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Degradation of lipid peroxides leads to the formation of cytotoxic 2-alkenals and oxenes (collectively designated reactive
carbonyls). The novel NADPH-dependent oxidoreductase 2-alkenal reductase (AER; EC 1.3.1.74) from Arabidopsis (Arabi-
dopsis thaliana), which is encoded by the gene At5g16970, catalyzes the reduction of the a,B-unsaturated bond of reactive
carbonyls, and hence is presumed to function in antioxidative defense in plants. Here we show that Arabidopsis AER (At-AER)
has a broad substrate spectrum to biologically relevant reactive carbonyls. Besides 2-alkenals, the enzyme recognized as
substrates the lipid peroxide-derived oxenes 9-oxo-octadeca-(10E),(12Z)-dienoic acid and 13-oxo-octadeca-(9E),(11Z)-dienoic
acid, as well as the potent genotoxin 4-oxo-(2E)-nonenal, altogether suggesting AER has a key role in the detoxification of
reactive carbonyls. To validate this conclusion by in vivo studies, transgenic tobacco (Nicotiana tabacum) plants that had 100- to
250-fold higher AER activity levels than control plants were generated. The engineered plants exhibited significantly less
damage from either (1) the exogenously administered 4-hydroxy-(2E)-nonenal, (2) treatment with methyl viologen plus light,
or (3) intense light. We further show that the At-AER protein fused with the Aequorea victoria green fluorescent protein localizes
in cytosol and the nucleus in Bright-Yellow 2 cells. These results indicate that reactive carbonyls mediate photooxidative injury
in leaf cells, and At-AER in the cytosol protects the cells by reducing the a,8-unsaturated bond of the photoproduced reactive

carbonyls.

Production of reactive oxygen species (ROS) such
as superoxide radical, hydrogen peroxide (H,0,),
hydroxyl radical, and singlet oxygen intrinsically ac-
companies photosynthesis, and is enhanced when
the absorbed light energy exceeds the capacity of the
chloroplast to utilize it for CO, assimilation (Asada
et al., 1998). Under field conditions, the intensity of
incident sunlight on leaves changes rapidly and irreg-
ularly as the leaves flutter in the wind or fall under
the shade of clouds. The CO, fixation capacity in the
leaves cannot follow immediately, leading to transient
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light-excess situations. Thus, leaves are potentially
under the threat of photooxidative stress even in mild
weather (Kiilheim et al., 2002). To prevent photooxida-
tive damage, plants have evolved multiple biochemical
mechanisms, e.g. the xanthophyll cycle (Demmig-
Adams, 1990), the water-water cycle (in which ROS
are scavenged and simultaneously excitation energy
is dissipated; Asada, 1999), PSI-cyclic electron flows
(Munekage et al., 2004), and photorespiration (Kozaki
and Takeba, 1996). Likewise, plants have developed
abundant antioxidants such as ascorbate, glutathione
(GSH), tocopherols, carotenoids, and flavonoids. These
antioxidative defense mechanisms are indispensable
for plants not only to survive in adverse environments,
but also to sustain normal metabolisms under mild en-
vironmental conditions.

Exposure of plant cells to oxidative stress, such as
methyl viologen (MV), H,0O,, or menadione, induces
the expression of genes with apparent antioxidative
functions, such as superoxide dismutase (SOD) and
catalase, as well as the expression of many genes with
unknown functions (Desikan et al., 2001; Vranova et al.,
2002). To uncover genes that perform antioxidant func-
tions, we have developed an expression-screening
system of a cDNA library from Arabidopsis (Arabidop-
sis thaliana) in the yeast Saccharomyces cerevisiae for
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conferred tolerance against the oxidative agent di-
amide (Kushnir et al., 1995). Using the yeast strain
yapl, which lacks the oxidative stress-response acti-
vation factor Yapl and hence is sensitive to the stress,
we identified independent cDNA clones named P1,
P2, P3, and P4 (Babiychuk et al., 1995). The P1 cDNA,
corresponding to the Munich Information Center for
Protein Sequences (MIPS) gene code At5g16970, enco-
ded a novel NADPH:quinone reductase-like protein.
This gene was predominantly expressed in leaves, and
its expression was enhanced by treatments invoking
oxidative stress, suggesting that it functions in pre-
venting photooxidative stress (Babiychuk et al., 1995).

The recombinant P1 protein (previously designated
P1-{-crystallin after its amino acid sequence homology
to mammalian {-crystallin) expressed in Escherichia coli
showed an NADPH-dependent oxidoreductase activ-
ity to reduce diamide divalently and quinones uni-
valently to semiquinones (Mano et al., 2000). Upon
further pursuit of more physiologically relevant sub-
strates, we found that the P1 protein catalyzed the
reduction of the lipid peroxide-derived, cytotoxic
2-alkenals and oxenes (hereafter collectively called
reactive carbonyls; Mano et al., 2002). In a catalyzed
reaction, the «,B-unsaturated bond of 2-alkenals was
specifically reduced but the aldehyde group was re-
tained (Fig. 1). Based on this unique activity, the Inter-
national Union of Biochemistry and Molecular Biology
has recently recommended the name alkenal reductase
(EC 1.3.1.74) for the enzyme. We designate the enzyme
accordingly, and hereafter abbreviate it AER (alkenal
reductase) instead of the name we proposed earlier,
NADPH:2-alkenal «,8-hydrogenase (Mano et al., 2002).
Only two proteins have been reported to have AER
activity, AER from Arabidopsis (At-AER) and leuko-
triene B, 12-hydroxy dehydrogenase from rat (Dick
et al., 2001). The specificity of the recombinant At-AER
to the electron acceptors was highest for 4-hydroxy-
(2E)-nonenal (HNE; Mano et al., 2002), one of the
most potent toxins produced from lipid peroxides
(Esterbauer et al.,, 1991; Uchida, 2003). The AER-
catalyzed reaction would significantly lower the tox-
icity of reactive carbonyls because the electrophilicity
of the a-carbon, which reacts with target molecules, is
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Figure 1. Selective reduction of the a,8-unsaturated bond of 2-alkenal
catalyzed by AER.

2-alkenal

r-alkanal

1774

diminished by the reduction of the unsaturated bond.
These results satisfactorily explain the expected stress-
defense function of At-AER.

The biochemical mechanism underlying the detox-
ification of reactive carbonyls has been elucidated in
mammalian cells (Esterbauer et al., 1991; Uchida, 2003).
There are three established routes: (1) conjugation with
GSH catalyzed by the glutathione S-tranferases (GSTs);
(2) oxidation of the aldehyde group to carboxylic acid
by either alcohol dehydrogenase or aldehyde dehy-
drogenase (ALDH); and (3) reduction of the aldehyde
or keto moiety to alcohol by aldo-keto reductase (AKR).
In rat liver, 60% of the exogenously added HNE was
metabolized by GST, alcohol dehydrogenase, and ALDH
(Hartley et al., 1995). In rat heart and erythrocytes,
HNE was metabolized mainly by GST and AKR
(Srivastava et al.,, 1998, 2000). The human corneal
epithelial cells that were engineered to produce higher
levels of the HNE-scavenging ALDH3A1 showed higher
tolerance against UV-B and UV-C (Pappa et al., 2003).
For plants, in contrast, not much has been investi-
gated. Overexpression of an alfalfa (Medicago sativa)
AKR gene in tobacco (Nicotiana tabacum) improved the
tolerance against drought and UV-B (Hideg et al.,
2003). Arabidopsis plants that overexpressed the
Arabidopsis-ALDH3 gene showed improved toler-
ance against drought, NaCl, heavy metals, MV, and
H,0, (Ramanjulu et al., 2003). The protection of plant
cells provided by these enzymes is attributable to the
detoxification of reactive carbonyls.

The catalytic efficiency of At-AER for HNE is the
highest as compared with the above-mentioned en-
zymes, and in leaf extracts from Arabidopsis, 80% of
the HNE-reducing activity was assigned to At-AER
(Mano et al., 2002). The Arabidopsis genome contains
11 genes that code for the AER-homologous polypep-
tides, among which three were cloned as antioxidative
genes (P1, P2, and P4, corresponding to the MIPS gene
codes At5g16970, At5g16990, and At1g49760, respec-
tively) in a functional screening of an Arabidopsis
cDNA library for improved tolerance of the yapl™
strain of S. cerevisine against the thiol-oxidizing drug
diamide (Babiychuk et al., 1995). In contrast to this
abundant occurrence of AER homologs in Arabidop-
sis, only one or two orthologous genes are found in the
whole genomes of nonplant organisms such as human,
Caenorhabditis elegans, Drosophila melanogaster, S. cere-
visiae, and E. coli (Nordling et al., 2002), suggesting the
critical importance of the AER-family proteins in
plants.

To evaluate the in planta significance of At-AER
for antioxidative defense, we have generated trans-
genic tobacco plants that overexpress At-AER. Leaves
of the At-AER-overproducing tobaccos showed higher
ability to detoxify exogenously added HNE and
exhibited tolerance against intense light- or MV-
induced photodamage. These results indicated that
the AER-catalyzed «,8-hydrogenation of the reactive
carbonyls contributed to the antioxidative defense
in plants.
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RESULTS

At-AER Has a Broad Substrate Spectrum for Lipid
Peroxide-Derived 2-Alkenals and Oxenes

The degradation of lipid peroxides in plant cells
produces a variety of aldehydes and ketones. At-AER
recognizes 2-alkenals with carbon chain lengths 3 to
9 (including 4-hydroxy-2-alkenals such as HNE and
4-hydroxy-(2E)-hexenal) and oxenes, which have an
a,B-unsaturated enone structure (Mano et al., 2002). To
rationalize the in vivo function of At-AER, we further
tested its substrate specificity to five derivatives of
2-alkenals or of oxenes that are relevant to oxidative
stress (Table I). At-AER expressed in E. coli was puri-
fied (Mano et al., 2000) and its activity toward a possi-
ble electron acceptor was evaluated.

(2E),(6Z)-Nonadienal is produced from lipid perox-
ides when plant tissues are wounded (Fleming et al.,
1968; Schieberle et al., 1990). This volatile dienal is a
potent genotoxin that induces numerical chromosomal
aberrations in mammalian cells (Dittberner et al.,
1995). At-AER showed a high level of the NADPH-
dependent reducing activity of (2E),(6Z)-nonadienal at
a similar level to that of HNE (Table I). We also tested
another 2-alkenal-derivative 4-oxo-(2E)-nonenal (ONE),
a potent DNA modifier produced via oxidation
of HNE (Lee and Blair, 2000). Interestingly, At-AER
showed a K., value as low as 1 um and hence a high
catalytic efficiency to ONE. To test biologically rele-
vant oxenes, we chose the ketodienes 9-oxo-(10E),
(12Z)-octadecadienoic acid (9-oxoODE) and 13-oxo-
(9E),(11Z)-octadecadienoic acid (13-oxoODE), which
are the lipoxygenase products from 9- and 13-hydro-
peroxy-ocatadecatrienoic acids, respectively. These
ketodienes accumulate in wounded and pathogen-
infected leaves and cause leaf injury due to their
reactivity as Michael acceptors (Vollenweider et al.,
2000). As expected from its reactivity to oxenes, At-
AER catalyzed the NADPH-dependent reduction of
both 9- and 13-oxoODEs at substantial rates. These
results show that At-AER is a universal detoxifier of

Table 1. Kinetic parameters of recombinant At-AER for the lipid
peroxide-derived reactive carbonyls

Electron Acceptor Structure K ot K., ko /K.,
OH s s
HNE? e 881 134 6.5
(2B,(62-Nonadienal =_~ae® 339 113 3.0
ONE o Hn® 200 124 16

9-OxoODE M 0.94 10.0 0.09
COOH
QQ/\/ 110 392 0.8

13-OxoODE

3-Nonen-2-one 0.673 28

“Mano et al. (2002).
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Figure 2. GC/MS evidence for the selective reduction of the
«a,B-unsaturated bond of 3-nonen-2-one with At-AER. Reaction mixture
(5 mL) contained 100 um 3-nonen-2-one, 0 to 200 um NADPH, and
75 nm At-AER in 50 mm MES-NaOH, pH 6.0. After the reaction at 30°C
for 10 min, lipid-soluble substances were extracted from the reaction
mixture with 5 mL of diethylether. The ether phase was dehydrated with
anhydrous Na,SO, and was concentrated by evaporation. A to E, GC of
the reaction products extracted from the reaction mixture with the
molar ratio of NADPH:3-nonen-2-one; 0:1 (A), 0.5:1 (B), 1:1 (C), and
that of authentic 2-nonanone (D). E and F, MS of peak b in section C and
2-nonanone, respectively.

the reactive carbonyls that are potentially generated in
oxidatively stressed cells.

We have clarified that At-AER selectively catalyzes
the reduction of the «,8-unsaturated bond of 2-alkenals
to produce n-alkanals (Mano et al., 2002). To examine
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whether or not the same reaction is applied to oxenes,
we determined the structure of the At-AER-reduced
product of an oxene, 3-nonen-2-one, to which At-AER
exhibited the highest catalytic efficiency (Table I).
When this oxene was reduced by NADPH with
At-AER, only one product was obtained; it was
identified as 2-nonanone by a gas-chromatography/
mass-spectrometry (GC/MS) analysis (Fig. 2). Even
in a reaction with supraequimolar NADPH to the
3-nonen-2-one, no reduction of the ketone moiety
to alcohol was observed (data not shown). Thus, At-
AER specifically catalyzes the reduction of the «,8-
unsaturated bond and retains the carbonyl moiety in
oxenes as in 2-alkenals.

Characterization of Transgenic Tobacco Plants That
Overexpress At-AER

To assess the in vivo role of the At-AER, we gen-
erated transgenic tobacco plants in which the expres-
sion of At-AER was driven by the strong constitutive
promoter 35S. We obtained three independent trans-
genic lines P1#11, P1#14, and P1#18, which showed
higher levels of both the mRNA and the protein of
At-AER than did the control line, which had been
transformed with an empty vector. No apparent dif-
ference in growth was observed among these lines
when they were cultured with a day light at 100 umol
m~?s™!, as described in “Materials and Methods.” We
evaluated the levels of At-AER in the leaf extracts from
the transgenic and control plants by the HNE-reducing
activity and by immunoblotting. Control tobacco
showed an HNE -reducing activity of 0.12 nmol s~
(mg protem) (Table II), which was comparable to
that in Arab1dops1s leaves, 0.39 nmol s~ ' (mg
protem) (Mano et al., 2002). The transgenic lines
P1#11, P1#14, and P1#18 showed 100- to 250-fold
higher activity of NADPH-dependent HNE reduction.
The addition of the antiserum against recombinant At-
AER (Mano et al., 2002) to the assays suppressed 98%
of this activity, indicating that the enhanced activities
in the transgenic lines were mostly ascribed to the
overexpressed At-AER. By immunoblotting, the en-
dogenous At-AER protein in Arabidopsis leaves was
detected as a single band (Fig. 3). In contrast, no
immunoreactive protein was detectable in the leaves
of control tobacco although they contained a significant

level of NADPH-dependent HNE-reducing activity.
The activity in the control tobacco might be due to
another kind of protein, such as AKR. In At-AER-
overproducing lines P1#11, P1#14, and P1#18, a single
band of a similar molecular size was detected with the
antiserum, as expected. The At-AER protein levels
corresponded well with the enzyme activities in leaf
extract in these transgenic tobacco lines. Thus, the
functionally active At-AER protein accumulates to
high levels in the transgenic plants.

To assess whether or not At-AER overexpression
may have a pleiotropic effect on the activity of the
antioxidant system in tobacco, we also measured the
levels of the major ROS-scavenging enzymes, i.e. SOD,
ascorbate peroxidase (APX), and catalase (Table II). In
the At-AER-overproducing plants, these enzymatic ac-
tivities were almost the same as or slightly lower than
those in the control line, except that the P1#14 line had
a 1.5-fold higher SOD activity than the other lines.

Elevated At-AER Protects Cells from the
HNE-Induced Necrosis

Endogenous production of HNE in plants in re-
sponse to some biological stress stimuli has been re-
ported (Kohlmann et al., 1999; Muckenschnabel et al.,
2001). We verified whether or not the At-AER ex-
pressed in tobacco functions as a detoxifier against
HNE in the cells. HNE was administered to detached
leaves of tobacco by applying 20 uL of HNE solution
to a puncture site made in the leaf. In darkness, a
change of leaf color from green to dark green de-
veloped concentrically from the puncture point until
48 h postapplication. The darkened area could be
regarded as necrotic lesion because the area showed
no PSII activity, as judged by the chlorophyll fluores-
cence parameter maximum photochemical efficiency
of PSII in the dark-adapted state (F,/F,; van Kooten
and Snel, 1990) to be zero, and was bleached upon
exposure to a weak light (30 umol m~ 257 for 6 h,
whereas the surrounding nonaffected area showed a
full PSII activity (F,/F,, value 0.8) and was not bleached
upon 111um1nat10n When leaves were illuminated at
30 umol m % s~ from the beginning of incubation,
bleaching of the leaf tissue, i.e. necrosis, developed
concentrically. The extent of necrosis was not affected
by this intensity of light.

Table Il. Activities of AER, SOD, APX, and catalase in leaves of control and At-AER-overproducing

tobacco plants

The enzyme activities in total leaf protein extracts were determined as described in “Materials and
Methods.” The electron acceptor for AER assay was HNE at 100 um. Data are represented as means = sp
(nmol s~ [mg protein] ', unless otherwise specified). Measurements were carried out on four plants per
line. Asterisks indicate significant differences as compared with control (P < 0.05).

Enzyme Control P1#11 P1#14 P1#18
AER 0.12 = 0.03 12.0 = 1.6* 13.0 = 2.5* 30.8 = 7.7*
SOD/units (mg protein)71 243 = 3.0 244 +2.2 36.6 £ 3.1* 25,5 =59
APX 340 =13 26.7 = 7.8 28.7 £ 7.7 37172
Catalase 433 = 21 358 £ 59 442 *= 32 340 £ 6.0*
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Figure 3. Accumulation of the At-AER protein in the transgenic
tobaccos as revealed by immunoblotting with a rabbit antibody against
the recombinant At-AER (Mano et al., 2002). Leaf extracts from tobacco
or Arabidopsis corresponding to 20 ug proteins were separated on
SDS-PAGE, reacted with the antibody, and detected with alkaline
phosphatase (Boehringer Mannheim). Control represents the empty
vector-transformed tobacco. In Control + At-AER, 2 ng of recombinant
At-AER was added to the extract of the control plant. The recombinant
At-AER had a larger M, because of the poly-(His) tag.

There was a possibility that the necrosis was an
indirect effect of HNE, specifically, it was caused by a
metabolite of HNE. When the HNE at 10 mM in a
20-uL solution was treated with the recombinant
At-AER and 10 mm NADPH for 10 min prior to the
application on the leaf, under which condition more
than 95% of the HNE was reduced, it did not cause
necrosis (data not shown). This excludes the above-
mentioned possibility and confirms that the necrosis
was caused by HNE.

Necrosis areas resulted from HNE at various con-
centrations in the At-AER overproducing, and the
control tobaccos are presented in Figure 4. HNE at
higher concentrations resulted in larger necrosis areas
in both the control and the At-AER overproducers, but
leaves from the overproducers developed significantly
smaller necrosis when 5 mm and 10 mm HNE was
applied. Thus, the ectopically expressed At-AER con-
ferred tolerance against HNE on tobacco leaves.

At-AER Confers Higher Tolerance against MV-Induced
Oxidative Stress

Because overproduced At-AER in leaf cells detoxified
HNE, it was expected that the At-AER-overproducing
tobacco plants would show a tolerance to oxidative
stress if reactive carbonyls are produced during the
stress and if the carbonyls thus produced mediate oxi-
dative damages. To verify this hypothesis, we stressed
leaves photooxidatively with MV plus light. The MV /
light treatment enhances the photoproduction of O, in
chloroplasts and the derived H,0O, is primarily respon-
sible for cellular injury (Mano et al., 2001). Participation
of reactive carbonyls, if at all, in cellular damages
would be masked by direct effects of ROS under the
conditions of a large flux of O, production. Indeed, as
described below, we could confirm that the overexpres-
sion of At-AER protected leaf cells under certain

Plant Physiol. Vol. 139, 2005
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combinations of MV concentration and light intensity,
but when the leaves were treated with MV at 2 um
or higher, or when the light intensity was higher than
280 umol photons m %™, all the tested lines suffered
damages to the same extents, most probably by the
direct action of ROS, and no tolerance due to the
overexpressed At-AER was observed (data not shown).

The tolerance of the At-AER-overproducing tobac-
cos was observed under relatively mild stress condi-
tions as follows: In the first set, leaf discs were first let
absorb MV at 0.2 um or 0.4 um in darkness, illuminated
at 280 umol photons m 2 s for 2 h, and then further
incubated in darkness for 20 h (Fig. 5). In this mild-
stress treatment, the production of O, is confined to
chloroplasts (Slooten et al., 1995). Evaluation of the leaf
cell damage was based on the ion leakage from leaf
discs, as judged by the conductivity of leaf disc-floating
solution, and on the PSII activity as judged by
the chlorophyll fluorescence parameter F,/F_ (van
Kooten and Snel, 1990). In the absence of MV, the ion
leakage of the floating solutions of P1#11 and P1#14
lines was slightly higher than that of the control line.
When leaf discs were treated with MV (0.2-0.4 um), the
conductivity became higher for all the tested lines,
reflecting cellular injury due to photooxidative stress
caused by MV plus light. Obviously, P1#14 and P1#18
showed smaller increases in conductivity than the con-
trol did. In accordance with the conductivity change,
the F,/F,, values became lower by the treatment with

_Control P1#11 | P1#14 | P1#18 ]

10

Necrosis area / mm2
(6]

01510 01510 0 1510 0 1510
HNE concn / mM

Figure 4. Alleviation of HNE-induced leaf necrosis by the overexpres-
sion of At-AER. Fully expanded, mature leaves of a similar size were
collected from 11- to 12-week-old plants, three plants for each line. A
5-cm X 5-cm section of a leaf was put in a petri dish. Cut edges were
covered with moist cotton wool to prevent drying. In each section,
12 punctures spaced by at least 5 mm apart were made using a hypo-
dermic syringe needle. To the 12 punctures in a section, three of the
same HNE solution (20 uL each) X four concentrations (0, 1, 5, and
10 mm) were applied. Leaf sections were kept in a moist atmosphere
at 28°C under a 16/8-h photoperiod at 30 wmol m™? s™" with white-
fluorescent lamps. Two days after incubation leaf necrosis was evalu-
ated by the bleached area, and the three values for an HNE solution at
the same concentration in a leaf were averaged. Represented results
are the means and sp of the averages obtained from three plants of
each line. Single and double asterisks represent significant differences
from the corresponding control data using a two-sided Student’s t test;
P < 0.05 and 0.01, respectively.
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Figure 5. Changes of ion leakage and PSII activ- P1#11 8 P1#14 B Pi#18 B
ity in the MV/light-treated leaf disks of control, vs control 3 vs control FJ vs control &
P1#11, P1#14, and P1#18 plants. Plants were 35 35
grown on soil in growth cabinets in a 16/8-h =
photoperiod at 280 umol photons m™2s™!, with E 30} { 30} ¥
day/night temperatures of 22°C/18°C to the ninth Qoo 250 251 J
to tenth leaf stage. Leaves of similar size and age g._% o0l | 20l |
(fifth to seventh leaf position from the bottom) % @ - .
were used. Leaf discs were let absorb MV as in @ E;J_ 151 15p 1
“Materials and Methods,” and were then illumi- c 1 10} " 1 10t 1
nat(zed fczr 2 h at 25°C with white light of 280 umol o g | . B 4 sl E ]
gﬁ8ocsthéfc\gt§;j:t?$ihter ?0 h dark. mcubat'lon at g oLFM ] oLF M |
, y of the floating solution for 0.2 0.4 0 0.2 0.4 0 0.2 0.4

jon leakage (top section) and F/F, for PSII
activity (bottom section) were determined. Data MV concn //JM
are presented as mean of the following number of 0.8 08 = 0.8 %
plants = se: for P1#11 and control (left column), - = 4 = 4 = 4
12 plants; for P1#14 versus control (middle =] 06| 1 o6l 06k ]
column), 34 plants; for P1#18 versus control 2 = N =" ] N N ]
(right column), 18 plants (0 and 0.4 um MV) or t)' T 04 0.4 04
12 plants (0.2 um MV). Three leaf discs per plant ST 17T T
were used for each treatment. Asterisks indicate o i 1 i i
significant differences as in Figure 4. o 02} 102r 02y

L *% | - -

oU | | ol u oL ||
0.2 0.4 0 0.2 0.4 0 0.2 .
MV conen / uM

MV, and here again P1#14 and P1#18 lines showed
smaller decreases than control did. Thus, both param-
eters indicated that P1#14 and P1#18 were more
tolerant to MV-induced photooxidative stress than
the control line. The P1#11 line, which exhibited
weaker tolerance to HNE than P1#14 and P1#18 (Fig.
5), was not more tolerant than the control in this set of
stress conditions. It is of note that the loss of PSII
activity almost corresponded with the increase in ion
leakage from cells. Thus, the PSII inactivation is
a measure of global cell injury in the MV /light-treated
leaves.

In the second set of conditions, we adopted higher
MYV concentrations (1-2 um) and lower light intensities
(80-130 wmol photons m 2 s ). These conditions
induced stronger stress, and hence brought about
more extensive injury in cells than did the previous
conditions, as judged from larger decreases in PSII
activity in the control leaves (Fig. 6). Leaves from
P1#11 as well as P1#18 showed tolerance; the PSII-
activity decreases in these lines were significantly
smaller than those in the control line. When light
intensity was increased to 130 umol photons m 25!,
P1#14 showed a tolerance (Fig. 6, bottom section), but
the P1#11 and P1#18 lines did not (data not shown).

Thus, all the At-AER-overproducing lines, P1#11,
P1#14, and P1#18, showed tolerance against the MV-
mediated photooxidative damage, as compared with
the control line. The observed tolerance was most likely
attributed to the overexpressed At-AER but not to
pleiotropic effects of the transgene because the con-
tents of the major ROS-scavenging enzymes SOD, APX,
and catalase were similar in all the tested lines (Table
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II). These results strongly suggest that reactive carbon-
yls were produced during the photooxidative stress
and participated in the cell injury.

At-AER Protects Leaf Cells from the Inactivation of
PSII Caused by Intense Light

We then made a photooxidative stress condition
with intense light only without MV. This intense-light
treatment could induce an oxidatively stressed status
that was different from that induced by the MV /light
treatment in two aspects. (1) The production of ROS is
not confined to chloroplasts, but the production of
H,0O, in peroxisomes could be comparable to that of
superoxide in chloroplasts (Noctor et al., 2002), and
hence the production sites of reactive carbonyls could
be different. (2) Unlike the situation in the presence of
MYV, the electrons from PSI can also be distributed to
other pathways than the photoreduction of O,, such as
the photoreduction of NADP" and probably also the
reduction of reactive carbonyls by AER, allowing more
effective operation of antioxidant functions. By this treat-
ment we also intended to mimic a light-excess condi-
tion that plants may encounter in natural environments.

When tobacco plants grown under a light at 50 umol
photons m~%s ! were illuminated with an intense light
(2,000 wmol photons m 2 s~ 1), PSII was inactivated
substantially in 5 h (Fig. 7, left section). The inactiva-
tion was largest in the control line (76%). In all the
At-AER-overproducing lines, it was significantly
smaller (60%—64%).

The decreased PSII activity was partially recovered
during the postillumination period (Fig. 7), indicating
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Figure 6. Tolerance in the At-AER-overproducing tobaccos against the
photooxidative stress induced by the MV/light treatment, as determined
by PSII activity. Leaves of similar size and age (seventh to ninth leaf
from the bottom) of 12- to 13-week-old plants grown on soil were used.
Fifteen leaf disks, five disks per leaf collected from three plants of each
line, were treated with MV at indicated concentration and illuminated
with white-fluorescent lamps at the indicated light intensity as in Figure
4. The F/F, value was determined at 20 h after the cessation of
illumination. Top section, Comparison among the control, P1411, and
P1#18 lines (12 to 13 weeks old, illuminated at 80 wmol m2s).
Bottom section, Comparison between the control and P1414 lines
(16 weeks old, illuminated at 130 wmol m~2s™"). Data are presented as
mean of three runs = sp, except for the data of 2 um MV in the bottom
section (average of two runs). Asterisks indicate significant differences
as in Figure 4.

that part of the activity loss could be accounted for by
the local inactivation of the PSII complex, in contrast to
the irreversible PSII inactivation caused by the MV/
light treatment. Notably, after the recovery the PSII
activity in the At-AER-overproducing plants was still
significantly higher than that in the control. Thus, the
overproduced At-AER protected leaf cells from in-
tense light-induced damages. From the results of this
experiment and of the MV /light experiments (Figs. 5
and 6), we can conclude that reactive carbonyls me-
diated photooxidative damage of cells partially, but
significantly.

At-AER Protein Resides in Cytosol and Nucleus in

Bright-Yellow 2 Cells

The deduced amino acid sequence of At-AER
does not have apparent organelle-targeting signal
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sequences, and hence is presumed to reside in cytosol
(Babiychuk et al., 1995). We determined the intracel-
lular protein localization by examining the in vivo
behavior of the translational fusion protein between
At-AER and the green fluorescent protein (GFP) from
Aequorea victoria, which was expressed in tobacco
Bright-Yellow 2 (BY-2) cells (Fig. 8). Strong green fluo-
rescence was distributed in the periphery and the cen-
ter of the cell (top section). An overlay of fluorescent
and phase-contrast images (bottom section) revealed
that the fluorescence was distributed in cytoplasm
around vacuoles and along plasma membranes, and in
the nucleoplasm of nuclei. Several dark spots in the
nuclei indicated that the fusion protein was excluded
from nucleoli. The fluorescence signal did not associ-
ate with vacuoles, proplastids, mitochondria, or per-
oxisomes. Thus, At-AER GFP is localized in cytosolic
and nuclear compartments of tobacco cells. Specifi-
cally, the reactive carbonyls produced under photo-
oxidative stress were scavenged in the cytosol and
nucleus. Although unidentified yet, the primary pro-
duction sites of the reactive carbonyls are presumably
very close to the primary sites of ROS production. ROS
are mainly produced in chloroplasts under the MV /
light conditions (Slooten et al., 1995) and in both
chloroplasts and peroxisomes under intense light
(Noctor et al., 2002). Then, the reactive carbonyls are
able to diffuse from the primary production sites to
cytosol, where At-AER would detoxify them. Such an
indirect action could explain the relatively modest
protective effect in spite of the high level expression of
At-AER in the transgenic tobaccos.
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Figure 7. Phototolerance of the At-AER-overproducing tobaccos. Con-
trol and At-AER-overproducing tobacco plants were cultured on glass
wool soaked with Hyponex nutrient solution at 25°C in a 16/8-h at
50 umol photons m~2 s~' photoperiod with white-fluorescent lamps.
Fully expanded leaves on 9- to 11-week-old plants were illuminated
with cold white light at 2,000 umol m~2 s™" for the indicated period.
After 5 h illumination, the plant was kept in darkness for 2 d. For deter-
mination of F/F,, the illumination was interrupted every 1 h with a
5-min darkness. Data are presented as means (with error bars of sp) of
three plants. Illumination at 10 umol m~2 s" did not cause decreases
in the F/F,, value in any of the plants (data not shown).
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Figure 8. Intracellular localization of At-AER-GFP fusion in tobacco
BY-2 cells. Images show single microscope sections of two dividing
BY-2 cells acquired with a laser-scanning confocal microscope. Top
image shows GFP fluorescence, and bottom image merges the fluo-
rescence and the phase contrast images of the same cells.

DISCUSSION

Cytotoxicity of the lipid peroxide-derived aldehydes
in plants and the importance of the cellular capacity to
scavenge them have been suggested by the recent
studies using transgenic plants that overexpress
At-ALDH (Ramanjulu et al.,, 2003) or AKR (Hideg
et al., 2003). In this study, we have elucidated the
in vivo function of a new enzyme At-AER to protect
cells from photooxidative stress, and thereby we pro-
vide three new pieces of knowledge about the metab-
olism of lipid peroxide-derived aldehydes. (1) Not
only simple aldehydes such as malondialdehyde but
the reactive carbonyls, i.e. aldehydes and ketones that
have the «,B-unsaturated bond, are produced in plants
during MV-induced oxidative stress and participated
in the cellular injury. (2) Reactive carbonyls are in-
volved also in the intense light-induced photooxida-
tive stress. (3) The scavenging of reactive carbonyls by
the AER reaction thus is a new antioxidative defense.

Cellular damages caused by photooxidative stress
have been ascribed to ROS, such as hydroxyl radicals,
H,0,, singlet oxygen and superoxide, as well as highly
oxidizing organic molecules like triplet state of chloro-
phylls. Our current results demonstrate that the scav-
enging of reactive carbonyls alleviated the cell injury
caused by photooxidative stress, thus indicating the
participation of reactive carbonyls in the intense light-
induced damages of cells. This further suggests that
leaves in natural environments are potentially under
the threat of reactive carbonyls as well as that of ROS.

The three plant enzymes that scavenge the lipid
peroxide-derived aldehydes, i.e. AER, ALDH, and AKR,
have distinct substrate specificities and hence appear
to act complementarily in scavenging lipid peroxide-
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derived toxins in plants (Fig. 9). At-AER is highly
specific to 2-alkenals including HNE and to oxenes
(Table I), but unreactive with n-alkanals (Mano et al.,
2002). Arabidopsis ALDH3 is highly reactive with
n-alkanals but not with HNE (Kirch et al., 2001). Thus,
2-alkenals such as HNE and HHE are preferentially
reduced by AER to form alkanals. Although less toxic
than 2-alkenals, alkanals are still reactive because of
the aldehyde moiety and will be oxidized with ALDH
to inert carboxylates. Alternatively, aldehydes may be
reduced to alcohols with AKR (Oberschall et al., 2000).
Notably, AER exhibits a high level of activity in re-
ducing oxenes to ketones. By this activity, AER will sig-
nificantly contribute to cellular protection when oxenes
such as 9-oxoODE and 13-0xoODE are generated.

In addition to the At-AER gene At5g16970, a dozen
of genes homologous to it are identified in the Arabi-
dopsis genome (Mano et al., 2002). Judging from the
amino acid sequence homology or from the function to
complement the deficiency of stress tolerance of yeast
cells (Babiychuk et al., 1995), some of them are very
likely to encode AER isoforms that participate in the
detoxification of reactive carbonyls. Similarly, there are
probably some more ALDH and AKR homologous
genes that encode corresponding enzymes specific to
the lipid peroxide-derived aldehydes. Investigation of
the enzymic characters and intracellular and tissue
localization of these isoforms, and the regulation of
expression especially in response to various environ-
mental stresses is required for the comprehensive
understanding of the metabolism of lipid peroxide-
derived toxins.

Which species of the reactive carbonyls are produced
during photooxidative stress and the mechanisms of
their production are largely unknown. Occurrence of
HNE in French beans (Phaseolus vulgaris) infected with
Botrytis cinerea (Muckenschnabel et al., 2001) and that
of HNE and HHE in barley (Hordeum vulgare) leaves
treated with methyl jasmonate (Kohlmann et al., 1999)
have been reported. Upon such biological stimuli,

Lipid / Fatty acid

LOOH

T
l N T
N
l 2-Alkenal Oxene
l }/ER AKR  |AER
n-Alkanal
ALDH AKR Ketone
n-Alcohol  Allyl alcohol

Carboxylate

Figure 9. Pathways of detoxification of lipid peroxide-derived reactive
carbonyls and saturated aldehydes in plants. Enzyme abbreviations are
as follows: AER, Alkenal reductase; AKR, aldo-keto reductase; and
ALDH, aldehyde dehydrogenase.
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plants produce specific kinds of reactive carbonyls via
certain metabolic pathways, i.e. the cleavage of free
fatty acids from membrane lipids with the catalysis of
lipases, the conversion of unsaturated fatty acids to
lipid peroxides with lipoxygenases, and the conver-
sion of lipid peroxides to various metabolites via seven
major alternative pathways, some of which lead to the
formation of reactive carbonyls (Schaller, 2001). On the
other hand, under abiotic stress conditions such as
those of photooxidative stress, highly reactive species,
such as hydroxyl radical, HO, (the protonated form of
superoxide radical), or singlet oxygen, would oxidize
both membrane lipids and free fatty acids to produce
various species of lipid peroxides, from which various
reactive carbonyls can be generated through nonen-
zymic reactions (Lee et al., 2001; Schneider et al., 2001).
It is also possible that acrolein, the smallest and one of
the most toxic 2-alkenals, is produced during the
oxidation of lipids (Uchida et al., 1998). Chemical iden-
tification of the reactive aldehydes produced during
photooxidative stress and elucidation of their produc-
tion mechanism are currently carried out.

Although details have yet to be investigated, a pos-
sible scheme of the reactive carbonyls-induced injury
of plant cells is proposed as follows: When reactive
carbonyls are produced continuously, GSH, the pri-
mary defense molecule against reactive carbonyls in
cells, is consumed, leading to an exacerbation of oxi-
dative stress (Uchida, 2003; Park et al., 2005). As a
result, the steady-state concentrations of reactive car-
bonyls are raised and many biomolecules comprising
thiols, amino groups, or imidazoles are covalently
modified. In vitro studies showed that HNE inacti-
vates glyceraldehyde 3-P dehydrogenase from rabbit
(Uchida and Stadtman, 1993), Glc 6-P dehydrogenase
from Leuconostoc mesenteoides (Szweda et al., 1993),
GST from mouse (Mitchell et al.,, 1995), and GSH
reductase (Vander Jagt et al.,, 1997) and aldose re-
ductase (Del Corso et al., 1998) from bovine. Acrolein
also inactivates thioredoxin and thioredoxin reductase
in human cells (Yang et al., 2004; Park et al., 2005).
These enzymes in plants are potential targets of re-
active carbonyls. Furthermore, chloroplasts have sev-
eral thiol-regulated enzymes in the Calvin cycle, which
can be also attacked by reactive carbonyls. Indeed, we
have recently observed that carbon fixation activity in
isolated chloroplasts is greatly reduced by HNE and
other reactive carbonyls (J. Mano, unpublished data).
Under photooxidative stress, reactive carbonyls would
inactivate these enzymes in plant cells to result in an
extensive disintegration of cellular function.

The Gly decarboxylase complex in pea (Pisum
sativum) mitochondria, a key enzyme in the photores-
piration pathway, is strongly inactivated by HNE
(Taylor et al., 2002), and probably by other reactive
carbonyls. The overexpressed At-AER could prevent
the inhibition of this mitochondrial enzyme and con-
tribute to phototolerance of the leaves, which would
be severely damaged by intense light if photorespira-
tion is suppressed.
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CONCLUSION

Heterologous expression of At-AER in tobacco sup-
pressed the damages of leaf tissue by the exogenously
added reactive carbonyl HNE. The leaves of At-AER-
overproducing tobaccos suffered less damage caused
by photooxidative stress due to MV /light or to intense
light only. Thus, a considerable part of photooxidative
injury in leaves is accounted for by the toxicity of the
lipid peroxide-derived reactive carbonyls. The capac-
ity to scavenge reactive carbonyls is critical for the
protection of plant cells.

MATERIALS AND METHODS
Enzymes and Chemicals

Recombinant At-AER with poly-His (6 X His) tagged at the N terminus
was overproduced in Escherichia coli and purified as reported previously
(Mano et al., 2000). HNE was purchased from Alexis Japan care of Biolinks
KXK. ONE was a generous gift of Dr. Koji Uchida (Nagoya University).
9-Ox0ODE and 13-0x0ODE were from Cayman Chemical.

GC/MS Analysis

A GCMS-QP 5050 system (Shimadzu) with a DB-WAX column (0.25 mm X
60 cm; J&W Science) was used. The carrier gas was helium at 200 kPa. The
samples were measured in the electron-impact mode, using the split-injection
mode with an injector temperature of 240°C. The column temperature was
40°C for the initial 5 min, which was gradually raised to 200°C over the next
25 min. The mass was scanned from mass-to-charge ratio 45 to 350.

Generation, Screening, and Culture of Transgenic
Tobacco Lines

Tobacco (Nicotiana tabacum) cv Petit Havana SR1 was grown in vitro on the
Murashige and Skoog medium supplemented with 0.8% agar, 3% Suc (w/v),
and 2.5 mM MES-NaOH, pH 5.7, at 23°C in a 16-h-light/8-h-dark cycle (light
intensity, 50 wmol m 2 s™"). To construct a binary vector p35SP1S, in which
At-AER cDNA is under the control of the 35S promoter, the full-length cDNA of
the gene At5g16970 was cloned as a blunt-ended NotI fragment into the blunt-
ended Xbal site of the binary vector pGSVE9 (E. Babiychuk, unpublished data).
The T-DNA in this vector also contains the hygromycin-B phosphotransferase
CDS under the control of the nopaline synthase promoter, and this gene-
expression cassette was used as a selectable genetic marker. The T-DNA was
introduced into plant cells by cocultivation of tobacco leaf disks with Agro-
bacterium tumefaciens C51C1 Rifr (pGV2260; p355P1S). Twenty-one independent
hygromycin-resistant lines of transgenic tobacco obtained were first screened
for transgene expression by RNA gel-blot hybridization of total RNA with
At-AER (i.e. P1) cDNA as a probe. The specificity of DNA-RNA hybridization
was assessed by comparing the hybridization results with RNA from plants
transformed with T-DNA of pGSVE9 (i.e. empty vector control). The plants
were further screened for the expression of transgene using RNA gel-blot
analysis, and F, progeny of the transgenic lines exhibiting high levels of the
transcript were examined for the level of At-AER by western blotting using the
antibody against recombinant At-AER (Mano et al., 2002). There was a direct
correlation between the mRNA levels and the protein levels in transgenic
tobacco lines P1#11, P1#14, and P1#18 as compared with the control plants,
which were transformed with the empty vector (data not shown). Progenies
from homozygous individuals of these lines were chosen for further analysis.

Unless otherwise stated, these tobacco plants were cultured on soil
supplemented with Hyponex in a growth chamber in a 16/8-h photoperiod
at 100 pmol m™2 s~ with white-fluorescent lamps, with day and night
temperatures of 25°C and 15°C, respectively.

Enzyme Assays

Leaf tissue was homogenized and extracted in 50 mm potassium phos-
phate, pH 7.0, containing 10% (w/v) polyvinylpolypyrrolidone. Homogenates
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were passed through a layer of Miracloth (Calbiochem), and cell debris was
pelleted by centrifugation at 8,000g for 10 min. The supernatant was desalted
by passing it through a Sephadex G25 column equilibrated with 50 mm
potassium phosphate, pH 7.0. For measurements of APX activity, both the
extraction and desalting media were supplemented with 5 mm ascorbate and
0.5 mMm diethylenetriamine-N,N,N’,N",N"-pentaacetic acid. SOD, APX, and
catalase were assayed as previously reported (Mano et al., 2001). AER activity
was assayed by the oxidation rate of NADPH at 340 nm in a reaction mixture
(1 mL) containing 50 mm MES-NaOH, pH 6.0, 0.1 mm NADPH, and 0.1 mm
electron acceptor (Mano et al., 2002). Electron acceptors were dissolved in
dimethylsufoxide. Inhibition of At-AER by the solvent (1% [v/v]) was
corrected by separately estimating its inhibition on the diamide-reducing
activity (Mano et al., 2000). Protein was determined using Coomassie Brilliant
Blue protein assay solution (Nakalai Tesque) with bovine serum albumin as
a standard.

Treatment of Tobacco Leaves with MV or High Light
and Evaluation of Damages

All the procedures were carried out at 25°C, unless otherwise stated. For
MV treatment, leaf discs (1.5 cm? each) were floated on 3 mL of MV solution in
a petri dish, and incubated in darkness for 16 h. The leaf discs were then
illuminated with white-fluorescent lamps for 2 h and further incubated in
darkness for 20 h. For the intense-light treatment, a small area (2 cm in
diameter) of a fully expanded mature leaf on a plant was illuminated in ambi-
ent air with white light at 2,000 umol photons m *s ™" from a Schott KL 1500
halogen lamp delivered through a fiber optics and a heat-cut filter. The F,/F
value was determined using a MINI-PAM chlorophyll fluorometer (Walz)
with a probe of 2-mm (for leaf disks) or 8-mm (for leaves) diameter. Leaf disks
or leaves were incubated in darkness for 5 min prior to every measurement.

Expression of AER-GFP Fusion in Tobacco BY-2 Cells

The Aequorea victoria GFP version, whose coding region was optimized for
expression in plant cells and derived from pBIN-m-gfp5-ER, was a generous
gift of Jim Haseloff (University of Cambridge). The analyzed translational
fusions carried GFP at the C terminus of the fusion protein. Using the
Arabidopsis (Arabidopsis thaliana) P1 cDNA-encoding At-AER (Babiychuk
etal., 1995; corresponding to the MIPS gene code At5g16970) as a template, the
complete coding region without the stop codon was amplified by PCR with
the forward and reverse primers of the following sequence: 5'-AA CTC GAG
ACT AGT ATG ACG GCG ACG AAC-3’ and 5'-AA ACT AGT TTA GAT CTT
CTC ACG AGC AAC-3'. The PCR product was subcloned into the Smal site of
the pUC18 (Amersham Bioscience), and the At-AER coding region was then
cloned as an Xhol/BgIII fragment in the binary vector pSL10 (E. Babiychuk,
unpublished data) to form pP1-GFP. The tobacco BY-2 cells were transformed
by cocultivation with the A. tumefaciens strain EHA 101[pP1-GFP], according
to Shaul et al. (1996), with modifications. Briefly, 6 mL of a 4-d-old BY-2 cell
culture were combined with 100 uL of an overnight-grown Agrobacterium
strain, and cells were cocultured in a 10-cm petri dish for 4 d at room
temperature. Stably transformed tobacco cells were selected and propagated
on agar-solidified BY-2 medium supplemented with 10 mg L ™! hygromycin B,
0.5 g L ™! vancomycin, and 0.5 g L ™! cefatoxime. At-AER-GFP fusion protein in
the transformed cells was detected by fluorescence (excitation at 488 nm,
emission filter 505-530 nm) on an LSM510 laser scanning confocal microscope
(Carl Zeiss).

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers AY120718, AY058070, and BT022058.
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