stress, only certain cells outside
the xylem, and none at the root tips, were stained.
These results suggest that NaCl is taken up preferen-
tially by certain cells and that in those cells H,O, is
formed and induces the promoter. The high GUS
activity observed in sorbitol-treated root tips may
reflect the high density of non- or little-vacuolated
cells, rather than any particular specificity.

The transformation of plants revealed that wound-
ing is a very strong inducer of gpx1. Studies on the
regulation of catalase gene expression in maize have
suggested thatwound-induced expression may be medi-
ated by Me] and share a common signal transduction
but may also be regulated in a MeJ-independent
pathway mediated by ROS (Guan and Scandalios,
2000). H,O, has been shown to act as a second mes-
senger for the induction of defense genes in tomato
plants in response to wounding (Orozco-Cardenas
et al., 2001). The strong wound-induced GUS activ-
ity driven by the gpx1 promoter (Fig. 2, K and L)

DPI

Figure 9. Scematic diagram for the proposed signaling pathways of
NaCl- and H,0,-induced gpxT expression.

1693



Avsian-Kretchmer et al.

and the rather poor activity induced by MeJ (Fig. 3)
suggest that ROS is probably responsible for the
wound-induced expression of gpx1.

Our analysis of the gpx1 promoter shows that the
expression of this gene can monitor the degree of
oxidative stress imposed on the cells and gives better
insight into the nature of the oxidative stress induced
by salt. We have shown that oxidative stress is indeed
a mediator in the salt signal and that in the induction
of gpx1 it acts at the transcriptional level. It is sug-
gested that salt-induced ROS are predominantly
formed as H,O, and that this process occurs inside the
cell. It is likely that NADPH oxidase is involved in the
signaling pathway activating the gpx1 promoter by
exogenously added H,O,, but not in the signaling
pathway activated by NaCl, and that inhibition of its
activity imposes stress conditions.

MATERIALS AND METHODS
Plant Material and Growth Conditions

Tobacco (Nicotiana tobacuum) var XHFDS8 (Bourgin, 1978) seeds were
sterilized and germinated on Murashige and Skoog medium including Nitsch
vitamins (M0256; Duchefa Biochemicals, Haarlem, The Netherlands), 3% Suc,
0.08% Caseine Enzymatic Hydrolysate (C7290; Sigma, St. Louis), 2 ug mL ™
kinetin, 0.8 ug mL ™" indole-3-acetic acid, and 0.8% agar (pH 5.8). Tobacco BY-2
cell line (permission to use was received from Dr. T. Nagata, Japan) was grown
in 50 mL Murashige and Skoog (M0221; Duchefa Biochemicals) liquid
medium containing 0.02% KH,PO,, 3% Suc, 0.01% myo-inositol, 1 ug mL™"
thiamine, and 0.2 ug mL™! 2,4-D (2,4-dichlorophenoxyacetic acid). One
milliliter of 7-d-old culture was inoculated to a fresh medium every week.

Isolation of gpx1 Genomic Clone

Valencia (Citrus sinensis) genomic library in Lambda GEM-12 (Promega,
Madison, WI) was kindly donated by Dr. A. Koltunow (Commonwealth
Scientific and Industrial Research Organization, Australia). The amplified
library was screened at high stringency with a *P-labeled probe derived from
the 5" end of citrus gpx1 cDNA digested with SacI (Sambrook et al., 1989). This
clone corresponds to Escherichia coli clone 17, which is 97% identical to the one
published (GenBank accession no. X66377) and possess the peptide T-19
rather than T-21 (Holland et al., 1993). Positive single clones were isolated, and
relevant genomic fragments were purified and digested with Sacl to identify
a suitable clone containing the whole gene and its 5’ flanking region. We
obtained clone C5 which had a 12-kb insert and a single site of Sacl, yielding
5- and 7-kb fragments. Both fragments hybridized to the full-length cDNA
probe, whereas only the 7-kb genomic fragment hybridized to the 5’ fragment
of the cDNA. Each of the fragments was subcloned into pUC19 at the Sacl site
resulting in ¢3-7 and c6-5 plasmids and sequenced. Sequencing of plasmids
c3-7 and c6-5 started with pUC-FOR and pUC-REV universal primers,
respectively, and primers based on these sequences were used for further
sequencing. We sequenced to the 3’ end of the cDNA on the 5-kb fragment
and about 1.6 kb upstream of the 5’ end of the cDNA on the 7-kb fragment.

Cloning of the gpx1 Promoter and Deletion Constructs

We isolated a 1.6-kb fragment upstream to the 5’ end of the coding
sequence of gpx1 by PCR using the forward primer ¢3-17 (5'-TTATGTCGACT-
TAGTCTTGTGGCTGGG-3') from position —1,526 to —1,510 and the reverse
primer ¢3-16 (5'-TTGGATCCATTGTATGATCCGATCTAG-3') from position
129 to 111 and to which Sall and BamHI sites were added, respectively. The
bold letters represent full homology to the genomic DNA and the italic letters
represent the nonhomologous addition used to create a restriction enzyme site
(BamHI or Sall underlined) at the ends of the PCR product. The PCR product
was obtained by using Pwo DNA polymerase (Boeringer, Mannheim,
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Germany) and purified. It was digested by BamHI and Sall and ligated to a
pUC19 vector digested with the same enzymes to form the plasmid 63-3. The
insert was sequenced to verify its identity to the genomic clone.

Two promoter deletion constructs were prepared (see Fig. 1B). The first
deletion resulted in a 1,003-bp promoter fragment that was obtained as
follows: Plasmid 63-3 was digested with PstI and Spel to give two products of
600 and 3,700 bp. The bigger product was isolated from a gel and purified, and
the cohesive ends were blunted using Klenow (Beoringer). The fragment was
then self-ligated using T4 ligase (Beoringer) to form the plasmid 63-2. The
second deletion resulted in a 515-bp promoter fragment which was obtained
as follows: Plasmid 63-3 was digested with Hphl, which produced several
fragments of which one fragment of the size of 1.5 kb is composed of a vector
fragment downstream to the polylinker cloning sites and a promoter sequence
5’ upstream to the ATG. All other fragments were considerably smaller. DNA
fragments were precipitated in ethanol and the cohesive ends were blunted by
a fill-in reaction as described above. The 1.5-kb fragment was purified and cut
with BamHI at the multiple cloning sites to yield two fragments, a 520-bp
fragment of the promoter and about 1,000 bp of the vector. The 520-bp
fragment was purified and ligated to pUC19 previously digested with BamHI
and Hincll to form the plasmid 63-1.

Construction of Promoter:uidA Fusions

Insert of plasmids 63-3, 63-2, and 63-1 were cut out by BamHI and HindIII
and further cloned into the Agrobacterium binary vector pBI101-GUSInt pre-
viously digested with the same enzymes to form plasmids pBI63-3, pBI63-2,
and pBI63-1, respectively. The pBI101-GUSInt vector was designed to
exclude the expression of the fused promoter:uidA gene in Agrobacterium and
thus eliminate possible background (Gollop etal., 2002). pBI63-3 had a promoter
fragment of 1,653 bp upstream of the uidA ATG, which we consider as a full-
length promoter, whereas pBI63-2 and pBI63-1 had fragments of 1,003 and
515 bp, respectively. Plasmids pBI63-3, pBI63-2, and pBI63-1 were introduced
into Agrobacterium tumefaciens strain EHA105, which is a EHA101 derivate,
Agropine-type, Ti-plasmid, pTiBo542 rif* (Li et al., 1992), and single colonies
harboring the relevant plasmids were grown and used for transformation.

Agrobacterium-Mediated Transformation
Transformation of Tobacco Plants

Leaves of Nicotiana tobacuum var XHFD8 (Bourgin, 1978) were used for
tobacco plant transformation by the leaf disc method (Draper et al., 1988)
using A. tumefaciens EHA105 containing the various plasmids. We obtained at
least 10 homozygous transgenic lines (R,) for each of the promoter constructs,
and those plants were used for determination of GUS activity.

Transformation of BY-2 Tobacco Cell Line

Transformation was performed according to the procedure described by
Shaul et al. (1996). Cell cultures were maintained with antibiotics until the
supernatant showed no trace of bacteria (3—4 subcultures) and then trans-
ferred routinely without antibiotics.

B-Glucoronidase Activity Analysis
Analysis of GUS Activity in Tobacco Seedlings

Sterile 15- to 20-d-old seedlings were used to determine GUS activity under
stress conditions. Plants were transferred to media containing 0.1 M NaCl,
0.1 M KCl, 0.05 M Na,SO, or 0.2 M sorbitol. Plants were wounded by squeezing
one leaf with forceps. Qualitative analysis of GUS activity was determined by
staining with X-Gluc (X-GlcA-Cyclohexylammonium salt, Duchefa Biochem-
icals) at the indicated time. Staining solution was prepared by adding 15 uL of
a solution of 66.66 mg X-Gluc in 1 mL of N,N-dimethyl-formamide to 1 mL
mix containing 0.1 M sodium phosphate buffer pH 7.0, 10 mm EDTA, 50 um
potassium ferricyanide, 50 uM potassium ferrocyanide, and 0.1% Triton X-100.
Control and treated seedlings were dipped in staining solution overnight at
25°C in the dark, followed by three washings in 75% ethanol, three washings
with 95% ethanol, and three washings with 100% ethanol 1 h each. Plants were
left overnight in 100% ethanol and then stored in a solution of Histo-Clear
(National Diagnostics, Atlanta) and photographed.

Plant Physiol. Vol. 135, 2004



Analysis of GUS Activity in Tobacco Cells

Tobacco cells were exposed to a variety of stresses for 24 h. Cells were
routinely subcultured every 7 d, and the treatments were applied at day 6,
which is toward the end of their fast growth cycle. Quantitative analysis of
GUS activity was performed essentially according to Jefferson et al. (1987)
using 4-methyl umbelifferyl-glucoronide (Sigma) as a substrate for the fluo-
rimetric assay. Vacuum-filtered tobacco cells (0.5 g) were ground in 0.5 mL
extraction buffer containing 50 mm phosphate, 10 mm EDTA, 0.1% Triton
X-100, 0.1% lauryl sarcosine, and 10 mm B-mercaptoethanol pH 7.0. Protein
concentration was determined by Bradford (1976), and extracts were kept at
—70°C. The reaction was carried out at 37°C in 300 uL extraction buffer
containing 150 ug protein and 2 mm 4-methyl umbelifferyl-glucoronide. Fifty-
milliliter samples were removed for analysis at 0, 15, 30, 45, and 60 min, and
the reaction was terminated by the addition of 950 uL 0.2 M Na,COs;.
Fluorescence was measured using Shimadzu (Columbia, MD) spectrofluo-
rimeter RF-540 with excitation at 365 nm and emission at 455 nm. Calibration
was done against 4-methyl umbelifferone standards. Mean values of the
various time points were calculated, and each treatment was repeated at least
three times.

Sequence data from this article have been deposited with the EMBL/
GenBank data libraries under accession numbers AJ582678 and X66377.
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2004.
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