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Acrolein is a reactive a,f-unsaturated aldehyde
derived from lipid peroxides, which are produced in
plants under a variety of stress. We investigated
effects of acrolein on light-induced stomatal opening
using Arabidopsis thaliana. Acrolein inhibited light-
induced stomatal opening in a dose-dependent man-
ner. Acrolein at 100 pM inhibited plasma membrane
inward-rectifying potassium (K;,) channels in guard
cells. Acrolein at 100 pM inhibited K;, channel
KAT1 expressed in a heterologous system using
Xenopus leaves oocytes. These results suggest that
acrolein inhibits light-induced stomatal opening
through inhibition of K;, channels in guard cells.
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Reactive carbonyl species (RCS) are electrophilic
o,p-unsaturated aldehydes and endogenous products
through reactive oxygen species (ROS)-initiated peroxi-
dation of polyunsaturated fatty acids in cell membranes
in plants under a variety of stresses. > Light stress
increases the concentration of acrolein from 4.8 to
11.7 uM in whole leaves of Nicotiana tabacum.> Acro-
lein (2-propenal) is one of the most reactive RCS
which has potential to modify proteins.”” Hence, acro-
lein accumulation seems to be closely involved in
stress responses.

Plants control gas exchange and water loss through
modulation of apertures of stomata, which are pores
formed by a pair of guard cells in the epidermis. Guard
cells respond to numerous biotic and abiotic stimuli,
resulting in stomatal opening or closure.””” Light-
induced stomatal opening is accompanied by uptake of
K" into guard cells,'” which is mediated by inward-
rectifying K™ (Kj,) channels in plasma membrane of
guard cells.'” A dominant negative mutation of KATI,
which is a Kj, channel expressed in Arabidopsis thali-
ana guard cells, reduces guard cell K;, channel currents

in A. thaliana, resulting in suppression of light-induced
stomatal opening.'® These studies indicate that well-
functioning KAT1 is essential for stomatal opening.

The effects of acrolein in animals have been well
studied,">'? but its effects in plants remain to be clari-
fied."” It is unclear whether acrolein affects light-
induced stomatal movement or ion channels in plants.
In this study, we examined the effects of acrolein on
light-induced stomatal opening and guard cell K;, chan-
nels in A. thaliana, and KAT1 expressed in Xenopus
leaves oocytes.

Materials and methods

Plant materials and growth conditions. ~ Arabidop-
sis (4. thaliana) ecotype Columbia was grown on soil
containing 70% (v/v) vermiculite (Asahi-kogyo, Oka-
yama, Japan) and 30% (v/v) Kureha soil (Kureha
Chemical, Tokyo, Japan) in a growth chamber at 21 +
2°C and 60% relative humidity with a 16-h light per-
iod with 80 umolm *s~' photon flux density and 8h
of dark. Water containing 0.1% Hyponex (Hyponex
Japan, Osaka, Japan) was applied to the plant growth
tray two to three times a week.

Measurement of stomatal aperture. ~ Stomatal aper-
tures were measured as described previously,'® with
modification. Excised rosette leaves of four- to six-
week-old were floated on an assay solution containing
S5mM KCI, 50 uM CaCl,, and 10 mM MES-Tris (pH
6.15). The rosette leaves were incubated for 2 h in the
dark followed by addition of acrolein, and then were
incubated in the light (80 pmolm s~ "). For measure-
ment of stomatal apertures, the leaves were shredded in
a commercial blender for 25 s and epidermal tissues
were collected using nylon mesh. For each sample, 20
stomatal apertures were measured.

Patch-clamp measurement. ~ Whole-cell K;, channel
current measurements of 4. thaliana guard cell protop-
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lasts (GCPs) were performed as described previously.'®
The GCPs were prepared from rosette leaves of
four- to six-week-old plants with the digestion solution
containing 1.0% (w/v) Cellulase R10, 0.5% (w/v)
Macerozyme R10, 0.5% (w/v) bovine serum albumin,
0.1% (w/v) kanamycin, 10 mM ascorbic acid, 0.1 mM
KCl, 0.1mM CaCl,, and 500mM D-mannitol,
(pH 5.5), with KOH. Whole-cell currents were recorded
using a patch-clamp amplifier (model CEZ-2200;
Nihon Kohden, Tokyo, Japan). No leak subtraction was
applied for all current-voltage curves. For data analy-
sis, a software, pCLAMP 10.3 (Molecular Devices,
Sunnyvale, CA) was used. Pipette solution contained
30mM KCl, 70 mM K-Glu, 2mM MgCl,, 3.35 mM
CaCl,, 6.7 mM EGTA, and 10mM HEPES-Tris
(pH 7.1). Bath solution contained 30 mM KCI, 2 mM
MgCl,, 40 mM CaCl,, and 10 mM MES-Tris (pH 5.5).
Osmolarity was adjusted to 500 mmolkg ' (pipette
solutions) and

485 mmol kg™ (bath solutions) with D-sorbitol.

KATI gene cloning and construction of expression
vector.  A. thaliana KATI gene was cloned into pNBlu
expression vector for heterologous expression in
Xenopus laeves oocytes using an advanced uracil-
excision-based cloning technique as described previ-
ously'”. 4. thaliana cDNA was amplified by polymerase
chain reaction (PCR) using PfuTurbo Cx Hotstart DNA
polymerase (Agilent Technologies, La Jolla, CA). The
primers used in PCR amplification were as follows
5'-GGCTTAAUATGTCGATCTCTTGGACTCG-3’
(KAT1 USER F) and 5-GGTTTAAUTCAATTTGAT-
GAAAAATACAAATG-3" (KAT1 USER R). Circular
pNB1u-KAT1 plasmid DNA was linearized by digestion
with restriction enzyme Notl (New England Biolabs,
Hertfordshire, UK). The Arabidopsis Genome Initiative
number for KAT1 is AT5g46240.

Measurement of KATI currents in Xenopus leaves
oocytes.  For expression in oocytes, cRNAs were syn-
thesized using a mMMESSAGE mMACHINE® T7 tran-
scription kit with cap analog (Ambion, Austin, TX)
from linearized pNBlu-KATlplasmid DNA as
described previously'® with modification. Xenopus
oocytes were defolliculated using collagenase and
microinjected with 50 ng of cRNAs using a microinjec-
tor (model Nanoject II; Drummond Scientific, Broom-
all, PA) after 3 d of incubation in ND96(+)containing
94mM NaCl, 2mM KCI, 1 mM CaCl,.2H,0O, 1 mM
MgCl,.6H,O, 5mM HEPES (pH 7.5), and 50 pg/mL
gentamicin at 18°C. Two-electrode voltage clamp
experiments were performed using Digidata 1440A and
Axoclamp 900A amplifiers (Molecular Devices) at
22 °C. Data were processed with a software, Clampex
10.2 (Molecular Devices). The microelectrodes con-
tained 3 M KCI. The bath solution contained 100 mM
KCI, 1 mM MgCl,, 1.8 mM CacCl,, and 10 mM HEPES
titrated to pH 7.5 with NaOH.

Statistical analysis
Data were analyzed by analysis of variance
(ANOVA), and mean values for stomatal apertures and

for ion channel currents were compared by Tukey test
and Student’s t-test, respectively. We regarded differ-
ences at the level of P<0.05 as significant.

Results

Inhibition by acrolein of light-induced stomatal
opening

We observed stomatal movement in the absence and
the presence of acrolein under light and dark conditions
(Fig. 1). Incubation for 3 h in the light caused stomatal
opening (Fig. 1). Application of acrolein at 10 uM,
50 uM, and 100 uM significantly inhibited light-induced
stomatal opening by 13.2% (P<0.002), 23.6%
(P<0.001), and 27.7% (P <0.0006), respectively, indi-
cating that acrolein inhibits light-induced stomatal
opening in a dose-dependent manner (Fig. 1).

Suppression of K;, channel currents by acrolein in
guard cells

We measured K;, channel currents in A. thaliana
GCPs untreated and treated with acrolein using a
whole-cell patch clamp technique (Fig. 2). The typical
voltage-dependent K;, channel currents were observed
for the acrolein-untreated guard cells (Fig. 2(A) and
(C)). Treatment with 100 pM acrolein for 2h signifi-
cantly decreased K;, channel currents in GCPs by
73.4% (P<0.001 at —180 mV; Fig. 2(B) and (C)).
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Fig. 1. Inhibition by acrolein of light-induced stomatal opening in
A. thaliana.

The rosette leaves were incubated for 2h in the dark (black bar)
and then were incubated for 3h in the light (80 pmolm 2s™") fol-
lowed by addition of acrolein (white bars). Bars having same letters
do not differ significantly at the 5% level (one-way ANOVA with
Tukey test). Averages for three independent experiments (60 stomata
per bar) are shown. Error bars represent SEM.
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Fig. 2. Inhibition by acrolein of K;, channel currents in GCPs of 4. thaliana.

(A) and (B), Whole-cell recordings of K;, channel currents in GCPs treated with O uM acrolein (A) or with 100 uM acrolein (B). (C), Steady-
state current-voltage relationship for acrolein inhibition of K;, channel currents in GCPs as recorded in A and B. The voltage protocol was stepped
up from O0mV to —180 mV in 20-mV decrements (holding potential, 40 mV). GCPs were treated with acrolein for 2 h before recordings. Each
datum point was obtained from at least seven GCPs. Error bars represent SEM.

Suppression of inward currents by acrolein in KATI-
expressing Xenopus leaves oocytes

We measured inward currents in oocytes using the
two-electrode voltage clamp technique (Fig. 3). Com-
pared with the water-injected oocytes, the KATI-
injected oocytes showed larger inward currents (Fig. 3),
which is in agreement with the previous result.'” The
inward currents were significantly reduced by treatment
with 100 uM acrolein (P <0.0001 at —180 mV; Fig. 3).

Discussion

Acrolein (2-propenal) is one of the most reactive
RCS because of its electrophilicity and consequently
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Fig. 3. Suppression by acrolein of KAT1 channel currents in Xeno-
pus leaves oocytes.

Inward currents were recorded from oocytes injected with 50 nl of
water (A) and 50 nl of water containing 2 ng KAT1 cRNA (O, @).
For acrolein treatment, the injected oocytes were incubated in ND96
(+) supplemented with 100 uM acrolein (@) for 2 h before recording.
The voltage protocol was stepped up from 0mV to —180 mV in 20
mV decrements (holding potential, 40 mV) with a pulse duration of
3s. Each datum point was obtained from at least eight oocytes. Error
bars represent SEM.

has the potential to modify proteins through reaction
with nucleophiles, such as the sulfhydryl group of cys-
teine, imidazole group of histidine, and amino group of
lysine.” RCS is generated from lipid peroxides of
which production is initiated by ROS."** A variety of
abiotic and biotic stress induces ROS production.
Hence, acrolein can cause stress-induced damage via
modification of critical target molecules.

In this study, acrolein at 10-100 uM inhibited light-
induced stomatal opening (Fig. 1). The acrolein con-
centration in whole leaves under normal conditions is
in a range of 4-5puM, and increases 150% in whole
leaves under stress conditions,” indicating that the con-
centration of acrolein can reach the sub-mM level.
Hence, in stressed plants, light-induced stomatal open-
ing is likely to be inhibited by acrolein, resulting in
suppression of carbon dioxide uptake and transpira-
tional water loss.

Light-induced stomatal opening is accompanied by
K" uptake into guard cells,'” which is mediated by K;,
channels.'” The dominant negative mutants of KAT]I
show reduction of Kj, channel currents and impairment
of light-induced stomatal opening.'® 1In this study,
acrolein inhibited K;, channel currents (Fig. 2) and
KATI1 channel currents (Fig. 3). These results suggest
that inhibition by acrolein of K;, channel currents due
to inhibition by acrolein of KAT1 channel currents
results in inhibition by acrolein of light-induced stoma-
tal opening in A. thaliana.

A variety of stimuli do induce not only ROS and
RCS production but also reactive nitrogen species
(RNS) production in guard cells. Treatment of RNS,
such as nitric oxide (NO), as well as treatment of ROS,
such as H,0,, decreases K;, channel currents in guard
cells?®*" and inhibits stomatal opening.****) These
results suggest that RCS, ROS, and RNS affect light-
induced stomatal opening through modulation of Kj,
channel activities in stressed plants. However, these
reactive compounds have different lifetime and
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reactivity to proteins, which may make differences in
extents and kinetics of inhibition of stomatal opening.

The phosphorylation of C-terminal regions of KAT1
by protein kinase C (PKC)** and stress-activated pro-
tein kinase SnRK2.6 (Snfl-related protein kinase
2.6)*> modulates the activity of the KAT1 channel,
indicating that the modification of C-terminal regions
of KAT1 changes the activity of KAT1 channel. Hence,
acrolein may also modulate the activity via modifica-
tion of the C-terminal regions of KAT1.

It is concluded that acrolein inhibits light-induced
stomatal opening, which is partially due to inhibition of
Ki, channels in guard cells.
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