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1. INTRODUCTION

The dissertation thesis is based on six publications and focuses on the use of novel
methods to study protein oxidation, reactive oxygen species (ROS) formation, and two-
dimensional imaging of photosynthetic oxygen evolution. In particular, the first half of the
thesis deals with the study of protein oxidation in plant cells exposed to photooxidative
stress and characterization of oxidized proteins by immuno-spin trapping in combination
with SDS-PAGE and immunoblotting. The second half of the thesis deals with the
development and application of electrochemical methods to detect ROS formation and

photosynthetic oxygen evolution.

The release of molecular oxygen (O;) as a by-product of the photosynthetic
oxidation of water has permitted O, based respiration, a process indispensable for most
of the higher life forms on the planet. At the same time, an Oz rich environment triggered
the formation of ROS, an unavoidable species which in excess can cause oxidative stress.
The ROS induce protein oxidation, a very common metabolic process during oxidative
stress which is characterized by several modifications in protein structure, for example,
protein radical formation, protein fragmentation, protein aggregation, and ultimately
degradation. In the last chapter, | summarize all the experimental approaches used during

my research.

The thesis is written in the form of a mini-review briefing the current knowledge
related to protein oxidation and the methods for the detection of protein oxidation, ROS
formation, and photosynthetic O, evolution. The results of my research are published in
Kumar et al. (2018), (2019a), (2019b), Prasad et al. (2015), (2017) and Kasai et al. (2019)
are discussed in the context of up-to-date findings and are referred in the text by bold

sky-blue letters. The publications are enclosed in the Appendix of the thesis.



1.1. Protein oxidation

Protein oxidation can be defined as the covalent modification of a protein brought
either directly by ROS or indirectly by reaction with secondary by-products of oxidative
stress (Shacter, 2000). Proteins are the common target for oxidants because of their
richness in biological systems. A wide range of oxidants can be generated in vivo, as a
result of various endogenous processes and exogenous processes (biotic and abiotic
stresses). Photosystem | (PSI) and photosystem Il (PSIl) are the major sites of ROS
formation (Asada, 2006). Reactive oxygen species, such as superoxide anion radical (02*7),
hydrogen peroxide (H,0.), hydroxyl radical (HO®), and singlet oxygen (*0,), are potent
oxidizing agents, thereby damaging the photosynthetic apparatus. The basic mechanisms
of protein oxidation are derived from radiolytic studies (Stadtman, 1993). The most
common mechanisms of protein oxidation are hydrogen abstraction from the a-carbon
atom by HO® and the addition of '0; to deprotonated amino acids (Davies, 2016).
Hydrogen abstraction by HO® is a common mode of protein oxidation for aliphatic amino
acids, whereas the addition of HO® and '0; is a common mechanism of protein oxidation
for aromatic amino acids (Gracanin et al., 2009). Based on oxidant proteins can undergo
direct or indirect oxidative modification. We describe direct modifications as (i) hydrogen
abstraction, (ii) formation of organic radicals and the occurrence of chain reaction, (iii)
hydroxylation, and (iv) oxygenation. Other redox-based direct modifications are done by
different chemical modifications such as glycosylation, phosphorylation, acetylation, s-
nitrosylation, disulfide bond formation, glutathionylation, and ubiquitination (Beltran et
al., 2000). Indirect modification of proteins occurs due to the interaction of proteins with
the products of lipid peroxidation (Hadacek & Bachmann, 2015). For example, 4-hydroxy-
2-nonenal (HNE), malondialdehyde (MDA), and acrolein formed as breakdown products
of lipid peroxidation can bind covalently to lysine, histidine and cysteine residues, leading
to the addition of aldehyde moieties to the protein (Levine et al., 1994). An increase in
the ROS concentration due to stress leads to the site-specific modification of amino acids
and increases vulnerability to proteolytic degradation (Moller et al., 2007). The amino

acids differ in their vulnerability to the ROS attack. The amino acids, cysteine, methionine,



histidine, arginine, proline, lysine, and tryptophan contain side groups that can be easily
oxidized by different ROS leading to stable covalent modifications, for example, cysteine
and methionine are both prone to damage by the HO® and '0O,. Protein oxidation is
associated with the formation of protein radicals involving carbon-centered (alkyl) and
oxygen-centered (peroxyl and alkoxyl) radicals and as a consequence of protein oxidation,
proteins can undergo cleavage and cross-linking processes to form fragments and

aggregates, respectively.

1.1.1. Direct modifications

1.1.1.1. Hydrogen abstraction

It has been well established that hydrogen abstraction from free and peptide
bound amino acids occurs predominantly by HO® (Davies, 2016; Stadtman, 1993).
However, apart from HO® other ROS produced as an intermediate of protein or lipid
oxidation such as alkyl, peroxyl, and alkoxyl radicals can also abstract hydrogen from free
or bound amino acids. The hydrogen abstraction can be done from both amino acid side
chains and the peptide backbone, causing the formation of different radical byproducts
of proteins (Stadtman, 2006). Hydrogen abstraction by HO® in oxidative modification of
aliphatic amino acids has been considered as the first step with an ideal abstraction taking
place at a- carbon or at the branch point, such as B-CH for valine, isoleucine, and y-CH for
leucine based on the stability of tertiary radical > secondary radical > primary radical
(Davies, 2005; Nukuna et al., 2001; Xu & Chance, 2007). Hydrogen abstraction for proline
takes place at 6-CHy, y-CHa, and B-CH: in the ratio of 2.7:1.4:1 due to its cyclic structure
(Nukuna et al., 2001). The inductive effect of the adjacent peptide bond makes 6-CH;
highly reactive. Similarly, 6-CH, of arginine has a higher reaction rate toward HO®
mediated hydrogen abstraction due to higher electron density at 6-CH; (Xu & Chance,
2007). Hydrogen abstraction from the B-position of the side chain by HO® has been
reported for histidine oxidation. The histidine oxidation by HO® occurs via addition at the

gl-position of the side chain (Liu et al., 2019). Hydrogen abstraction from all of the



possible atoms on the side chains of aromatic amino acids occurs as a minor way of

protein oxidation.

1.1.1.2. Formation of organic radicals and the occurrence of chain reactions

Oxidation of protein on the backbone and the side chains can result in the
formation of protein radicals involving carbon-centered (alkyl) and oxygen-centered
(peroxyl and alkoxyl) radicals. Formation of protein radicals might be initiated either by
HO® (Hawkins & Davies, 1998) or 0 (Gracanin et al., 2009). Hydrogen abstraction from
the a-carbon position creates alkyl radical on the peptide backbone. Formation of alkyl
radical usually followed by a reaction with O, to generate peroxyl radical. In biological
systems with high concentrations of C—H and S—H bonds, peroxyl radical can remove
hydrogen either from the a-carbon site or at C—H and S—H bonds on the side chain and
form hydroperoxides as major products (Davies, 2016). Hydroperoxides can also be
formed from the reaction of amino acids (tryptophan, tyrosine, and histidine) side chains
containing unsaturated bonds with 0. In the presence of O,, high yields of peroxyl
radicals and hydroperoxides are formed because of the reaction between alkyl radical and
0,, the hydroperoxides represent up to 70% of the initial oxidant flux (Davies, 2016). One-
electron reduction of hydroperoxides results in the formation of alkoxyl radical and
subsequent chain reactions. Alkoxyl radical can either abstract hydrogen from another
protein to form hydroxy products and alkyl radical or re-arrange the unpaired electron
located on oxygen atom to the carbon atom of the carboxylic group which eventually
results in cleavage/fragmentation of the protein, creating amide and carbonyl fragments

as products (Fig. 1).
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Fig. 1. Schematic representation of the formation of organic radicals and the occurrence
of chain reactions. Hydrogen abstraction from protein by HO® generates alkyl radical
(reaction 1). In the presence of O3, the alkyl radical readily reacts with O, and forms
peroxyl radical (reaction 2). Peroxyl radical abstracts another hydrogen from an adjacent
protein, while hydroperoxide and another alkyl radical are formed (reaction 3). The



addition of 'O, to double bonds of aromatic amino acids forms hydroperoxide (reaction
4). Hydroperoxide is reduced to alkoxyl radical by ferrous iron (reaction 5). Hydrogen
abstraction from an adjacent protein by alkoxyl radical forms hydroxy amino acids
(reaction 6). Alkoxyl radical formed on the protein causes cleavage of the protein and
creates alkyl radical and protein carbonyl (reaction 7). In the absence or low level of O,
aggregation of alkyl radicals via covalent bond forms protein aggregates (reaction 8).
Adapted from (Kumar et al., 2019b).

In our study (Kumar et al., 2019b), we observed that exposure of Arabidopsis to
high light leads to the formation of HO® and 'O, in the chloroplasts located at the
periphery of the mesophyll cells. We monitored the damage caused by HO® and 10, by
detecting the protein radicals formed as an intermediate during the protein oxidation
process in Arabidopsis leaves, intact chloroplasts, and thylakoid membranes. To detect
the protein radical formation many approaches have been developed. The most common
approaches include direct spectroscopic methods such as UV/Vis, resonance Raman,
conductivity, and electron paramagnetic resonance (EPR). Due to the short half-life of
most radicals, only EPR is specific for radical detection using spin trap 5,5-dimethyl-1-
pyrroline N-oxide (DMPOQ). There is no selective and sensitive technique available for the
detection of protein radicals in plant cells.

In our study (Kumar et al., 2019b), based on the analogy with animal cells, we
introduced the immuno-spin trapping technique to study the protein oxidation in plants.
In this technique, short-lived protein radicals are trapped by spin trap DMPO to form more
stable DMPO nitrone adducts, which can be recognized by the anti-DMPO antibody. We
performed immuno-spin trapping to visualize/detect the formation of protein radicals in

Arabidopsis leaves exposed to high light (Fig. 2) (Kumar et al., 2019b).
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Fig. 2. Schematic representation of immuno-spin trapping of organic radicals. Organic
radicals are trapped by DMPO to form DMPO-organic radical adducts. Unstable DMPO-
organic radical adducts decay to stable DMPO nitrone adduct. The DMPO motif of DMPO
nitrone adduct can be detected with anti-DMPO antibody and visualized either by using
FITC conjugated antibody or conventional immunoblot techniques using HRP conjugated
secondary antibody and luminol chemiluminescence. Adapted from (Kumar et al.,
2019b).

1.1.1.3. Hydroxylation

Hydroxylation has been considered as a major oxidative pathway of aromatic
amino acids (phenylalanine, tyrosine, and tryptophan) by the attack of HO®.
Hydroxylation of aromatic amino acids occurs by the addition reaction of HO® onto the
aromatic ring atoms. Although the attack of the HO® on an aliphatic carbon atom is
energetically favored, attack on the aromatic ring prevails due to the larger delocalization
and concomitant stabilization. It has been evidenced by previous studies that
hydroxylation of the aromatic ring is the first step in the oxidation of aromatic amino
acids. Furthermore, the studies indicate that the hydroxylation of the aromatic ring can

be favored in the concealed region of the proteins (Mujika et al., 2013).

1.1.1.4. Oxygenation

The addition of 0, to amino acids during photosensitization is known as
oxygenation. The reactions of imidazole ring with 0, are of special interest due to its
plausible involvement in the photooxidative inactivation of certain proteins (histidine-
containing). Oxygenation reaction leads to the formation of hydroperoxides as final
products (Gracanin et al., 2009). Oxygenation reaction most commonly occurs at the C=C
of aromatic amino acids. Oxygenation of tyrosine, tryptophan, and histidine have been
studied in the past. Based on observation by Gracanin et al. and Plowman et al. it has
been established that oxygenation of tryptophan leads to the formation of kynurenine-
based products. Therefore, kynurenine-based products are likely to be good markers for

10, mediated oxygenation (Gracanin et al., 2009; Plowman et al., 2013).



1.1.1.5. Glycosylation

Glycosylation is the process by which a carbohydrate is covalently attached to
proteins. Glycosylation is the most abundant post-translational modification (PTM) in
plants and has extensive biological significance. The glycosylation can be either N-
glycosylation occurring at aspartic acid residue, or O-glycosylation, which occurs on
serine, threonine, or tyrosine residue (Williams, 2006). N-glycosylation occurs in the
proteins of the secretory pathway in the endoplasmic reticulum (ER), which are later
efficiently folded with the help of calreticulin (CRT), calnexin (CNX), and heat shock
proteins (HSPs) (Williams, 2006). Under salt stress, the overexpression of HSPs in tomato
facilitates the protein folding in the ER, thereby preventing cellular damage and increasing

the stress tolerance of the plant.

1.1.1.6. Phosphorylation

Phosphorylation is one of the most ubiquitous PTM, critical for almost all types of
cellular processes such as cell cycle and signaling transduction (Hunter, 2009; Pawson &
Scott, 2005). Phosphorylation might modify the structural and/or functional state of the
protein by transferring a phosphate group from adenosine triphosphate (ATP) to the
hydroxyl group of a residue, in most cases to serine, threonine, and tyrosine (Meyer et
al., 2019). Phosphorylation is reversibly catalyzed by kinases and phosphatase and then
contributed to the dynamic cellular signaling in organisms. In plants, phosphorylation
plays a significant role in a variety of physiological processes (Gollan et al., 2015;
Kangasjarvi et al., 2014). It has been established that reversible phosphorylation plays an
important role in the regulation of D1 and D2 proteins of PSIl in higher plants (Koivuniemi

et al.,, 1995).

1.1.1.7. Acetylation

Acetylation is the addition of an acetyl group into the side-chain amino group in
the Lys residues of proteins. It is another well-known PTM which is involved in the

regulation of gene expression. Acetylation taking place on histone/nonhistone proteins is
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controlled by several factors like ROS, infectious diseases, and physiological stresses
(Hashiguchi & Komatsu, 2016). Protein acetylation can be reversible, i.e., modification of
amino group of lysine (K) by (K)-acetyl-transferases (KATs) and (K)-deacetylases (KDACs),
or irreversible, i.e., N-terminal modification by N-terminal acetyltransferases (NATSs)
(Nallamilli et al., 2014). Reversible acetylation occurs on histone proteins. The abiotic
stresses involving the regulation/association of histone acetyltransferase (HAT) activities
with different protein partners regulate various specific genes leading to the biological

response (Zhao et al., 2014).

1.1.1.8. S-Nitrosylation

S-Nitrosylation is a redox-based PTM that covalently links nitric oxide (NO®) to the
reactive cysteine-thiol group (-SH) to form S-nitroso-thiol (-SNO). Nitrosylation is a very
conserved posttranslational mechanism that plays crucial roles in diverse physiological
and pathological processes by modulating protein activities. S-nitrosylation is a dynamic
and reversible process, involving nitrosylation, de-nitrosylation, and transnitrosylation
(Stomberski et al., 2019). S-Nitrosylation is mostly involved in the regulation of biotic and
abiotic stress responses. The homeostasis of ROS is regulated by the S-nitrosylation of
respiratory burst oxidase homolog D (RBOHD), peroxiredoxin Il E (PrxlIl E) and ascorbate
peroxidasel (APX1), which modulates the biosynthesis or turnover of ROS (Romero-
Puertas et al., 2007; Yang et al., 2015; Yun et al., 2011). Emerging evidence suggests that
chlorophyll metabolism and photosynthesis are extensively regulated by the redox-based
S-nitrosylation. S-nitrosylation has been found as an imperative modification to regulate

the regulators (Gupta et al., 2020)

1.1.1.9. Disulfide bond formation

Disulfide bonds are usually formed during the PTM with the assistance of
appropriate enzymes and co-factors. Cysteines, sulfhydryl-containing amino acids, which
are located to an appropriate distance or next to one another within a polypeptide chain,

can form a disulfide bond through their oxidizable thiol groups (Patil et al., 2015). Disulfide



bonds are universal structural motifs in many bioactive peptides and proteins including
hormones, growth factors, enzyme inhibitors, and antimicrobial peptides (Géngora-
Benitez et al., 2014; Marshall et al., 2011; Moroder et al., 2005). Disulfide bond plays a
critical role in maintaining the overall fold of the peptides and proteins therefore

important for the stability and function of proteins and peptides (Patil et al., 2015).

1.1.1.10. Glutathionylation

Glutathionylation is a ubiquitous redox-sensitive and reversible covalent PTM that
takes place by the addition of glutathione to the thiolate of cysteines in target proteins
(Calderdn et al., 2017). Glutathionylation is involved in the protection of protein cysteines
from irreversible oxidation and considered a protective mechanism against
overoxidation, it also controls protein activity and allows signaling (Calderdn et al., 2017).
Glutathione is a small tripeptide (y-L-glutamyl-L-cysteinyl-glycine) that exists in the
reduced form (GSH) or the oxidized form (GSSG) in which two glutathione molecules are
linked via a disulfide bond (Gao et al., 2009). The tripeptide glutathione assists significant
functions in plants as a reductant, quickly accruing under stress conditions as its oxidized
disulfide form (GSSG). As well as forming disulfides with itself, GSH can also form mixed
disulfides with proteinaceous cysteine (Dixon et al., 2005). In plants, glutathione is
considered important in many other processes. The several functions of glutathione in
photosynthetic organisms have been extensively reviewed recently (Foyer & Noctor,

2005; Meyer & Hell, 2005; Ogawa, 2005; Rouhier et al., 2008; Zaffagnini et al., 2012).

1.1.1.11. Ubiquitination

Ubiquitination is the process by which ubiquitin is covalently attached to substrate
proteins via their C-terminal carboxyl group, often on a lysine residue, thereby modifying
the stability, localization, or function of the target protein. Ubiquitin is a small, highly
conserved, ubiquitously expressed eukaryotic protein with immeasurably important and
diverse regulatory functions. A well-studied function of ubiquitin is its role in selective

proteolysis by the ubiquitin-proteasome system (UPS) (Stone, 2014, 2019).
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Approximately 6% of Arabidopsis protein-coding genes are supposed to have functions
related to ubiquitin modification. Therefore, it is not surprising to believe that ubiquitin
plays significant roles in various aspects of plant biology, from growth and development

to responses to biotic and abiotic stress (Bartel & Citovsky, 2012).

1.1.2. Indirect modifications

1.1.2.1. HNE-protein adduct

HNE is one of the most reactive electrophilic aldehydes which forms adducts with
proteins (Anavi et al., 2015; Riahi et al., 2010; tuczaj et al., 2017). The presence of
carbonyl group at the C1 carbon, the double bond between the C2 and C3 carbons, and
the hydroxyl group on the C4 carbon makes 4-HNE highly reactive and can generate both
Schiff bases and Michael adducts with proteins (Gegotek & Skrzydlewska, 2019). The
amino acid residues, cysteine, histidine, and lysine are known to form adducts with 4-
HNE. The formation of 4-HNE adducts is linked with antioxidant enzymes, for instance,
glutathione peroxidase, catalase, and thioredoxin reductase. HNE inhibits antioxidant
action of the enzyme by binding to the cysteine residue at the active site of the enzyme
(Bauer & Zarkovic, 2015; Fang & Holmgren, 2006). At higher concentrations, 4-HNE can
modify protein expression at the deoxyribose nucleic acid (DNA) level by forming adducts

with histones.

1.1.2.2. MDA-protein adducts

MDA is another reactive end product of lipid peroxidation which generally displays
a high affinity to form adducts with DNA, but it can also form adducts with proteins at
higher concentrations. The presence of a carbonyl group at the C2 and C4 carbon makes
MDA reactive. MDA's electrophilicity makes it highly reactive toward nucleophiles, such
as basic amino acid residues, lysine, histidine, or arginine. Initial reactions between MDA

and free amino acids or protein generate Schiff-base adducts (Alche, 2019).
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1.1.2.3. Acrolein — protein adducts

Acrolein is another highly reactive unsaturated aldehyde. Acrolein reacts with
similar amino acid residues as 4-HNE to form acrolein-adducts. Acrolein is highly reactive
because both the double bond and aldehydic moieties at C2 and C4 can participate in a
variety of reactions. The reaction between acrolein and proteins may occur
spontaneously or catalyze by an enzyme (Awasthi et al.,, 2004). The acrolein-protein
adducts are capable to modify the expression of proteins at the biosynthesis level and can

also regulate their degradation (Gegotek & Skrzydlewska, 2019).

The adducts formed by 4-HNE, MDA and acrolein with proteins have been used as
immunogens to raise many highly valuable antibodies, which can be used in Western
blotting, ELISA, immunocytochemistry/immunohistochemistry, immunoprecipitation,
and other immunoassays, for the identification of oxidized lipid adducts with proteins

(Alche, 2019).

Itis well established that end-products of lipid peroxidation, such as MDA and HNE
cause protein damage through reactions with lysine amino groups, cysteine sulfhydryl
groups, and histidine imidazole groups (Refsgaard et al., 2000). Due to the amphiphilic
nature of aldehydes, they can easily diffuse across membranes and can covalently modify
any protein in the cytoplasm and nucleus, far from their site of origin. Aldehyde toxicity
is mainly due to the alterations of several cell functions, caused by the formation of
covalent adducts with cellular proteins (Pizzimenti et al., 2013). Even though it was
established that MDA does not react with glycine and glutathione, and reacts slowly with
cysteine under physiological conditions, cellular proteins are much more readily modified
by MDA (Esterbauer et al., 1991). HNE is a highly electrophilic molecule that easily reacts
with glutathione, proteins, and at higher concentration with DNA. HNE forms adducts
with three different aminoacyl side chains, namely cysteine, histidine, and lysine residues,
via Michael addition either to thiol (-SH) or to amino (-NH2) groups (Esterbauer et al.,
1991). The formation of protein adducts with lipid peroxidation products can stimulate

the antioxidant system, which may also possess proinflammatory or proapoptotic effects.
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1.1.3. Consequences of protein oxidation

It is well-known that protein oxidation has a wide range of downstream
consequences. Oxidative modifications of proteins can change their physical and chemical
properties, including conformation, structure, solubility, susceptibility to proteolysis, and
enzyme activities. ROS can cause oxidation in both amino acid side chains and backbones,
resulting in protein cleavage (fragmentation) or protein-protein cross-linkages

(aggregation) (Fig. 1) and protein degradation.

1.1.3.1. Fragmentation and aggregation

Protein oxidation can result in major physical changes in protein structure ranging
from cleavage of peptide bonds, cross-linking and aggregation. Direct cross-linking can
occur via intermolecular radical-radical dimerization reactions (Fig. 1). As PSll is a well-
known site of ROS formation (Pospisil 2012), we (Kumar et al., 2019a) studied the
oxidation of PSIl proteins during high light stress and showed that PSIl proteins are
involved in the formation of fragments and aggregates as proposed in previous studies by
different groups (Davies, 2016; Yamamoto et al., 2008). The formation and consequent
accumulation of protein fragments and aggregates due to protein cleavage and protein-
protein cross-linking respectively have been linked to photooxidative stress and hence
there is considerable interest in the detection, characterization, and quantification of
these protein modifications (Komenda et al., 2006; Lupinkova & Komenda, 2004; Shipton
& Barber, 1994; Wolff & Dean, 1986). Analysis of fragments and aggregates at the peptide
level, typically involves proteolytic digestion and subsequent LC-MS" analysis, but this is
challenging as linear (non-cross-linked) peptides usually constitute the majority of the
peptides, and the cross-linked peptides are easily missed (Hagglund et al., 2018). Several
strategies have therefore been applied to separate or enrich fragments and aggregates at

the protein or peptide level, to reduce the complication and simplify analysis.

In our study (Kumar et al., 2019b), we performed SDS-PAGE to separate the
fragments and aggregates from parent proteins and immuno-spin trapping in

combination with immunoblotting for the characterization of protein radicals to
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investigate the effect of high light stress on PSII proteins (Fig. 3). The main target of high
light stress is the D1 protein in the reaction center of PS Il, which is competently replaced
by a newly synthesized copy after its oxidative damage (Andersson & Aro, 2001). We
observed a gradual loss of the 32 kDa band of D1 protein under light stress. The oxidation
of D1 protein leads to fragmentation and cross-linking with other PSII proteins. Our results
show the formation of protein radicals on two fragments at approximately 18 and 23 kDa
and three aggregates at approximately 41, 55, and 68 kDa. Our results agree with earlier
studies where authors have shown that origin of 18 kDa protein band is from the C-
terminus of the D1 protein (Kale et al., 2017) or it may arise from the cleavage in the
lumenal loop joining helices C and D of D1 protein (Aro et al., 1990; Lupinkovd &

Komenda, 2004; Shipton & Barber, 1991).
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34 kDa + PsbO 34 kDa
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} Lhcb
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10ko2 s : I Cytbsss a-subunit i0koa — ‘--

Omin 10min 20 min 30 min Omin 10min 20 min 320 min

Fig. 3. (A) Separation of PSIlI proteins by SDS-PAGE and stained with CBB. Pre-stained
standard protein ladder (lane 1), thylakoid membranes incubated in dark (0 min) (lane 2),
thylakoid membranes incubated in high white light for 10, 20, and 30 min (lane 3, lane 4,
and lane 5, respectively). The identity of the proteins is as per their mass. (B) Detection
of protein radical in thylakoid membranes using immuno-spin trapping technique. Pre-
stained standard protein ladder (lane 1), thylakoid membranes incubated in dark (0 min)
in presence of DMPO (lane 2), thylakoid membranes exposed to high white 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 by the arrow are the protein radicals
formed on proteins, protein fragments, and protein aggregates. Adapted from (Kumar et
al., 2019a).
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The cross-linking of protein radicals with other protein radicals leads to the
formation of protein aggregates. It has been shown by Komenda and his group that 41
kDa band is an aggregate formed by cross-linking between the oxidized His252 residue of
the D1 polypeptide and the amino group of the N-terminal serine of the cyt bsse a-subunit.
In our study (Kumar et al., 2019a), we observed that 41 kDa band cross-reacted with both
the anti-D1 and anti-cyt bssg a-subunit antibody, confirming that this band is an aggregate
formed by cross-linking between the D1 polypeptide and cyt bssg a-subunit. Our results
of probing the anti-DMPO blot with anti-D1 antibody and anti-cyt bsse a-subunit antibody
detected 41 kDa confirms that protein radical is formed on an aggregate of D1 protein
and the anti-cyt bssg a-subunit which is in agreement with earlier studies (Barbato et al.,
1992; Henmi et al., 2003; Lupinkovd & Komenda, 2004; Yamamoto, 2001; Yamashita et
al., 2008). Probing the anti-DMPO blot with anti-D1, anti- C-terminal, anti-D-de loop and
anti-Lhcb3 antibodies detected 55 kDa band suggest that protein radical may be formed
on (i) the aggregates of 23 kDa fragment of D1 protein and D1 protein, (ii) the aggregates
of three 18 kDa fragments of the D1 protein, (iii) the aggregates of Lhcb3 protein and C-
terminal of D1 protein, (iv) the aggregates of two Lhcbh3 proteins (Kumar et al., 2019a).
Recent studies suggest that light-driven trimer to monomer transition is associated with
the appearance of LHCII dimers (Janik et al., 2017; Janik et al., 2013). Probing the anti-
DMPO blot with anti-cyt bsse a-subunit, anti-D-de loop and anti-D2 antibodies detected
the appearance of the 68 kDa band suggests the involvement of these proteins or their

peptides in aggregate formation (Kumar et al., 2019a).

A commonly used method to study protein oxidation is the detection of carbonyl
formation, which occurs on lysine, arginine, serine, threonine, and proline residues (Dalle-
Donne et al., 2003; Davies, 2016). Carbonyl groups react with 2,4-dinitrophenylhydrazine
(DNPH) and other aldehyde reaction probes such as N'-amino-oxy-methyl-carbonyl-
hydrazino-D-biotin, which offers the possibility for colorimetric detection or selective
enrichment approaches. Anti-DNP antibodies form the basis of carbonyl-focused western
blotting (“oxy-blotting”) and ELISAs (Domingues et al., 2013; Shacter, 2000). Carbonyl

assays are widespread because they offer the advantage over others because no special
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or expensive equipment is required therefore, they can be performed in any normally
equipped biochemistry laboratory. Carbonyl group makes a stable DNP adduct after
interacting with DNPH which can be detected by various means. The DNP group itself
absorbs ultra-violet light so total carbonyl content of a protein or mixture of proteins can
be quantified by a spectrophotometric assay and after coupling it with protein
fractionation by high-performance liquid chromatography (HPLC) followed by SDS-PAGE
and western blotting it can provide greater sensitivity and specificity than measuring total

carbonyls in a protein mixture (Levine et al., 1990; Levine et al., 1994).

In our study (Kumar et al., 2019b), we separated DNPH-derivatized proteins by
SDS-PAGE and blotted the carbonylated proteins to an adsorbent porous nitrocellulose
membrane. The identification of carbonylated proteins was done by anti-DNP antibodies
that recognize the DNP portion of the hydrazone. We observed that the protein carbonyls
are formed at 18, 23, 32, 34, 43, and 55 kDa proteins. Based on the apparent molecular
weight of carbonylated proteins we propose that carbonyls formed on D1 protein, (32
kDa), D2 protein (34 kDa), and CP43 subunit protein (43 kDa). Observation of protein
carbonyls at 18 kDa and 55 kDa suggests that carbonyls formed on the 18 kDa fragment
and 55 kDa aggregate.

1.1.3.2. Degradation

Several studies on a wide range of organisms show that protein degradation has
a multitude of vital roles in physiology and development. One of the most important roles
of protein degradation is in cellular housekeeping (Finley & Chau, 1991; Goldberg & Dice,
1974; Goldberg et al., 1974). Removal of oxidized proteins created by the ROS induced
damage through their degradation would ultimately prevent their accumulation to toxic
levels. In some circumstances, damaged proteins can be repaired or re-folded, with
chaperonins helping to restore native conformations but in others, proteolytic
degradation is the only solution (Deshaies et al., 1988; Rothman, 1989). High light stress
results in loss of the photosynthetic capacity of higher plants due to the damage of PSII

(Powles, 1984). The damage of PSII during high light stress involves photoinactivation of
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PSII activity due to the specific degradation of the D1 protein (Aro et al., 1993). Selective
degradation of photooxidized D1 protein followed by replacement with a functional
counterpart is necessary to restore electron flow. In our study (Kumar et al., 2019a), we
analyzed the loss of protein by visualizing the protein band intensity in the CBB stained
gel and observed that intensity of protein bands of apparent molecular weight 47 kDa, 43
kDa, and 34 kDa decreased in high light stress (Fig. 3). We identified loss of CP47, CP43,
and D1 proteins during high light stress. Our study agrees with previous studies
(Mizusawa et al., 2003). It has been reported that D1 protein is normally shielded by the
CP43 protein and removal of CP43 leads to exposure of D1 protein for selective
degradation by the protease FtsH (Krynicka et al., 2015). In our study, we observed loss
of both CP47 and CP43 proteins in high light stress suggesting that loss of these two
proteins provides accessibility of FtsH to the D1 proteins for its selective degradation

(Krynicka et al., 2015; Nixon et al., 2005).

To sum up, oxidation of PSIl proteins leads to the protein radical formation
followed by the formation of protein fragments and aggregates and subsequently
formation of alkyl, alkoxyl and peroxyl radicals on these fragments and aggregates. Our
results show the gradual loss of parent protein band (such as D1 protein band) and
appearance of bands representing protein fragments (such as 18 and 23 kDa) and protein
aggregate (such as 41, 55 and 68 kDa) (Kumar et al., 2019b). The findings of our study
agree with other studies published in past (Aro et al., 1993; Edelman & Mattoo, 2008;
Komenda et al., 2006; Lupinkova & Komenda, 2004; Yamashita et al., 2008). However, as
our understanding of the precise mechanism of PSIl protein oxidations is still limited we
propose that application of immuno-spin trapping technique unlocks new prospects to
study the role of protein radicals in the overall understanding of plant behavior for its
survival during the oxidative stress and opens new possibilities to characterize the

oxidized proteins and study their role in several physiological processes.
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1.2. ROS formation

In nature, plants have to survive under the exposure to various types of abiotic and
biotic stress factors (Liebthal & Dietz, 2017; Noctor et al., 2015; Suzuki et al., 2012). These
adverse conditions lead to the formation of ROS known to oxidize biomolecules (lipids,
proteins, and nucleic acids) (Apel & Hirt, 2004; Asada, 2006; Farmer & Mueller, 2013;
Foyer, 2018; Ledford & Niyogi, 2005; Pospisil 2016). Photosynthesis is a well-established
source of ROS in plants (Foyer & Shigeoka, 2011). Electron transport in chloroplasts and
mitochondria are the major sites of ROS formation in the plant cell (Apel & Hirt, 2004).
Reactive oxygen species are generally present in plant cells in normal conditions, mainly
as by-products of photosynthetic metabolism (Tripathy & Oelmuller, 2012). Under various
stress conditions, ROS increase to high levels resulting in the agitation of the homeostatic

cellular redox state and ultimately leading to oxidative stress (Dumont & Rivoal, 2019).

Reactive oxygen species can be classified as radical (02°*~, HO®) and non-radical (H20,,
'0,) species. Moreover, a family of reactive species containing nitrogen moieties
associated with oxygen is classified as reactive nitrogen species (RNS) and reactive species
containing carbonyl moieties is classified as reactive carbonyl species (RCS). The level of
ROS is precisely regulated by enzymatic and non-enzymatic antioxidant defense systems.
Accumulation of these ROS causes oxidative damage and finally resulting in cell death.
Although the formation of ROS has been implicated with the damaging effect, lately, ROS
have been also recognized as crucial players in the complex signaling network of plant
stress responses (Baxter et al., 2014; You & Chan, 2015). It has been well established that
cells need to regulate ROS production and removal to avoid excessive and irreversible
oxidation, nowadays ROS are recognized for their positive roles as essential pro-life

signals (Foyer et al., 2017; Noctor & Foyer, 2016).

Molecular oxygen is an important electron acceptor in photosynthesis. It has been
known since long that the photoreduction of O; leads to the formation of H,0, in PSI
(Mehler, 1951). Reduction of O, offers an alternate electron sink and generates 0,°,

which dismutates to H;O, either via spontaneous dismutation or via enzymatic
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dismutation by copper/zinc superoxide dismutase (SOD) of the thylakoid. Free H,0;
converts to HO® via Fenton reaction and bound H,0; converts to HO® via Fenton like
reaction. Chloroplast ascorbate peroxidase (APX) and the peroxiredoxins (PRX) reduce
H,0; to water (Awad et al., 2015). In PSII, triplet excited state of chlorophyll transfer the
excess energy to O, to generate 0, (Dogra & Kim, 2019; Dogra et al., 2018; Pospisil 2012).
Besides the energy transfer, electron transport is also associated with the formation of
ROS in PSII, such as reduction of plastoquinone, and the oxidation of water is linked to

the formation of 0,°*7, H,0, and HO® (Pospisil 2012).

Based on the mechanism of their formation, ROS can be divided into two groups:
(i) ROS formed by the electron transfer mechanism (type | mechanism), such as 0,°",
H,0,, and HQO?®, (ii) ROS formed by the energy transfer mechanism (type Il mechanism),
such as '0,. Detection of ROS in the biological system is always challenging due to their
short life-span and high reactivity. Lately, different detection techniques and
methodologies were used to detect, quantify and localize ROS and their reactive
intermediates in vitro and in vivo systems (Ichiishi et al., 2015; Kohno et al., 2008; Mattila

et al., 2015; Tada et al., 2009).
1.2.1. Superoxide anion radical

Superoxide anion radical is known to be produced in PSI and PSII. In PSI, 0;°" is
produced by the Mehler reaction (Asada, 1999). In PSIl, O,* is produced by the electron
leakage to Oz on the PSIl acceptor side. The 0,°"is moderately reactive with a short half-
life of 2-4 ps and it does not cause extensive damage by itself, rather it transforms into
more reactive and toxic HO® and causes more damage (Halliwell, 2006). It has been
proposed by several groups that under certain conditions (such as absence or full
reduction of the PQ pool), O; is reduced to 0,° by the PSIlI electron acceptor species
(Ananyev et al., 1994; Cleland & Grace, 1999). Although it has not been clear that which
of the reduced acceptor, reduced Pheo (Pheo®”) or reduced primary quinone (Qa®") on
the PSII acceptor side is the actual reductant of O, but from the thermodynamic point of

view it can be understood that Pheo® and Qa°® are capable to reduce O, to 0;°". The
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reduction of O, on the electron acceptor side of PSll initiates a series of reactions leading

to the generation of different ROS.

Various techniques including EPR spin-trapping spectroscopy (Vongonner et al.,
1993; Zhang et al., 2003), epinephrine-adrenochrome acceptor method (Vylegzhanina et
al., 2001), staining with dyes such as tetrazolium dye and nitro blue tetrazolium (NBT)
(Wohlgemuth et al., 2002), probing with fluorescent/chemiluminescent probes such as
dihydroethidium (DHE), Mito-SOX, lucigenin, luminol, luminol analog 8-amino-5-chloro-
2,3-dihydro-7-phenylpyrido [3,4-d] pyridazine sodium salt (L-012), cytochrome c
reduction and aconitase inactivation and fluorescent protein, such as circularly permuted
green fluorescent protein (cpYFP) based methods have been used to detect the formation
of 02°” in many cells and systems. EPR is the gold standard technique for the detection of
free radicals. Among the many kinds of spin traps for the analysis of free radicals, the
nitrone compound 5-ethoxycarbonyl-5-methyl-1-pyrroline N-oxide (EMPO) is the most
popular one. The EMPO interacts with 0,°” and forms EMPO-OOH adduct which could be
monitored by the EPR spectrometer to generate specific spectra. Apart from these above-
mentioned methods, electrochemical biosensor designed by alternating layers of
cytochrome c and poly (aniline sulfonic acid) on a gold wire electrode has also been
applied for the sensitive, selective, and stable quantification of 0,°~. The electrochemical
method using different modified electrodes have been successfully applied and optimized
for the detection of various ROS including O2°*~ during the recent past (Groenendaal et al.,

2000; Yuasa et al., 2005).

In our study (Prasad et al., 2017), we have demonstrated that polymeric iron-
porphyrin-based modified carbon electrode is a useful tool that provides a direct method
for real-time monitoring and precise detection of 0,°~ with its kinetics in biological
samples in-situ. We provided evidence that mechanical stress such as wounding causes
the O,° formation. We determine the concentration of 0,°" generated in mechanically
injured spinach leaves. The expected production was found to be about 40 nM and about

200 nM which is in agreement with studies in the past (Diaz et al., 2016; Diaz & Plummer,
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2018). To confirm the production of 0,°*", we examined the effect of exogenous SOD,
which causes the dismutation of 0,°” to H,02 on the oxidation current in a wounded
spinach leaf. The exogenous addition of SOD suppressed the oxidation current of 0,*"
significantly. However, the complete suppression of the oxidation current was not
observed. The oxidation current, which persisted can be attributed to rapid O,°*~ diffusion
to the electrode before its conversion to H,0, or the limited SOD activity at a fixed

concentration.

Our study (Prasad et al., 2017), opens a new area of study which has always been
difficult to explore using other available methods such as EPR spin-trapping spectroscopy,
fluorescence microscopy, and other biochemical methods. Thus, polymeric iron-
porphyrin-based modified carbon electrode has a strong potential for a wide application
in plant research for the specific and sensitive detection of O,*~ formation and the kinetic
behavior in real. Additionally, the application of synthetic porphyrin has an additional
advantage. Moreover, the use of synthetic porphyrin in our study has an additional
advantage over 02°  sensors based on naturally derived enzymes such as SOD and
cytochrome c oxidase (Di et al., 2004; Gobi & Mizutani, 2001). Though enzymes on the
sensor are sensitive to denaturation, whereas the porphyrin-based sensor can be used
without denaturation. Our porphyrin-based sensor is cost-effective although it has certain
limitations such as light-sensitivity, which might hinder its photo-electrochemical
applicability (Brett C.M.A., 1984). Representation of our experimental set up to measure

0,° shown in figure 4.
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Fig. 4. Representation of our experimental set up to measure 0,°” (A) Schematic diagram
of the reaction mechanism for the amperometric detection of O,°*” using the polymeric
iron-porphyrin-based modified carbon electrode depicting the reduction-oxidation cycle
leading to the generation of the oxidation current. (B) The stimulation was performed
using a glass capillary, and the polymeric iron-porphyrin-based modified carbon electron
was positioned at 1 mm using a motor-driven XYZ microscopic stage. (C) The in vivo
generation of 0;* was measured using a polymeric iron-porphyrin-based modified
carbon electron (working electrode, WE), platinum wire (counter electrode, CE), and
silver (Ag)/ silver chloride (AgCl) (reference electrode, RE).

1.2.2. Hydrogen peroxide

Hydrogen peroxide is produced in PSI and PSII. Enzymatic or non-enzymatic one-
electron reduction of 0,°" leads to the formation of H,0,. Enzymatic reduction of 0,*" by
heme and non-heme iron forms free and bound peroxide, respectively. Non-enzymatic
reduction of 0,°*~ by plastoquinol forms free H,0;. In enzymatic dismutation, the ferrous

heme iron of high potential form of cyt bssg catalyzes the one-electron reduction of HO,*®
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to H20; (Pospisil 2009, 2011). In spontaneous dismutation, O,* provides an additional
electron to another 0;°7, and with simultaneous protonation generates H;0;. The
availability of protons favors spontaneous dismutation such as at the membrane edge,
whereas, in the interior of the membrane, PSIl metal centers are chosen to catalyze the

dismutation reaction (Pospisil 2012).

Many spectroscopic and chromatographic techniques have been used to detect
H.0; in living cells (Chen et al., 2009; Mills et al., 2007). Oxidation of thiobenzamide with
lactoperoxidase has been used to measure the formation of light-induced H,O; in PSII
membranes (Arato et al., 2004; Pospisil et al., 2004). Amplex Red fluorescence assays have
been used to measure the formation of H20; in chloroplasts (Mubarakshina & lvanov,
2010; Yadav & Pospisil 2012). Probes to detect the H,0; like 3,3 diaminobenzidine (DAB),
amplex red (AR), amplex ultra red (AUR), and a europium-tetracycline complex (Eu3Tc)
has been tested and compared for the sensitivity to light, toxicity, subcellular localization,
sensitivity to H,0> by infiltrating into tobacco leaves (Snyrychova et al., 2009). The 3,3'-
Diaminobenzidine (DAB) has been used to detect the H,0, generation at the leaf level
after 3-acetyl-4-hydroxyl-5-isopropylpyrroline-2-dione (3-AIPTA) or bentazon treatment
(Chen et al., 2012). Moreover, a reporter system, based on HSP70A promoter-luciferase
fusions and cyclic voltammetry have also been developed for the detection of H,0; in vivo
(Shao et al., 2007). Mediator and non-mediator-based electrodes have been used in the
past as the electrochemical method for the detection of H;0;. Horseradish peroxidase
(HRP) is the most commonly used material for the modification of the electrode among

the mediator based modified electrodes (Liu et al., 2016; Rad et al., 2012).

In our study (Prasad et al., 2015), we developed and used a mediator (osmium)
based modified carbon electrode for real-time detection of H,0; generation at the level
of sub-cellular organelles. We studied the effect of high light stress in leaf and PSII
membranes reflected by H,0; as the stress response formed via the dismutation of O,°".
We observed that light stress caused a gradual increase in the reduction current which is
directly proportional to the formation of H,0,. We also studied the effect of SOD on 0,°*-

to find out the contribution of O,* in H.0, formation under light stress and observed that
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when exogenous SOD was added to the light exposed PSIl membrane, reduction current
for H,0; progressively increased leading to the conclusion that the H,0; produced in the
PSIIl membrane is formed via the dismutation of O,°". To confirm that the increase in the
reduction current was due to the rise in H,02 concentration, we subsequently examined
the effect of catalase which converts H,0; to water and O,. We observed that the
exogenous addition of catalase brings back the reduction current close to the value

observed under the dark condition.

Our mediator based modified carbon electrode for the electrochemical detection
of H,0, by catalytic amperometry is an auspicious biosensor device for the detection of
H.0; in photosynthetic cells and subcellular structures including PSIl or thylakoid
membranes. Our biosensor can be used to deliver precise information on the qualitative
determination of H,0; and therefore it has wide application in photosynthetic research.

Representation to shows the working principle of our biosensor shown in figure 5.

g N\ e O JRPu  HOe——H0,
- Enzyme
Electron transfer Apparent diffusion reac3t{ion Diffusion
at surface
Qs+ - > 0s** HRP,, H,0 —> H,0
Electrode Osmium peroxidase polymer Sample

Fig. 5. Schematic drawing to demonstrate the working principle of osmium-HRP modified
carbon electrode representing the oxidation-reduction cycle leading to the generation of
reduction current for H,0,. Adapted from (Prasad et al., 2015).

1.2.3. Hydroxyl radical

Hydroxyl radical is the most potent yet short-lived radical, generated by the metal-
catalyzed reduction of free H,0;, via a well-known phenomenon in inorganic chemistry
called Fenton reaction (Liochev, 1999). Generation of HO® from bound H;0 occurs via

Fenton like reaction in many biological systems. Reduction of H.0; to the HO® by several
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low-valent metals such as Fe?*, Mn?* or Cu* has been reported in biological systems. The
Fe?* is known to be the strongest reductant of H,0, (Pospisil, 2009). The chloroplast has
long been recognized as an important site of HO® formation through O, production at
PSIl. The Mn?* and Fe?* in PSIl are implicated in HO® generation that can lead to
photoinhibition. PSIl acceptor and donor sites are the major sites for the generation of
HO® (Pospisil, 2009). The detection methods for HO® are far more limited compared to
other ROS. Among the many kinds of spin traps for the analysis of HO® radical by EPR
spectroscopy, the nitrone compound DMPO is the most popular and classic one.
Interaction of DMPO with HO® forms DMPO-OH adduct, which could be captured using
the EPR spectrometer to generate specific spectra. One of the major drawbacks of using
DMPO for the detection of HO® is that DMPO-OH adduct spectra in EPR can be obtained
from the decay of DMPO-OOH adduct.

In our studies (Kumar et al., 2018, 2019a, 2019b) we used the EPR spectroscopy
with a promising spin trap a-(4-pyridyl N-oxide)-N-(tert-butylnitrone) POBN in
combination with ethanol (EtOH) (POBN/EtOH system) for the detection of HO® in vitro
and fluorescent probe 3’-p-(hydroxyphenyl) fluorescein (HPF) for the qualitative
detection of HO® in vivo to examine the effect of high light on the formation of HO®. We
observed that high light stress leads to the formation of HO®. Hydroxyl radical is
composed of a hydrogen atom bonded to an oxygen atom which makes it highly reactive.
It readily steals hydrogen atoms from other molecules to form water (Gligorovski et al.,
2015). In our study, we observed that illumination of light increased the formation of
protein radicals on PSll proteins. Based on our in vitro and in vivo results of HO® formation
and protein oxidation we propose that most of the protein oxidation might be caused by

HO® (Kumar et al., 2018).

1.2.4. Singlet oxygen

Singlet oxygen is produced in plant leaves in light via chlorophylls as
photosensitizers. The production of 0, is spatially resolved within thylakoid membranes

and is enhanced under light stress conditions. The 02 is produced by the energy transfer
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from triplet excited chlorophyll (3Chl*) to O, formed either by the intersystem crossing
from singlet excited chlorophyll (*Chl*) in the PSIl antennae complex or the
recombination of the charge-separated radical pair 3[P680**Pheo®] in the PSII reaction
center (Fig. 6). Apart from PSIl, light-harvesting antenna complexes (LHCs) are also
involved in the formation of 10, (Fischer et al., 2013; Pospisil 2012; Triantaphylides &
Havaux, 2009).

Modulation of 'O,
sources:
physical quenching of
the excited sensitizer

1 *
Y — S
'Chiy* e 5 3Chl,* —2— Pego
BE 3P+, Ph e PP |
Ry — 3Chl,* v ISC = 'P%Qy
e~
o %0, Electron
transfer
1Chl, Y

Physical quenching
of 10,

Chemical quenching
i Of 1()2

Fig. 6. Schematic presentation of the 10, in photosynthetic. In LHCs, 3Chl* formed by
electron spin-flip [intersystem crossing (ISC)] from Chl*. In the PSIl reaction centers,
charge separation between the singlet excited state of primary electron donor of PSII
(*P680*) and pheophytin (Pheo) is followed by electron transfer to the primary quinone
electron acceptor of PSIl (Qa) and then to PSI. Reduction of Qa promotes charge
recombination reactions in PSIl ultimately giving rise to the triplet state 3P680*.
Accumulation of triplet states in both LHCs and PSII centers leads to the activation of O;
to produce '0,. Both of these reactions are favored in strong light. Adapted from
(Triantaphylides & Havaux, 2009).

The study of 0, in biological systems is challenging because of its instability and
high reactivity towards biomolecules making it difficult to quantify accurately. Several

methods have been developed to study the formation and detection of 10,, but most of

26



the studies so far have focused on those conditions that produce relatively large amounts
of 10,. However, the need for more sensitive methods is required as one begins to explore
the levels of 10 required in signaling and regulatory processes. An indirect method to
detect the 0, has been performed by qRT-PCR of transcripts activated by 10, and direct
methods to detect 'O include using probes that interact directly with 0, (Koh & Fluhr,
2016; Prasad et al., 2018). In our studies (Kumar et al., 2018, 2019a, 2019b) we used the
EPR spectroscopy with a 10, specific spin probe 2, 2, 6, 6-tetramethyl-4-piperidone
(TMPD) for the detection of 103 in vitro and fluorescent probe singlet oxygen sensor green
(SOSG) for the qualitative detection of 10, in vivo and observed that light stress induces

the formation of 10,.

Singlet oxygen is very reactive because of its high electrophilicity and excited-state
energy. Above all, the singlet spin state of 0, permits the spin-allowed reaction
pathways, allowing a variety of oxygenation reactions (You, 2018). Singlet oxygen directly
oxidizes proteins, unsaturated fatty acids, and nucleic acids (Wagner et al., 2004). It has
been well established that 0, is the most important ROS accountable for the loss of PSlI
under light stress (Krieger-Liszkay et al., 2008; Triantaphylides et al., 2008). Singlet oxygen
can be quenched by B-carotene, a-tocopherol, plastoquinol (Ferretti et al., 2018; Krieger-

Liszkay, 2005).
1.3. Photosynthetic oxygen evolution

Introduction of O; into our atmosphere by photosynthetic organisms during the
evolution of aerobic life on the planet has brought us, ROS as an essential part of life. It
has been established that excitation or reduction of O; leads to the formation of ROS
(Pospisil 2009; Tripathy & Oelmuller, 2012). Since the photosynthetic O, evolution has
been considered as the source of ROS several techniques have been used to measure
photosynthetic O, evolution in the last years. Due to the importance of O, in medical and
industrial applications, its measurement has received much attention. Out of many

techniques available, polarography is a predominant technique supported with extensive
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documentation of its use in biological and medical research (Delieu & Walker, 1981;

Schumpe et al., 1978; Stengel & Reckermann, 1978; Wei et al., 2019).

In photosynthesis research, the traditional Warburg manometry was replaced by
polarography. Many types of electrochemical cells have been designed to measure Oa.
For the routine measurements of photosynthetic O, evolution, commercially available
equipment based on the Clark electrode is used frequently (Clark, 1956). The Clark
electrode is a ‘bipolar' electrochemical O, sensor. Teflon membrane used in Clark
electrode is permeable to O, but impermeable to water and ions, therefore, used to
separate the sample from the cathode (platinum) and anode (silver) and the connecting
electrolyte solution. The cathode reduces Oz to hydroxide ions (OH"). At the anode, AgCl
is formed initially, and later as OH™accumulates AgOH also formed. The Clark electrode is
essentially a closed system and can be used to measure O; in the gas phase as well as in
solution (Delieu & Walker, 1981; Delieu & Walker, 1983). The measured current is simply
proportional to the O, tension (partial pressure) in the sample and is easily calibrated by
comparison to the signal in an air-saturated solution at the same temperature. Although
Clark electrode is used frequently in photosynthesis research, conditions often arise

where the unmodified Clark electrode is too unresponsive, too slow, or both.

Another technique, EPR oximetry has also been used extensively in the past to
measure the O;. This technique is based on the fact that O, is paramagnetic. The collision
between paramagnetic O, and a properly chosen spin probe (Lithium phthalocyanine,
CTPO, TRITYL) causes expansion of the EPR Line (Liu et al., 1993; Subczynski & Swartz,
2005). This technique is non-invasive, and it does not consume O or produce harmful
reaction products and does not require continuous stirring of the sample while stirring (in
solution) of the sample in the Clark electrode method is very important to ensure that the
0, concentration gradient is restricted to the membrane. EPR Oximetry can be used to
measure the O, concentration in very small structures, like cells. A major drawback of EPR
oximetry has been the fact that many spin probes/labels are toxic (Subczynski & Swartz,

2005). Another difficulty is that the broadening of the EPR line can be caused by many
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other parameters than 0, like the presence of paramagnetic ions, nitroxide
concentration, viscosity, microwave power, pH, and temperature (Salikhov et al., 1971).
Thus, it is essential to standardize the O; effect for each system and keep parameters like
temperature, microwave power, and nitroxide concentration constant. Besides at high O;
concentrations EPR oximetry is not very sensitive. So far there are only a few reports
available on the use of EPR oximetry in photosynthesis (Tikhonov & Subczynski, 2019).
Photosynthetic O, evolution involves the rearrangement of nuclei to form one
kind of molecule from another and this kind of rearrangement of nuclei can be studied by
using traditional biochemical tools by tagging of the substrate by nuclear isotopes and
measuring the isotope arrangement of the product. The importance of mass
spectrometry in photosynthesis research was established by Hoch and Kok (Hoch & Kok,
1963). In addition to the above-mentioned techniques, there are few reports on the use
of photoacoustic spectroscopy and galvanic sensors in photosynthesis (Mauzerall, 1990;
Meyer et al., 1989). Quenching based O; sensors that are prepared by embedding the
fluorophore in O, permeable polymer matrix [Polyvinyl chloride (PVC) or silicone] has an
advantage as they are generally used in both liquid and gaseous phase (Tyystjarvi et al.,
1998). As quenching-based O; sensors, ruthenium (Ru) (ll) a-diimine complexes (15) and
platinum (Pt) (Il)/palladium (Pd) (II) porphyrin systems are among the most studied
(Demas & DeGraff, 1997; Demas et al., 1999; Gouterman, 1997; Kneas et al., 1997).

Each method applied for the detection and estimation of O, has some strengths and
limitations. The electrochemical technique has an advantage of direct detection of O,
without labels and additional reagents. As an example, electrochemical O, analyzers
based on the reduction of O; at a negatively polarized platinum electrode has been
established. An ultra-microelectrode (diameter: 1.5 um) was also introduced and inserted
into a single cell to determine intercellular reduction current for O, (Matsue et al., 1992;
Matsue et al., 1993).

In our study (Kasai et al., 2019), we used our recently developed LSI-based
amperometric biosensor array system referred to as the Bio-LSI chip for two-dimensional

imaging of light-induced O; evolution from spinach leaves (Inoue et al., 2012; Inoue et al.,

29



2015). The Bio-LSI contains a 10.4 mm x 10.4 mm complementary metal-oxide-
semiconductor (CMOS) sensor chip with 20 x 20-unit cells, an external circuit box, a
control unit for data acquisition, and a direct current (DC) power box. Each unit cell of the
chip consists of an operational amplifier with a switched-capacitor type |-V converter for
in-pixel signal amplification, which grasps a fast acquisition of electrochemical images
with high sensitivity. To the best of our knowledge, this is the first study to describe real-
time electrochemical imaging of light-induced O, release from a photosynthetic organism

using LSIl-based amperometric sensors.
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2. AIM OF THE STUDY

There are several methods available to study the protein oxidation, ROS formation,
and photosynthetic O, evolution in plants. However, to date, there is no selective and
sensitive technique available for the detection of protein radicals in plant cells to study
the protein oxidation. Neither there is any method available for the real-time
measurement of ROS (0,°*, H,0;) formation and to perform two-dimensional imaging of
photosynthetic O; evolution to study their kinetics as a result of oxidative stress. All things

considered; we have aimed our study as follows:

I.  Introduction of immuno-spin trapping to detect protein radicals in vitro and in vivo
to study the protein oxidation due to photooxidative stress in leaves.

II.  Characterization of PSIl proteins involved in protein radical formation by protein
oxidation in thylakoid membranes.

lll. Develop an amperometric based detection method to provide evidence of 0,°"
generation and its kinetics in the leaves subjected to wounding.

IV.  Develop an amperometric based detection method for the real-time
measurement of H,0; generation and its kinetic study at the level of sub-cellular
organelles.

V. Develop an amperometric based detection method for the two-dimensional

imaging of light-induced O; evolution from leaves.
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3. EXPERIMENTAL APPROACH

To accomplish our aims of the study we have used a broad range of materials and
methods. This chapter briefly describes the materials and different methods used in my

doctoral study.
3.1. Chemicals

The important chemicals used in the study are listed here. Different spin traps were
used including EMPO from Alexis Biochemicals (Switzerland), DMPO from Dojindo,
Munich, Germany, POBN, spin probe TMPD, and fluorescence probe hydroxyphenyl
fluorescein (HPF) from Sigma Aldrich, Germany. The capillary tube used for EPR
measurements was from Blaubrand intraMARK, Brand, Germany. Reagent SOSG was

obtained by Molecular Probes Inc. (U.S.A.),

A brief list of other chemicals used in the study are as follows; sucrose (C12H22011),
sodium chloride (NaCl), magnesium chloride (MgCl), calcium chloride (CaCly), sodium
bicarbonate (NaHCOs), 4-2-hydroxyethyl-1-piperazine ethane sulfonic acid (HEPES,
CsH1sN204S),sodium-ascorbate (CsH7NaOs), bovine serum albumin (BSA), 2-N-
morpholino-ethane sulfonic acid (MES, CeH13NO4S), triton X-100 [C14H220(C2H40)n],
horseradish peroxidase (HRP), 3-(3,4-dichlorophenyl)-1,1-dimethyl urea (DCMU,
CoH10C2N20), ethanol (CaHsOH), etc. from Sigma-Aldrich Chemie Gmbh (Munich,
Germany). The carbon electrodes from BAS Inc., ALS Co., Ltd. (Tokyo, Japan). Superoxide
dismutase (SOD), xanthine oxidase, and xanthine (X/XO) from Wako Pure Chemicals
Industries, Ltd. (Osaka, Japan), Sigma-Aldrich Chemie Gmbh (Munich, Germany) or Sigma-
Aldrich Japan K.K. (Tokyo, Japan). The anti-D1, anti-C-terminal, anti-D-de loop, anti-cyt
bsse a-subunit, anti-D2, anti-CP43, anti-CP47, and anti-Lhcb3 antibodies from Agrisera, an
anti-DMPO antibody from Abcam, Cambridge, UK and anti-DNP antibody from Molecular
Probes Europe BV, Leiden, Netherlands. Sodium dodecyl sulfate (SDS), 2,4-
dinitrophenylhydrazine (DNPH), hydrochloric acid (HCl), tris-aminomethane (TRIS) and
glycerol from Sigma Aldrich, Missouri, United States. Mini-PROTEAN tetra vertical

32



electrophoresis cell from Bio-Rad, California, USA, nitrocellulose (NC) membrane, semi-

dry blotter (Trans-Blot SD, Semi-dry transfer cell, Bio-Rad, USA.
3.2. Growing of Arabidopsis thaliana plants

Seeds of wild-type Arabidopsis (Arabidopsis thaliana, cv. Columbia-0; WT) purchased
from the Nottingham Arabidopsis Stock Center (NASC), University of Nottingham
(Loughborough, United Kingdom) were waterlogged in distilled water followed by potting
in growing pots with a peat substrate (Klasmann, Potgrond H). Plants were kept in a
growing chamber (Photon Systems Instruments, Drdsov, Czechia) under regulated
environmental conditions with a light intensity of 100 umol photons m s, photoperiod
of 8/16 hour and temperature of 25° C (unless specified otherwise) with a relative air

humidity of 60%.

3.3. Spinach (Spinacia oleracea) leaves collection

For Spinach experiments, fresh leaves were purchased from the local market.
3.4. High-light treatment for photoinhibition

Arabidopsis plants (5 or 6 weeks old) were exposed to high light stress (1500 pumol
photons m2s) at 8° C for 13 hours using AlgaeTron AG 230 (Photon Systems Instruments,
Drasov 470, Czechia). The Arabidopsis leaves (5-6 weeks) were collected for further
experiments. For confocal experiments leaf pieces and intact chloroplasts were

illuminated with high red light (1000 pmol photons m2 s) at 25° C for 30 min.
3.5. Intact chloroplast isolation from Arabidopsis

Intact chloroplasts were prepared from Arabidopsis leaves following the protocol of
Seigneurin et al. (Seigneurin-Berny et al., 2008). In brief, prepare two 20 ml polypropylene
tubes containing 10 ml discontinuous percoll gradients solution prepared by successively
layering 2 ml of 80% and 8 ml of 40% percoll solutions for chloroplast purification. Collect

and wash the Arabidopsis leaves, strain the leaves, and store them in the dark cold room
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(4° C) overnight. Leaf material covered with enough grinding buffer (with BSA) to cover
the leaves in the blender cup and homogenize the leaf material twice, each time 5 to 10
sec in a blender at low speed and a third time (2 to 10 sec) at high speed. Quickly filter
the homogenate through 4 to 5 layers of muslin and one layer of nylon blutex and collect
the filtered homogenate in a glass beaker. Equally, distribute the filtered suspension into
two tubes for centrifugation and centrifuge them for 10 min at 1200 x g at 4° C. Cautiously
remove the supernatant from each tube, retaining the pellets. Get rid of the remaining
supernatant with a Pasteur pipet and keep the crude chloroplast fraction containing
pellets on ice followed by washing of pellets with washing buffer twice and loading the
crude chloroplast suspension on the top of the discontinuous percoll gradients by wall
transfer to avoid mixing of suspension to upper percoll layer. Centrifuge the gradients for

20 min at 3000 x g at 4° C using the swinging rotor.

Intact chloroplasts are recovered at the bottom interface (80%/40% percoll) and
broken chloroplasts + extra-chloroplastic membrane systems form a band at the upper
interface (sample/40% percoll). Cautiously take away the upper part of the gradient
holding the broken chloroplasts by aspirating with a Pasteur pipet, recover intact
chloroplasts (at the interface 80%/40% Percoll) with 5 ml pipet and softly pool the intact
chloroplasts in a 10 ml tubes. Dilute the chloroplast suspension 3 to 4-fold with washing
medium and centrifuge the suspension for 5 min at 4000 x g at 4° C. Cautiously remove
the supernatant and repeat the wash step, centrifuge for 5 min at 3000 x g at 4° C, remove
the supernatant and save the pellet containing purified intact chloroplasts on ice and use

it immediately for experiments.

3.6. Thylakoid membrane isolation from Arabidopsis

Five to-six-weeks old rosette leaves were harvested from plants. The harvested
leaves (0.3-0.5 g) were floated on ice-cold water for 20—30 min in the dark at 4° C
followed by blotting. All following steps were carried out at 4° C in the dark and all
materials and buffers used were precooled. The leaves were rapidly homogenized using

mortar and pestle in 2—3 ml of grinding buffer (GB) containing 0.4 M sorbitol, 5 mM EDTA,
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5 mM EGTA, 5 mM MgClz, 10 mM NaHCOs, 20 mM Tricine/NaOH (pH 8.4) and 0.5% (w/v)
fatty acid-free BSA. The homogenate was filtered through 8 layers of cheesecloth, with a
gentle hand pressure being applied to increase the final thylakoid yield. The suspension
was centrifuged at 2600 g for 3 min at 4 °C, the supernatant carefully discarded and the
pellet resuspended in 2—3 ml of resuspending buffer (RB) containing 0.3 M sorbitol, 2.5
mM EDTA, 5 mM MgClz, 10 mM NaHCOs, 20 mM HEPES (pH 7.6) and 0.5% (w/v) fatty acid-
free BSA. After centrifugation (2600 g for 3 min at 4 °C), the pellet was washed again in
RB and then resuspended in 1 ml of hypotonic buffer (HB) containing 2.5 mM EDTA, 5 mM
MgClz, 10 mM NaHCOs, 20 mM HEPES (pH 7.6) and 0.5% (w/v) fatty acid-free BSA, and
the final volume was adjusted to 5 ml with HB. The thylakoid membranes were collected
by centrifugation (2600 g for 3 min at 4 °C). Finally, the pellet was resuspended in a small
volume (0.5—-1 ml) of RB and the suspension was stored in ice in the dark until use. The
chlorophyll concentrations from thylakoid preparations and intact leaves were calculated
from the absorbances at 645 and 663 nm of 80% (v/v) acetone extract, according to Arnon
(1949).

NOTE: All solutions, glassware, centrifuge tubes, and equipment should be precooled to
0° Cto 4° C and kept on ice throughout.

NOTE: All operations are carried out at 0° C to 5° C by keeping samples on ice in the

darkroom.

3.7. PSIl membrane isolation from Spinach

The PSIl membranes were isolated from fresh spinach leaves following the protocol
of Berthold et al. (Berthold et al., 1981) with few modifications described by Ford and
Evans (Ford & Evans, 1983). Each step through the isolation process was performed at 4°C
in green light using green LED strip (Photon Systems Instruments (PSI), Drasov, Czech
Republic) or under dark condition using different buffers (A and B). The buffer A (pH 7.5)
contain 400 mM sucrose, 15 mM NaCl, 5 mM MgCl2, 5 mM CaCl2, 40 mM HEPES (pH 7.5),
5 mM Na-ascorbate, and 2 g/l bovine serum albumin (BSA) whereas, buffer B contain 400

mM sucrose, 15 mM NaCl and 5 mM MgCl2, 40 mM MES (pH 6.5). Dark-adapted fresh
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spinach leaves were rinsed twice with deionized water followed by grinding in buffer A
with the addition of Na-ascorbate and BSA. After grinding the homogenate was filtered
through 2 layers of nylon bolting cloth. The filtrate was removed into the chilled
centrifugation tubes and centrifuged for 10 min at 9950 x g at 4°C. The supernatant was
removed, and the pellet was resuspended in buffer B and again centrifuged at 9950 x g
for 10 min at 4°C. Repeat this step and determine the concentration of chlorophyll
following the protocol described by (Lichtenthaler, 1987). This step was followed by
treating the suspension with 5% Triton X-100 on ice bath with nonstop stirring of the
solution for 17 min, followed by centrifugation at 7000 x g for 7 min at 4°C. The
supernatant was collected, centrifuged at 48,000 x g for 20 min at 4°C, again the pellet
was collected and washed 3 times with buffer B. At the last step, chlorophyll
concentration was determined again. PSIl membranes were diluted to the desired final

chlorophyll concentration and stored at —=80° C until further use.

3.8. EPR spin-trapping spectroscopy

The detection of 0,*~, HO® and 0, was performed using EPR spectroscopy. For 0,°7,
HO® and 0, detection, spin traps, EMPO, POBN/ethanol system, and spin probe TMPD
were used, respectively. The detection of 0,*" in the Xanthine/Xanthine Oxidase system
was performed using 25 mM EMPO in phosphate buffer and for the detection of 0,*"in
PSIl membranes 150 pg Chl ml™* was incubated with 25 mM EMPO, 40 mM phosphate
buffer (pH 6.5), 20 uM DCMU and 50 uM Desferal. Formation of light-induced EMPO-OOH
adduct EPR spectra was measured in PSIl membranes after illumination of PSII
membranes in a glass capillary tube with continuous white light (1000 pumol photons m=
s71). For HO® detection, thylakoid membranes (250 pg Chl ml™) were incubated in the
presence of 50mM POBN, 170mM ethanol and 40mM MES buffer (pH 6.5) in the dark or
in high white light (1500 umol photons m=2 s71) for 30 min and formation of light-induced
[POBN-CH(CH3)OH] adduct EPR spectra was measured in thylakoid membranes. For 102
detection, thylakoid membranes (250 pg Chl ml™t) were incubated in the presence of

50mM TMPD and 40mM MES buffer (pH 6.5) in dark or high white light (1500 pumol

36



photons m=2 s71) for 30 min and formation of light-induced TEMPONE EPR signal was
measured in thylakoid membranes. Subsequently, the samples were immediately
transferred into a glass capillary tube and EPR spectra were collected at room
temperature using an EPR spectrometer. EPR conditions used in all the measurements
were as follows: microwave power, 10 mW; modulation amplitude, 1 G; modulation

frequency, 100 kHz; sweep width, 100 G; and scan rate, 1.62 G s™2.
3.9. Confocal laser scanning microscopy

The visualization of HO® and 0, formation in light stressed leaves was performed by
confocal laser scanning microscopy using hydroxyphenyl fluorescein (HPF) and singlet
oxygen sensor green (SOSG) fluorescence probes (Molecular Probes Inc., Eugene, OR,
USA), respectively. Leaves were sliced into pieces of approximately 5 mm squares after
light illumination (1500 umol photons m=2 s, 13 h, 8 °C) and then incubated in 2 ml
Eppendorf tube either with 10 uM HPF or 50 uM SOSG in presence of HEPES buffer (pH
7.5) for 30 min either in the dark or exposed to high red light (A>600nm). Leaf pieces were
placed on a wetted glass slide followed by covering it with a glass coverslip. Afterward,
the samples were visualized by confocal microscope (Fluorview 1000 unit attached to
IX80 microscope; Olympus Czech Group, Prague, Czech Republic). The excitation of
HPF/SOSG was performed by a 488 nm line of an argon laser and the emission was
detected by a 505-525 nm filter. Chloroplasts were visualized by excitation with 543 nm

helium-neon laser, and emission was recorded with a 655—755 nm bandpass filter.
3.10. SDS-PAGE and immuno-spin trapping

To separate the proteins, we used SDS-PAGE and to detect protein radical in thylakoid
membranes, immuno-spin trapping technique was used. To detect the protein radicals,
thylakoid membranes (2.5-5 pg Chl ml™t) were incubated with 50 mM DMPO in the dark
or illuminated with high light (1500 pmol photons m=2 s71). Protein extraction was done
using DTT (dithiothreitol) protein extraction buffer followed by heating at 70 °C in a dry

bath for 15 min and centrifuged at 16,000xg for 5 min at 4 °C. To detect protein carbonyls,
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thylakoid membranes (5-10 pg Chl mlI™) were illuminated for 30 min with high light (1500
umol photons m= s71). Aqueous SDS (12%) was used to extract proteins and 2,4-
dinitrophenylhydrazine (DNPH) (10mM) dissolved in 2M HCl was used for derivatization
of proteins. Neutralization was done with TRIS, 2M and 30% glycerol (Sigma Aldrich,
Missouri, United States). Protein samples were loaded into the wells and SDS-PAGE was
done using Mini-PROTEAN Tetra vertical electrophoresis cell (Bio-Rad, California, USA)
according to the protocol Tris-Tricine SDS-PAGE described by (Schagger, 2006). Transfer
of protein bands from gel to a nitrocellulose (NC) membrane was completed using a semi-
dry blotter (Trans-Blot SD, Semi-dry transfer cell, Bio-Rad, USA). Non-specific sites on NC
membrane was blocked by incubating the NC membrane overnight with 5% BSA prepared
in phosphate-buffered saline-tween 20 (pH 7.4) at 4 °C. All successive steps were
performed on a shaker at room temperature. Overnight incubated NC membrane was
incubated with rabbit polyclonal anti-DMPO antibody (Abcam, Cambridge, UK) and rabbit
polyclonal anti-DNP antibody (Molecular Probes Europe BV, Leiden, Netherlands)
followed by 2-3 washing steps and 1 h incubation with HRP conjugated anti-rabbit
secondary antibody. Visualization of protein bands was done using luminol as a
chemiluminescent probe (Amersham Imager 600, GE Health Care Europe GmbH, Freiburg,
Germany). To identify proteins from anti-DMPO blot, antibody stripping and re-probing
with new antibodies raised against the PSII proteins was performed and the apparent size
of protein bands was determined using a standard protein ladder (PageRuler™ Prestained

Protein Ladder, 10—180 kDa, Thermo Scientific, Lithuania).
3.11. Catalytic amperometry

Potentiostat (HA1010mM4S; Hokuto Denke Co. Ltd., Japan) was used for the
electrochemical measurements. For the detection of H;0; generated in the PSII
membrane, the PSIl membranes of 150 pg Chl ml~! were introduced into a six-well repro
plate (IFP, Research unit for the functional peptides, Yamagata, Japan). Ag/AgCl electrode
was used as a reference electrode and the Os-HRP modified carbon electrode was used

as a working electrode and the platinum plate in the dimension of 5*5*0.1 mm was used
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as a counter electrode. The kinetics of the light-induced H,0, formation was measured in
PSIl membranes after illumination under continuous white light (1000 umol photons m=2
s7!) for 1 h. The sampling time was kept at 500 ms. For the detection of O,*~ generated in
response to wounding we used Ag/AgCl as a reference electrode, polymeric iron-
porphyrin-based modified carbon electrode as a working electrode (¢1 mm), and a
platinum wire ($0.25 x 40 mm) as a counter electrode. The kinetics of the of 0,°"
formation was measured in non-wounded and wounded spinach leaves and in the
chemical system containing no spinach leaves and, in the absence/presence of SOD (400

U ml).
3.12. Bio-LSI based real-time imaging of photosynthetic O, evolution

For the two-dimensional real-time imaging of photosynthetic O; evolution, spinach
leaf in the dimension of 5 mm x 2 mm was positioned on the working electrodes covered
with PBS buffer. The reference electrode is composed of Ag/AgCl, a counter electrode
composed of Pt wire, and the working electrode is composed of 400 platinum electrodes
each with a diameter of 40 um on the Bio-LSI chip. A potential of — 0.5 V vs. Ag/AgCl was
applied to the working electrodes until the reduction current of dissolved O, was
stabilized to ~0 nA followed by two-dimensional imaging of O, evolution from the spinach
leaf by continuous application of - 0.5 V vs. Ag/AgCl to the working electrodes. To initiate
photosynthesis the light exposure was accomplished using a KL300 LED light source (A =
400-800 nm) connected with a light guide (Schott AG, Hattenbergstrasse 10, Mainz,
Germany) with light intensities of 0 klx, 3 kix (40 umol photons s™ m2), 20 kix (260 umol
photons s m=2) and 30 kix (400 umol photons s™* m=2). The light intensities used in the
study reflect the situation very similar to field conditions. Experiments in the absence of
spinach leaf were performed as a negative control. Reduction current data from a single
electrode [indicated by a red open square, (Kumar et al., 2019a)] from the electrode
sensor array system was chosen for the time course monitoring of the reduction current.

The effect of a photosynthetic inhibitor, DCMU was also studied.
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4. CONCLUSIONS AND FUTURE PERSPECTIVES:

Based on the results described in this thesis, we conclude that:

+ Oxidation of proteins is associated with the formation of protein radicals involving
carbon-centered (alkyl) and oxygen-centered (peroxyl and alkoxyl) radicals. The
formation of protein radicals was initiated either by HO® or *0..

4 Our in vitro and in vivo results using the immuno-spin trapping technique show that
oxidation of PSII proteins is caused by HO® or 10,.

4+ Our confocal laser scanning microscopy results using the anti-DMPO antibody
conjugated with FITC shows that protein radicals are formed in the chloroplasts
located at the periphery of the mesophyll cells predominantly in the appressed
thylakoid membranes containing PSIl complexes.

+ A standard immunoblotting technique using PSII protein-specific antibodies showed
that protein radicals are formed on D1, D2, CP43, CP47, and Lhcb3 proteins.

+ Protein oxidation is reflected by the appearance/disappearance of the protein bands
revealing that formation of protein radicals is associated with protein fragmentation
(cleavage of the D1 peptide bonds) and aggregation (cross-linking with another PSII
subunits).

+ D1, C-terminal, D-de loop, D2 and a-subunit of cyt bsse protein contributed in 55 and
68 kDa aggregate formation
D1, C-terminal, and a-subunit of cyt bsse protein contributed in 41 and 18 kDa band.

+ Our results provide clear evidence on the involvement of D1, C-terminal, D-de-loop,
and a-subunit of cyt bssg proteins in aggregation and fragmentation and formation of
protein radical on the aggregates and fragments.

+ Imaging of protein radicals by immuno-spin trapping represents a selective and
sensitive technique for the detection and characterization of protein radicals that
might help to clarify mechanistic aspects of the role of protein radicals in the

retrograde signaling and oxidative damage in the plant cell.
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Our in vitro and in vivo results provide the evidence on the formation of 10,, 0,°*",
H,0,, HO® production during stress.

High light stress in the PSIl membrane primarily leads to the production of O,°~ as the
stress response.

Wounding in plants caused by mechanical injury is associated with the formation of
0x*.

Addition of exogenous SOD, which is known to catalyze the dismutation of 0,°* to
H,0, to PSII membranes before illumination, completely diminish 0,°". The
simultaneous addition of SOD and CAT was also found to completely suppress the
0,°". These observations indicate that O,*” produced during high light illumination is
involved in H,0; formation in PSIl membranes.

Photosynthetic water oxidation catalyzed by a tetra-manganese penta-oxygen
calcium (Mn4OsCa) cluster bound to the proteins of PSIl leads to the production of O..
Application of immuno-spin trapping opens new possibilities to characterize the
oxidized proteins and study their role in the signal transduction from the chloroplasts
to the nucleus and unravel description of the spatial and temporal dynamics of the
oxidative damage in the plant cell.

Catalytic amperometric measurements using polymeric iron-porphyrin based
modified carbon electrode is a direct method for real-time monitoring and precise
detection of O,°" in biological samples, with the potential for wide application in plant
research for specific and sensitive detection of 0,°".

The osmium-HRP modified electrode is specific for H,0, and can be widely used in
photosynthetic research where the detection of H,0, has always been a challenge.
Light-induced O3 evolution can be imaged using the Bio-LSI chip, suggesting that the

Bio-LSl is a promising tool for real-time imaging.
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ARTICLE INFO ABSTRACT

Biomolecule (lipid and protein) oxidation products formed in plant cells exposed to photooxidative stress play a
crucial role in the retrograde signaling and oxidative damage. The oxidation of biomolecules initiated by re-
active oxygen species is associated with formation of organic (alkyl, peroxyl and alkoxyl) radicals. Currently,
there is no selective and sensitive technique available for the detection of organic radicals in plant cells. Here,
based on the analogy with animal cells, immuno-spin trapping using spin trap, 5,5-dimethyl-1-pyrroline N-oxide
(DMPO) was used to image organic radicals in Arabidopsis leaves exposed to high light. Using antibody raised
against the DMPO nitrone adduct conjugated with the fluorescein isothiocyanate, organic radicals were imaged
by confocal laser scanning microscopy. Organic radicals are formed predominantly in the chloroplasts located at
the periphery of the cells and distributed uniformly throughout the grana stack. Characterization of protein
radicals by standard immunological techniques using anti-DMPO antibody shows protein bands with apparent
molecular weights of 32 and 34 kDa assigned to D1 and D2 proteins and two protein bands below the D1/D2
band with apparent molecular weights of 23 and 18 kDa and four protein bands above the D1/D2 band with
apparent molecular weights of 41, 43, 55 and 68 kDa. In summary, imaging of organic radicals by immuno-spin
trapping represents selective and sensitive technique for the detection of organic radicals that might help to
clarify mechanistic aspects on the role of organic radicals in the retrograde signaling and oxidative damage in

Keywords:
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Peroxyl radical
Hydroperoxide
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plant cell.

1. Introduction

Under natural conditions, photosynthetic light reactions in higher
plants are associated with the formation of reactive oxygen species
(ROS) known to play an important role in the retrograde signaling and
oxidative damage [1-3]. The retrograde signaling linked with the ac-
climation response and programmed cell death leads to changes in the
expression of nuclear-encoded genes [4]. In the acclimation response,
the retrograde signaling supports the plants to defend themselves
against the diverse conditions, whereas the activation of programmed
cell death in the plants tends to remove damaged cells. As diffusion of
ROS out of the chloroplasts is limited due to their high reactivity to the
proteins, the signal transduction from the chloroplasts to the nucleus is
expected to involve the oxidation products of proteins. It seems to be
more feasible that the oxidation products may cross the thylakoid, inner
and outer chloroplast membranes to reach the nucleus. The oxidation
products of proteins were proposed to serve as a secondary messengers
known to maintain the signal transduction from the chloroplast to the
nucleus [5]. The oxidative damage is caused by irreversible oxidation of

* Corresponding author.
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proteins during the accidental cell death. Protein oxidation is associated
with the formation of highly reactive protein radicals comprising
carbon-centered (alkyl) and oxygen-centered (peroxyl and alkoxyl) ra-
dicals known to form the primary (hydroperoxides) and secondary
(reactive carbonyl species and hydroxy amino acid) products. Using
mass spectrometry, oxidized amino acids in D1 and D2 proteins in
photosystem II (PSII) were shown to be localized close to the site of ROS
production on the both lumenal and stromal side of the thylakoid
membrane [6-8]. Protein oxidation is accompanied with protein
backbone cleavage (fragmentation) and protein aggregation (protein-
protein cross-linking) [9-11]. The oxidation of amino acid localized at
the lumen exposed AB-loop and the stroma exposed D-de loop of D1
protein produces 24 kDa C-terminal/9 kDa N-terminal and 23-kDa N-
terminal/9-kDa C-terminal fragments, respectively [12,13]. Proteolytic
degradation of damaged D1 protein and its replacement with a newly-
synthetized D1 copy is maintained by repair cycle [14,15].

In view of the progress that has to be made to understand the dif-
ferent biological functions of organic radicals in the initiation of the
retrograde transduction and oxidative damage, sensitive and specific
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technique for their detection in plant is required. In vivo detection of
organic radicals has been hindered due to their high reactivity and
short lifetime. Electron paramagnetic resonance (EPR) spin trapping
technique used for the selective and sensitive detection of organic ra-
dicals in vitro does not allow imaging of the organic radicals in tissues
and whole organisms. However, recent progress in this field enables the
imaging of organic (protein and nucleic acid) radicals by immuno-spin
trapping in animal cell, animal tissues and whole animals [16,17]. In
this study, imaging of organic radicals by immuno-spin trapping was
performed in Arabidopsis leaves exposed to high light. In this tech-
nique, organic radicals are trapped by spin trap, 5,5-dimethyl-1-pyr-
roline N-oxide (DMPO) to form paramagnetic DMPO-organic radical
adduct detected by EPR spectroscopy [16]. However, due to the oxi-
dizing conditions, DMPO-R adduct is oxidized within few minutes to
diamagnetic DMPO nitrone adducts [18] which might be imaged by
confocal laser scanning microscopy using the fluorescein isothiocyanate
(FITC) conjugated DMPO antibody specific to DMPO nitrone adducts
(anti-DMPO antibody) [19]. The imaging of organic radicals by im-
muno-spin trapping allows the identification and localization of organic
radicals in plant cell, plant tissue and whole plant.

2. Materials and methods
2.1. Plant material, chloroplast and thylakoid membrane isolation

Seeds of Arabidopsis thaliana, Columbia-0 (WT) were obtained from
Nottingham Arabidopsis Stock Center (NASC), United Kingdom. Plants
were grown in the Fytoscope FS-WI-HY (Photon Systems Instruments,
Drasov, Czech Republic) under controlled conditions with light in-
tensity of 100 umol photons m~% s ™!, photoperiod of 8/16 h light/dark
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Fig. 1. Hydroxyl radical and singlet oxygen
formation in Arabidopsis. (A-B) Hydroxyl
radical and singlet oxygen detection in
thylakoid membranes by electron para-
magnetic resonance spin trapping tech-
nique. For hydroxyl radical detection, thyla-
koid membranes were incubated with 50 mM
POBN spin trap in presence of 170 mM ethanol
in the dark or exposed to high white light for
30min and POBN-CH(CH3)OH adduct EPR
spectra was measured. For singlet oxygen de-
tection, thylakoid membranes were incubated
with TMPD spin probe in the dark or in high
white light for 30 min and TEMPONE EPR
spectra was measured. (C-D) Hydroxyl radical
and singlet oxygen imaging in Arabidopsis
leaves monitored by laser confocal scan-
ning microscopy. For hydroxyl radical and
singlet oxygen detection, Arabidopsis leaves
were treated with 10 uM HPF and 50 uyM SOSG
either in the dark or exposed to high red light
for 30 min and HPF-ox and SOSG-EP fluores-
cence was detected, respectively.

Red light

and temperature of 22/20 °C, respectively (unless specified otherwise)
with a relative air humidity of 60%. Arabidopsis plants (5 or 6 weeks
old) were exposed to high white light (1500 umol photons m~2 s~ 1) at
a low air temperature of 8 °C for 13 h in the AlgaeTron AG 230 (Photon
Systems Instruments, Drasov 470, Czech Republic). Intact chloroplasts
were prepared from Arabidopsis plants previously exposed to high
white light using Percoll gradient centrifugation as described by [20]
and used immediately for measurements. Thylakoid membranes were
prepared from Arabidopsis plants previously exposed to high white
light according to Casazza et al. [21] and stored at —80 °C in the dark
until use.

2.2. In vitro detection of hydroxyl radical and singlet oxygen by EPR spin
trapping spectroscopy

The detection of hydroxyl radical (HO") and singlet oxygen (*05)
was performed using EPR spectroscopy. For HO" detection, spin trap a-
(4-pyridyl N-oxide)-N-(tert-butylnitrone) (Enzo Life Sciences, Czech
Republic) POBN/ethanol system was used. Thylakoid membranes
(250 pg Chl ml~1) were incubated in the presence of 50 mM POBN,
170 mM ethanol and 40 mM MES buffer (pH 6.5) in the dark or in high
white light (1500 pmol photons m ™2 s~ 1) for 30 min. For 10, detection,
spin probe 2, 2, 6, 6-tetramethyl-4-piperidone (TMPD, Sigma-Aldrich,
USA) purified twice by vacuum distillation to reduce impurity from
TMPD EPR signal was used. Thylakoid membranes (25 pg Chlml™!)
were incubated in the presence of 50 mM TMPD and 40 mM MES buffer
(pH 6.5) in dark or high white light (1500 umol photons m~2 s~ ?) for
30 min. Subsequently, the samples were immediately transferred into a
glass capillary tube (Blaubrand® intraMARK, Brand, Germany) and EPR
spectra were collected at room temperature using EPR spectrometer

R= Organic

R

HSC>© Organic radicals (R/ROO"/RO’) H3C Disproportionation HaC
r r
HaC +Z H 7
N HaC N HaC R

\

(o}

5,5-Dimethyl-1-Pyrroline-N-Oxide (DMPO)

DMPO-organic radical adduct

o o
DMPO-nitrone adduct

Fig. 2. Schematic representation of immuno-spin trapping of organic radicals. Organic radicals are trapped by DMPO to form DMPO-organic radical adduct.
Unstable DMPO-organic radical adduct decays to stable DMPO nitrone adduct. The DMPO motif of DMPO nitrone adduct can be detected with anti-DMPO antibody
and visualized either by fluorescence using antibody conjugated FITC fluorescent tag or conventional immunoblot techniques using HRP conjugated secondary

antibody and luminol chemiluminescence.
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(MiniScope MS400, Magnettech GmbH, Berlin, Germany). EPR condi-
tions were as follows: microwave power, 10 mW; modulation ampli-
tude, 1 G; modulation frequency, 100 kHz; sweep width, 100 G; scan
rate, 1.62Gs™ 1.

2.3. In vivo imaging of hydroxyl radical and singlet oxygen by confocal
laser scanning microscopy

The visualization of HO" and 'O, in leaves was performed by con-
focal laser scanning microscopy using hydroxyphenyl fluorescein (HPF)
and singlet oxygen sensor green (SOSG) fluorescence probes (Molecular
Probes Inc., Eugene, OR, USA), respectively. After high white light
exposure (1500 pmol photons m~2s71, 13h, 8°C), leaves were sliced
into pieces of approximately 5 mm squares and placed on a wetted glass
slide followed by covering it with cover glass. The abaxial leaf surface
touching the glass slide was wetted with buffer and the adaxial leaf
surface was kept exposed to air while cutting into pieces. Leaf pieces
were then placed in 2 ml Eppendorf tube and treated with 10 uM HPF or
50 uM SOSG in presence of HEPES buffer (pH 7.5) for 30 min either in
the dark or exposed to high red light (A =600nm) (Fig. 2) [22]. Sub-
sequently, the samples were visualized by confocal microscope
(Fluorview 1000 unit attached to IX80 microscope; Olympus Czech
Group, Prague, Czech Republic). The excitation of HPF/SOSG was
performed by a 488 nm line of an argon laser and the emission was
detected by a 505-525nm filter. Chloroplasts were visualized by

A

Nomarski DIC FITC
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Red light

Nomarski DIC FITC

Red light
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excitation with 543 nm helium-neon laser, and emission recorded with
a 655-755 nm band pass filter.

2.4. In vivo imaging of organic radicals by confocal laser scanning
microscopy

Organic radicals were visualized in leaves and intact chloroplasts by
confocal laser scanning microscopy using mouse monoclonal anti-
DMPO antibody conjugated with FITC [17]. The samples were in-
cubated with 50 mM DMPO (Dojindo Molecular Technologies Inc.
Rockville, MD, USA) and 5-10 ug ml~! anti-DMPO antibody con-
jugated with FITC (Abcam, Cambridge, UK) in the presence of MES
buffer (pH 6.5) under high red light (1000 umol photons m~2 s ') for
30 min at 25 °C. To increase the penetration of spin trap and antibody
into the cells and chloroplasts, Triton X-100 (0.001%) was added prior
to exposure to high red light. Imaging of organic radicals was based on
their reaction with DMPO spin trap reagent. The DMPO-organic radical
adduct was recognized by anti-DMPO antibody conjugated with FITC
and the spatial fluorescence was visualized using confocal laser scan-
ning microscopy. The excitation of fluorochrome was achieved by a
488 nm line of an argon laser and signal was detected by a 505-550 nm
emission filter.

FITC+Nomarski DIC

FITC intensity

Intensity

FITC intensity

=
o
c
2
£

Fig. 3. Organic radical imaging in Arabidopsis leaves monitored by laser confocal scanning microscopy. (A) From left to right: Nomarski DIC channel, FITC
fluorescence channel, the combination of Nomarski DIC and FITC fluorescence channels and the integral distribution of FITC fluorescence intensity are shown. Prior

to FITC fluorescence measurement, Arabidopsis leaves were kept in the dark or illuminated with high red light (1000 pmol photons m™

2 71 for 30 min in the

presence of 50 mM DMPO and 10 ugml ™~ ! anti-DMPO antibody. (B) Focus on mesophyll cell.
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2.5. SDS-PAGE and immuno-spin trapping

To detect protein radical in thylakoid membranes, immuno-spin
trapping technique was used. In this technique, thylakoid membranes
were incubated with 50 mM DMPO in the dark or illuminated for 10, 20
and 30min with high white light (1500 umol photons m~2 s™1).
Afterwards, proteins were extracted using DTT (dithiothreitol) protein
extraction buffer followed by heating at 70 °C dry bath for 15 min and
centrifuged at 16,000 x g for 5min at 4 °C. For protein carbonyl de-
tection, thylakoid membranes were illuminated for 30 min with high
white light (1500 umol photons m~2 s™') followed by immediate
mixing of 12% aqueous sodium dodecyl sulfate (SDS), derivatization
with 10 mM 2,4-dinitrophenylhydrazine (DNPH) dissolved in 2M HCI
for 15 min and neutralization with neutralization buffer containing 2 M
TRIS and 30% glycerol (Sigma Aldrich, Missouri, United States).
Extracted and neutralized protein sample was loaded into wells and
SDS-PAGE was performed using Mini-PROTEAN Tetra vertical electro-
phoresis cell (Bio-Rad, California, USA) following Tris-Tricine SDS-
PAGE protocol described by [23]. Electrophoretic transfer of protein
bands from gel to a nitrocellulose (NC) membrane was done using a
semi-dry blotter (Trans-Blot SD, Semi-dry transfer cell, Bio-Rad, USA).
Blocking step of NC membranes was done at 4 °C overnight with 5%
BSA prepared in phosphate buffered saline-tween 20 (pH 7.4). All
successive steps were performed on a shaker at room temperature. After
blocking, NC membranes were incubated with rabbit polyclonal anti-

.
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FITC+Nomarski DIC  Chl fluorescence

FITC+Nomarski DIC

Chl fluorescence

Fig. 4. Organic radical imaging in Arabidopsis chloroplasts monitored by laser confocal scanning microscopy. (A) From left to right: Nomarski DIC, FITC
fluorescence, the combination of Nomarski DIC and FITC fluorescence and chlorophyll fluorescence channels are shown. Prior to FITC fluorescence measurement,
Arabidopsis chloroplasts were kept in the dark or illuminated with red light (1000 umol photons m~2 s~ ') for 30 min in the presence of 50 mM DMPO and 5 ug ml~*
anti-DMPO nitrone adduct antibody. (B) Focus on two chloroplasts.

DMPO antibody (Abcam, Cambridge, UK) and rabbit polyclonal anti-
DNP antibody (Molecular Probes Europe BV, Leiden, Netherlands) fol-
lowed by washing and 1 h incubation with HRP conjugated anti-rabbit
secondary antibody. Protein bands were visualized using luminol as a
chemiluminescent probe (Amersham Imager 600, GE Health Care
Europe GmbH, Freiburg, Germany). To identify proteins from anti
DMPO blot, antibody stripping and re-probing with new antibodies
raised against the D1 protein (anti-D1 antibody) and D2 protein (anti-
D2 antibody) (Agrisera, Vannas, Sweden) were performed. The removal
of anti-DMPO antibody from NC membrane was accomplished by
stripping NC membranes with 200 mM glycine-HCl (pH 2.2), 0.1% SDS
and 1% Tween20. Size of protein bands was determined using a stan-
dard protein ladder (PageRuler™ Prestained Protein Ladder,
10-180 kDa, Thermo Scientific, Lithuania).

3. Results

3.1. Hydroxyl radical and singlet oxygen formation under high light stress
in Arabidopsis

Formation of HO' and 'O, in the thylakoid membranes exposed to
high white light was measured by EPR spectroscopy using POBN/
ethanol spin trap system and TMPD spin probe, respectively. The re-
action of HO" and ethanol forms 1-hydroxyethyl radical [CH(CH3)HO']
which reacts with POBN yielding paramagnetic POBN-hydroxyethyl
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radical [POBN-CH(CH3)OH] adduct [24]. The oxidation of hydrophilic
diamagnetic TMPD by 10, forms paramagnetic 2, 2, 6, 6-tetramethyl-4-
piperidone-1-oxyl (TEMPONE) [25]. No EPR signal was observed in the
dark (Fig. 1A and B, trace 0 min), whereas illumination with continuous
white light for 30 min results in the formation of the POBN-CH(CH3)OH
adduct and TEMPONE EPR signal (Fig. 1A and B, trace 30 min). The six-
line and three-line spectra show all the characteristics of the POBN-CH
(CH3)OH adduct and TEMPONE EPR spectra, respectively. To image the
formation of HO" and 'O, in Arabidopsis leaves exposed to high white
light confocal laser scanning microscopy was used using HPF [26] and
SOSG [27] fluorescence probes, respectively. Non-fluorescent HPF and
SOSG are converted to strongly fluorescent oxidized HPF (HPF-ox) and
SOSG endoperoxide (SOSG-EP) after interacting with HO" and 10,, re-
spectively (Fig. 1) [22]. No fluorescence was observed in non-illumi-
nated leaves (Fig. 1C and D, left panel and Fig. 3) [22], whereas illu-
mination with continuous high red light for 30 min resulted in the
formation of HPF-ox and SOSG-EP fluorescence (Fig. 1C and D, right
panel and Fig. 4) [22]. These results indicate that exposure of Arabi-
dopsis to high light results in the formation of HO" and 'O, in the
chloroplasts located at the periphery of the mesophyll cells.

3.2. Organic radical imaging in Arabidopsis leaves

To image the formation of organic radicals in the high light exposed
Arabidopsis leaves, confocal laser scanning microscopy using the anti-
DMPO antibody conjugated with FITC was performed. In this tech-
nique, short-lived organic radicals (t;,» = ps) are trapped by spin trap
DMPO to form a more stable DMPO-organic radical adduct (t; » = min)
(Fig. 2). Due to the unpaired electron localized on oxygen atom co-
ordinated to nitrogen of nitrone spin trap, DMPO-organic radical ad-
duct might be detected by EPR spectroscopy. As a result of the highly
reducing and oxidizing conditions, paramagnetic DMPO-organic radical
adduct is reduced and oxidized within minutes to diamagnetic hydro-
xylamine and DMPO nitrone adduct, respectively. Due to the conver-
sion of paramagnetic DMPO-organic radical adduct to diamagnetic
DMPO nitrone adduct, the use of EPR spectroscopy for the detection of
organic radicals is unfeasible. However, DMPO nitrone adduct might be
recognized by anti-DMPO antibody conjugated with FITC and imaged
by confocal laser scanning microscopy. FITC fluorescence was mea-
sured in Arabidopsis leaves previously treated with DMPO spin trap and
anti-DMPO antibody conjugated with FITC in the dark or illuminated
with high red light (Fig. 3). Fig. 3A shows the Nomarski DIC channel,
the FITC fluorescence channel, the combination of Nomarski DIC and
FITC fluorescence channels and the integral distribution of FITC
fluorescence intensity. In the dark, low FITC fluorescence was observed
due to the presence of organic radicals formed by protein propagation
after exposure of Arabidopsis leaves to high white light. When Arabi-
dopsis leaves were exposed to high red light, FITC fluorescence sig-
nificantly increased due to the formation of organic radicals under high
red light. The integral distribution of FITC fluorescence intensity shows
that the FITC fluorescence under high red light is more than double
compared to dark. Fig. 3B shows that organic radicals are formed
predominantly in the chloroplasts located at the periphery of the me-
sophyll cells.

3.3. Organic radical imaging in Arabidopsis chloroplast

To visualize the formation of organic radical in the chloroplasts,
FITC fluorescence was measured in intact chloroplasts isolated from the
high white light exposed Arabidopsis leaves using confocal laser scan-
ning microscopy. FITC fluorescence was measured in intact chloroplasts
previously treated with DMPO spin trap and anti-DMPO antibody
conjugated with FITC in the dark or illuminated with high red light
(Fig. 4A). Fig. 4 shows the Nomarski DIC channel, the FITC fluorescence
channel, the combination of Nomarski DIC and FITC fluorescence
channels and chlorophyll fluorescence channels. The FITC fluorescence
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Fig. 5. Series of optical sections through the mesophyll cells of
Arabidopsis leaves. FITC fluorescence channels are shown. The step between
different pictures is 4 pm. Other experimental conditions as in Fig. 1.

is emitted uniformly from the whole chloroplasts. Comparison of FITC
and chlorophyll fluorescence channels shows fluorescent spots of about
0.5 um separated from one another by dark spaces inside chloroplasts
(Fig. 4B). Bright spots reflect the appressed thylakoid membranes
containing PSII complexes, whereas less bright spots reflect non-ap-
pressed thylakoid membrane containing ATP synthase and PSI com-
plexes. To monitor spatial distribution of FITC fluorescence, z-stack
confocal images were measured at optical sections distanced 4 um
(Fig. 5) and the spatial pattern of organic radical formation was vi-
sualized in a movie of 12 optical sections (Supplementary data 1A-B).
Green circular, oval or elliptical shapes at the periphery of mesophyll
cells shows FITC fluorescence in the chloroplasts of the mesophyll cells.
Supplementary material related to this article can be found online at
doi:10.1016/j.freeradbiomed.2018.10.428.

3.4. Characterization of proteins radical by immuno-spin trapping

To monitor the formation of protein radicals in the appressed thy-
lakoid membranes containing PSII complexes, immunoblot analysis
with anti-DMPO antibody was performed in the thylakoid membranes
isolated from the high white light exposed Arabidopsis leaves (Fig. 6A).
DMPO nitrone adducts formed on different proteins were separated by
SDS-polyacrylamide gel and transferred to NC membrane, identified by
anti-DMPO antibody and visualized by luminol as a chemiluminescent
probe using horseradish peroxidase conjugated secondary antibody. In
dark, several weak protein bands of apparent molecular weights of 32,
34, 41, 43, 55 and 68 kDa were observed. After illumination with high
white light, the intensity of these protein bands increased and the ad-
ditional protein bands of apparent molecular weights of 23 and 18 kDa
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Fig. 6. Protein radical detection in thylakoid membranes using immuno-
spin trapping technique. (A) Immunoblot of protein radical. From left to
right: formation of protein radicals in thylakoid membranes illuminated with
high white light for 0, 10, 20 and 30 min. (B) Immunoblot of protein car-
bonyl. Formation of protein carbonyls in thylakoid membranes was shown in
30 min high white light stress. (C) Inmunoblot of D1 and D2 proteins. Blot
using anti-DMPO presented for 0, 10, 20 and 30 min. Blots using anti-DNP, anti-
D1 and anti-D2 antibodies are presented for 30 min. The different antibodies
used are labelled above the lanes. Representative blots from three independent
experiments are presented.

appeared. To study the formation of protein carbonyls in thylakoid
membranes, immunoblotting technique using antibody specific to the
DNP (anti-DNP antibody) was performed. The anti-DNP blot shows
several protein bands of apparent molecular weights of 18, 23, 32, 34,
43 and 55kDa (Fig. 6B). These results reveal that the formation of
protein radicals and protein carbonyls is accompanied with protein
aggregation (protein—protein cross-linking) and protein cleavage
(fragmentation), respectively. To identify the bands originated from the
D1 and D2 proteins, anti-D1 and anti-D2 antibodies were used. When
the anti-DMPO blot was probed with these antibodies, the protein
bands with apparent molecular weight of 32 and 34 kDa were detected
(Fig. 6 C). These results demonstrate that illumination of thylakoid
membranes induced the formation of protein radicals located on D1 and
D2 proteins.

4. Discussion

Oxidation of biomolecules is associated with the formation of or-
ganic radicals involving carbon-centered (alkyl) and oxygen-centered
(peroxyl and alkoxyl) radicals. Formation of organic radicals might be
initiated by either HO" [28] or 10, [29]. Hydroxyl radical is formed by
the reduction of free hydrogen peroxide (H>O-) by free metals (iron or
manganese ions) or the reduction of bound peroxide by the non-heme
iron [30]. Singlet oxygen is produced by the energy transfer form triplet
chlorophyll to O, formed either by the intersystem crossing from singlet
chlorophyll in the PSII antennae complex or the recombination of the
charge separated radical pair in the PSII reaction center [31-33]. A
spatial distribution of HO" and 'O, achieved by confocal laser scanning
microscopy using the HPF and SOSG fluorescence probes reveals the
formation of HO" and 'O, in the chloroplasts placed at the periphery of
the mesophyll cells (Fig. 1C and D).

In this study, we used immuno-spin trapping technique (Fig. 2) for
imaging of organic radicals in Arabidopsis leaves exposed to high light.
A spatial distribution of organic radicals obtained by confocal laser
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Fig. 7. Schematic representation of protein oxidation. Hydrogen abstrac-
tion from protein by hydroxyl radical generates alkyl radical (reaction 1). In the
presence of O,, alkyl radical readily reacts with O, and forms peroxyl radical
(reaction 2). Peroxyl radical abstracts another hydrogen from an adjacent
protein, while hydroperoxide and another alkyl radical are formed (reaction 3).
Singlet oxygen addition to double bonds of aromatic amino acids forms hy-
droperoxide (reaction 4). Hydroperoxide is reduced to alkoxyl radical by fer-
rous iron (reaction 5). Hydrogen abstraction from an adjacent protein by al-
koxyl radical forms hydroxy amino acids (reaction 6). Alkoxyl radical formed
on the protein causes cleavage of the protein and creates alkyl radical and
protein carbonyl (reaction 7). In the absence or low level of O, aggregation of
alkyl radicals via covalent bond forms protein aggregates (reaction 8).

scanning microscopy using the anti-DMPO antibody conjugated with
FITC shows the formation of organic radicals in the chloroplasts located
at the periphery of the mesophyll cells (Fig. 3). More detail focus on the
mesophyll chloroplast images reveals that organic radicals are formed
predominantly in the appressed thylakoid membranes containing PSII
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complexes (Fig. 4). The hydrogen abstraction by HO' from carbon either
at side chain or backbone and the addition of 'O, to the double bonds of
any aromatic amino acid involves the formation of protein radicals
either at the side chain or at the backbone sites on amino acids. The
hydrogen abstraction from carbon by HO" forms alkyl radical (Fig. 7,
reaction 1) which reacts with O, in its abundance to form peroxyl ra-
dical (Fig. 7, reaction 2). Peroxyl radical abstracts hydrogen from other
protein while hydroperoxide is formed (Fig. 7, reaction 3). Alter-
natively, the addition of 'O, to the double bonds of any aromatic amino
acid via the ene reaction forms hydroperoxide (Fig. 7, reaction 4). In
the presence of ferrous iron (Fe?*), hydroperoxide is reduced to alkoxyl
radical (Fig. 7, reaction 5). Both carbon-centered (alkyl) and oxygen-
centered (peroxyl and alkoxyl) radicals might abstract another hy-
drogen from an adjacent amino acid and initiate protein propagation.
The hydrogen abstraction from another amino acid by alkoxyl radical
forms hydroxy amino acid (Fig. 7, reaction 6).

Re-probing by anti-D1 and anti-D2 antibodies reveals that illumi-
nation of thylakoid membranes induced the formation of protein radi-
cals located on D1 and D2 proteins (Fig. 6C). Our previous study con-
firmed the formation of protein radicals and protein carbonyls on
different amino acids of D1 and D2 proteins [8]. It was demonstrated
that D1:>*?H coordinated to the Mn4OsCa cluster and D2:>**Y co-
ordinated to non-heme iron via bicarbonate ligand are oxidized after
exposure to high light. Apart from D1 and D2 protein, the formation of
protein radicals can be seen on two protein bands at 23 and 18 kDa
below D1/D2 proteins and on four protein bands at 41, 43, 55 and
68 kDa above D1/D2 proteins.

Formation of protein radicals results in the protein cleavage and
protein aggregation [34]. When O, is available, protein cleavage occurs
via fB-scission of protein alkoxyl radical known to form carbon-centered
radical and carbonyl located either on the C-terminal or N-terminal
fragments (Fig. 7, reaction 7). In agreement with this, our result shows
that the protein carbonyls are formed at 18, 23, 32, 34, 43 and 55 kDa
proteins. When O, is very low or not available, protein radical cross-
linked with another protein radical to form protein aggregate (Fig. 7,
reaction 8). It was previously reported that the reaction of protein alkyl
radical with O, is faster at diffusion-controlled rates (10°~10'° dm®
mol ™! s71) as compared to protein aggregation [35]. However, even
when O, is low, steric hinderance might prevent protein aggregation
and thus promote protein propagation. Such reactions would be an-
ticipated to happen most readily with thiols forming sulfur-centered
(thiyl) radicals which react rapidly and therefore maintain the protein
propagation [36].

5. Conclusion

In summary, we applied the immuno-spin trapping technique to
image organic radicals in plant cells by the laser confocal scanning
microscopy. Due to high reactivity and short lifetime of organic radi-
cals, imaging of organic radicals at sub-cellular resolution presents
substantial challenges. We focused on protein oxidation under high
light stress and tried to characterize the proteins bands where protein
radicals and protein carbonyls were detected. Comprehensive descrip-
tion of oxidative modification of all protein bands is required to be
performed using mass spectrometry. The application of immuno-spin
trapping opens new possibilities to characterize the oxidized proteins
and study their role in the signal transduction from the chloroplasts to
the nucleus and unravel description of the spatial and temporal dy-
namics of the oxidative damage in plant cell. Characterization and
spatial distribution of organic radicals allows to study an essential role
of organic radicals and derived species in the signal transduction in the
acclimation response and programmed cell death and oxidative damage
in the accidental cell death.
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How data were acquired Fluorescence of specific fluorochromes was localized within Arabi-
dopsis leaves kept in dark or illuminated with high red light (RL,
A > 600 nm) by confocal laser scanning microscopy (fluorview 1000
unit attached to IX80 microscope; Olympus Czech Group, Prague,
Czech Republic) and electron paramagnetic resonance (EPR) spectra
were taken in thylakoid membranes isolated from Arabidopsis leaves
illuminated with high white light (WL) using EPR spectrometer
MiniScope MS400 (Magnettech GmbH, Berlin, Germany).

Data format Analyzed
Experimental factors Leaves and thylakoid membranes of Arabidopsis plant were used.
Experimental features 1. Plants were pre-illuminated with high white light (1500 umol

photons m~2 s~ 1) at low temperature (8 °C) for 13 h to induce
oxidative stress.

2. Leaf tissues were infiltrated with fluorescent probes, 3’-p-(hydro-
xyphenyl) fluorescein (HPF) or singlet oxygen sensor green (SOSG),
and incubated for 30 min at room temperature in dark (control) or
illuminated with RL. Fluorescence was visualized subsequently by
confocal laser scanning microscopy.

3. Thylakoid membranes were isolated from pre-illuminated leaves
and illuminated by a high white light for 30 min/5min (as
specified). Formation of organic radicals was determined using
EPR spin trapping spectroscopy.

Data source location Department of Biophysics, Centre of the Region Hana for Bio-
technological and Agricultural Research and Department of Botany,

Palacky University, Olomouc, Czech Republic. Loc: 49°34'33.828"N,

17°16'54.658"E

Data accessibility The data are available within this article
Related research article Aditya Kumar, Ankush Prasad, Michaela Sedlarova, Pavel Pospisil,

Organic radical imaging in plants: Focus on protein radicals (in

press, Free Radical Biology and Medicine) doi.org/10.1016/j.free

radbiomed.2018.10.428 [1].

Value of the data

® We suggest organic radicals and other biomolecules oxidized by HO® and 'O, as significant
members of the signaling pathways in high-light stressed plants.

e We illustrate the localization of hydroxyl radical (HO®) and singlet oxygen ('0,) within Arabidopsis
leaves as well as detection of organic radicals in thylakoid membranes by techniques which might
be of interest to the community of plant redox biology and ROS-mediated signaling.

e Apart from malondialdehyde (MDA), organic radicals/ biomolecules oxidized by HO® and '0, have
not been reported as major regulators of signaling in stressed plants. However, our current data
article can be useful as it deals with the current aspect and hypothesizes the phenomenon.

® We present histochemical staining followed by confocal laser scanning microscopy which can be
used as an imaging tool for HO®, '0, localization and spin-trap based EPR spectroscopy for
qualitative analysis of organic radical.

1. Data

Data presented herein bring together microscopic techniques used to visualize the formation of
ROS (HO® and '0,) within Arabidopsis leaves in the first stage and detection of organic radical for-
mation in the second stage of stress-induced protein oxidation as suggested in [1]. Plants were
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subjected to high white light stress (1500 pmol photons m~2 s~ ') at low temperature (8 °C) for 13 h,
i.e. conditions chosen so as to reach oxidative stress in photosystem II but concurrently to avoid
chlorophyll degradation. Immediately after the light-induced stress, the leaves were cut into pieces
and incubated with specific fluorescent probes in dark/RL for 30 min to gain confocal images from
spongy mesophyll cells, omitting 3 lines of cells along the injured edges. To avoid photosensitization
of SOSG [2], an RL source (4 > 600 nm) has been used during histochemical staining, recently with
both fluorescent probes. Organic radicals formation were determined using EPR spin trapping
spectroscopy in thylakoid membranes isolated from pre-illuminated Arabidopsis leaves and illumi-
nated by a high white light (30 min/5 min, as specified).

2. Experimental design, materials and methods
2.1. Plant samples - Arabidopsis thaliana

Seeds of A. thaliana wild-type Columbia-0 was purchased from the Nottingham Arabidopsis Stock
Centre (NASC), UK. The seeds were soaked for 4 days (at 4°C) followed by potting with a peat
substrate (Klasmann, Potgrond H). The plants were grown for 5-6 weeks in a walk-in type growth
chamber Fytoscope FS-WI-HY (Photon Systems Instruments, Drasov, Czech Republic) under following
conditions: photoperiod of 8/16 h light/dark (100 umol photons m~2 s~ !); temperature of 22/20 °C
light/dark and a relative humidity of 60%. For high light treatment, illumination at 1500 umol photons
m~—2 s~ at low temperature (8 °C) for 13 h was achieved using AlgaeTron AG 230 (Photon Systems
Instruments, Drasov, Czech Republic).

2.2. Fluorescent probes and spin traps

3’-p-(hydroxyphenyl) fluorescein (HPF) (ThermoFisher Scientific, Paisley, UK) and SOSG
(Molecular Probes Inc., Eugene, OR, USA) were infiltrated to leaf tissues for confocal laser scanning
microscopy in order to detect and localize HO® and '0,, respectively. For EPR spin trapping spec-
troscopy, o-(4-pyridyl N-oxide)-N-tert-butyl nitrone (POBN) (Sigma Aldrich, GmbH, Germany) and
5,5-dimethyl-1-pyrroline N-oxide (DMPO) (Dojindo Molecular Technologies Inc. Rockville, MD, USA)
were used to detect organic radicals in thylakoids.

2.3. Histochemical staining for microscopy

Leaf pieces of size 5 x 5 mm were excised from Arabidopsis leaf blade on a glass slide wetted with
HEPES buffer (pH 7.5) and infiltrated with fluorescent probes (either 10 pM HPF or 50 pM SOSG) in a
syringe. Subsequently, the leaf pieces together with probe solution were transferred into 1.5 ml
Eppendorf tube and incubated for 30 min either in dark or exposed to high red light. The illumination
was performed utilizing a LED source with a light guide CL6000 LED Zeiss (Carl Zeiss Microscopy
GmbH, Jena, Germany). The exposure was achieved using a long-pass edge interference filter
(A = 600 nm) (Andover Corporation, Salem, NH, USA). Fig. 2A shows a schematic representation of
the experimental procedure for details refer to references [2,3].

2.4. Confocal laser scanning microscopy

Following the staining procedure, the leaf pieces were transferred into a fresh HEPES buffer
(pH 7.5) on a slide and visualized by confocal laser scanning microscopy (Fluorview 1000 unit
attached to IX80 microscope; Olympus Czech Group, Prague, Czech Republic). The excitation of HPF
and SOSG was performed by a 488 nm line of an argon laser and the emission was detected by a
505-525 nm filter, respectively. The excitation/emission parameters utilized is slightly different as
compared to excitation/emission maxima mentioned in datasheet (please refer to legend to Fig. 1)
due to variation of the instrument used in our study. The laser intensities for Figs. 2-4 were set as
described in our previous study [2].
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A OH

2-[6-(4-hy y)ph 3H hen-3-on-9-yl] b ic acid (HPF) Oxidized HPF (HPFox)

Almost non fluorescent Strongly fluorescent

COOH COOH
Singlet Oxygen Sensor Green (SOSG) Singlet Oxygen Sensor Green Endo-Peroxide (SOSG-EP)
Non fluorescent Strongly fluorescent

Fig. 1. (A) Non-fluorescent hydroxyphenyl fluorescein (HPF) oxidized by hydroxyl radical (HO®) form a highly fluorescent
compound HPF-ox which exhibits bright green fluorescence (excitation/ emission maxima ~490/515 nm). (B) Singlet oxygen
sensor green (SOSG) oxidized by singlet oxygen (10,) forms SOSG endoperoxide (SOSG-EP) providing bright green fluorescence
(excitation/emission maxima ~504/525 nm) (as per datasheet, ThermoFisher Scientific, Paisley, UK and Molecular Probes Inc.,
Eugene, OR, USA).

2.5. Thylakoid membrane isolation

Thylakoid membranes were prepared according to the protocol of Casazza and co-workers [4] as
briefly described below.

® |eaves were harvested from 5-6 weeks old Arabidopsis plants.

® The leaves (5-10g) were floated in dark on ice cold water for 5-10 min and then blotted. All
glassware's were pre-cooled before use and all further steps were performed at 4 °C under dark
condition.

® [eaves were promptly homogenized in grinding buffer (100-200 ml) containing EDTA (5 mM),
EGTA (5 mM), MgCl, (5 mM), sorbitol (0.4 M), NaHCOs (10 mM), Tricine/NaOH (20 mM, pH 8.4),
0.5% (w/v) fatty acid-free BSA.

® The homogenate was then filtered through 2 layers of cheesecloth (moderate hand pressure) to
increase the final yield of thylakoid membranes.

® The filtrate was centrifuged at 2600g (3 min).

® The pellet was re-dissolved in re-suspension buffer [sorbitol (0.3 M), EDTA (2.5 mM), MgCl,
(5 mM), NaHCO3 (10 mM), HEPES (20 mM, pH 7.6), 0.5% (w/v) fatty acid-free BSA].

® Suspension was centrifuged at 2600g (3 min, 4 °C); the pellet was washed again in re-suspension
buffer and then was suspended in 50-100 ml of hypotonic buffer [EDTA (2.5 mM), MgCl, (5 mM),
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Fig. 2. A schematic representation showing the different steps involved in the preparation of samples for confocal laser

scanning microscopy.

HPF-Ox intensity

DIC+HPF-Ox

Dark

Red light

Fig. 3. Hydroxyl radical imaging in Arabidopsis leaves. Arabidopsis leaves were infiltrated with 10 pM HPF in dark (upper panel)
or exposed to high red light (lower panel) for 30 min. From left to right is Nomarski DIC channel, combination of Nomarski DIC
channel+ HPF-ox fluorescence and integral distribution of the HPF-ox fluorescence signal intensity within the sample.
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DIC DIC+SOSG-EP SOSG-EP intensity

Dark

Red light

Fig. 4. Singlet oxygen imaging in Arabidopsis leaves. Arabidopsis leaf tissues were infiltrated with 50 pM SOSG in dark
(upper panel) or exposed to high red light (lower panel) for 30 min. From left to right are Nomarski DIC channel, combination
of DIC+ SOSG-EP fluorescence channels and integral distribution of the SOSG-EP fluorescence signal intensity within the

A
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Fig. 5. Detection of organic radical by using EPR spin trapping spectroscopy thylakoid membranes. (A) Thylakoid membranes
(200 pg Chl ml~1) were illuminated with high white light in the presence of 50 mM POBN at 0 min and 30 min. (B) Thylakoid
membranes (200 pg Chl ml~') were illuminated with high white light in the presence of 50 mM DMPO at 0 min (lower trace)
and 5 min [in absence (middle trace) and presence (upper trace) of superoxide dismutase (SOD) (400 U/ml)].
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NaHCO3 (10 mM), HEPES (20 mM, pH 7.6), 0.5% (w/v) fatty acid-free BSA] followed by a last-step
centrifugation (2600g, 3 min at 4 °C).

® The pellet was dissolved in a small volume (0.5-1 ml) of the re-suspension buffer; chlorophyll
concentration was calculated from the absorbance of an 80% (v/v) acetone extract measured at 645
and 663 nm [5].

2.6. EPR spin-trapping spectroscopy

Organic radicals including alkyl (R®) and peroxyl/alkoxyl (ROO®/RO®) radicals formed in thylakoid
membranes (200 pug Chl ml~!) were detected using EPR spin trapping spectroscopy (Fig. 5). Detection
of R® was performed using spin trap POBN (50 mM) while ROO®/RO® was detected using spin trap
DMPO (50 mM). High white light illumination (1500 pmol photons m~2 s~!, 30 min) was achieved
using a LED source with a light guide CL6000 LED Zeiss (Carl Zeiss Microscopy GmbH, Jena, Germany).
POBN-R and DMPO-OOR/DMPO-OR adduct EPR signal spectra were recorded under EPR conditions as
follows: microwave power (10 mW), modulation amplitude (1 G), modulation frequency (100 kHz),
sweep width (100 G), scan rate (1.62Gs™1).
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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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Hydrogen peroxide (H2O») is known to be generated in Photosystem Il (PSIl) via
enzymatic and non-enzymatic pathways. Detection of HoO» by different spectroscopic
techniques has been explored, however its sensitive detection has always been a
challenge in photosynthetic research. During the recent past, fluorescence probes
such as Amplex Red (AR) has been used but is known to either lack specificity or
limitation with respect to the minimum detection limit of HoO». We have employed an
electrochemical biosensor for real time monitoring of HoOo generation at the level of
sub-cellular organelles. The electrochemical biosensor comprises of counter electrode
and working electrodes. The counter electrode is a platinum plate, while the working
electrode is a mediator based catalytic amperometric biosensor device developed by
the coating of a carbon electrode with osmium-horseradish peroxidase which acts
as HoO» detection sensor. In the current study, generation and kinetic behavior of
H>O» in PSIl membranes have been studied under light illumination. Electrochemical
detection of HoO, using the catalytic amperometric biosensor device is claimed to
serve as a promising technique for detection of HoOo in photosynthetic cells and
subcellular structures including PSIl or thylakoid membranes. It can also provide a
precise information on qualitative determination of HoO» and thus can be widely used in
photosynthetic research.

Keywords: photosystem Il, superoxide anion radical, hydrogen peroxide, reactive oxygen species, amperometric
biosensor, EPR-spin trapping

INTRODUCTION

Photosystem II (PSII) is a multi-subunit pigment-protein complex which is located in the thylakoid
membrane of chloroplasts of cyanobacteria, algae and higher plants that comprises of more
than 25 proteins and the concomitant cofactors (Ferreira et al., 2004; Loll et al., 2005; Guskov
et al., 2009; Kawakami et al., 2011). In plants, photosynthesis has been considered as a source
of reactive oxygen species (ROS) production which works in close association with regulated
mechanism of antioxidant network under normal conditions. The ROS in plants are known
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to be involved in cell toxicity, defense and signaling, and have
been recently overviewed (Krieger-Liszkay, 2005; Foyer and
Shigeoka, 2011; Schmitt et al., 2014).

Chlorophyll pigments of the PSII antenna complex absorb
light energy and use it for the oxidation of water molecules
and reduction of plastoquinone. Light energy absorbed by
chlorophyll pigments converted into the energy of separated
charges and consequent water-plastoquinone oxidoreductase
activity is involuntarily linked with the production of ROS
(Pospisil, 2009, 2012). In unison, released molecular oxygen
serves as a forerunner of ROS, which at low concentration play an
important role in cell regulation, whereas if formed in excess, is
responsible for oxidation of biomolecules such as lipid, proteins,
and nucleic acid (Halliwell and Gutteridge, 2007). In addition,
direct oxidation of proteins and lipids by UV irradiation and
toxic chemicals following subsequent chemical reactions are also
known to be associated with formation of ROS (Halliwell and
Gutteridge, 2007; Prasad and Pospisil, 2012).

Production of ROS arises when excitation energy transfer to
the PSII reaction center is inadequate or there is inhibition of
electron transport chain in PSII. The redox couples in PSII covers
a broad range of redox potential, it ranges from a very high
negative value of redox couple, Pheo/Pheo™ (Em = —610mV)
to a very high positive value of redox couple P6807/P680 (Em =
+1250 mV) (Rappaport and Diner, 2008; Pospisil, 2012). PSII is
capable of either oxidizing water molecule or reducing molecular
oxygen on the electron donor and on the electron acceptor side
of the membrane, respectively (Pospisil, 2012). There is leakage
of electrons to molecular oxygen during the electron transport
on the electron acceptor side of PSII (Pospisil, 2009).

Formation of O3~ results from non-enzymatic and enzymatic
one-electron reductions of molecular oxygen. Pheophytin
(Pheo®™) (Ananyev et al, 1994; Pospisil et al., 2004), tightly
bound plastosemiquinone (QY ), (Cleland and Grace, 1999;
Pospisil et al, 2004), loosely bound plastosemiquinone
(Q37), (Zhang et al, 2003; Yadav et al, 2014), and free
plastosemiquinone (PQ®~) (Mubarakshina and Ivanov, 2010)
maintains non-enzymatic reduction of molecular oxygen to
O3". Heme iron of low-potential (LP) form of cyt bss9 reduces
molecular oxygen to O5™ in the enzymatic reaction pathway
(Pospisil et al., 2006; Pospisil, 2011).

One electron reduction of O35 either via non-enzymatic
or enzymatic reaction pathway results in the formation of
H,0,. In spontaneous dismutation, O3~ provides an additional
electron to another O3, and then with protonation brings
about the formation of H;O,. In enzymatic dismutation,
the ferrous heme iron of HP form of cyt bss9 drives the
catalysis of one-electron reduction of HOS to H,O, (Tiwari
and Pospisil, 2009; Pospisil, 2011). Spontaneous dismutation
is preferred where there is availability of protons e.g., at the
membrane edge while PSII metal centers are chosen to catalyze
the dismutation reaction in the interior of the membrane
(Pospisil, 2012). The one-electron reduction of O3~ to H,0,
is catalyzed by superoxide dismutase (SOD) and is known to
occur predominantly in the mitochondria, peroxisomes, and
cytoplasm. At the physiological pH, the dismutation reaction is
preferably catalyzed by SOD.

Several  spectroscopic  techniques  (fluorescence and
chemiluminescence) and chromatographic techniques (high
performance liquid chromatography coupled with peroxyoxalate
chemiluminescence detection) have been used in the past for
the determination of HO; in living cells (Mills et al., 2007;
Chen et al,, 2009; Ahammad, 2013). Light induced production
of H,O; have been measured in PSII membranes by oxidation of
thiobenzamide with lactoperoxidase. Thiobenzamide sulfoxide
was quantified by its absorbance at 370 nm (Schroder and
Akerlund, 1990; Araté et al, 2004; Pospisil et al, 2004).
Production of H,O, by chloroplasts have been measured by
the AmplexRed fluorescence assays (Mubarakshina and Ivanov,
2010; Yadav and Pospisil, 2012). Hydrogen peroxide (H;0O3)
detecting probes, 3,3 diaminobenzidine (DAB), Amplex Red
(AR), Amplex Ultra Red (AUR), and a europium-tetracycline
complex (Eu3Tc) have been compared by infiltrating into
tobacco leaves and tested for sensitivity to light, toxicity,
subcellular localization, and capacity to detect HyO, in vivo
(Snyrychové et al,, 2009). The induction of H,O; generation at
the leaf level after 3-acetyl-4-hydroxyl-5-isopropylpyrroline-2-
dione (3-AIPTA) or bentazon treatment has been detected by
performing histochemical analysis with 3, 3 DAB staining
(Chen et al, 2012). Apart from several spectroscopic
techniques (absorbance, fluorescence, chemiluminescence),
cyclic voltammetry and histochemical technique, a reporter
system based on HSP70A promoter-luciferase fusions have also
been developed in past for the detection of H,O; in vivo (Shao
et al., 2007).

In the electrochemical method, mediator and non-mediator
based electrode have been used in the past. Among the mediator
based modified electrodes, HRP is the most commonly used
material for the modification of the electrode in the last
decade (Lin et al, 2000; Camacho et al., 2007; Radi et al,
2009; Ahammad, 2013). The sensitivity and selectivity of H,O;
biosensor depends on the material used and modifications
involved (Lin et al., 2000; Nakabayashi and Yoshikawa, 2000; Yao
et al., 2005; Wang and Zhang, 2006; Camacho et al., 2007; Radi
et al., 2009; Inoue et al., 2010; Li et al., 2013). The mechanism
of detection of H,O, biosensor is described in Scheme 1. The
enzyme HRP is converted to its oxidized form, which is than
reduced at the surface of the carbon electrode by the transfer
of the electron via the mediator. Different mediators have been
used in the past including methylene blue (Lin et al., 2000; Kafi
et al., 2009; Tiwari and Singh, 2011); quinones predominantly
hydroquinones (Lei et al., 2004, 2005; Zhang et al., 2008; Yang
et al., 2010); ferrocene (Wang et al., 2005; Senel et al., 2010),
and ferrocene carboxylic acid (Tian et al., 2001; Tripathi et al.,
2006; Liu et al., 2011; Luo et al.,, 2011). The detection limit in
utmost cases were found to be in the concentration range of
units of millimolar or micromolar (LM) while a limited reports
showed detection limit in tens of nanomolar (nM) concentration
(Zhang et al., 2008; Loew et al., 2009; Lu et al., 2010). Recently,
Os-HRP was compared with native HRP based coated glassy
carbon electrode and it was found to possess high sensitivity
for hydroperoxide. The electrodes were tested for H,O, and
hydroperoxide in the concentration range of 0.01-1 uM (Loew
et al., 2009).
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SCHEME 1 | Working principle of catalytic amperometric biosensor device: schematic illustration shows the working principle of Osmium-horseradish
peroxidase (Os-HRP) modified carbon electrode depicting the oxidation-reduction cycle leading to generation of reduction current for HoO5.
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Non-mediator based H,O, biosensor has also been widely
used in the past; however, it is known that the electron transfer
between HRP and the electrode is difficult due to higher
distance between the active site of HRP and the electrode.
The voltammetric detection of H,O, at carbon electrodes is
challenging due to the slow electron transfer kinetics associated
with the irreversible oxidation of peroxide. An anodic scan
has been used as an electrochemical pretreatment and a rapid,
sensitive and selective voltammetric method has been developed
for the detection of physiological concentrations of H,O, at
uncoated carbon fiber microelectrodes (Sanford et al., 2011).

In this study, we provide an experimental evidence
on the detection of H,O, by using Osmium (Os) as a
mediator which promotes shuttling of electrons between
the electrode and the enzyme. Detection of H,O, by using
highly sensitive and selective Os-HRP modified electrode
was tested in PSII membrane under light illumination. The
current study introduces the use of catalytic amperometric
biosensors in detection of low level of H,O, production in PSII
membrane.

MATERIALS AND METHODS

Material and Chemical Reagents
5-(ethoxycarbonyl)-5-methyl-1-pyrroline  N-oxide (EMPO)
spin trap was obtained from Alexis Biochemicals (Lausen,
Switzerland). Capillary tube used for Electron paramagnetic
resonance (EPR) measurements was purchased from Blaubrand
intraMARK, Brand, Germany. All other chemicals of analytical
grade were purchased either from Wako Pure Chemicals
Industries, Ltd. (Osaka, Japan), Sigma-Aldrich chemie Gmbh
(Munich, Germany), or Sigma-Aldrich Japan K.K (Tokyo,
Japan).

Preparation of PSIl Membrane

Photosystem II (PSII) membranes were prepared from fresh
spinach leaves using the method reported previously by Berthold
et al. (1981) with modifications described by Ford and Evans
(1983). All steps during the isolation procedure were done at

4°C in green light using green LED strip (Photon Systems
Instruments (PSI), Drasov, Czech Republic) or under dark
condition using different buffers (A and B). The composition
of buffer A (pH 7.5) being 400 mM sucrose, 15mM NaCl,
5mM MgCl,, 5mM CaCl,, 40mM HEPES (pH 7.5), 5mM
Na-ascorbate, and 2 g/l bovine serum albumin (BSA) while
buffer B was composed of 400 mM sucrose, 15 mM NaCl and
5mM MgCl,, 40 mM MES (pH 6.5). Spinach leaves were washed
twice with deionized water. Na-ascorbate and BSA were added
immediately before crushing the spinach leaves. Dark adapted
leaves (400 g) were homogenized with 500 ml of buffer A. This
step was followed by filtering the homogenized mixture through
2 layers of nylon bolting cloth. Filtrate was transferred into
ice-chilled centrifugation tubes and was centrifuged for 10 min
at 9950 x g at 4°C. The supernatant was thrown out and
pellet was mixed properly with paint brush. The pellet was then
resuspended in 600 ml of buffer B and again centrifuged at
9950 x g for 10 min at 4°C. After the centrifugation, supernatant
was discarded and pellet was again resuspended in buffer B,
at this step concentration of chlorophyll was measured. This
step was followed by treating the suspension with 5% Triton X-
100 on ice bath with continuous stirring for 17 min, and then
centrifugation at 7000 x g for 7 min. The pellet was discarded
and supernatant was centrifuged again at 48,000 x g for 20 min
at 4°C. Pellet was washed for 3 times with buffer B and at
the final step, and chlorophyll concentration was measured.
PSII membrane were diluted to final chlorophyll concentration
(3-6 mg Chl ml™!) and were stored at —80°C until further
use.

Chlorophyll concentration was determined in aqueous 80 %
(v/v) acetone by absorbance at 646 and 663 nm according to the
method described by Lichtenthaler (1987).

Light lllumination

PSII membranes were exposed to continuous white light
(1,000 pmol photons m~2s~!) for time period as required
during the different experimental setups. The illumination was
performed using halogen lamps with a light guide (KL1500
Electronic, Schott, Mainz, Germany and PL075, Hoya Candeo
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Optonics, Japan). The light intensity was measured by quantum
radiometer LI-189 and LI-185B (LI-COR Inc., Lincoln, U.S.A.).

Electron Paramagnetic Resonance (EPR)
Spin-trapping Spectroscopy

The detection of O~ was performed by EPR spin-trapping
spectroscopy. Superoxide anion radical was detected by spin
trapping using EMPO, 5-(ethoxycarbonyl)-5-methyl-1-pyrroline
N-oxide. The experimental conditions are as follows: PSII
membranes (150 Lg Chl ml™!); EMPO, 25mM; phosphate
buffer, 40 mM (pH 6.5), DCMU, 20 uM and desferal, 50 M.
Spectra were recorded using EPR spectrometer Mini Scope
MS400 (Magnettech GmbH, Berlin, Germany) with EPR
conditions as follows: microwave power, 10 mW; modulation
amplitude, 1 G; modulation frequency, 100 kHz; sweep width,
100G; scan rate, 1.62G s~!. Formation of light-induced
EMPO-OOH adduct EPR spectra was measured in PSII
membranes after illumination of PSII membranes in glass
capillary tube with continuous white light (1000 pumol photons
m~2s7h).

Fabrication of Osmium-HRP (Os-HRP)
Modified Carbon Electrode

The electrochemical biosensor used in the study was prepared
using carbon-electrode (BAS Inc, ALS Co., Ltd., Japan). Prior to
each measurement, the carbon electrode was cleaned using PK-3
Electrode Polishing Kit (BAS Inc., ALS Co., Ltd., Japan) with
the aim to remove redox reaction products accumulated on the
electrode surface. This step was followed by spreading/dropping
of 0.5pL aliquot of Os-HRP polymer solution (Bioanalytical
System, USA) on the carbon electrode (¢, 1 mm). The solution
was allowed to form a circular thin film after overnight drying at
4°C under dark condition.

Cyclic Voltammetry of Os-HRP Modified

Carbon Electrode

For the basic characterization of the Os-HRP modified carbon
electrode, a portion of the electrode was soaked in 10ml
of 40mM Na-phosphate buffer and cyclic voltammetry
was performed. Cyclic voltammetry was conducted at
a scan rate of 20mV/s from 0.0 to 405V at room
temperature.

Hydrogen Peroxide Detection using

Catalytic Amperometric Biosensor

The electrochemical measurements were performed using a
potentiostat (HA1010mM4S; Hokuto Denke Co. Ltd., Japan).
For the assay to study H,O, generated in PSII membrane,
the PSIT membranes at a concentration of 150 g Chl ml~!
was introduced into a six well Repro plate (IFP, Research
unit for the functional peptides, Yamagata, Japan). Ag/AgCl
electrode was used as a reference electrode and Os-HRP
modified carbon electrode was used as working electrode.
Platinum plate in the dimension of 5*5%0.1 mm was used as a
counter electrode. Kinetics on the formation of light-induced
H,0, was measured in PSII membranes after illumination

under continuous white light (1000 wmol photons m~2 s71)
for a duration of 1h. The sampling time was kept at
500 ms.

RESULTS

Superoxide Anion Radical Production in
PSIl Membranes

The light-induced formation of O35~ in PSII membranes
was measured using EPR spin-trapping spectroscopy. The
spin-trapping was accomplished by the spin-trap compound
5-(ethoxycarbonyl)-5-methyl-1-pyrroline N-oxide (EMPO). The
EMPO did not induce any EMPO-OOH adduct EPR signal in
non-illuminated PSII membranes, whereas illumination with a
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FIGURE 1 | Light-induced EMPO-OOH adduct EPR spectra measured
in PSIl membranes. EMPO-OOH adduct EPR spectra were measured under
light illumination (1000 umol photons m—2 3*1) of PSIl membranes (150 ng
Chl mi=1) in the presence of 25 mM EMPO, 100 uM desferal, and 40 mM
phosphate buffer (pH 6.5). (A) Shows the spectra measured in the time range
of 0-5 min of illumination and 1 (B) shows time profile of EMPO-OOH adduct
EPR spectra. The intensity of EPR signal was evaluated by measuring the
relative height of central peak of the first derivative of the EPR absorption
spectrum. The data represent the mean value (+SD) where n = 3.
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continuous white light (1,000 umol photons m~2 s71) resulted
in the formation of the EMPO-OOH adduct EPR signal
(Figure 1A). Time dependence of EMPO-OOH adduct EPR
signal shows that formation of O3~ is enhanced linearly for
a duration upto 5min of light illumination (Figure 1B). These
results suggest that illumination of PSII membranes with a
continuous white light (1,000 jLmol photons m~2 s 1) results in
O3~ production.

Effect of Superoxide Dismutase and
Catalase on O3~ Production in PSII

Membranes

To study the contribution of O3~ leading to H,O, formation
in PSII membranes under light illumination, the effect of SOD
and catalase (CAT) were studied on O3”. Upon addition of
exogenous SOD, which is known to catalyze the dismutation
of 05" to HyO, to PSII membranes prior to illumination,
EMPO-OOH adduct EPR signal was found to diminish
completely. The simultaneous addition of SOD and CAT was
also found to suppress the EMPO-OOH EPR signal completely
(Figure 2A). This observation indicates that O3~ produced
during light illumination is most likely involved in H,O,
formation in PSII membranes.

Effect of DCMU on 05‘ Production in PSII

Membranes

The effect of herbicides, DCMU [3-(3,4-dichlorophenyl)-1,1-
dimethylurea] (Sigma Aldrich, Germany) was tested for its
effect on EMPO-OOH adduct EPR signal in PSII membranes.
The effect of DCMU which is known to block the electron
transfer from Q4 to Qp was studied on light-induced formation
of O5”. Figure2B shows that the addition of DCMU
suppressed EMPO-OOH adduct EPR signal approximately by
50% (Figure 2B). These observations indicate that loosely bound
plastosemiquinone bound at or after the Qg site can contribute
to the overall production of O5™ via the reduction of molecular
oxygen.

Characterization of Os-HRP Modified

Carbon Electrode

The characterization of the Os-HRP modified carbon electrode
was performed using cyclic voltammetry (Figure 3). Cyclic
voltammetry was conducted at a scan rate of 20mV/s from 0.0
to + 0.5V at room temperature. The oxidation and reduction
current were obtained at 0.3V vs. Ag/AgCl. Based on the
data obtained, the surface concentration of Os-HRP on the
carbon electrode was calculated to be 6.78 x 10~ mol/cm?. The
Calibration curve of Os-HRP modified carbon electrode was also
measured using standard H, O, solution (Supplementary Data).

Hydrogen Peroxide Production in PSII

Membranes

The light-induced formation of H,O, in PSII membranes was
measured using catalytic amperometric biosensor. The study of
kinetics of H,O, production was accomplished using Os-HRP
modified carbon electrode. The reduction current generated in

the presence of H,O, was monitored. Under dark condition,
no change in the reduction current was observed whereas
illumination with a continuous white light (1,000 p. mol photons
m~2 s7!) resulted in change in the reduction current. Figure 4A
shows typical chronoamperometric responses, the reduction
currents gradually increased after light illumination followed
by a shoulder which continues for a duration of about 1h
which than rapidly drops at the switching off the light (dark
period). The peak value of the reduction current was reached after
about 15min of light illumination with a maximum change in
reduction currents of approximately 400 pA. The data presented
shows continuous generation of H,O; till the period of light
illumination (Figure 4A). These results shows that illumination
of PSIT membranes with continuous white light results in H,O;
production.

Effect of SOD and CAT on H>05 Production

in PSIl Membranes

To monitor the functionality of the sensor, the effect of SOD
was measured under light-illumination. Reduction current for
H,0,was measured for first 5min of light illumination where

SOD+CAT

SOD

Control (5 min)

r T T T T T
330 332 334 336 338 340
B (mT)

#M\//\W\J\mu

Control (5 min)

T T T T T T
330 332 334 336 338 340
B (mT)

FIGURE 2 | Effect of SOD, CAT, and DCMU on EMPO-OOH adduct EPR
spectra measured in PSIl membranes. EMPO-OOH adduct EPR spectra
were measured in PSII membranes in the presence of SOD and CAT under
light illumination. The relative intensity of the light-induced EMPO-OOH adduct
EPR signal measured in the presence of SOD (400 U/ml) and SOD+CAT

(400 U/ml each) (A) and DCMU (20 uM) (B). The other experimental conditions
were the same as described in Figure 1.
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a linear increase was observed similar to control (Figure 4A).
Upon addition of exogenous SOD to PSII membranes during
illumination, a fast increase in reduction current was observed
bringing a considerable change of about 600 pA. The fast increase
was followed by a rapid drop however; the reduction current was
still higher as compared to reduction current recorded before the
addition of SOD. The addition of CAT completely suppressed the
reduction current by about 100% (Figure 4B). These results show
that under illumination of PSII membranes with a continuous
white light, H,O; production in PSII membrane is contributed
via dismutation of O

DISCUSSION

In the current study, we used spectroscopic and amperometric
techniques to measure the production of ROS in spinach PSII
membrane. Our prime objective was to study the effect of high
light stress in PSII membrane reflected by ROS production
primarily the generation of H,O, as the stress response formed
via the dismutation of O3~. Superoxide anion radical which is
known to be formed by one-electron reduction of molecular
oxygen was measured under light illumination (Figure 1).
EPR spin-trapping data obtained using the urea-type herbicide
(DCMU) supports the evidence on the involvement of loosely
bound plastosemiquinone in O3~ production (Figure 2B).
Suppression of EMPO-OOH adduct EPR signal is in agreement
with our previously published results where contribution of
loosely bound plastosemiquinone at or after the Qp site (DCMU-
sensitive site) might contribute to the overall O3~ production
(Yadav et al., 2014). The EMPO-OOH adduct EPR signal in the
presence of DCMU indicates that molecular oxygen is reduced
prior to the Qp site which is known to occur due to reduction
of molecular oxygen by Pheo®™ or Q3™ which serves as electron
donors to molecular oxygen due to their low redox potentials

(Pospisil, 2012). The observation that the EMPO-OOH adduct
was completely suppressed in PSII membranes illuminated in
presence of SOD indicates that O3~ formed during the light
illumination dismutates to H,O; prior to its interaction with spin
trap (Figure 2A). It can be concluded here that the H,O, formed
in PSII membrane under light illumination is contributed by the
dismutation of O3 ™.

Amperometric methods for the direct detection of H,O, has
been used since last decades in animal cells (Mouithys-Mickalad
et al., 2001; Inoue et al., 2010) however, very limited evidences
exist on its application in plant cells (Cleland and Grace,
1999). Amperometric measurements have been implemented
at the level of protoplast to study the photosynthetic activity
under the effect of benzoquinone (Yasukawa et al., 1998, 1999).
Redox response of benzoquinone, p-hydroquinone and oxygen
was measured by placing a microelectrode close to an algal
protoplast to localize concentration of these species (Yasukawa
et al., 1999). Direct detection of H,O,using electrochemical
methods; however, had never been reported previously in
photosynthetic organelles. H,O, detection in subchloroplast
oxygen-evolving PSII particles and isolated reaction center
complexes of PSII has been studied using luminol-peroxidase
chemiluminescence and pulse photoactivation (Zastrizhnaya
et al., 1997). Production of H;0O, was detected in PSII
membranes using AR fluorescent assay (Yadav and Pospisil,
2012). Levels of H,0O, including O} and singlet oxygen has
been determined by using both histochemical and fluorescent
probes in leaves and thylakoids (Zulfugarov et al., 2014), however,
there exist arguments over the selectivity of the molecular probes
used.

Two different approaches of the detection of H,O,via
electrochemical methods are being used in animal cells. The
detection of H,O; is either via a non-mediator or a mediator
based biosensor device (Lin et al, 2000; Nakabayashi and
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FIGURE 4 | Real-time monitoring of reduction current for hydrogen peroxide in PSIl membrane. (A) Kinetics of the production of HoO, was measured using

Os-HRP modified carbon electrode during light illumination in PSIl membranes. The light illumination was started at 5min from the start of the measurement and the
reduction current was measured for a duration of 1 h. (B) Effect of SOD and CAT on reduction current was measured in the presence of SOD (400 U/ml) and SOD +

CAT (400 U/ml each).

Yoshikawa, 2000; Yao et al., 2005; Wang and Zhang, 2006;
Camacho et al., 2007; Jia, 2008; Radi et al., 2009; Ahammad,
2013). In non-mediator based biosensor, the transfer of electron
occurs between the electrode and the enzyme (Ahammad, 2013).
The preparation process being very simple, the non-mediator
based biosensors have been extensively used in the past. In
the mediator based biosensor device, the mediator plays a key
role to shuttle electron between the electrode and the enzyme
(Scheme 1). Most commonly, methylene blue, ferrocene and
carboxylic acid are used as mediators (Lin et al., 2000; Tian et al.,

2001; Li et al., 2004; Tripathi et al., 2006; Senel et al., 2010).
The mediator in the case of HRP is pointed to be important
because the shuttling of electron between electrode and HRP is
large as the active site of HRP is located deep in the protein
sheath (Ahammad, 2013). In our current device, Os acts as
a mediator where Os** is reduced to Os** in the process
(Scheme 1). Different modified electrode has been introduced in
the past, the detection limit in most case were in the range of pM
concentration with a limited contribution where mediator-based
HRP biosensor reached a lower detection limit in the range of
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tens-hundreds nm concentration (Chen et al., 2006; Zhang et al.,
2008; Lu et al., 2010).

Using Os-HRP modified carbon electrode, we have observed
a change in the reduction current during illumination of PSII
membranes reflecting the production of H,O, (Figure 4A).
A change of ~400pA reflects generation of H,O, which
was then found to be stable in the period of 20-60 min of
light illumination. The reduction current was found to drop
immediately under dark condition. Based on the considerable
changes monitored in reduction current, the biosensor device
is claimed to be sensitive for its application in photosynthetic
samples.

ROS generated in the cell or organelles are eliminated
by antioxidant enzymes such as SOD, glutathione peroxidase,
CAT or by low molecular antioxidants such as vitamins,
glutathione etc. (Halliwell and Gutteridge, 2007). When SOD
which dismutates OS5~ to HO, was added to the illuminated
PSII membrane, the reduction current for H,O, was observed
to gradually enhance leading to the conclusion that the H,O,
generated in the PSII membrane is formed via the formation
of O”. The addition of SOD (Figure 4B) during the light
illumination drastically enhanced the reduction current by 600
pA followed by a sudden drop indicate the fast conversion of
O~ into H,O, available in the PSII pool. This is in agreement
with observed result with EPR signal of the EMPO-OOH adduct
observed under the effect of SOD (Figure 2A). The subsequent
addition of CAT which converts H,O, to H,O and molecular
oxygen brings back the reduction current close to the value
observed under dark condition.

Electrochemical detection of H,O, is suggested here to be of
great importance in addition to other methods that has been used
in the recent past. In the detailed study performed by Snyrychova
and co-workers, different H,O, detecting probes were tested.
Probes such as amplex red and amplex ultra-red were found
to be sensitive to light and thus are not appropriate for the
study on the generation of H,O, in plant sample where effect
of light stress is frequently studied. Based on the results, the
authors also suggested that these probes should be used with
caution to avoid artifacts (Snyrychova et al., 2009). In addition
to this, the toxicity caused by the exogenous addition of probes
cannot be completely excluded. The method of electrochemical
measurements is also preferred because of the simplicity, low-
cost, high-sensitivity and selectivity (Ahammad, 2013). The
simplicity and low-cost of electrochemical measurements is
because of the fact that the electrodes can be used for endless
time with easy fabrication with designated mediator and enzyme
and overnight incubation at 4°C under dark condition or as per
standards. Based on the redox potential of the redox couple,
the modified electrode are specific for different species. Os-HRP
modified electrode is specific for HO, and thus can be widely
used in photosynthetic research where detection of H,O; has

always been a challenge. The sensitivity of the modified electrode
depends on the size and the material used. In our current
report, Os-HRP modified carbon electrode has been claimed to
be sensitive and highly selective among other H,O, detection
techniques available till date. This fact opens the possibility
for using Os-HRP modified electrode for H,O, detection in
photosystem I (PSI) where H,O; is formed by the transfer
of electron from reduced ferredoxin to molecular oxygen via
ferredoxin-thioredoxin reductase (Gechev et al., 2006). Plasma
membrane NADPH oxidase complex are considered as the
major producer of ROS including O3~ and H,O; in cells (Sagi
and Fluhr, 2001, 2006; Halliwell and Gutteridge, 2007). In
addition to this, among the enzymatic source of O3~ and H,05,
cell wall bound peroxidases, aminooxidases, flavin containing
oxidases, oxalate, and plasma membrane oxidases are known
to be involved (Bolwell et al., 2002; Mori and Schroeder, 2004;
Svedruzic et al., 2005). In the case of apoplastic oxidative burst,
ROS are produced by cell wall bound oxidases, peroxidases
and polyamine oxidases (Minibayeva et al., 1998, 2009). Thus,
the current electrode also opens the possibility for measuring
generation of H,O, from different and localized structures of
plants and animals cells.
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ABSTRACT

Background. The growth and development of plants is deleteriously affected by
various biotic and abiotic stress factors. Wounding in plants is caused by exposure to
environmental stress, mechanical stress, and via herbivory. Typically, oxidative burst in
response to wounding is associated with the formation of reactive oxygen species, such
as the superoxide anion radical (O,*~), hydrogen peroxide (H,O;) and singlet oxygen;
however, few experimental studies have provided direct evidence of their detection
in plants. Detection of O,°*~ formation in plant tissues have been performed using
various techniques including electron paramagnetic resonance spin-trap spectroscopy,
epinephrine-adrenochrome acceptor methods, staining with dyes such as tetrazolium
dye and nitro blue tetrazolium (NBT); however, kinetic measurements have not been
performed. In the current study, we provide evidence of O,°~ generation and its kinetics
in the leaves of spinach (Spinacia oleracea) subjected to wounding.
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with Ag/AgCl as the reference electrode.

Result. The results obtained show continuous generation of O,°~ for minutes after
wounding, followed by a decline. The exogenous addition of superoxide dismutase,
which is known to dismutate O,*~ to H,0», significantly suppressed the oxidation
current.

Conclusion. Catalytic amperometric measurements were performed using polymeric
iron-porphyrin based modified carbon electrode. We claim it to be a useful tool and a
direct method for real-time monitoring and precise detection of O,°*~ in biological
samples, with the potential for wide application in plant research for specific and
sensitive detection of O,°.
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INTRODUCTION

The formation of reactive oxygen species (ROS) in plants is an unavoidable consequence
of photosynthesis (Ledford, Chin ¢ Niyogi, 2007; Alessandro et al., 2011; Foyer ¢ Shigeoka,
2011; Laloi & Havaux, 2015). The introduction of molecular oxygen into the environment
by photosynthetic organisms during the evolution of aerobic life is associated with the for-
mation of ROS (Tripathy & Oelmiiller, 2012). Plants growing in a fluctuating environment
are exposed to various biotic stresses such as bacteria, viruses, fungi, parasites, insects, weeds,
etc. and abiotic stresses such as fluctuations in temperature, salinity, water, radiation, toxic
chemicals and mechanical stress which are closely linked to higher ROS production. The
chloroplasts, mitochondria, and peroxisomes are among the chief organelles involved (EI-
stner, 1991; Foyer & Harbinson, 1994; Asada, 1996; Turrens, 2003; Liu et al., 2007; Murphy,
2009). As a response, ROS, including the superoxide anion radical (O,°7), hydroperoxyl
radical (HO,*), hydrogen peroxide (H,0;), hydroxyl radical (HO®), singlet oxygen ( 10,),
peroxyl radical (ROO?®), hydroperoxide (ROOH) and alkoxyl radical (RO*®), are produced
(Miller, Shulaev & Mittler, 2008; Gill & Tuteja, 2010; Foyer ¢ Noctor, 2005; Asada, 2006;
Miller et al., 2009; Bhattacharjee, 2010; Choudhury et al., 2013).

The production of ROS by an oxidative burst is an imperative element of the wound
response in algae, plants, and animals (McDowell et al., 2015). As a response to wounding,
plants release oligosaccharide cell wall fragments, which play an important role in the
signaling cascade that initiates an intense, localized production of ROS (Legendre et al.,
1993; John et al., 1997; Stennis et al., 1998). Wounding stimulates the production of O,°7,
H,0; and nitric oxide (NO), which can directly attack encroaching pathogens at the site
of the wound (Murphy, Asard & Cross, 1998; Garces, Durzan ¢ Pedroso, 2001; Jih, Chen &
Jeng, 2003). In Arabidopsis thaliana leaves measured under ambient light conditions, O,°*~
and H,;O; mainly originate from photosynthetic electron transport, predominantly at the
site of wounding (Morker ¢ Roberts, 2011). The role of NADPH oxidase in ROS production,
however, was not completely ruled out. Therefore, the generation of O,*~ and H,0, can
be attributed to the collective effect of wounding and light stress. O,°*~ generation in the
root cells of plants in response to wounding has been studied by electron paramagnetic
resonance (EPR) spin-trap spectroscopy and epinephrine-adrenochrome acceptor methods
(Vylegzhaninat et al., 2001). Tiron (4, 5-dihydroxy-1, 3-benzene-disulfonic acid disodium
salt) was used, and the tiron semiquinone EPR spectra showed O,°~ generation. The level of
0,°*~ production in the roots was measured with epinephrine which in the presence of O,°*~
is converted to adrenochrome and can be monitored at 480 nm by a spectrophotometer
(Misra & Fridovich, 1972; Barber & Kay, 1996). In addition to spectroscopy, staining with
dye, such as tetrazolium dye and nitro blue tetrazolium (NBT), has been used to detect
the production of O,°*~ in situ, with visualization of O,*~ generation as a purple formazan
deposit within leaflet tissues (Wohlgemuth et al., 2002).
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Although various methods, such as EPR spin-trapping spectroscopy (Von, Schlosser
e Neubacher, 1993), chemiluminescence (Anderson et al., 1991), the reduction of NBT
and the reduction of the redox protein cytochrome c (Doke, 1983b; Doke, 1983a;
Doke, 1985) have been used to detect and monitor O,°*~, each of these methods has
inadequate specificity and sensitivity. EPR spin-trapping spectroscopy is one of the
most sensitive and specific method for ROS detection; however, kinetic measurements
are not possible at the current stage of development. Chemiluminescence, also
known as ultra-weak photon emission, has been widely used recently as a non-
invasive method to understand the involvement of ROS in oxidative radical reactions
(Prasad & Pospisil, 2012; Prasad ¢ Pospisil, 2013; Pospisil, Prasad & Rdc, 2014); however,
limitations with respect to the specificity for particular ROS involvement exists (Halliwell
& Gutteridge, 1989).

Integration of metalloporphyrins into electropolymerized polymer electrodes have been
developed rigorously over the last years because these materials are effective electrocatalysts
for chemical as well as photochemical applications (Bedioui et al., 1995). Numerous authors
have recently tested the potential use of electropolymerized metalloporphyrins as new
electrode materials for chemical and biological sensors (Deronzier ¢ Moutet, 1996;

Yim et al., 1993; Bedioui, Trevin & Devynck, 1996). In our current study, we pro-
vide an experimental approach for the detection of O,*” by polymeric iron-
porphyrin-based modified carbon electrode based on the reaction mechanism
presented in Fig. 1A (Yuasa & Oyaizu, 2005). Detection of O,°~ by highly sen-
sitive and selective polymeric iron-porphyrin-based modified carbon electrodes

was tested in in vivo leaf sample subjected to wounding. The current study introduces
the use of catalytic amperometric biosensors for the real-time detection of O,°~.

MATERIAL AND METHODS

Spinach leaves

Young spinach (Spinacia oleracea) leaves were washed twice with deionized water and were
dark adapted for 2 h. For each measurement, a fresh spinach leaf of the approximately
same age was chosen. All experiments were performed at room temperature under dark
conditions to avoid interference from light sources.

Material and chemical reagents

The 5-(ethoxycarbonyl)-5-methyl-1-pyrroline N-oxide (EMPO) spin trap and capillary
tubes used for EPR measurements were obtained from Alexis Biochemicals (Lausen,
Switzerland) and Blaubrand intraMARK (Brand, Germany), respectively. The carbon
electrodes (¢ = 1 mm) were purchased from BAS Inc., ALS Co., Ltd. (Tokyo, Japan).
Superoxide dismutase (SOD), xanthine oxidase and xanthine (X/XO) were purchased
from Wako Pure Chemicals Industries, Ltd. (Osaka, Japan), Sigma-Aldrich chemie Gmbh
(Munich, Germany) or Sigma-Aldrich Japan K.K. (Tokyo, Japan).
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Figure 1 Reaction mechanism and experimental setup. (A) Schematic illustration of the reaction mech-
anism for the amperometric detection of O,*~ using the polymeric iron-porphyrin-based modified carbon
electrode depicting the reduction-oxidation cycle leading to generation of the oxidation current. (B and C)
Schematic illustration of the experimental setup for the electrochemical measurements. The stimulation
was performed using a glass capillary, and the polymeric iron-porphyrin-based modified carbon electron
was positioned at a distance of 1 mm using a motor-driven XYZ microscopic stage (B). The in vivo gener-
ation of O,°*~ was measured using a polymeric iron-porphyrin-based modified carbon electron (working
electrode, WE), platinum wire (counter electrode, CE) and Ag/AgCl (reference electrode, RE) (C).

Equipment and methods

Simultaneous measurements of the oxidation current of O,*~ were performed using

a potentiostat (HA1010mM4S; Hokuto Denko Co., Ltd., Japan). The polymeric iron-
porphyrin-based modified carbon electrodes were positioned 1 mm from the site of injury
using a motor-driven XYZ-stage (K101-20MS-M; Suruga Seiki Co., Ltd., Japan) (Fig.
1B). The detection of O,°” in the X/XO system was performed by EPR spin-trapping
spectroscopy using 25 mM EMPO in phosphate buffer.
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Figure 2 Calibration curve. Changes in oxidation current measured using iron-porphyrin-based modi-
fied carbon electrode by exogenous addition of a standard known concentration of O,°~ generated in situ
using X/XO system in the concentration range of 0.4-1.3 WM.

Experimental conditions for real-time monitoring of the oxidation
current of O,°~

The electrochemical detection of O,°~ was measured using the X/XO system based on
the method described in our recent study (Matsuoka et al., 2014) (Fig. 2). The subsequent
oxidation current for O,°*~ was monitored using polymeric iron-porphyrin-based modified
carbon electrodes (¢ =1 mm) with Ag/AgCl as the reference electrode.

Spinach leaves were fixed on a petri-dish with a diameter of 60 mm using double-sided
adhesive tape. A total of 10 mM phosphate buffer saline (pH 7.2) (PBS) was gradually
added to maintain a sufficient volume to submerge the whole spinach leaf in PBS. During
the measurement, injury was performed using a glass capillary with an inner diameter
of about 1.2 mm and wall thickness of 200 wm as presented in Fig. 1B and Data S1. For
data presented in the manuscript, the injury/wounding in spinach leaves were done either
one time or multiple times (between 8-10 times) while to visualize the state of leaves,
injury/wounding was made one time, five times and 20 times (Data S1). Mechanical injury
and mechanical wounding were performed close to the site of the electrode. The oxidation
current was measured at +0.5 V vs. Ag/AgCl at room temperature.

Superoxide anion radical detection using polymeric iron-porphyrin-
based modified carbon electrodes

The detection of O,°~ was based on catalytic amperometry using a counter electrode
and working electrode. The counter electrode was a platinum wire (¢0.25 x 40 mm), and
the working electrode (¢1 mm) was a polymeric iron-porphyrin-based modified carbon
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electrode. Ag/AgCl was used as a reference electrode. The polymeric iron-porphyrin-based
modified carbon electrode acted as an O,°~ detection sensor. The polymeric
iron-porphyrin-based modified carbon electrode was prepared by the electropoly-
merization of 1-methylimidazole-coordinated mesotetra (3-thienyl) porphyrin
([Fe(im),(ttp)]Br) (Yuasa & Oyaizu, 2005; Yuasa et al., 2005). Electropolymerization
was performed in a two-chamber three-electrode electrochemical cell by potential
cycling from 0 to +2.0 V vs. Ag/Ag" with a potential sweep rate of 50 mV s™!.
After rinsing with dichloromethane, the polymeric iron-porphyrin-based modified
carbon electrode was obtained (Yuasa ¢ Oyaizu, 2005; Yuasa et al., 2005). For the basic
characterization of the polymeric iron-porphyrin-based modified carbon electrode, a
differential pulse voltammogram of the electropolymerized [Fe(im),(ttp)]Br complex
was recorded in an aqueous electrolyte solution containing 10 mM PBS (pH 7.2) using a
high-performance potentiostat HZ-7000 (Hokuto Denko Co., Ltd., Japan) (Data 52).

RESULTS

Characterization and sensitivity evaluation of an iron-porphyrin-based
modified carbon electrode

The characterization of the polymeric iron-porphyrin-based modified carbon electrode was
performed using a differential pulse voltammogram (DPV) (Data S2). The polymerized
complex was electroactive, with a mean redox potential at —0.25 V for the Fe?*/Fe>* couple.

Generation of O,°” in the chemical system and sensitivity evaluation
of the polymeric iron-porphyrin-based modified carbon electrode

The xanthine/xanthine oxidase system is used for the formation of O,°*~ by the reduction
of molecular oxygen (Olson et al., 1974; Richter, 1979; Porras, Olson ¢ Palmer, 1981). To
confirm the formation of O,*~ in the chemical system used in the later experimental
procedures, we measured the EMPO-OOH adduct EPR signal (Data S3: A). The
intensity of the EMPO-OOH adduct EPR signal in the control (xanthine) and chemical
system (X/XO) was also measured (Data S3: B). In the absence of xanthine oxidase,
no EMPO-OOH adduct EPR signal was observed, whereas in the presence of XO, an
EMPO-OOH adduct EPR signal was observed (Data S3).

To determine the sensitivity of the polymeric iron-porphyrin-based modified carbon
electrode, the response of the exogenous addition of a standard known concentration of
0,°~ generated in situ was measured using X/XO system. A linear increase in oxidation
current was observed with an increase in O,°*~ concentration. The calibration curve
(Aivs O,°7) was found to be linear in the concentration range of 0.4 to 1.3 uM (Fig.
2). This indicates that the sensitivity of the electrochemical sensor is in the range of uM
concentration, reflecting changes in the oxidation current in the order of tens of nA (Fig. 2).

Real-time monitoring of O,°~ generation during wounding of spinach
leaves

To validate that there is no interference in the measurement caused by the suspension of
spinach leaf in PBS, the oxidation current was measured in a non-wounded spinach
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Figure 3 Real-time monitoring of the oxidation current of O,°~ from spinach leaves. The kinetics of
the production of O,*~ were measured using a polymeric iron-porphyrin-based modified carbon elec-
trode on non-wounded spinach leaves.

leaf suspended in PBS (Fig. 3). No fluctuation in the oxidation current of O,°~

was observed in the non-wounded spinach leaf suspended in PBS, (Fig. 3), whereas

a negligible fluctuation was observed with the exogenous addition of SOD (data not
shown). These results indicate that these chemical species (PBS and SOD) do not interfere
with the measurements. The kinetics of the production of O,°*~ were also measured in the
chemical system containing no spinach leaves and in the presence of SOD (400 U ml™!)
indicating no significant fluctuation in oxidation current (Data 54).

Real-time monitoring of the oxidation current for O,°*~ was performed in spinach
leaves where mechanical injury was stimulated one time using a glass tube (Fig. 4A) and
mechanical wounding was done multiple times (Fig. 4B). The wounding in spinach leaves
was done one time (4A) and multiple times (between 8-10 times) (4B) using a glass
capillary with an inner diameter of about 1.2 mm and wall thickness of 200 wm. The results
indicate that the O,*~ production increased considerably with the dose of mechanical
injury (Fig. 4). Furthermore, to visualize the extend of damage to leaf during mechanical
injury induced by glass capillary, photograph of leaves showing the physiological state
have been presented along with kinetics on real-time monitoring of the oxidation current
of O,°~ under experimental condition mentioned in dataset presented (Data S1). To
determine the concentration of O,°~ generated in mechanically injured spinach leaves,
the calibration curve was established for various concentrations obtained using standard
X/XO system (Fig. 2). A maximum oxidation current (A7) of 1.5 nA (at time span, 60 s)
and 7.5 nA (at time span, 300 s) was observed in mechanically injury made at a minimal
dose (Fig. 4A) and at multiple sites (Fig. 4B). Based on the data obtained and the maximum
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Figure 4 Real-time monitoring of oxidation current for O,*~ during wounding. The kinetics of the
production of O,°*~ were measured using a polymeric iron porphyrin based modified carbon electrode
during wounding in spinach leaves. The wounding in spinach leaves was done one time (A) and multiple

times (B) close to the site of electrode during the measurement and oxidation current for O,*~ was mea-
sured.

Table 1 Calculation. Superoxide anion radical (O,*~ concentration calculated using standard calibration
curve (R* = 0.9918) (Fig. 2). The total change in oxidation current was found to be 1.5 nA (A1) for min-
imal dose of injury (Fig. 4A) and 7.5 nA (Ai) for injury at multiple sites (Fig. 4B). The total O,*~ concen-
tration was found to be equivalent to 40 nM (Fig. 4A) and 200 nM (Fig. 4B) at 60 s and 300 s, respectively.

A B

Ai (nA) 1.5 7.5
At (s) 60 300
0,"” (nM) 40 200

oxidation current recorded, the O,°~ was calculated and expected production was found
to be about 40 nM (4A) and about 200 nM (4B) (Table 1).

In addition, O,°*~ generation was also measured in spinach leaves under the effect of
wounding at room temperature in presence of exogenous addition of SOD (Fig. 5). In
the absence of wounding, as observed during the first minute of real-time monitoring, no
considerable change in the oxidation currents of O,°*~ was observed. However, wounding
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Figure 5 Real-time monitoring of the oxidation current of O,*~ during wounding. The kinetics of the
production of O,*~ were measured using a polymeric iron-porphyrin-based modified carbon electrode
during wounding in spinach leaves. The wounding of spinach leaves was performed during the measure-
ment, and the oxidation current for O,*~ was measured for approximately 30 min. The effect of SOD on
the oxidation current was measured in the presence of SOD (400 U ml™') added exogenously during the
measurement.

instantaneously resulted in a fast increase in the oxidation current for O,*~ of approxi-
mately 10 nA, followed by a gradual decrease, which continued for more than 10 min. To
confirm the production of O,°7, the effect of SOD, which leads to the dismutation of O,°~
to H,O,, on the oxidation current in a wounded spinach leaf was analyzed. The addition of
400 U ml~! SOD suppressed the oxidation current for O,*~ from 3.5 nA to 2 nA (Fig. 5).
However, complete suppression of the oxidation current was not observed. The oxidation
current, which persisted at approximately 1 nA for a few minutes, can be attributed to
rapid O,°~ diffusion to the electrode before its conversion to H,O; or to the limited SOD
activity at a fixed concentration. The effect of SOD (400 U ml~!) added exogenously was
also measured at the point of maximum oxidation current where a comparatively higher

suppression was recorded (Fig. 6).

DISCUSSION

In addition to plants, ROS detections have been performed in model system including
animals. During recent past, Zuo and coworkers (2011, 2013) presented results on
intracellular ROS formation in single isolated frog myofibers during low P, conditions
using dihydrofluorescein (Hfluor), a fluorescein analog of DCFH. Cyt c assay was also used
to measure O,°” in contracting skeletal muscle in pulmonary TNF- « overexpression
mice (Zuo et al., 2014; Zuo et al., 2004). Several mechanisms for the generation

of ROS involving O,*~ have been suggested. It has been proposed previously that an
NADPH oxidase-like enzyme in the plant plasma membrane is involved in the production of
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Figure 6 Real-time monitoring of oxidation current for O,*~ during wounding. The kinetics of the
production of O,*~ was measured using a polymeric iron porphyrin based modified carbon electrode dur-
ing wounding in spinach leaves. The wounding in spinach leaves was done during the measurement and
oxidation current for O,*~ was measured for a duration of about 30 min. Effect of SOD was measured in
the presence of SOD (400 U ml™") added exogenously during the measurement at the point of maximum
oxidation current.

0O,°~ which is then converted to the more stable H,O, during the oxidative burst in response
to pathogen attack of plant cells (Murphy & Auh, 1996; Doke et al., 1996). In skeletal muscle,
the major source of ROS especially extracellular O,°~ formation is via the arachidonic acid
metabolism through lipoxygenase (LOX) activity (Zuo et al., 2004). However, in contrast
to the view that wound-induced ROS are primarily produced extracellularly by NADPH
oxidase enzymes (Watanabe & Sakai, 1998; Flor-Henry et al., 2004), it has been recently
indicated that wound-induced O,°*~ and H,0, originate from photosynthetic electron
transport measured at wounded sites under ambient light conditions (Morker ¢ Roberts,
2011). The O,*” is produced during the electron transport process by the reduction of
molecular oxygen in the chloroplasts and mitochondria. The authors proposed that O,°~
and H, O, production is linked to wounding, which is enhanced significantly under light
conditions.

A recent report on Pisum sativum seedlings proposes a mechanism responsible for
oxidative burst during wounding. During mechanical wounding, polyunsaturated fatty
acids (PUFA), polyamines, LOX and peroxidases (Prx) are released in the extracellular
matrix. Under these circumstances, LOX is involved in the oxidation of PUFA or
polyamines, which induces diamine oxidases (DAO) to produce H;O,, further leading
to O,°*” production catalyzed by Prx (Roach et al., 2015). A diverse range of organisms
use Prx to produce O,°7, e.g., Triticum sativum roots (Minibayeva et al., 2009), Castanea
sativa and Trichilia seeds (Roach et al., 2009; Whitaker et al., 2010), liverworts (Li et al.,
2010), and lichens (Liers et al., 2011). Another group of redox enzyme involved in the
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wound-induced oxidative burst is DAO (Rea et al., 2002; Cona et al., 20065 Yoda, Hiroi ¢
Sano, 2006; Angelini et al., 2008), and cooperation between DAO and Prx is considered
important in the wound response. In addition to DAO and Prx, LOX not only generates
lipid hydroperoxides (LOOH) but can also generate O,*~ via the oxidation of pyridine
nucleotides and therefore considerably contributes to oxidative stress in cells (Roy et
al., 1994). Lipid oxidation by LOX is an important part of the wound-response because
oxylipins, the break-down products of lipid peroxides, can act as effective signaling
molecules to rapidly induce transcriptional changes during wounding (Upchurch, 2008;
Higdon et al., 2012). Plasma membrane-bound Prx can utilize PUFA such as linoleic acid
released at the wound site for the synthesis of O,°~. Even if LOX is not known to be
directly involved in O,°~ production, it was suggested that extracellular LOX may play an
important role by competing with Prx for fatty acids and producing reactive electrophiles
that coordinate signaling responses (Doke et al., 1996).

The electrochemical method with the employment of different modified electrodes
have been successfully standardized and applied for detection of varied ROS including
0,°~ during the recent past (Groenendaal Jonas et al., 2000; Yuasa & Oyaizu, 2005; Yuasa
et al., 2005). The polymeric iron-porphyrin-based modified carbon electrode is a useful
tool and provides a direct method for real-time monitoring and precise detection of
0,°” in biological samples in-situ (Yuasa et al., 2005). The kinetic measurement showing
the production of O,°~ for a long range of time (minutes) presented in our study
(https://ecs.confex.com/ecs/229/webprogram/Paper70675.html) have been demonstrated
and thus opens a new area of investigation which have always been difficult to explore
using other available methods such as EPR spin trapping spectroscopy, fluorescence
microscopy and other biochemical methods etc. Thus, the electrode has strong potential
for wide application in plant research for the specific and sensitive detection of O,°~
and the kinetic behavior in real-time. In addition to points mentioned above, using
synthetic porphyrin has an additional advantage. To date, O,°~ sensors based on naturally
derived enzyme (e.g., SOD, Cyt. ¢) have been developed (Di, Bi ¢ Zhang, 2004). However,
enzymes on the sensor are likely to be denatured. In contrast, the porphyrin based
sensor can be used without denaturation. At the same time, the current method is cost
effective. Certain limitations exist; the current polymeric iron-porphyrin-based modified
carbon electrodes are light-sensitive, which might hinder its photo-electrochemical
applicability (Brett ¢ Brett, 1984).

CONCLUSION

In the current study, we present our polymeric iron-porphyrin based modified carbon
electrode for application in real-time monitoring and precise detection of O,°~ in biological
system. It has strong potential for wide application in plant research for specific and sensitive
detection of O,° .
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Real-time imaging of
photosynthetic oxygen evolution
from spinach using LSI-based
biosensor

Shigenobu Kasail*?, Yamato Sugiura?!, Ankush Prasad?, KumiY. Inoue*, Teruya Sato?,
Tomohiro Honmo?, Aditya Kumar?, Pavel Pospisil®, Kosuke Ino®, Yuka Hashi*,

Yoko Furubayashi“, Masahki Matsudaira“, Atsushi Suda®, Ryota Kunikata® &
Tomokazu Matsue™>

The light-driven splitting of water to oxygen (O,) is catalyzed by a protein-bound tetra-manganese
penta-oxygen calcium (Mn,OsCa) cluster in Photosystem Il. In the current study, we used a large-
scale integration (LSI)-based amperometric sensor array system, designated Bio-LSI, to perform
two-dimensional imaging of light-induced O, evolution from spinach leaves. The employed Bio-

LSl chip consists of 400 sensor electrodes with a pitch of 250 pm for fast electrochemical imaging.
Spinach leaves were illuminated to varying intensities of white light (400-700 nm) which induced
oxygen evolution and subsequent electrochemical images were collected using the Bio-LSI chip.
Bio-LSI images clearly showed the dose-dependent effects of the light-induced oxygen release

from spinach leaves which was then significantly suppressed in the presence of urea-type herbicide
3-(3,4-dichlorophenyl)—1,1-dimethylurea (DCMU). Our results clearly suggest that light-induced
oxygen evolution can be monitored using the chip and suggesting that the Bio-LSl is a promising tool
for real-time imaging. To the best of our knowledge, this report is the first to describe electrochemical
imaging of light-induced O, evolution using LSI-based amperometric sensors in plants.

Molecular oxygen (O,) during the evolution is known to be introduced into the environment about ~2.7 bil-
lion years ago by the O, evolving photosynthetic organisms’. In the photosynthetic organisms, chloroplast and
mitochondria are the main organelles responsible for the production and consumption of O,, respectively.
Photosynthetic water oxidation to O, is catalyzed by a tetra-manganese penta-oxygen calcium (Mn,O;Ca) cluster
bound to the proteins of photosystem II (PSII)*-¢. Several techniques have been used in the past to measure O,
evolution in plants’~'!. Each method utilized for detection and estimation of O, has some strengths and limita-
tions. The electrochemical method has been used for detection of O, concentration including the Clark-type
and Joloit-type electrode!>'*. Quenching based O, sensors which are prepared by embedding the fluorophore
in O, permeable polymer matrix [Polyvinyl chloride (PVC) or silicone] have an advantage as they are generally
usable in both liquid and gaseous phase’. As quenching-based oxygen sensors, Ru(II) a-diimine complexes (15)
and Pt(II)/Pd(II) porphyrin systems are among the most studied'>™'®. In addition to the above techniques, EPR
oximetry, mass spectrometry, photoacoustic spectroscopy cannot be easily used in plant systems and there-
fore not widely employed in photosynthetic research. The electrochemical technique has an advantage of direct
detection of O, without labels and additional reagents. As an example, electrochemical O, analyzers based on
the reduction of O, at a negatively polarized platinum (Pt; electrode diameter: 25-75 um) electrode have been
demonstrated!®?. An ultra-microelectrode (diameter: 1.5pm) was also introduced and inserted into a single
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Figure 1. The photograph of the Bio-LSI chip (A), magnified images of Bio-LSI chip showing sensor points (B)
and sensor electrodes (C). The diameter of each electrode is 40 pm and the distances between the electrodes

are 250 pm. The measurement setup of electrode cell (D) with an RE (a) and a CE (b) placed in the same well as
WEs (c). Schematic illustration of the measurement system (E) for the photosynthetic activity in plant tissues by
detecting the O, as reduction current on the WEs of Bio-LSI.

cell to determine intercellular reduction current for O,'**. More recently, scanning electrochemical microscopy
(SECM) has been used for the imaging of O, evolution during photosynthesis around single living cells?!. SECM
provides in addition to topographic information’s, more detailed information (temporal) on the cellular activity
such as respiration etc.?>-4,

In the present study, we used our recently developed LSI-based amperometric sensor array system referred to
as Bio-LSI*>? for two-dimensional imaging of light-induced O, evolution from spinach leaves. The Bio-LSI com-
prised of a 10.4 mm x 10.4 mm complementary metal-oxide semiconductor (CMOS) sensor chip with 20 x 20
unit cells, an external circuit box, a control unit for data acquisition, and a DC power box. Each unit cell of
the chip consists of an operational amplifier with a switched-capacitor type I-V converter for in-pixel signal
amplification, which realizes a fast acquisition of electrochemical images with high sensitivity. On the Bio-LSI
chip, the spinach leaves were illuminated with white light to induce O, evolution and simultaneous imaging was
performed. To the best of our knowledge, this is the first study to describe real-time electrochemical imaging of
light-induced oxygen release from a photosynthetic organism using LSI-based amperometric sensors.

Material and Methods

Sample and chemical reagents. Spinach (Spinacia oleracea) leaves were purchased from the local market
and washed twice with deionized water. The leaves were stored in dark for two hours before measurement to avoid
any kind of light interference during the measurement. For each measurement, a fresh spinach leaf of the approx-
imately same age and size were chosen. The experiments were performed under the dark condition and at room
temperature (25 °C). 3-(3, 4-dichlorophenyl)-1, 1-dimethylurea (DCMU) >98% was purchased from Wako Pure
Chemicals Industries, Ltd. (Osaka, Japan).

Fabrication of Bio-LSI chip and measurement setup. The detailed fabrication process for the sensor
chip has been described in our previous study”. In summary, it consists of 400 working electrodes arranged in an
array of 20 x 20 electrodes as represented in Fig. 1(A-C). The overall measurement setup consists of a reference
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Figure 2. Time course of the deoxygenation. The DO reduction current on a WE of a Bio-LSI chip was
monitored during the pretreatment for deoxygenation of the well. A voltage of —0.5V vs. Ag/AgCl was applied
to 400 WEs for 20 min.

electrode (RE): Ag/AgCl; a counter electrode (CE): a platinum (Pt) wire and 400 working electrodes (WEs) on
the Bio-LSI chip (Fig. 1D). The WE is a Pt electrode each with a diameter of 40 pm. The RE and CE were inserted
from the top as represented in Fig. 1D while the leaf excised sample rests above the WEs. The distance between
the leaf sample and the Bio-LSI chip was less than ~1 mm due to the uneven surface area of the leaf. Some parts
of the sample contacted to the sensing area. The ventral side of the leaf known to possess the stomata was placed
on the electrode part for the purpose of acquiring the image. In the well positioned above the Bio-LSI chip, a
phosphate buffer saline (PBS) (40 mM) at pH 7.4 was accommodated. The setup was established precisely using a
stereoscopic microscope (Leica S8 APO).

Deoxygenation. To avoid any interference of dissolved oxygen (DO) in the system containing PBS (without
leaves), we conducted deoxygenation in the measurement well by applying a potential of —0.5V vs. Ag/AgCl to
the WEs before measurements. Reaction on the Pt WEs during the deoxygenation was as follows.

0, + 4H" + 4¢- — 2H,0

The monitored current generated by the above reaction was gradually decreased from —8 nA to ~—0.2nA
in the time span of 20 min (Fig. 2). The remaining current was derived from diffusion of fresh oxygen from the
atmosphere. From this result, we consider that the deoxygenation was completed in about 20 min.

Real-time imaging and current monitoring of oxygen evolution during photosynthesis using
Bio-LSI.  For the real-time imaging of O, evolution during the light-induced photosynthetic process, PBS was
filled in the well containing WEs (Fig. 1A). Prior to this, spinach leaf in the dimension 5mm X 2 mm was posi-
tioned on the WEs. A potential of —0.5V vs. Ag/AgCl was applied to the WEs until the reduction current of DO
was stabilized to ~0nA. This was followed by two-dimensional imaging of O, evolution from the spinach leaf by
continuous application of —0.5V vs. Ag/AgCl to the WEs. The light exposure was achieved using a KL300 LED
light source (A =400-800 nm) connected with a light guide (Schott AG, Hattenbergstrasse 10, Mainz, Germany)
with light intensities of 0 klx, 3 klx (40 pmol photons s™! m™2), 20 klx (260 pmol photons s! m~2) and 30 klx
(400 pmol photons s~ m~2). The intensities of light in the current study were chosen based on the data provided
by the Osaka Science Museum, Osaka, Japan. The light intensities used in our study reflect the situation close
to field conditions. As a negative control, we performed the same experiments in the absence of spinach leaf.
For time course monitoring of the reduction current, current data from a single randomly selected electrode
(indicated by a red open square) from the electrode sensor array system was chosen. We also examined the
effect of a photosynthetic inhibitor on the oxygen evolution by addition of DCMU prior to start (Supplementary
Data 1) and during measurements. All images presented in the manuscript are representative figures of at least 3
measurements.

Results

Real-time imaging of oxygen evolution during photosynthesis with different intensities of illu-
mination. Real-time imaging of O, evolution from a spinach leaf was performed under the different illumi-
nation intensities (3 klx, 20 klx, and 30 klx). The spatial distribution of O, was monitored as O, reduction current
measured with the Bio-LSI chip applied with —0.5V vs. Ag/AgCl. Figure 3A shows the photograph of 400 WEs on
a Bio-LSI and Fig. 3B shows a two-dimensional image of O, reduction current measured without any illumination
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Figure 3. Photograph of 400 WEs on a Bio-LSI (A) and an image of O, distribution based on the reduction
current of O, measured in the absence of spinach leaf (B). A photograph showing the arrangement of spinach
leaf on the electrode surface (C) and images of O, evolution after 5 min of light exposure from the spinach
illuminated with 3 klx (D), 20 klx (E) and 30 klx (F).

in the absence of spinach leaf. Figure 3C shows the arrangement of spinach leaf on the electrode surface of the
Bio-LSI chip during the measurements. Figures 3D-F are the two-dimensional images for O, reduction current
measured at the illumination of 3 klx, 20 klx and 30 klx, respectively. Supplementary Data 2 shows additional
set of data on two-dimensional imaging of O, reduction current measured at the illumination of 3 klx, 10klx, 20
klx and 30 klx. The electrodes close with the leaf surface showed a change in reduction current in the range of
—0.5nA to ~—3.5nA, while the electrodes far from the leaf did not show any significant changes in the reduction
current. With the increase of light intensities, the change in O, reduction current was increased. Supplementary
Data 3 (video 1) shows the change in O, reduction current in real-time during the turning on/off the light at 30
klx. As a control experiment, real-time imaging of O, evolution from the dorsal side of the spinach leaf bearing
no stomata was measured (data not shown). No significant change in O, reduction current was observed which is
believed to be due to non-feasible long-distance diffusion of oxygen.

Time course of oxygen evolution during photosynthesis at different intensities of illumination.
The time course of O, evolution from spinach leaves during illumination with different intensities was compared.
The changes in O, reduction current monitored at a single electrode of the electrode array system are shown in
Fig. 4. Exposure to white light at 3 klx leads to change in O, reduction current by —1 nA which was significantly
increased to —2.3 nA and —3.0 nA with exposure to light intensities of 20 klx and 30 klx, respectively. The O, evo-
lution depending on the illumination intensity was clearly monitored by the Bio-LSI system. With the turning off
the light, the oxygen reduction current showed a sharp decrease to a value equivalent to the value observed during
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Figure 4. Changes in O, reduction current of a single randomly selected electrode (indicated by a red open
square in Fig. 3) measured with a spinach leaves illuminated by 3 klx (green trace), 20 klx (red trace) and 30 klx

(black trace).
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Figure 5. Change in O, reduction current (AI) showing the difference between the background current
and value of oxygen reduction current (moving average) measured using Bio-LSI based on the experimental
conditions described in Fig. 4. The change in O, reduction current (Al in nA) was measured during the
illumination at intensity range of 0-40 klx.

AIl (nA) ATl (sec) Vl (nmol/sec) AIZ (nA) ATZ (sec) VZ (nmol/sec) AI&I (nA) ATS (sec) V3 (nmol/sec)
3klx 0.3 200 47 0.1 880 4 02 240 26
20kx |16 240 211 0.6 840 23 1.0 240 132
30klx |23 240 303 0.8 840 30 15 240 198
Table 1. Oxygen evolution (in nmol) calculated using standard bulk dissolved oxygen concentration measured

in the case of a Pt electrode (diameter 40 um) having a measurement solution (PBS) and temperature of 25°C.
The oxygen evolution (V, in nmol) was calculated during the illumination at the intensity range of 3klx, 20klx

and 30klx.

first 5min (no illumination). It can also be seen that the reduction current value began to gradually decrease
after 5 min of illumination (Fig. 4, red and black trace). This may be because of consumption of O, due to con-
tinuous application of a potential to the electrode, O, reduction by PSII and limited O, production by the plant

tissue.
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Figure 6. Details showing parameters utilized for calculation of oxygen evolution. Changes in O, reduction
current of a single randomly selected electrode (indicated by a red open square in Fig. 3) measured with spinach
leaves illuminated at 30 klx. V, Al and AT represents the concentration of evolved O,, change in O, reduction
current and time duration, respectively. The parameters were considered for calculations of oxygen evolution as
presented in Table 1.

For a further understanding of the behavior of O, evolution during illumination, the change in O, reduction
current (AI) from the current just before the turning on of the light at different period of illumination were plot-
ted as averages of 3 randomly selected electrodes under the leaf with error bars indicating standard deviations.
Figure 5 shows the AT at light intensities in the range of 0-40 klx. The O, evolution reflected by a change in reduc-
tion current was almost proportional to light intensity up to 30 klx; however, the response was saturated when the
light intensity exceeded 35 klx. The saturation intensity and oxygen-evolution rate are important factors describ-
ing the photosynthetic capability of plant leaves. The above results indicate that amperometric measurement
using Bio-LSI is applicable to screen the photosynthetic capability of the leaves including the oxygen constraining
process of carbon fixation.

In order to estimate the molecules of O, evolved, the background reduction current value of the measurement
solution and the DO concentration (estimated to be about 253 uM in the case of an electrode having a measure-
ment solution temperature of 25 °C and a radius of 40pm) were taken into account. The oxygen concentration was
recalculated and has been presented in Table 1 based on parameters shows in Fig. 6.

Real-time imaging of oxygen reduction current with photosynthetic inhibition. Real-time imag-
ing of O, reduction current was performed in the presence of photosynthetic inhibitor of electron transport in
PSII DCMU (5pM) to confirm the origin of the reduction current. Figure 7A shows the arrangement of spin-
ach leaf on the Bio-LSI chip (a), an image of O, reduction current before illumination (b) and an image during
illumination (30 klx) (c). To test the effect of photosynthetic inhibitor, DCMU was exogenously added during
the illumination (d) and subsequent images were taken after every 3 min for a time span of 15min (e-i). At the
initial 5min of DCMU addition, partial inhibition of oxygen evolution was observed and then, the inhibition
was increased with time leading to complete inhibition after 15min (i). Figure 7B shows the time course of the
O, reduction current changes on one electrode [indicated by a red open square in Fig. 7A(c)]. In addition to
the above measurement, light-induced O, evolution was also tested after the suppression by DCMU (Fig. 8).
Figure 8A shows the arrangement of spinach leaf on the Bio-LSI chip (a), an image of O, reduction current with-
out illumination (b), and during illumination (30 klx) (c). After a suppression in O, evolution by addition of 5uM
DCMU, illumination was performed again, and subsequent images were taken every 2 min (e-i). Only a slight
increase in oxygen reduction current was observed after the illumination which was found to rapidly decrease
within 2 min. Figure 8B shows the changes in O, reduction current showing similar effects. With the first turning
on of light illumination at 5min in the absence of DCMU, the O, reduction current increased to reach to —2.5nA.
With the turning off the light, the current decreased to —0.5 nA within 5 min. With the addition of DCMU at this
point and at a lapse of 5 min, the light source was turned on again. The small increase of the O, reduction current
was observed but the peak of the current was reduced by about 1/2 and quickly decreased due to the inhibitory
effect of DCMU on the O, evolution activity of the photosynthesis. These results indicate the potential of the
Bio-LSI to be used for the monitoring the O, evolution activity as well as the impact of the environmental stresses
to the tissues.
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Figure 7. (A) Photograph showing the arrangement of spinach leaf on the Bio-LSI chip (a), real-time imaging
of O, reduction current without illumination (b) and with illumination at 30 klx (c). DCMU (5 uM) was added
after 13 min from the start of illumination (30 klx) and subsequent images were obtained at 0 min (d), 3min (e),
6min (f), 9min (g), 12min (h) and 15min (i). (B) The change in reduction current on an electrode indicated by
ared open square in Fig. 7A(c). The arrow indicates the time of turning on the light (at 10 min) and subsequent
addition of DCMU (at 23 min).

Discussion

In this study, we demonstrated real-time monitoring of O, evolution from a spinach leaf with light illumination
by a change in O, reduction current using an LSI-based amperometric sensor array system called Bio-LSI. With
the increase of the light intensities from 0 kix to 30 klx, the reduction current reflecting oxygen evolution from the
leaf was increased almost proportional to light intensity while the electrodes far from the leaf did not show any
significant changes in the reduction current (Figs 3, 7A, 8A). With the turning off the light, the oxygen reduction
current showed a sharp decrease to a value equivalent to first 5min. In addition, we observed a decrease of O,
reduction current with applying 5 M of photosynthetic inhibitor DCMU to the illuminated leaf, showing that we
detected the photosynthetic activity of plant tissue (Fig. 7B). This technique can be broadly applied to investigate
the effect of chemical and physical stimulation on the photosynthetic organism including the impact of the envi-
ronmental stresses to the plant tissues.

Several conventional methods including polarography, EPR oximetry, mass spectrometry, photoacoustic spec-
troscopy and galvanic sensors have been used to measure photosynthetic oxygen evolution over the past years;
however, most of them can only offer mean values which lack spatial resolution and are therefore blind to any
compartmentation within the sample?. The imaging methods for oxygen consumption, oxygen evolution and
subsequent reactive oxygen species characterization which were used during the past decades in photosynthetic
research were mainly the fluorescence-based measurements. Fluorescence measurements offer wide applicability;
however undesired fluctuation by quenching/emission from other materials, shielding due to the solution (tur-
bidity of the medium) and need for probe labelling has to be considered. As far as probes labelling is concerned,
there are several issues related which includes but not limited to fluorescent probes cross-reactivity, the existence
of endogenous fluorochromes, excitation and emission wavelengths overlap, probe uptake, toxicity-either of the
fluorescent compounds and/or solvent etc. In the current study, the Bio-LSI chip has been presented for the
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Figure 8. (A) Photograph showing the arrangement of spinach leaf on the Bio-LSI chip (a), real-time imaging
of O, reduction current without (b) and with illumination at 30klx (c). The illumination was turned off 10 min
after the start of illumination and DCMU (5 M) was added 10 min after turning off the light. Then, the
illumination was turned on again after the addition of DCMU and subsequent images were taken at 0 min (d),
2min (e), 4min (f), 6 min (g), 8 min (h), 10 min (i) after turning on the light (at 28 min). (B) The change in
reduction current measured on a single randomly selected electrode (indicated by a red open square in Fig. 8C).

real-time imaging of photosynthetic oxygen evolution from spinach. Through the modification of electrodes,
the use of the device can be extended for detection of other chemical species/reactive species. Bio-LSI chip has
an advantage considering the simplicity and easy handling of the measurement setup with no interferences from
exogenous probes/chemicals and wider applicability. It is possible to detect oxygen production rate with higher
sensitivity [in the range of nmol/sec] and from larger surface area. Thus, it offers multi-point biosensing with
higher sensitivity. The current system is non-invasive and future development w.r.t sensing points can enhance
spatial and temporal resolution considerably. The Bio-LSI being equipped with CMOS sensor chip and oper-
ational amplifier within each unit cell not only makes it compactly designed and easy to handle but also offer
in-pixel signal amplification, fast acquisition and high sensitivity which makes its a promising tool in photosyn-
thetic research and more broadly in investigating different aspect in plant science research.

Some technical limitations are however associated with Bio-LSI especially in the context of temporal meas-
urements. The data resulting from 400 electrodes at 100ms interval will be enormous and thus choosing to follow
1 electrode/up to few electrodes for plotting the temporal distribution of changes in oxygen reduction current
presented as Figs 4, 7B, 8B are more feasible. Spatial resolution can also be affected to some extent since the dis-
tance between the leaf sample and the Bio-LSI chip at different electrode positions can slightly vary due to the
uneven surface area of the leaf or any other biological sample. Since some part of the sensing area can be closer
than other (mostly in case of solid samples), the change of the oxygen concentration can be subject to some errors.
Thus, the diffusion of oxygen in the medium has to be taken into account and should not be completely neglected.
Although there is a short delay due to the diffusion of molecules from targets to sensors in electrochemical imag-
ing, “real-time” is generally used®.
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