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Oxidative modification of proteins in photosystem Il (PSIl) exposed to high light has
been studied for a few decades, but the characterization of protein radicals formed
by protein oxidation is largely unknown. Protein oxidation is induced by the direct
reaction of proteins with reactive oxygen species known to form highly reactive
protein radicals comprising carbon-centered (alkyl) and oxygen-centered (peroxyl and
alkoxyl) radicals. In this study, protein radicals were monitored in Arabidopsis exposed
to high light by immuno-spin trapping technique based on the detection of 5,5-
dimethyl-1-pyrroline N-oxide (DMPO) nitrone adducts using the anti-DMPO antibody.
Protein radicals were imaged in Arabidopsis leaves and chloroplasts by confocal
laser scanning microscopy using fluorescein conjugated with the anti-DMPO antibodly.
Characterization of protein radicals by standard blotting techniques using PSII protein
specific antibodies shows that protein radicals are formed on D1, D2, CP43, CP47,
and Lhcb3 proteins. Protein oxidation reflected by the appearance/disappearance of
the protein bands reveals that formation of protein radicals was associated with protein
fragmentation (cleavage of the D1 peptide bonds) and aggregation (cross-linking with
another PSII subunits). Characterization of protein radical formation is important for
better understating of the mechanism of oxidative modification of PSIl proteins under
high light.

Keywords: aggregate, fragment, photosystem Il, protein, reactive oxygen species, singlet oxygen, hydroxyl
radical, protein radical

INTRODUCTION

Plants are prone to various environmental stresses throughout their life cycle as high light,
UV irradiation, heat, cold, drought and salinity (Murata et al., 2007; Choudhury et al., 2017).
Plant responses to various types of stress factor by the formation of reactive oxygen species
(ROS) are known to play a crucial role in the retrograde signaling and oxidative damage
(Schmitt et al., 2014; Laloi and Havaux, 2015; Dietz et al., 2016; Mittler, 2017). Under
high light, ROS are produced when absorption of light energy by chlorophylls surpasses
the capacity for its use in the photosynthetic reactions. It is evidenced that photosystem II
(PSII) produces various types of ROS at different sites (Pospisil, 2012; Fischer et al.,, 2013;
Telfer, 2014). Singlet oxygen ('0,) is formed by energy transfer from triplet chlorophyll to
molecular oxygen at the site of coordination of weakly-coupled or uncoupled chlorophylls
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in the PSII antenna (CP43, CP47, and Lhcb proteins) and PSII
reaction center (D1, D2) proteins. Hydroxyl radical (HO®) is
formed by metal-mediated reduction of hydrogen peroxide at
the site of metal coordination to PSII reaction center proteins
(Pospisil, 2014). It is well accepted that both 10, and HO® oxidize
PSII proteins and thus alter subsequently the structure of the
PSII proteins. The oxidation of protein by ROS forms carbon-
centered (alkyl) and oxygen-centered (peroxyl and alkoxyl)
protein radicals (Davies, 2016). In spite of the fact that oxidative
modification of PSII proteins has been intensively studied in past
decades, the formation of protein radicals by oxidation of PSII
proteins was not explored in detail. It was predominantly due to
a limitation in the detection of protein radicals caused by high
reactivity of protein radicals toward other proteins and short
lifetime of protein radicals (Mattila et al., 2015).

It has been previously established that immuno-spin trapping
technique which combines the specificity and sensitivity of
spin trapping with various immunoassays is suitable method
for the detection of protein radicals in animal cells (Gomez-
Mejiba et al., 2014). In this technique, the reaction of spin
trap 5,5-dimethyl-1-pyrroline N-oxide (DMPO) with an organic
(proteins, lipids, and nucleic acids) radical forms a stable nitrone
adduct (DMPO-P adduct), which is identified by an anti-
DMPO antibody raised against nitrone moiety of the adduct
(Mason, 2016). Recently, protein radicals have been visualized
for the first time in Arabidopsis plants using the immuno-
spin trapping technique (Kumar et al., 2019). The authors
showed by confocal laser scanning microscopy using fluorescein
conjugated with anti-DMPO antibody that protein radicals
are formed predominantly in the chloroplasts located at the
periphery of the cells and distributed uniformly throughout
the grana stack. To understand the mechanism of oxidative
reactions, it is very important to analyze which PSII proteins
are oxidized by ROS. Using tandem mass spectroscopy, natively
oxidized amino acid residues in PSII membranes isolated from
field-grown spinach showed that oxidized amino acids are
localized in the vicinity of the MnsOsCa cluster, PheoD1
(D1 residues 130E, 133L and 135F) and Qa (D1 residues
214Q, 239F, and 242E) (Frankel et al., 2012, 2013). Detail
analysis of amino acid oxidized in spinach PSII membranes
under high light showed that amino acids located in the close
proximity to the metal coordinated to D1 and D2 proteins are
oxidized (Kale et al., 2017). The authors showed that D1:332H
coordinated to the MngOsCa cluster and D2:244Y coordinated
to the non-heme iron via bicarbonate are oxidized by HO®.
Similarly, identification of oxidized residues on the luminal
side of PSII in the cyanobacterium Synechocystis sp. PCC 6803
showed that DI:332H is oxidized under high light (Weisz
et al., 2017). The authors proposed that oxidized amino acid
forms wall of the water channel through which ROS formed
at the MnyOsCa cluster are driven away from the catalytic
center to the lumen.

In this study, we used immuno-spin trapping to monitor the
formation of protein radicals in Arabidopsis. Standard blotting
techniques using various antibodies to PSII proteins provided a
complete characterization of protein radical formed on various
PSII proteins involved in oxidative processes.

MATERIALS AND METHODS

Plant Material, Leaf, Chloroplast and

Thylakoid Membrane Isolation

Seeds of wild-type Arabidopsis (Arabidopsis thaliana,
cv. Columbia-0; WT) obtained from the Nottingham
Arabidopsis Stock Center (NASC), University of Nottingham
(Loughborough, United Kingdom) were soaked in distilled
water and then potted in growing pots with a peat substrate
(Klasmann, Potgrond H). Plants were grown in a growing
chamber (Photon Systems Instruments, Drasov, Czechia) under
controlled conditions with a light intensity of 100 pmol photons
m~2s~!, photoperiod of 8/16 h and temperature of 25°C
(unless specified otherwise) with a relative air humidity of 60%.
Arabidopsis plants (5 or 6 weeks old) were exposed to high light
stress (1500 pwmol photons m~2 s~1) at a low air temperature
of 8°C for 13 h using AlgaeTron AG 230 (Photon Systems
Instruments, Drésov 470, Czechia). Leaves were cut into 3-5 mm
small square pieces using surgical knife. Intact chloroplasts were
prepared using Percoll gradient centrifugation as described by
Seigneurin-Berny et al. (2008). Both sliced leaf pieces and isolated
chloroplasts were used immediately for confocal measurements.
Thylakoid membranes were prepared according to Casazza et al.
(2001) and stored at —80°C in the dark until use.

In vitro Detection of Reactive Oxygen
Species by Electron Paramagnetic

Resonance Spectroscopy

Detection of 'O, and HO® was performed by electron
paramagnetic resonance (EPR) spectroscopy using an EPR
spectrometer (MiniScope MS400, Magnettech GmbH, Berlin,
Germany). For 'O, detection, a hydrophilic diamagnetic
compound TMPD (2, 2, 6, 6-tetramethyl-4-piperidone) was used
(Moan and Wold, 1979) while for HO®, POBN (4-pyridyl-1-
oxide-N-tert-butylnitrone)/ethanol system was used (Pou et al,,
1994). For validation of spin trap-compounds, chemically
generated 'O, and HO® were utilized (Supplementary
Datasheet S1) and data simulation were performed (for
details, refer to Supplementary Datasheet S2). EPR spectra
were collected using following conditions: microwave power
(10 mW), modulation amplitude (0.1 mT), modulation frequency
(100 kHz), sweep width (8 mT) and sweep time (60 s). EPR signal
intensity was evaluated from the relative height of the central
peak of TEMPONE EPR spectrum or central doublet peak of
POBN-CH(CH3)OH adduct EPR spectrum. Simulation of EPR
spectra was performed by WinSim software (National Institute
of Environmental Health Sciences, Research Triangle Park,
NG, United States).

In vivo Imaging of Reactive Oxygen
Species by Confocal Laser Scanning

Microscopy

Formation of 'O, and HO® in leaves was visualized by
confocal laser scanning microscopy (Fluorview 1000
unit attached to IX80 microscope; Olympus Czech
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Group, Prague, Czechia) (Kumar etal,2018; Prasad et al,
2018). Leaf pieces were incubated either in dark or red light
(1000 pwmol photons m~2 s~!) at room temperature with 50 uM
Singlet Oxygen Sensor Green (SOSG) for the detection of 10,
and 5 pM Hydroxy Phenyl Fluorescein (HPF) for the detection
of HO® in the presence of HEPES buffer (pH 7.5). Singlet oxygen
imaging was based on its interaction with SOSG forming SOSG
endoperoxide (SOSG-EP) while HO® imaging was based on its
interaction with HPF forming HPF-ox; both products provide
bright green fluorescence. The excitation of SOSG and HPF was
achieved by 488 nm line of an argon laser and emission was
detected at 505-525 nm using BA505-525 filter (Olympus).

In vivo Imaging of Protein Radicals by
Confocal Laser Scanning Microscopy

Formation of protein radicals in leaves and chloroplasts was
visualized by confocal laser scanning microscopy (Kumar et al.,
2019). Sliced leaf pieces and chloroplasts were incubated either
in dark or red light (1000 jumol photons m~2 s~ !) for 30 min at
room temperature, in the presence of MES-NaOH buffer (40 mM,
pH 6.5), spin trap DMPO (50 mM), anti-DMPO antibody (5 g
ml~!) conjugated with fluorescein isothiocyanate (FITC) and
Triton X-100 (0.001%). Triton X-100 was used in order to
increase the penetration of spin trap and antibody through the
cell wall and membrane. Protein radicals were imaged based on
their interaction with DMPO forming DMPO-protein radical
adduct known to disproportionate to stable DMPO-nitrone
adduct which is recognized by anti-DMPO antibody conjugated
with FITC. Anti-DMPO is claimed by the manufacturer (Abcam,
Cambridge, United Kingdom) for its non-cross reactivity with
non-adducted proteins or DNA; however, it can recognize free
DMPO and thus should be taken into account. FITC fluorescence
in leaf and chloroplast was visualized by confocal laser scanning
microscopy. The excitation of FITC was achieved by 488 nm line
of an argon laser and emission was detected at 505-525 nm using
BA505-525 filter (Olympus).

SDS-PAGE and Immuno-Spin Trapping

To visualize the protein degradation/loss during high light
illumination, thylakoid membranes (5 pg Chl) isolated from long
term high light exposed plants at low air temperature (13 h,
1500 pwmol photons m~2 s~!, 8°C) was incubated either in
dark or in high white light (1500 wmol photons m~—2 s1)
for 10, 20, and 30 min in the presence of DMPO (50 mM)
spin trap at room temperature. After dark/light incubation,
protein extraction using DTT (dithiothreitol) protein extraction
buffer followed by heating at 70°C in the dry bath for
15 min and centrifugation at 16,000 x g for 5 min at 4°C
was performed. The supernatant was loaded into wells and
SDS-PAGE was completed using a Tris-Tricine SDS-PAGE
protocol described by Schagger (2006) using Mini-PROTEAN
Tetra vertical electrophoresis cell (Bio-Rad, CA, United States).
Proteins resolved in SDS gels were either stained with Coomassie
Brilliant Blue (CBB) R-250 in a methanol/acetic acid solution
followed by de-staining to remove the high blue background
(Brunelle and Green, 2014) or transferred to a nitrocellulose

(NC) membrane using a semi-dry blotter (Trans-Blot SD,
Semi-dry transfer cell, Bio-Rad, United States). To detect protein
radicals formed on the PSII proteins (reaction center proteins
and/or antenna complex proteins) or on their aggregate/cleaved
peptide, blocking step of NC membrane was done with 5%
BSA prepared in phosphate buffered saline-tween 20 (PBST;
pH- 7.4) at 4°C overnight to prevents antibodies from binding
to the membrane non-specifically. All successive steps were
performed on a shaker at room temperature. After blocking,
the NC membrane was incubated with rabbit polyclonal anti-
DMPO nitrone adduct primary antibody (1:5000, Abcam) raised
against DMPO followed by 10 min, three to five washes with
PBST and 1 h incubation with horseradish peroxidase (HRP)
conjugated goat anti-rabbit secondary antibody (1:10000, Bio-
Rad) and protein bands were visualized using luminol as a
chemiluminescent probe and images were captured by AI600
(Amersham Imager 600, GE Health Care Europe GmbH,
Freiburg, Germany). For the identification of the origin of
protein bands, we used specific antibodies from Agrisera raised
against PSII proteins. Antibodies used are anti-D1, anti-C-
terminal, anti-D-de loop, anti-cyt bss9 a-subunit, anti-D2, anti-
CP43, anti-CP47 and anti-Lhcb3. Size of protein bands was
determined using a standard protein ladder (PageRuler™ Pre-
stained Protein Ladder, 10 to 180 kDa, Thermo Fisher Scientific,
Lithuania). Densitometry of western blots was performed with
Image] (National Institute of Mental Health, Bethesda, MD,
United States) and the quantification of protein band intensities
was shown as peaks in densitogram. The area under the peak was
evaluated to determine the increase or decrease of protein band
intensities in the SDS-gel and blots probed with different PSII
protein antibodies.

RESULTS

Reactive Oxygen Species Formation

Under High Light Stress in Arabidopsis

Formation of ROS (!0, and HO®) in the thylakoid membranes
exposed to high white light was measured by EPR spectroscopy
using TMPD spin probe and POBN/ethanol spin trap
system, respectively. No EPR signal was observed in dark
(Figures 1A,B, trace 0 min), whereas illumination with
continuous white light for 30 min resulted in the formation
of the 2,2,6,6-tetramethyl-4-piperidone-1-oxyl (TEMPONE)
EPR and oa-hydroxyethyl radical adduct of POBN [POBN-
CH(CH3)OH adduct] EPR signals (Figures 1A,B, trace 30 min).
Significant suppression in 'O, and HO® were observed in
the presence of 'O, quencher, diazabicyclo [2.2.2] octane
(DABCO) and iron chelator, deferoxamine (desferal) known
to prevent HO® formation. The formation of !0, and HO® in
Arabidopsis leaves exposed to high white light was validated
by confocal laser scanning microscopy using SOSG and
HPF fluorescent probes, respectively. Negligible fluorescence
was observed in non-illuminated leaves (Figures 2Ab,Bb),
whereas illumination with continuous high red light for
30 min resulted in the formation of SOSG-EP and HPF-ox
fluorescence (Figures 2Ae,Be). These results indicate that
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exposure of Arabidopsis to high light results in the formation
of 10, and HO®.

Imaging of Protein Radicals by Confocal

Laser Scanning Microscopy

Imaging of protein radicals in Arabidopsis was performed
by confocal laser scanning microscopy using the immuno-
spin trapping technique. Figures 3A,B show imaging of
protein radicals in Arabidopsis leaves previously exposed to
high white light at low temperature (1500 pmol photons
m~2 s7!, 13 h, 8°C) and chloroplasts isolated from high
light exposed Arabidopsis leaves, respectively. In immuno-spin
trapping technique, short-lived protein radicals (t1,2 ~ ps)
are trapped by spin trap DMPO to form a more stable
DMPO-protein radical adduct (t;;2 ~ min). The DMPO-
protein radical adduct is reduced to diamagnetic DMPO nitrone
adduct in the reducing environment which is detected by
anti-DMPO antibody conjugated with FITC and imaged by
confocal laser scanning microscopy. FITC fluorescence was
measured in Arabidopsis leaves and chloroplasts treated with
DMPO spin trap and anti-DMPO antibody conjugated with
FITC either in the dark or high red light (Figure 3). Figure 3
shows the FITC fluorescence channel (left panel) and the
combination of FITC fluorescence and Nomarski DIC channels
(right panel). Arabidopsis leaves and chloroplasts treated in
dark showed low FITC fluorescence, whereas leaves and
chloroplasts exposed to high red light showed a significant
increase in FITC fluorescence due to the formation of protein
radicals under high red light. It is noticeable that protein

radicals are formed in chloroplasts located at the periphery of
mesophyll cells.

Separation of PSIlI Proteins by SDS-PAGE

Separation of PSII proteins was performed using SDS-PAGE
of thylakoid membranes isolated from high light exposed
Arabidopsis leaves and visualization of protein bands was
achieved by CBB staining (Figure 4A). According to band size
based on the use of a standard protein ladder, it was found
that protein bands appeared at 9 kDa (a-subunit of cyt bssg),
13 kDa (a- and P-subunit heterodimer of cyt bss9), 23 kDa
(Lhcb), 30-32 kDa (D1/D2), 33 kDa (PsbO), 43 kDa (CP43) and
47 kDa (CP47). Apart from these bands, low-molecular weight
bands at 18 kDa and high-molecular weight bands at 41, 58, and
68 kDa were observed. The protein band at 18 kDa is assigned to
fragments formed by the cleavage of PSII proteins, whereas the
protein bands at 41 and 68 kDa represent aggregates formed by
the cross-linking of PSII proteins. The protein band at 58 kDa
might be assigned to ATPase and/or PsaA. The band density
increased after exposure of the thylakoid membranes to high red
light for 10 min and subsequently decreased. These results reveal
the formation of protein fragments and aggregates after exposure
of Arabidopsis plant to high light and degradation of proteins,
their fragments and aggregates due to continuous oxidation.

Formation of Protein Radical Detected

by Immuno-Spin Trapping

To explore the formation of protein radicals on the PSII
proteins, immunoblot analysis of the thylakoid membranes
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FIGURE 2 | Imaging of singlet oxygen (A) and hydroxyl radical (B) in
Arabidopsis leaves monitored by laser confocal scanning microscopy.

(A) Singlet oxygen imaging was achieved by infiltration with 50 wM SOSG in
dark (upper panel) or exposed to high red light (1000 pmol photons m=2 s~ 1)
(lower panel) for 30 min. From left to right is chlorophyll fluorescence channel
(a,d); SOSG-EP fluorescence channel (b,e) and combination of chlorophyll
fluorescence + SOSG-EP fluorescence channel (c,f). (B) Hydroxyl radical
imaging was achieved by infiltration with 5 WM HPF in dark (upper panel) or
exposed to high red light (lower panel) for 30 min. From left to right is
chlorophyll fluorescence channel (a,d); HPF-ox fluorescence channel (b,e)
and combination of chlorophyll fluorescence + HPF-ox fluorescence

channel (c,f).

isolated from high white light exposed plants was accomplished
(Figure 4B). DMPO protein nitrone adducts formed on different
proteins separated by SDS-PAGE were transferred to the NC
membrane, identified by anti-DMPO nitrone adduct antibody
and visualized by luminol as a chemiluminescent probe using
HRP conjugated secondary antibody. In dark, weak protein
bands at 9, 23, 26, 47, 55, and 68 kDa were observed which
can be due to binding of DMPO to some proteins other than
protein radicals as reported recently (Munoz et al., 2019). After
exposure to high white light, the intensity of 9, 47, 55, and
68 kDa protein bands increased and two new protein bands
appeared at 18 and 41 kDa. Quantification of protein bands
in each lane of the blot by densitogram showed four times
increase in 41 and 68 kDa protein band density and two
times increase in 18 kDa protein band density. These results

A FITC FITC + Nomarski DIC

Dark

Red light

Dark

Red light

FIGURE 3 | Protein radical imaging in Arabidopsis leaves (A) and chloroplasts
(B) monitored by laser confocal scanning microscopy. From left to right: FITC
fluorescence channel, the combination of FITC fluorescence and Nomarski
DIC channels are shown. Prior to FITC fluorescence measurement,
Arabidopsis leaves and chloroplasts were kept in the dark or illuminated with
red light (1000 pwmol photons m=2 s~1) for 30 min in the presence of 50 mM
DMPO and 5 pg mi~ " anti-DMPO nitrone adduct antibody conjugated

with FITC.

reveal the formation of protein radicals on protein aggregates
and fragments.

Characterization of PSIl Reaction Center

Proteins by Western-Blotting

To identify the origin of protein bands in anti-DMPO blot,
the NC membranes were probed with different PSII protein
antibodies (Figure 5). To detect the protein bands originated
from the D1, D2 and a-subunit of cyt bsse protein, antibodies
raised against the D1 protein (anti-D1 antibody), the C-terminal
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FIGURE 4 | (A) Separation of PSII proteins by SDS-PAGE. Pre-stained standard protein ladder (lane 7), thylakoid membranes incubated in dark (lane 2), thylakoid
membranes incubated in high white light for 10, 20, and 30 min (ane 3, lane 4, and lane 5, respectively). The identity of the proteins is as per their mass. (B) Protein
radical detection in thylakoid membranes using immuno-spin trapping technique. Pre-stained standard protein ladder (lane 1), thylakoid membranes incubated in
dark in presence of DMPO (lane 2), thylakoid membranes exposed to high light in the presence of DMPO for 10, 20 and 30 min (lane 3, lane 4, and lane 5,
respectively). Analysis of DMPO-protein nitrone adducts in thylakoid membranes incubated with DMPO under high white light for different time points. Indicated are
the protein radicals formed on proteins, protein fragments and protein aggregates. In panels (A,B), the densitograms (lower panels) show the number and density of
the protein bands in respective lanes. Peaks in the densitogram are labeled with an apparent size of the protein determined using a standard protein ladder protein
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of the D1 protein (anti-C-terminal antibody), the D-de loop
of the D1 protein (anti-D-de loop antibody), the D2 protein
(anti-D2 antibody) and the o-subunit of cyt bss9 protein (anti-
cyt bssg a-subunit antibody) were used. When the blot was
probed with an anti-D1 antibody, anti-C-terminal antibody,
anti-D-de loop antibody and anti-D2 antibody, protein bands
with an apparent molecular weight of 32 and 30 kDa were
detected. In addition, one protein band below 32 kDa D1
protein band with apparent molecular weight of 18 kDa
and two protein bands above 32 kDa D1 protein band with
apparent molecular weights of 55 and 68 kDa were observed.
When the blot was probed with an anti-cyt bss9 o-subunit
antibody, 9 and 41 kDa protein bands were observed. After
exposure to high red light, a significant decrease in the
protein band densities of D1 and D2 proteins was observed.
Interestingly, the band densities of 9 and 41 kDa proteins

increased under high red light. Quantification of protein bands
in each lane of anti-D1 antibody, anti-C-terminal antibody,
anti-D-de loop antibody, anti-D2 antibody and anti-cyt bssg
a-subunit antibody blot by densitograms reveals a several
fold decrease in D1, C-terminal, D-de loop and D2 protein
band density and three times increase in o-subunit of cyt
bss9 protein band density. Comparison of these blots with
anti-DMPO blot of the same samples performed in parallel
suggests the contribution of D1, C-terminal, D-de loop, D2
and o-subunit of cyt bssg proteins in 55 and 68 kDa aggregate
formation, and contribution of D1, C-terminal and a-subunit
of cyt bss9 protein in 41 and 18 kDa aggregate formation.
These results provide clear evidence on the involvement
of DI, C-terminal, D-de-loop and a-subunit of cyt bssg
proteins in the aggregation and protein radical formation
on the aggregates.
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FIGURE 5 | Identification of PSII reaction center proteins by Western-Blotting. Pre-stained standard protein ladder (lane 7), thylakoid membranes incubated in dark
(lane 2), thylakoid membranes incubated in high white light for 10, 20, and 30 min (lane 3, lane 4, and lane 5, respectively). Immunoblot of dark-adapted and
illuminated thylakoid membranes incubated with DMPO and identified with an anti-D1, anti-C-terminal, anti-D-de loop, anti-D2 and anti-cytbssg a-subunit antibodies
(left to right). The densitograms (lower panels) represent the number and density of the protein bands in respective lanes.

Characterization of PSIl Antenna
Complex Protein Radicals by
Western-Blotting

To find the contribution of PSII antenna complex proteins
in anti-DMPO blot, the NC membranes were probed with
different PSII antenna complex protein antibodies (Figure 6).
To detect the protein bands originated from CP43 and CP47
PSII antenna proteins, the blots were probed with anti-CP43
and anti-CP47 antibodies raised against the CP43 and CP47
proteins, respectively. One prominent protein band with an
apparent molecular weight of 43 kDa (CP43 protein band) and
one prominent protein band with an apparent molecular weight
of 68 kDa was detected when the blot was probed with the anti-
CP43 antibody. When anti-CP47 antibody was used, a band with
an apparent molecular weight of 47 kDa (CP47 protein band)
and two weak intensity protein bands with an apparent molecular
weight of 52 and 68 kDa above 47 kDa were detected. Probing
of the blot with an anti-Lhcb3 antibody raised against Lhcb3
protein showed one protein band with an apparent molecular
weight of 23 kDa (Lhcb3 protein band) and one with an apparent
molecular weight of 55 kDa. After exposure to high red light, a
significant decrease in the protein band densities of CP43 and
CP47 proteins was observed. Interestingly, the band density of
23 kDa protein had a small decrease, whereas the band density of
55 kDa protein band significantly increased under high red light.
Quantification of protein bands in each lane of blots probed with

anti-CP43, anti-CP47 and anti-Lhcb3 antibodies by densitogram
showed almost complete loss of CP43 and CP47 protein band
and less than half decrease in Lhcb3 protein band density. The
decrease in Lhcb3 protein band density was accompanied by
several folds increase in the 55 kDa protein band density. Based
on the comparison of these blots with anti-DMPO blot of the
same samples performed in parallel, it was concluded that protein
radicals are formed on the aggregates involving CP43, CP47
and Lhcb3 proteins. These results provide clear evidence that
similarly to PSII reaction center proteins, PSII antenna complex
proteins are also involved in aggregation and radical formation
on the aggregates.

DISCUSSION

Under the natural environment, plants are exposed to high
light associated with the formation of ROS known to cause
oxidative damage to biomolecules (Figures 1, 2). Proteins cover
approximately 68% of the dry weight of cells and tissues and
are therefore potentially the major targets for oxidative damage.
Using the immuno-spin trapping technique, we presented here
that exposure of Arabidopsis leaf and chloroplasts to high
light results in the formation of protein radicals in leaf and
chloroplasts (Figures 3A,B). In this study, we provided a
characterization of protein radicals in the thylakoid membranes
exposed to high light. Our results show the formation of protein
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FIGURE 6 | Identification of PSII antenna complex proteins by Western-Blotting. Pre-stained standard protein ladder (lane 1), thylakoid membranes incubated in
dark (lane 2), thylakoid membranes incubated in high white light for 10, 20, and 30 min (lane 3, lane 4, and lane 5 respectively). Inmunoblot of dark-adapted and
illuminated thylakoid membranes incubated with DMPO and identified with an anti-CP43, anti-CP47 and anti-Lhcb3 antibodies (left to right). The densitograms
(lower panels) show the number and density of the protein bands in respective lanes. The number of peaks in densitogram represents the number of protein bands
in the SDS gel or blot and areas under the peak represents the density of protein bands. Peaks in the densitogram are labeled with an apparent size of the protein,
determined using a standard protein ladder protein marker. Color code is used to mark the different proteins in densitogram.

radicals on two fragments at approximately 18 and 23 kDa
and three aggregates at approximately 41, 55 and 68 kDa
(Figure 5). Protein cleavage occurs via B-scission of protein
alkoxyl radical known to form carbon-centered radical on the
C-terminal and N-terminal fragments. Our results show that
the 18 kDa protein band might represent aggregate which
arises from two 9 kDa fragments of the C-terminus of D1
protein, two a-subunits of cyt bssg protein or C-terminus of
the D1 and a-subunit of cyt bssg protein. In agreement with
this, it was shown that 18 kDa protein may arise from the
C-terminus of the DI protein (Kale et al., 2017). The 18 kDa
protein band might arise from the degradation of D1 protein
which may be due to the cleavage in the lumenal loop joining
helices C and D (Aroetal, 1990; Shipton and Barber, 1991;

Barbato et al.,, 1992b). The cross-linking of a protein radical with
another protein radical results in the formation of protein
aggregate. Based on the observation that 41 kDa band was
observed when blot was probed with anti-D1 antibody and anti-
cyt bssg a-subunit antibody, it is very likely that protein radical
is formed on an aggregate of the D1 protein and the a-subunit of
cyt bssg (Barbato et al., 1992a, 1995; Yamamoto, 2001; Lupinkova
and Komenda, 2004; Yamamoto et al., 2008). The observation
that 55 kDa band appeared when blot was probed with anti-
D1, anti- C-terminal, anti-D-de loop and anti-Lhcb3 antibodies
suggests that protein radical is formed on: (i) the aggregates of
23 kDa fragment of D1 protein and D1 protein, (ii) the aggregates
of three 18 kDa fragments of D1 protein, (iii) the aggregates of
Lhcb3 protein and C-terminal of D1 protein, (iv) the aggregates
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of two Lhcb3 proteins. It has been recently reported that
light-driven trimer to monomer transition is associated with the
appearance of LHCII dimers (Janik et al., 2013, 2017). Similarly,
the finding that 68 kDa band was observed when the blot
was probed using anti-D1, anti-D2 and anti-CP43 antibodies,
reveals that protein radical is formed either on D1/D2 or 23 kDa
fragment D1/CP43 protein aggregates as reported in the previous
reports (Ishikawa et al., 1999; Henmi et al., 2003). The appearance
of 68 kDa band when the blot was probed using an anti-cyt bssg
a-subunit, anti-D-de loop and anti-D2 antibodies suggests the
formation of an aggregate of these peptides. Our results are in
agreement with published literature in past, that under high light
illumination the D1 protein cross-links covalently or aggregates
non-covalently with the nearby polypeptides in PS II complexes
(Aro et al., 1993; Barber, 1998; Komenda et al., 2006; Edelman
and Mattoo, 2008; Yamamoto et al., 2008).

CONCLUSION

In conclusion, we used the immuno-spin trapping technique
to visualize the formation of protein radicals in plant cells by
using laser confocal scanning microscopy and characterized the
PSII protein oxidized during high light illumination. Formation
of protein radicals leads to formation of protein fragments and
aggregates and subsequently to formation of protein radicals
on these fragments and aggregates. The use of immuno-spin
trapping opens new opportunities to study the role of protein
radicals in the overall understanding of plant behavior for its
survival during the oxidative stress.
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