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Abstract Wheat coleoptile tips generate superoxide rad-
ical as a part of the phototropic response to blue light, but
the source of this free radical generation is not known. We
evaluated the presence and involvement of homologs of
neutrophil NADPH oxidase (NOX), including gp91phox,
p22phox, p67phox, p47phox, and p40phox, in wheat co-
leoptiles using Western blot analysis and immunofluores-
cence microscopy. Blue light augmented the expression
levels of all these subunits and targeted NOX subunits onto
the plasma membrane and to the nucleus. gp9lphox,
p22phox, p67phox, and p40phox showed entry into the
nucleus and exhibited physical closeness with DNA.
CuZnSOD was also present in the coleoptile tip, which also
showed a blue-light-dependent elevation in expression.
Superoxide production and phototropic response were both
abrogated by DPIC and staurosporine, indicating their
cause-and-effect relationship. We conclude that blue light
mediates a phototropic response in wheat coleoptiles
through modulation of expression of NOX and SOD as
well as the translocation of NOX subunits onto the plasma
membrane and nuclear membrane. Thus, this study pro-
vides a mechanistic explanation for superoxide production
during the photoresponse in wheat coleoptiles.

Keywords Coleoptile - Blue light - Superoxide -
Signal transduction NOX

K. Chandrakuntal - A. K. Shah - N. M. Thomas - V. Karthika -
M. Laloraya - P. G. Kumar (<) - M. M. Laloraya

Rajiv Gandhi Centre for Biotechnology, Thycaud, PO,
Poojappura, Thiruvananthapuram, Kerala 695 014, India
e-mail: kumarp@rgcb.res.in

@ Springer

Introduction

Plants perceive blue light through FAD-based crypto-
chromes (CRY1/2) or FMN-based phototropins (PHOT1/
2). Though they both regulate various functions in plants,
the initial photochemistry underlying their function is not
known. An immediate reaction at the receptor level
appears to be its phosphorylation as is shown in the case
of CRY1 (Shalitin and others 2003) and CRY2 (Shalitin
and others 2002) through their autokinase activity (Briggs
and others 2001; Ozgur and Sancar 2006). Blue light
excitation has been shown to generate neutral flavin
radicals within the cryptochrome (Immeln and others
2007) and phototropin (Kay and others 2003). We
reported that blue light excitation of the wheat (Triticum
vulgare) coleoptile tip triggered a reactive oxygen species
(ROS) burst (Laloraya and others 1999; Chandrakuntal
and others 2004) through a tightly coupled system that
produces hydrogen peroxide (H,O,) (Chandrakuntal and
others 2004). A role for H,O, has been invoked in various
signalling events, in both plants and animals (Bedard and
others 2007; Brown and Griendling 2009). In plants, the
role of ROS has been associated with physiological
events, including phototropic curvature (Chandrakuntal
and others 2004), cell growth (Foreman and others 2003),
and in hypersensitive responses (Tenhaken and others
1995).

Enzymatic production of superoxide (O ) depends
largely on a family of NADPH oxidases (Nox) and that of
its immediate downstream product H,O, on superoxide
dismutase (SOD) and dual oxidases (Duox) (Bedard and
others 2007; Brown and Griendling 2009). Nox1-5 and
Duox1/2 are recognized as the key molecules involved in
the one-electron reduction of molecular oxygen. Nox1-4
have two membrane-bound subunits (a catalytic subunit
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known as the gp91phox homolog and a regulatory subunit
known as p22phox). Nox1-3 have several cytosolic reg-
ulatory subunits, whereas Nox4 does not have any iden-
tified regulatory molecule of this category. Nox-5
possesses cytoplasmic EF hands and is calcium-modu-
lated. A detailed review of the structural aspects of these
proteins has appeared recently (Brown and Griendling
2009).

The neutrophil Nox (formerly known as the phagocyte
oxidase Phox) is the major source of ROS in the vascu-
lature (Bokoch 1994) and has the best worked out struc-
tural detail available today. It consists of a catalytic
subunit (Nox1, Nox2, Nox3, Nox4, or Nox5), p22phox,
p47phox, p67phox, and the small guanosine triphospha-
tase Racl. Genes encoding homologs of the gp91(phox)
subunit of the plasma membrane NADPH oxidase (NOX)
complex are thought to be a source of ROS during the
oxidative burst (Auh and Murphy 1995; Desikan and
others 1996) which is part of the defence response
(Desikan and others 1996; Sagi and Fluhr 2001). The
involvement of a plasma membrane-associated NOX in
the oxidative burst in plants was speculated (Apostol and
others 1989) and could be reminiscent of the oxidative
burst during activation of mammalian neutrophils (Taylor
and others 1993; Keller and others 1998). The targeting of
NOX to focal complexes in lamellipodia and membrane
ruffles through the interaction of p47phox with the scaf-
fold proteins TRAF4 and WAVE] provides a mechanism
for achieving localized ROS production (Ushio-Fukai
2006).

The neutrophil NOX homolog in Arabidopsis appears
to be a plasma membrane-located 108-kDa protein, with
a C-terminal region that shows pronounced similarity to
the 69-kDa apoprotein of the gp9lphox subunit and is
regulated by both Ca®>" and G protein stimulation (Keller
and others 1998). The plant homolog of NOX can pro-
duce O in the absence of additional cytosolic compo-
nents and is stimulated directly by Ca®" (Sagi and Fluhr
2001). Plants that demonstrated a phototropic bending
response also demonstrated Ca®" influx into the light
side approximately 20 min after the start of blue light
exposure (Babourina and others 2004), which also sug-
gested that the blue light-induced signal transduction
cascade might not be dependent on cytosolic subunits of
NOX.

In this context, we examined the presence of
homologs of the catalytic and regulatory components of
neutrophil NOX in wheat coleoptiles. We also con-
ducted experiments addressing the mechanistic aspects
of blue-light-mediated ROS production in terms of
dynamics and expression of NOX subunits in wheat
coleoptile tips.

Materials and Methods
Reagents

Staurosporine, riboflavin, diphenylene iodonium chloride
(DPIC), ethylenediamine tetraacetic acid (EDTA), N-tert-
butyl-a-phenyl nitrone (PBN), and 3-[(3-cholamidopropyl)
dimethylammonio]-1-propanesulfonate (CHAPS), parafor-
maldehyde (PFA), NADPH, and propidium iodide (PI)
were purchased from Sigma Chemical Co. (St. Louis, MO,
USA). Goat anti-rabbit IgG-HRP, goat anti-rabbit IgG-
FITC, and rabbit polyclonal antibodies to gp91phox (H-
60), p22phox (FL-125), p67phox (H-300), p47phox (H-
195), p40phox (H-300), actin (H-196), CuZnSOD, and
MnSOD were purchased from Santa Cruz Biotechnology
Inc. (Santa Cruz, CA, USA); NaK-ATPase (mouse mono-
clonal) from Abcam (Cambridge, UK); diaminobenzidine
dihydrochloride (DAB) from Merck (Darmstadt, Ger-
many); diethyl dithio carbamic acid (DDC), Triton X-100,
and polyvinylene difluoride (PVDF) membranes (0.45u
Sequiblot) from Bio-Rad Laboratory (Hercules, CA, USA);
fluorescein diacetate (FDA) from Molecular Probes®
(Invitrogen, Carlsbad, CA, USA); nitroblue tetrazolium
and 5-bromo-4-chloro-3-indolyl phosphate from Zymed
(San Francisco, CA, USA); phenyl methyl sulphonyl
fluoride (PMSF) and N,N,N’,N-tetremethyl ethylene dia-
mine (TEMED) from Lancaster Synthesis (Morecambe,
UK); all other chemicals were from HiMedia Laboratories,
India.

Western Blotting

Dark-grown coleoptile tips were exposed to blue light
(450 nm, 3 mW/mz) for 15 min using a Ace 150-W cold
light fiber optic illuminator (Schott, Elmsford, NY, USA),
after which they were kept in the dark for 2 h. Protein
extracts were made from the extreme 3-mm tips of co-
leoptiles from blue-light-exposed and dark control groups.
1000 copeoptile tips were homogenized in 1 ml phosphate
buffer (pH 7.2) at 13,000 rpm (Polytron, Switzerland) and
the homogenate was centrifuged for 30 min at 14,000 g at
4°C. The supernatant was collected as the cytosolic frac-
tion. The pellets were resuspended in 100 pl of Triton X
buffer (2% Triton X-100, 0.05% PMSF, 0.08% sodium
orthovanadate, and 0.04% EDTA in PBS). After sonication
at 20 kHz (3 cycles, 30 s each), the suspension was incu-
bated on ice for 30 min and centrifuged at 14,000 g at 4°C
for 40 min. The supernatant was collected as the Triton-
soluble fraction. These pellets were resuspended in mem-
brane solubilization buffer (0.5 M Tris HCI, pH 6.8; 10%
SDS; 0.05% CHAPS). The suspension was sonicated and
centrifuged at 14,000 g at 4°C for 40 min. The supernatant
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thus obtained was collected as the SDS-soluble fraction.
The protein concentration in each of the fractions was
estimated using DC Protein Assay Reagent (Bio-Rad,
Gurgaon, India), and the final concentration was adjusted
to 1 pg/ul. The protein extracts (10 pg/well) were elec-
trophoresed on 12% SDS—polyacrylamide gels and were
electrophoretically transferred (35 mA, 16 h) onto PVDF
membrane equilibrated in transfer buffer [25 mM Tris,
190 mM glycine (pH 8.2), 40% methanol (v/v)]. After
transfer, the membranes were blocked in 5% nonfat dry
milk for 2 h and incubated for 2 h with an appropriate
dilution of primary antibodies prepared in PBST. After
thorough washing with PBST, they were incubated for 1 h
in goat anti-rabbit IgG HRP (1:2000) prepared in PBST.
The membranes were washed three times with PBST,
developed using DAB, dried, and imaged on a Bio-Rad
imager. The band intensities were computed using Phoretix
(version 2.0, Nonlinear Dynamics, Newcastle upon Tyne,
UK) and baseline corrections were applied. The computed
band intensities from five independent replicates for each
of the experiments were pooled and mean =+ standard error
was calculated. The data were subjected to analysis of
variance (SPSS v10.0, SPSS Inc., Chicago, IL, USA).

Confocal Microscopy

Coleoptile tips (dark- and blue-light-treated) were sec-
tioned longitudinally and snap-fixed in 4% PFA. PFA-fixed
sections were neutralized with 50 mM NH,4Cl and perme-
abilized with 0.25% Triton X-100. Treated sections were
blocked with 5% milk for 2 h and were incubated with
anti-phox primary antibodies. The sections were thor-
oughly washed and probed with goat anti-rabbit IgG-FITC.
Propidium iodide was used for nuclear staining. The sec-
tions were mounted on glass slides and imaged on a Leica
TCS SP2 AOBS confocal laser scan microscope (Leica,
Germany). FITC emission was gathered using 488-nm
laser excitation and the emission was collected at 535 nm.
PI emission was gathered using 530-nm excitation and
660-nm emission. Signals were gathered in the sequential
mode. For fluorescence resonance energy transfer mea-
surement, the specimens were excited with 488 nm and
emission at 660 nm was captured to determine the energy
exchange between FITC and PL

NADPH Oxidase Activity

For each experiment, 100 coleoptiles were selected and
four segments (0-2, 24, 4-6, and 6-8 mm) were excised
and subjected to subsequent experimentation. The coleop-
tile segments were homogenized in 1 ml phosphate buffer
(pH 7.2) at 13,000 rpm (Polytron, Switzerland) at 4°C, and
the homogenates were clarified by centrifuging at 5000g.
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The supernatant was collected for the NOX activity assays.
For this, 750 pl of the supernatant was mixed with 2.25 ml
of phosphate buffer containing 10 mM NADPH. The
control preparation received no added NADPH.

Coleoptile homogenates, prepared as mentioned above,
were aliquoted into 80-pl fractions in separate glass tubes.
Each fraction was mixed with 9 pl fresh phosphate buf-
fered saline (PBS), 1 pl DDC (1 M) and 10 pI PBN
(500 mM). The reaction mixtures were vortexed gently and
incubated in the dark for 1 h after the introduction of PBN.
After the incubation, a 25-pl aliquot was loaded into a
quartz capillary tube and ESR spectra were recorded on an
X-band ESR spectrometer (Varian E-104 with TM-110
cavity). For each experiment, two identical preparations
were made, of which one sample was exposed to blue light
(450 £ 10 nm, 15-min exposure at 3 mW/m?) using an
Ace 150-W cold light fiber optic illuminator (Schott) and
the second tube served as a dark control.

To evaluate the role of NADPH oxidase inhibitors, the
selected inhibitor was incorporated into the homogenate (in
9-ul volume) to give a 10-uM final concentration and
incubated for 45 min prior to the addition of PBN.

All the ESR spectra were recorded at room temperature
under the following settings: scan range, 100 G; field set,
3237 G; time constant, 1 s; scan time, 4 min; modulation
amplitude, 2 G; modulation frequency, 100 kHz; and
receiver gain, 2.5 x 10°. Line intensities of PBN-O5
adducts were computed based on the spectral properties
(@™ = 1.48 mT and " = 0.198 mT). The experiments
were repeated five times with fresh samples and the
mean =+ standard deviation was computed. The data were
subjected to analysis of variance using SPSS v10.

Histochemical Assay for SOD Activity

Coleoptile sections were treated with 2 mM nitroblue tet-
razolium (NBT) for 30 min. They were later incubated in a
solution containing 0.036 M potassium phosphate (pH 7.8),
0.028 M tetramethyl ethylene diamine, and 2.8 x 107> M
riboflavin for 30 min. The sections were then illuminated
for 30 min by a 15-W fluorescent lamp. Control sections
were incubated in the same medium supplemented with
1 mM DDC as an inhibitor of Cu—Zn SOD. The sections
were rinsed in 0.036 M phosphate buffer (pH 7.8), moun-
ted in glycerol jelly, and observed under a Nikon-Optiphot
microscope under phase contrast optics. Photographs were
taken on a Nikon F-301 camera.

Detection of AOS in Wheat Coleoptile Tip
Approximately 1000 seeds of Triticum vulgare were ger-

minated in a temperature-controlled (25 + 1°C) dark
room. The coleoptile tips (approximately 1 cm long) were
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excised on day 5 under green light (535-nm green inter-
ference filter, Nikon). The tips were sectioned longitudi-
nally (approximately 50 uM) through the apex and the
sections were placed on a glass slide. FDA fluorescence
was measured after treating the coleoptiles in a solution of
3 uM FDA for 2 min. The ability to focus on the specimen
was enabled under UV epi-illumination using a UV 1-A
(DM 400) Nikon filter in total darkness. The extreme apex
of the coleoptile tip was illuminated with a narrow spot of
blue light for 1 min using a Nikon B-2A (450 nm) filter in
total darkness under safe red light. Simultaneously, expo-
sures were taken through a camera port fitted with a Nikon
F-301 camera.

To evaluate the effect of NADPH oxidase inhibitor on
FDA fluorescence, coleoptile tips were incubated with
10 uM final concentration of DPIC for 30 min prior to
incubation with FDA. Control incubation was performed in
PBS without any selected NADPH oxidase inhibitors.

Phototropic Curvature Experiments

Dark-grown coleoptile tips with shoot lengths of 5 cm were
selected and divided into four groups of ten coleoptiles
each. Group 1 served as the dark control. Group 2 co-
leoptiles were unilaterally exposed to blue light (450 nm, 3
mW/m?) for 2 h using an Ace 150-W cold light fiber optic
illuminator (Schott). Groups 3 and 4 coleoptiles were
immersed for 15 min in DPIC (10 uM) and staurosporine
(100 nM), respectively, before they were exposed to blue
light as mentioned above. The coleoptiles were photo-
graphed and the degree of curvature was measured.

Results
Western Blot Analysis of NOX Components

Our Western blot results indicated that gp91phox was
enriched in the Triton X-100- and SDS-sensitive membrane
compartments (Fig. 1a, lanes 3-6), whereas the cytosolic
fraction was characterized by the absence of this protein.
There was no significant change in the localization or
expression of gp9lphox following blue light exposure
(Fig. 1a, lanes 1, 2). However, there was a significant
upregulation of p22phox in the cytosolic fraction (Fig. 1b,
lane 2), though Triton X-100- and SDS-sensitive fractions
of p22 did not show significant alterations in response to
blue light. Blue light exposure of coleoptiles brought about
significant enhancement in the expression of the regulatory
NOX components p67phox, p47phox, and p40phox in
various compartments. p67phox partitioned strongly into

the Triton-insensitive and SDS-sensitive compartments,
whereas p47phox and p40phox incorporated into both
Triton-sensitive and SDS-sensitive compartments. A 20-
fold increase of p67phox was observed in the cytosolic
fractions (Fig. 1c, lanes 1, 2), whereas p47phox showed a
greater accumulation in the cytosolic (Fig. 1d, lanes 1, 2)
and Triton-soluble fractions (Fig. 1d, lanes 3, 4). p40phox
showed significant accumulation in the Triton X-100- and
SDS-sensitive compartments in blue-light-exposed co-
leoptiles (Fig. le, lanes 1-6). Densitometric quantitation of
band intensities from five replicates of each of the exper-
iments is presented as a bar diagram on the right-hand side
of each of the blots.

Immunofluorescence Analysis of NOX Distribution

In etiolated coleoptiles, gp91phox localized predominantly
on the cell membrane (marked by white arrows in Fig. 2),
and a mesh-like distribution in the cytoplasm (marked by
asterisk), typical of cytoskeleton-associated proteins, was
also evident. Surprisingly, we observed the presence of
green fluorescence within the nucleus, indicating the
nuclear localization of gp9lphox as well (Fig. 2Aa—Ac).
The distribution of p22phox was similar to that of
gp91phox (Fig. 2Ba-Bc). Excitation with blue light
brought about a significant increase in the localization of
p22phox on the plasma membrane and in the cytosol
(Fig. 2Ba and Bd, Bc and Bf).

The expression of p67phox in apical cells of etiolated
coleoptiles was moderate and restricted mainly to the
plasma membrane in some scattered and speckled distri-
bution within the cytoplasm (Fig. 2Ca, Cc). The nuclei of
these cells also were stained with p67phox antibody
(Fig. 2Cc). After exposure to blue light, the expression of
p67phox showed visible enhancement within the cyto-
plasm, and the plasma membrane association of this mol-
ecule was also augmented (Fig. 2Cd, Cf). The localization
of p67phox within the nucleus was evident (Fig. 2Cd).
p47phox showed heavy localization within the apical cells,
making it difficult to resolve the plasma membrane local-
ization, if any, of this molecule (Fig. 2Da, Dc). In contrast
to the other phox subunits mentioned in the previous sec-
tion, p47phox did not show preferential localization in the
nucleus (Fig. 2Dc). Blue light exposure of the coleoptile
tip brought about heavy accumulation of p47phox onto the
plasma membrane (Fig. 2Dd, Df). Further, p40phox did not
accumulate in the nuclei of apical cells in either etiolated
(Fig. 2Dc) or blue-light-exposed (Fig. 2Df) coleoptiles.

p40phox was present in the cytosol, plasma membrane,
and nuclei of etiolated cells (Fig. 2Ea, Ec). Exposure to
blue light brought about a quantitative increase in the
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Fig. 1 Characterization and
localization of NOX
components. Western blots of
cytosolic, Triton-soluble, and
SDS-soluble protein extracts
from wheat coleoptile tip
probed with various NOX
antibodies. Lanes with odd
numbers represent dark controls
and those with even numbers
represent blue-light-exposed
coleoptiles. Proteins from
cytosolic (1 and 2), Triton-
sensitive (3 and 4), and SDS-
sensitive (5 and 6)
compartments were analyzed.
Densitometric quantitation of
the respective bands was
performed with appropriate
background subtractions, and
the mean =+ SD of five
independent repeats of the
experiment is plotted as a
histogram on the right side.
Solid bars indicate etiolated
coleoptiles and open bars
represent blue-light-exposed
coleoptiles

localization of this protein onto the plasma membrane
(Fig. 2Ed, Ef).

Detection of NADPH Oxidase Activity

NADPH oxidase activity was quantitated as a function of
the gain of superoxide production in wheat coleoptile
homogenates in the presence of added quantities of
NADPH. The results are summarized in Table 1. In etio-
lated coleoptiles, NADPH-dependent superoxide produc-
tion could be observed in 2-, 4-, 6-, and 8-mm segments,
and the activity was highest in the extreme tip. Blue light
exposure brought about a 30-fold increase in the NADPH
activity associated with the 2-mm segment, whereas the
other segments tested did not show blue-light-dependent
activation of this enzyme.

Treatment with DPIC and staurosporine brought about
highly significant (P < 0.001) inhibition of the generation
of Oz in blue-light-illuminated coleoptile tip homoge-
nates. The basal level of superoxide production observed in
4-, 6-, and 8-mm segments was also inhibited by these
reagents.
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Histochemical Assay and Immunoblot Analysis
of Superoxide Dismutase

An etiolated coleoptile tip showed no achromatic zone
signifying SOD activity at the tip (Fig. 3a), and a corre-
sponding control prepared by inhibiting SOD by DDC did
not show any difference (Fig. 3b). However, a clear
achromatic zone representing areas rich in SOD activity
was visible in the case of blue-light-exposed coleoptile tips
(Fig. 3c). Control sections treated with DDC as a SOD
inhibitor brought about the loss of the achromatic zone
(Fig. 3d), confirming that the achromatic zone appeared
due to SOD activity. Thus, the histochemical assay for
SOD showed heavy localization of the enzyme on the
whole coleoptile tissue. Immunoblotting with anti-CuZn-
SOD antibody detected a 20-kDa band predominantly
present in cytosolic fractions (Fig. 3e, lanes 1 and 2) and
weakly in the membrane fractions (Fig. 3e, lanes 3 and 4).
The levels of cytosolic SOD showed a twofold increase
upon blue light exposure (Fig. 3e, lane 2). MnSOD was
detected in traces in cytosolic fractions from etiolated
(Fig. 3f, lane 1) and blue-light-exposed (Fig. 3f, lane 2)
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Fig. 2 Confocal images of
optical sections of dark and
blue-light-illuminated coleoptile
tips probed with gp91phox (Aa—
Af), p22phox (Ba-Bf), p67phox
(Ca—Cf), p47phox (Da-Df), and
p40phox (Ea—Ef) antibodies.
Anti-rabbit IgG raised in goat
was used as a secondary
antibody and PI was used for
nuclear staining. FITC
fluorescence was acquired in the
green channel, PI fluorescence
in the red channel, and merged
images are presented in columns
labeled accordingly. The plasma
membrane is marked by solid
white arrows, cytoplasm with
asterisks, and nucleus with the
letter N. Note the nuclear
translocation of gp 91, p22, p67,
and p47 NOX subunits. The
experiments were repeated five
times and representative images
are included in this figure. Scale
bar = 35 uM

p47phox p67phox p22phox gp91phox

p40phox

Table 1 NADPH oxidase activity in wheat coleoptiles

Blue

Treatment NADPH oxidase activity

2 mm 4 mm 6 mm 8 mm
Dark 214 £ 12 15 £ 2.01 13 +£3.20 13 £+ 2.96
Blue 643.0 £+ 7.3*% 18 £+ 2.57 16 £+ 5.33 15 £ 2.44
Blue + DPIC 8.1 £ 1.1%* 3.17 £ 0.05 3.54 £0.98 4.08 £ 0.03
Blue + staurosporine 4.5 £ 1.3%* ND ND ND

Values indicate the amount of NADPH oxidized, expressed as nmol/min/mg of protein. All values are mean £ SD of five replicates analyzed

* P < 0.001 when compared with the dark control; ** P < 0.001 when compared with the blue-light-treated samples

coleoptiles. However, there was a highly significant
increase in MnSOD levels in Triton X-100 extracts of blue-
light-exposed coleoptiles (Fig. 3f, lane 4) compared to
etiolated controls (Fig. 3f, lane 3).

Effect of NADPH Oxidase Inhibitors on Superoxide
Anion Generation and Phototropic Curvature

In vivo profiling of active oxygen species in wheat
coleoptile tip was monitored by the FDA fluorescence
studies. Blue-light-illuminated coleoptile exhibited intense
FDA fluorescence in the extreme tip (Fig. 4b), indicating
the generation of H,0,, compared to the dark control

(Fig. 4a). DPIC treatment followed by blue light illumi-
nation markedly reduced FDA fluorescence in the tip
(Fig. 4c). Staurosporine also brought about a similar
effect (Fig. 4d).

The effect of DPIC and staurosporine on phototropic
curvature of coleoptiles was examined. Dark-grown co-
leoptiles showed no phototropic response (Fig. 4e),
whereas unilateral blue light exposure resulted in visible
phototropic curvature (Fig. 4f). Both NOX inhibitors used
in this study quenched the blue-light-initiated ROS burst
and could also abrogate the phototropic curvature in
response to blue light exposure (Fig. 4g, h). The results are
summarized in Table 2.
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M 1 2 3 4

Fig. 3 Localization of SOD on wheat coleoptile tip. Longitudinal
sections of etiolated and untreated coleoptile tips stained with NBT
served as dark control (a), dark control sections treated with SOD
inhibitor before color development (b), wheat coleoptile showing
yellow discoloration due to oxidation of NBT by SOD in the presence
blue light (¢) when compared with (d), which represents SOD
inhibitor-treated section that retained the color of NBT. Note the
bleaching in (c) due to high SOD activity in the blue-light-illuminated
section (region of interest is marked with arrows). Western blot

Discussion

NOX has been linked with oxidative burst in plants in
response to a host of stimuli (Apostol and others 1989; Auh
and Murphy 1995; Tenhaken and others 1995; Desikan and
others 1996; Doke and others 1996; Keller and others
1998; Laloraya and others 1999; Sagi and Fluhr 2001;
Chandrakuntal and others 2004). Activation of NOX
requires the translocation of its cytosolic subunits, that is,
p40phox, p47phox, and p67phox, toward the membrane-
associated cytochrome-b558, composed of gp91phox and
p22phox. This assembly process involves a Ca**-depen-
dent protein kinase that catalyzes the phosphorylation of
p67phox and p47phox, facilitating their translocation to the
plasma membrane in plants (Xing and others 1997).

@ Springer
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analysis of CuZnSOD (e) and MnSOD (f) in coleoptiles. f-actin was
used as loading control for cytosolic proteins (g) and NaK-ATPase for
membrane proteins (h). Lanes 1 and 2 are of cytosolic proteins while
lanes 3 and 4 are of membrane proteins. Dark (lanes 1 and 3) and
blue-light-illuminated (lanes 2 and 4) were analyzed. M, molecular
weight markers. Note the expression of CuZnSOD and MnSOD in
blue-light-exposed coleoptiles. Histogram represents quantitative
evaluation of the data from five independent replicates of the
experiments. The data points represent mean + SD

Interestingly, antibodies raised against human gp91phox,
p22phox, p47phox, and p67phox cross-reacted with
appropriately similarly sized polypeptides in plant extracts
(Tenhaken and others 1995; Desikan and others 1996;
Keller and others 1998). The present study indicated the
presence of NOX subunits in wheat coleoptiles that could
cross-react with antibodies to neutrophil NOX antibodies
(Fig. 1).

Blue light exposure of the coleoptile tips resulted in
increased expression of p22phox, p67phox, p47phox, and
p40phox, whereas gp9lphox levels were not affected
(Fig. 1). Blue light also brought about an increase in the
association of p67phox and p40phox to the plasma mem-
brane, and the association appeared to be strong because it
could not be destabilized by Triton X-100 (Fig. ).
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Fig. 4 Detection of superoxide
radical in the coleoptile tip.
Dark-grown coleoptile showing
(a) no fluorescence and (b) FDA
fluorescence in blue-light-
illuminated tip. In vivo
quenching effect of DPIC (c)
and staurosporine (d) on blue-
light-mediated generation of
active oxygen species. Etiolated
coleoptiles showing no
curvature (e) and blue-light-
exposed coleoptiles showing
clear phototropic curvature (f)
are shown. Coleoptile treated
with DPIC (g) and staurosporine
(h) showed marked inhibition in
phototropic curvature. The data
are representative of
observations from five
independent replicates

Table 2 Effect of DPIC and staurosporine on growth and phototropic
curvature in wheat coleoptiles

Treatment Coleoptile Coleoptile
length (cm) curvature (deg)

Dark 5.36 £ 1.28 ND

Dark + DPIC 5.02 £ 0.05 ND

Dark + staurosporine 5.11 £ 1.93 ND

Blue 5.16 £ 1.28 36.57 £ 13.74

Blue + DPIC 6.0 £ 1.29 5.00 £ 4.47*

Blue + staurosporine 6.11 £ 1.03 4.57 £ 4.23%

All values are mean &+ SD of five replicates analyzed
* P < 0.001 when compared with the blue-light-treated samples
ND not detected

p47phox associated with the plasma membrane in a Triton
X-100-sensititve fashion in blue-light-exposed coleoptiles.
Thus, there is a clear indication of enhanced de novo
expression of Nox components and their partitioning in
coleoptile cells in response to blue light. Localization of
gp91phox, p22phox, and p67phox on the nuclear mem-
brane and within the nucleus is a novel observation
(Fig. 2). Nox4 has been shown to localize to the nucleus of
human umbilical vein endothelial cells (Kuroda and others
2005). Even though the nuclear localization of the NOX
family oxidases has been suggested in several types of cells
(Ushio-Fukai 2006), this observation of the dual targeting
of NOX components by blue light is the first report in any

_AAA
P

plant system. Blue-light-induced nuclear translocation of
NOX subunits supports a recent argument about nuclear
superoxide production, which may have implications in
chromatin remodeling and associated transcriptional regu-
lations. The presence of active SOD in the photoreceptive
part of the coleoptile tip explains the generation of H,O, in
apical zones that constitutes the major translocating active
oxygen species involved in the blue light signal transduc-
tion (Chandrakuntal and others 2004).

Blue light excitation of the photoreceptor in the pres-
ence of NADPH reduces molecular oxygen to the super-
oxide radical (Laloraya and others 1999). This is mediated
by a plasma membrane oxidase similar to the NADPH
oxidase complex in the plasma membrane of mammalian
phagocytes (Doke and others 1996), which catalyzes the
one-electron reduction of molecular oxygen to O3 . Rapid
dismutation of Oz to H,0, enhances light-mediated
phosphorylation by activating kinase action in animals
(Aitken and others 1995) and in plants (Reymond and
others 1992; Sharma and others 1997). The initial photo-
chemistry underlying cryptochrome function and regula-
tion is its phosphorylation (Shalitin and others 2003; Ozgur
and Sancar 2006; Immeln and others 2007; Inoue and
others 2008). Though cryptochromes are autophosphory-
lated by the activity of a C-terminal kinase domain, a
Chlamydomonas cryptochrome CPHI lacking the C-ter-
minal domain exhibited light-dependent phosphorylation,
suggesting that the C terminus is dispensable for
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autophosphorylation (Immeln and others 2007). Consider-
ing the sensitivity of the phototropic response to DPIC, it is
reasonable to suspect that the O3 and H,O, generated
through a Nox-dependent pathway might be involved in the
phosphorylation of cryptochrome. Conversely, the down-
stream effects of cryptochrome activation also include
ROS production (Danon and others 2006; Solov’yov and
Schulten 2009). ROS can also act as redox signals that
modulate the activity of target proteins through the
reversible oxidation of critical protein thiols, thus altering
the activity of enzymes, kinases, phosphatases, and tran-
scription factors in mitochondria, the cytosol, or the
nucleus (Murphy 2009). Although ROS production in the
cytosol, mitochondria, and on the plasma membrane is well
accepted, the recent demonstration of the presence of Nox4
and associated NADPH oxidase activity in the nucleus of
human vascular endothelial cells indicated the possibility
of nuclear oxidative stress response regulating gene
expression (Kuroda and others 2005).

We demonstrated here that DPIC and staurosporine
treatment of coleoptiles prior to blue light exposure resulted
in heavy inhibition of superoxide production, supporting
the notion of its NADPH oxidase dependence. Very low
concentrations of DPIC inhibit NADPH oxidase by binding
to its flavoprotein (Cross and Jones 1986). The inhibition

of O,  radical generation by DPIC clearly points to
the involvement of NADPH oxidase in triggering the
blue-light-induced signal transduction.

In the present study we report on the characterization of
a NOX system in wheat coleoptile and its activation and
dual targeting upon blue light exposure. We conclude that
blue light signal cascades in the coleoptile tip are initial-
ized and maintained by NOX-mediated generation of
active oxygen species and is subsequently dismutated to
H,0, by the colocalized CuZnSOD, which further acts as a
second messenger. The observed inhibitory effect of DPIC
and staurosporine on NOX and the subsequent quenching
of free radicals support this view. Thus, this study reports
for the first time that blue light activates NOX in wheat
coleoptile tips, triggering the reactive oxygen burst by a
two-pronged trafficking of cytosolic NOX components,
targeting the nuclear membrane and plasma membrane
which initiates molecular events leading to the phototropic
response. Evaluating the phototropic response in suitable
NOX-deficient mutants would be required to further con-
firm the role of NOX in blue light signaling in coleoptiles.
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