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Introduction and Review of Literature

Stress and annexins

Stress as defined by scientists based on physiological and ecological requirements of an
organism throughout its lifecycle (Chapin et al. 1991) is the reaction of a biological system
to extreme external factors that may cause significant perturbations depending on their
intensity and duration (Goring et al. 1982, Nilsen and Orcutt 1996; Godbold et al. 1998).
Along with the term “stress” Levitt (1980, 1982) used the term “strain”, which might be
used where the physiological changes due to extreme environmental conditions do not result
in significant inhibition of plant growth or reproduction. Larcher (1980) named the
responses of plants to stressors of adapting or protective nature as “alarm reactions”.

Stressors or stress factors induce functional changes in plants to an extent that results in
inhibited growth, reduced bio-production, physiological acclimatization, and adaptation of
species or little combination of these changes (Schubert et al. 1985; Grime et al. 1993,
Nilsen and Orcutt 1996).Stressors comprise a complex set of biotic and abiotic factors.
Those which are concerned with the mechanism of interaction between populations are
known as biotic stressors, whereasabiotic stressors may constitute both physical and
chemical factors. In abiotic stress, physical factors of the environment can affect
physiological patterns in both positive and negative ways, whereas, many chemical factors
can act as stressors if they are not normally in the environment (e.g. pesticides) or if their
levels are relatively high (e.g. pH) (Nilsen and Orcutt 1996). Plants respond to the
environment in an equally complicated manner. Combining the fact of huge number of cells
each with multiple interacting organelles along with cell differentiation and interactions with
the environment, we see an infinite number of permutations to this complexity (Cramer et al.
2011). According to Boyer (1982), crop production may be limited by environmental factors
up to as much as 70%. Only 3.5% of the global land area is not affected by few
environmental constraints according to 2007 FAO report.

On the basis of percentage of land area affected and the number of scientific publications
on various abiotic stresses, it is evident that abiotic stress makes a significant impact on

plants. A strong specific component in individual stress response is essential due to the
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diversification of abiotic stresses (Jaspers and Kangasjarvi 2010). However, the striking
common component involved in all abiotic stresses (Vaahtera and Brosché 2011) is reactive
oxygen species (ROS), notwithstanding different forms and in different sub-cellular
compartments (Jaspers and Kangasjarvi 2010). The metabolic processes such as
photosynthesis and respiration also results in ROS formation. ROS generation in all aerobic
species might result in oxidative stress. Oxidative stress may be defined as the disproportion

between induction and elimination of reactive oxygen species.

Air Pollution
Radiation : Pesticides

Allelopathy

Herbivory
Temperature: Water -

High 0 Drought

Diseases Wind

Infrared

Toxins

Magnetic Field
Etc.

Pathogens Uktraviolet

Etc.

Soiland Water
pH

Salinity

Low 2 Flooding

Viruses
Etc.

[The sources of environmental stress in plants (Schubert 1985; Nilsen and Orcutt 1996)]

Chemical reactions involving transfer of electrons or hydrogen atoms among molecules
are named as redox reactions. Oxidation is the loss of electrons from an electron donor or
an increase in oxidation state of amolecule, atom orion. Reduction involves gain of
electrons by an electron acceptor or decrease in oxidation state of a molecule, atom or ion.
The redox state represents the balance between oxidized and reduced state of the molecule

concerned, in a biological system such as a cell or an organ. Furthermore, redox control is
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determined byhow a molecular response depends on the redox state of one or more of its
constituent molecules in a cell.

Reduction of molecular oxygen by the electron flux flowing through photosynthetic and
respiratory electron transport chain, leads to the generation of ROS. ROS may be hydrogen
peroxide (H.0,), hydroxyl radical (OH") or superoxide radical (O,"). Singlet oxygen which
is an activated derivative of molecular oxygen is another oxidant that is formed during
photochemistry and light capture by interaction between the ground state oxygen and the
triplet chlorophyll of Photosystem Il reaction centers (Foyer and Noctor 2006). This
oxidative challenge is infringed by the antioxidative systems within the cell and helps the
organism to maintain active metabolism. Thus, redox homeostasis is demonstrated as the
ability to maintain a balance between the ROS generated and the activity of the antioxidative
system.

Till date, among all other identified functional proteins responsible for stress-resistance,
annexins have been shown to play a significant role. The term annexin is derived from the
Greek word “annex” meaning “bring/holdtogether” which characterize the principal
property of nearly all annexins, i.e., binding to certain biological structures, particularly
membranes. The term annexinwas namedwith various unrelated names according to their
biochemical properties. They are calcimedins (proteins mediating Ca®* signals), synexin
(granule aggregating  protein), lipocortins  (steroid-inducible lipase inhibitors),
chromobindins (proteins binding to chromaffin granules), and calpactins (proteins binding
Ca**, phospholipid, and actin).

Two defining criteria of annexins are known: (i) it must be capable of binding to
negatively charged phospholipidsin a Ca®*-dependent/independent manner (Mortimer et al.
2008; Dabitz et al. 2005) and (ii) it has to havehighly conserved repeats of 70 amino acid
residues known as annexin repeats(Gerke and Moss 2002).

Annexins are multigene family of Ca®*, phospholipid and cytoskeleton-bindingproteins
ubiquitously present in animals, plants and fungi. They may exist in both soluble and
membrane-bound state. Plant annexins (32—36 kDa) are abundant proteins (0.1% of total cell
protein) and are widespread in Plant Kingdom (Morgan and Fernandez 1997; Hofmann et al.
2004; Mortimer et al. 2008).
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Themain structural features of the plant annexins distinct from those of vertebrates, are
two dysfunctional canonical calcium binding sites, direct interactions of side chain residues
for membrane bindingon the convex side, and propensity for oligomer formation (Konopka-
Postupolska et al. 2011). The protein core consists of four domains, each comprising five a-
helices, of which four are arranged parallel and anti-parallel to each other (helices A, B, D
and E) and the fifth (helix C) one lying nearly perpendicular to the four-helix bundle
(Hofmann et al. 2000).

Discovery of plant annexins

Being ubiquitous across kingdoms, plant annexins represent 0.1% of the total protein.
From past almost two decades research on plant annexins have revealed that they
areexpressed in many tissues and at different developmental stages. First plant annexin was
identified in tomato based on amino acid sequence identity, antibody cross-reactivity and
functional similarity with mammalian annexins (Boustead et al. 1989). Later, they were
identified atmRNA and / or protein level in model and crop plants such asArabidopsis (Lee
et al. 2004, Clark et al. 2001), barley (Clarke et al. 2008), celery (Seals et al. 1994), corn and
lily (Blackbourn et al. 1991, 1992; Zhou et al. 2013), alfalfa (Kovacs et al. 1998), rice
(Hashimoto et al. 2009; Jami et al. 2012), potato (Riewe et al. 2008), tobacco (Seals et al.
1994; Tang et al. 2003; Baucher et al. 2011), wheat (Breton et al. 2000), pea (Clark et al.
1998), cotton (Andrawis et al. 1993; Zhou et al. 2011; Huang et al. 2013; Li et al. 2013),
pepper (Hoshino et al. 1995; Proust et al. 1996; Hofmann et al. 2000), rhizoids of fern
(Clark et al. 1995), tomato (Lu et al. 2012), Cynanchum komarovii (Zhang et al. 2011),
Mimosa (Hoshino et al. 2004), lotus (Chu et al. 2012), soybean (Feng at al. 2013), Brassica
(Jami et al. 2008, 2009).

Plant annexins are encoded by multigene families

Initially, annexins were discovered in animal cells with at least thirteen distinct members
of the family (Raynal and Pollard 1994). In plants, southern hybridization data
fromArabidopsis (Gidrol et al. 1996), bell pepper (Proust et al. 1996), tobacco (Proust et al.

1999) unfolded the presence of at least two different annexins in the family. Later from last
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13 years, few more annexin families have been identified fromArabidopsis, Brassica, rice,
tomato and soybean with 8, 7, 12, 9 and 23 members respectively (Clark et al. 2001; Cantero
et al. 2006; Jami et al. 2009, 2012; Lu et al. 2012; Feng et al. 2013).

Developmental regulation of expression and distribution

Plant annexins have been identified inall organs (reviewed by Laohavisit et al. 2010).
Transcript levels of annexins in Arabidopsis and Brassica differ at different tissues at
different stages of life-cycle (Clark et al. 2001, 2005b; Bianchi et al. 2002; Cantero et al.
2006; Jami et al. 2009). Differential expression of plant annexins has been noted in the cell
cycle (Proust et al. 1999), embryogenesis (Gallardo et al. 2003), pollen and seed germination
(Buitink et al. 2006; Dai et al. 2006; Yang et al. 2007), tuber enlargement (Sheffield et al.
2006), vasculature development (Clark et al. 2001, 2005b), primary root growth and lateral
root formation (Clark et al. 2001, 2005a; Bassani et al. 2004), fruit ripening (Bianco et al.
2009), cotton fibre elongation (Yang et al. 2008; Li et al. 2013; Huang et al. 2013;
Andrawis et al. 1993; Shin and Brown 1999), cork formation (Soler et al. 2007) and
senescence of petals (Bai et al. 2010). Annexins have been detected in the root elongation
zone in Arabidopsis (Clark et al. 2005a,b) and maize (Carroll et al. 1998; Bassani et al.
2004). NnANN1 was identified predominantly in flower and stem tissues of Nelumbo
nucifera while roots and leaves showed lower transcript levels (Chu et al. 2012). GmANNL1,
10, 11, 12, and 14 from soybean showed different organ-specific expression patterns (Feng
et al. 2013). Expression of rice and tomato annexins was shown to be tissue specific and
developmentally regulated (Jami et al. 2012; Lu et al. 2012). CKANN from Cynanchum
komarovii also showed tissue specific expression (Zhang et al. 2011).

They are also found to be associated with expansion of tomato pericarp (Faurobert et al.
2007) and tobacco cells (Proust et al. 1999; Seals and Randall 1997). They have also been
detected immunologically at the apex of cells exhibiting polar growth such as fern rhizoids,
pollen tubes and root hairs (Blackbourn et al. 1992; Blackbourn and Battey 1993; Clark et
al. 2001, 2005a; Dai et al. 2006). MYB98 has been identified to regulate Arabidopsis
thaliana Annexin8 (AtAnn8) expression in synergid cells (Punwani et al. 2007). AtAnnl

abundance is found to increase in ntm1-Dmutant (NAC with transmembrane motif 1; Lee et
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al. 2008). According to Proust et al (1999), cytokinin possibly stabilizes NTM1 during cell
division and it will be interesting to see whether this relates to the accumulation of the
tobacco annexins (Ntp32.1 and Ntp32.2) at the cytokinin regulated GL1'S and G2/M cell cycle
stages. Plant growth regulators are also known to influence expression, for example, zeatin
positively regulates AtAnn2 and AtAnn4 (Kibaet al. 2005).

Sub-cellular localization

Besides being cytosolic, through proteomic or immunological analyses,plant annexins
have also been detected at the plasma membrane (Thonat et al. 1997; Santoni et al. 1998;
Breton et al. 2000; Alexandersson et al. 2004; Marmagne et al. 2007; Carletti et al. 2008),
tonoplast (Seals and Randall 1997; Lin et al. 2001), chloroplast envelope (Seigneurin-Berny
et al. 2000), stroma (Rudella et al. 2006), thylakoid (Friso et al. 2004), mitochondria (Ito et
al. 2006), Golgi and Golgi-derived vesicles (Shin and Brown 1999), nucleus (Clark et al.
1998; Kovacs et al.1998), glyoxysome (Fukao et al. 2003) and peribacteroid membrane
(Wienkoop and Saalbach 2003). Albeit from different tissues, AtAnnl has been recovered
from plasma membrane, mitochondria, glyoxysome, vacuole, stroma and thylakoid,
indicating multiplesub-cellular localization of any givenannexin (reviewed by Laohavisit
and Davies 2009). The only plant annexins that are detergent-resistant microdomains
(DRM) associated is MtAnn2 (Lefebvre et al. 2007).

Highly local conditions might regulate the annexin-membrane interaction where a
classical targeting sequences is absent (Laohavisit et al. 2011) as in spinach annexin
(Seigneurin-Berny et al. 2000). Animportant ER export signal (a C-terminal diacidic motif
DE-X-DE- where X denotes any amino acid) to the plasma membrane has been identified
(Mikosch and Homann 2009) and is found in several plant plasma membrane K*channels
and aquaporins (Mikosch and Homann 2009). This motif is present in AtAnnl, ZmAnn33
and ZmAnn35 and they have been detected at the plasma membrane (Santoni et al. 1998;
Alexandersson et al. 2004; Benschop et al. 2007; Carletti et al. 2008). AtAnnl has been
found to be cell wall associated as well as apoplastic while AtAnn2 have been identified in
the cell wall (Kwon et al. 2005; Bayer et al. 2006; Bindschedler et al. 2008). A

Phytophthora ramorumannexin has also been identified in the cell wall (Meijer et al. 2006).
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Stimulus-dependent localization

Like animal annexins (Babiychuk et al. 2009), plant annexins are evidenced to undergo
stimulus-dependent relocation from cytosol to membrane.With stress MsAnn2 localizes to
the nucleolus (Kovécs et al. 1998). Cold results in wheat annexin p39 accumulation (as
integral proteins) in shoot PM (Breton et al. 2000). Salt stress is found to trigger Ca*'-
dependent reversible relocation ofAtAnnl from cytosol to root cell membranes based on
immunological analysis of cell fractions (Lee et al. 2004). Mimosa annexins are largely
cytosolic at night but during daytime accumulate at the periphery of motor cells of pulvinus
(Hoshino et al. 2004). Pea annexin changes localization below the plumule apical meristem
for more even peripheral distribution by gravitational stimulus for even distribution at the
periphery (Clark et al. 2000). Mechanical stress causes Ca®‘-dependent relocation of
Bryonia dioicaannexin from the cytosol to the parenchyma PM (Thonat et al. 1997).
Subcellular localization pattern of NnANN1 was found to be affected by heat stress (Chu et
al. 2012).

Stimulus-dependent transit-time for localization

Transit time to membrane due to stimulus was determined by Ca** affinity of an animal
annexin (Gerke et al. 2005). Membrane association and function are subjective by local
[Ca?*], phospholipid head-group specificity, membrane curvature, pH and voltage (Hofmann
et al. 1997; Maffey et al. 2001; Fischer et al. 2007; Babiychuk et al. 2009). In plant
annexins, the range of [Ca®*] required for half-maximal binding varies from sub-millimolar
(CaAnn24, GhAnnl; Dabitz et al. 2005) to nano-molar (VCaB42, Seals et al. 1994; AtAnn1,
Gorecka et al. 2005).

Environmental response

Response to biotic stimulus

Multiple environmental signals are likely to regulate plant annexin expression and its
abundance.Annexin abundance in pea roots is increased by mycorrhizal infection and has

synergistic effect upon cadmium treatment (Repetto et al. 2003). MtAnnl from Medicago
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truncatula is transcriptionally activated specifically in roots only upon application of Nod
factor to root tissue (de Carvalho-Niebel et al. 1998, 2002). In contrary to Pseudomonas
syringaeinfection (Truman et al. 2007), AtAnn4 is negatively affected by Pseudomonas
fluorescens or cucumber mosaic virus (CMV)-Y infection (Marathe et al. 2004; Wang et al.
2005). Tomato annexin LeAnn34 is upregulated after pathogenic challenges (Pto expression)
(Xiao et al. 2001). AtAnnl transcription is activated at the site of infection of an obligate
biotroph Golovinomyces orontii (Chandran et al. 2010). Ntann12 expression was found to be
induced in tobacco BY-2 cells by Rhodoccocus fascians infection (Vandeputte et al. 2007).
Wounding activates AtAnn4 downstream of jasmonic acid production (Yan et al. 2007).
Wounding positively regulates AtAnnl and BjAnn3 expression possibly via H,0;
production in BjAnn3 (Jami et al. 2009; Konopka-Postupolska et al. 2009). Tomato
annexins were also found to be induced by wounding (Lu et al. 2012). Jasmonic acid
induces AtAnn2 in Arabidopsis (Kiba et al. 2005). Maize annexins are also found to be
induced by jasmonic acid (Zhou et al. 2013). Expression of CKANN from Cynanchum
komarovii was shown to be induced by methyl jasmonate treatment (Zhang et al. 2011).
Salicylic acid both positively regulates AtAnnl (Gidrol et al. 1996; Konopka-Postupolska et
al. 2009) and down-regulates AtAnn2 and AtAnn4 expression in Arabidopsis (Kiba et al.
2005). Expression of CKANN from Cynanchum komarovii was shown to be induced by
salicylic acid (Zhang et al. 2011). Ntann12 expression is induced by auxin in tobacco roots
and is linked to theperception of a signal in the aerial part of the plant that is transmitted to
the root (Baucher et al. 2011). Tomato annexins were found to be induced by gibberellic
acid (Lu et al. 2012).

Response to abiotic stimulus

Much more evidences have been gathered with respect to abiotic stress response
whichpotentially regulatesdifferent plantannexins. Cold stress induces abundance of rice
and wheat annexins (Hashimoto et al. 2009; Breton et al. 2000), up-regulates AtAnn1, 3,
45,7 and 8 expression on contrary to AtAnn2 and 6 in Arabidopsis (Clark et al. 2005b,
Cantero et al. 2006) and regulates expression in poplar leaves (Renault et al. 2006).

GmANNTL, 11, 12, and 14 from soybean was induced by cold (Feng et al. 2013). Expression
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of rice and tomato annexins was found to be regulated by cold (Jami et al. 2012; Lu et al.
2012). Heat induced NnAnnl (both at transcript and protein level) was identified in
Nelumbo nucifera (Chu et al. 2012). Expression of rice and tomato annexins was found to be
regulated by heat (Jami et al. 2012 and Lu et al. 2012). Salinity stress transcriptionally
activates BjAnn3 and BjAnn7 in Brassica (Jami et al. 2009), AtAnn4-8 in Arabidopsis
(Cantero et al. 2006), NtAnn12 in tobacco (Vandeputte et al. 2007), CKANN in Cynanchum
komarovii (Zhang et al. 2011) and MsAnn2 in Medicago (Kovécs et al. 1998). An acute
salinity stress up-regulates AtAnnl expression but salt-adapted roots show suppressed
expression (Lee et al. 2004, Cantero et al. 2006, Konopka-Postupolska et al. 2009, Katori et
al. 2010). Expression of rice and tomatoannexins was found to be regulated by salt (Jami et
al. 2012; Lu et al. 2012). Expression of GmANNL1, 11, and 12 from soybean responded to
high salinity (Feng et al. 2013). Variance in annexin expression and /or abundance due to
drought is observed in Medicago (Buitink et al. 2006), Arabidopsis (Bianchi et al. 2002,
Cantero et al. 2006, Konopka-Postupolska et al. 2009), rice (Gorantla et al. 2005), soybean
(Feng et al. 2013), Loblolly pine (Watkinson et al. 2003) and B. juncea (Jami et al. 2009).
Expression of rice and tomato annexins was found to be regulated by drought (Jami et al.
2012; Lu et al. 2012). Expression of CKANN from Cynanchum komarovii was shown to be
induced by PEG (Zhang et al. 2011). ABA plays prominent role in increasing expression
andor abundance of AtAnnl from Arabidopsis having an ABA responsive cis-acting
element (ABRE) in its promoter (Gidrol et al. 1996; Lee et al. 2004; Kiba et al. 2005;
Konopka-Postupolska et al. 2009). Abscisic acid positively regulates BjAnn1-3, 6, 7 from B.
juncea (Jami et al. 2009), AtAnn4 from Arabidopsis (Kiba et al. 2005; Xinet al. 2005),
tobacco annexin NtAnnl12 (Vandeputte et al. 2007) and MsAnn2 from Medicago sativa
(Kovécs et al. 1998). AtAnnl participates downstream in cross-talk between auxin- and
ABA-signaling (Bianchi et al. 2002; Laohavisit et al. 2011). Expression of GmANN1, 10, 11,
12, and 14 from soybean was significantly induced by abscisic acid (Feng et al. 2013).
Tomato annexins were also found to be induced by ABA (Lu et al. 2012). Expression of
CkANN from Cynanchum komarovii was shown to be induced by ABA treatment (Zhang et
al. 2011). Plant annexins have been implicated in oxidative stress response similar to
mammalian annexins Al, A5 and A6 (Rhee et al. 2000; Kush and Sabapathy 2001; Sacre

10



Introduction & Review of Literature

and Moss 2002). Oxidative stress, which may be downstream of both biotic and abiotic
challenge, also up-regulates BjAnn1-3, MsAnn2, CKANN and AtAnnl (Gidrol et al. 1996;
Kovacs et al. 1998; Jami et al. 2009; Konopka-Postupolska et al. 2009; Zhang et al. 2011).
AtANnnl expression in Arabidopsis leaves is activated by phosphate starvation (Muller et
al. 2007). Metal stress also triggers annexin expression, for example, zinc regulates
homologues of AtAnnl and AtAnn2 in Thlaspi caerulescens (Tuomainen et al. 2010);
cadmium activates AtAnnl and pea root annexin level (Repetto et al. 2003; Konopka-
Postupolska et al. 2009) andcopper regulates AtAnn3and AtAnn4 expression (Weber et al.
2006). Maize annexins are also found to be induced by heavy metals (Zhou et al. 2013).

Gravity affects the expression and abundance of AtAnnl (Clark et al. 2005a, Kamada et
al. 2005; Barjaktarovi¢ et al. 2007). Effect of light on the expression of certain Arabidopsis
and tobacco annexins were studied (Tang et al. 2003; Cantero et al. 2006) where AtAnnl
and AtAnn4 displayed opposite response downstream of the photo-morphogenesis
transcription factor HY5 (Lee et al. 2007).

Structural properties of plant annexins

Structural information on plant annexins is available as crystal structures of bell pepper
annexin 24 (Ca32) (Hofmann et al. 2000), cotton annexin Anx(Gh)1 (Hofmann et al. 2003
and Hu et al. 2008) and Arabidopsis annexin Anx(At)l (Levin et al. 2007). They are
comprised of a four-fold repeat (I-1V) of 70 amino acid sequence that constitutes the C-
terminal (core) domain. Each repeat consists of a five-helix (A-E) bundlewith membrane
binding sites present in the AB and DE loops. Type Il or type Il binding sites are
responsible for canonical calcium binding. Type Il is formed through the endonexin
sequence G-X-G-T-{38-40}-D/E, where G-X-G-T motif occurs in the AB loops, and the
bidentate acidic side chain sits at the C-terminal end of helix D within the same repeat. The
N-terminal domain is positioned at the opposite side of the molecule without facing the
membrane and can vary in length from 5 to 50 amino acids. It may associate with the core
domain as well as involve in allosteric regulation (Hofmann et al. 2003; Konopka-
Postupolska et al. 2011).

11
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Calcium and membrane binding

Plant annexins have up to four annexin repeats each of 70 amino acid residues. The
repeats responsible for calcium binding contains a consensusendonexin sequence K-G-X-G-
T-{38}-D/E. Each repeat contains five short a-helices joined together by short loops which
are necessary for Ca*—annexin interaction, in particular the AB loop (i.e. the short loop
connecting helix A and helix B) and DE loop (Hofmann et al. 2003; Hu et al. 2008). The
majority of annexin secondary structure is made bya-helices. Based on earlier hypothesis,
plant annexins are known to bind calcium ions in acanonical fashion only in repeats | and 1V
(Delmer et al. 1997). Later confirmation was achieved from the crystal structure of calcium
bound Anx(Gh)1 (Hu et al. 2008), which remains the only structure of calcium-bound
plantannexin till date. In repeat Il, in place of the required acidic bidentate side chain
presence of a histidine residue boils down to dysfunctional calcium-binding site. Despite the
presence of the bidentate acidic residue, the absence of endonexin sequence in repeat Il
makes the conformation of side chains in the I1IAB loop unfavorable for calcium binding,
(Konopka-Postupolska et al. 2011). X-ray crystal structures from cotton and Capsicum
annexins (Hofmann et al. 2000, 2003; Hu et al. 2008) reveals formation of a slightly curved
disc with type 11 and type Il Ca?*-binding sites on the convex side, similar to their animal
counterparts (Hofmann et al. 2000, 2003; Hu et al. 2008). The short N-terminal domain
appears to be anchored into the C-terminal coreby hydrogen bonding (Hofmann et al. 2003)
and remains unaffected by coordination of Ca** ions (Hu et al. 2008).

Tryptophan 35 (W35 in GhAnn1) appears to be an important residue for Ca®*-dependent
as well as Ca?*-independent lipid binding (Hofmann et al. 2003; Dabitz et al. 2005; Hu et al.
2008). The two other tryptophan residues along several basic and hydrophobic residueson
their convex side that are found exposed in crystal structures enable calcium-independent
membrane interactions, which has been experimentally evidenced by mutagenesis study
(Dabitzet al. 2005; Konopka-Postupolska et al. 2011; Laohavisit et al. 2011). Ca*-
independent membrane binding of plant annexins at neutral and acidic pH has been
experimentally proved. Up to 20% of total GhAnn1 and CaAnn24 showed Ca®* independent
membrane binding at neutral pH (Blackbourn et al. 1991; Breton et al. 2000; Hofmann et al.

12
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2000, 2002; Dabitz et al. 2005; Gorecka et al. 2007; Laohavisit et al. 2009; Laohavisit et al.
2011).

The four repeats of plant annexins are different in lipid binding (Lim et al. 1998).
Repeats 1 /1V and Il /11l may function as separate lipid-binding domains (Hofmann et al.
2004; Hu et al. 2008). 1/1V repeat pair in GhAnn1 is responsible phospholipid binding (Hu
et al. 2008) and holds three Ca®* co-ordination sites. A fourth site is hypothesized to be
present in the I-DE loop (Hu et al. 2008). I-AB loop may contribute to rapid phospholipid
interaction due to its conformational flexibility. Plant annexins are known to exist in
partially or fully membrane-inserted form (wheat p39 and p22.5, Breton et al. 2000;
AtAnn1, Santoni et al. 1998; Gorecka et al. 2007).

Oligomerization

The function of plant annexin oligomerization has remained unclear; however, Hofmann
et al (2003) proposed that it can constitute a structural basis of oxidative stress response
(Konopka-Postupolska et al. 2009). Plant annexins oligomerization was first reported by
Hoshino et al (1995) from Capsicum annum, Anx (Ca35), where the protein was purified
from a natural source in membrane bound state. They observed the formation of homo-
dimers during cross linking of the protein to phosphatidylinositol vesicles.Oligomerization
state of four more recombinant plant annexins Anx23(Ca38), Anx24 (Ca32), Anx (Gh1) and
Anx (Gh2) had been studied by gel filtration and equilibrium sedimentation. The former
exist in monomer-trimer equilibrium in solution (Hofmann et al. 2002). Small-angle X-ray
scattering results indicate the formation of high molecular mass prolate oligomers of
24(Ca32) (Hofmann and Pedersen, unpublished results). Only a small fraction of Anx(Gh2)
was found to betrimeric and mainly exists in monomer-dimer equilibrium. These oligomers
formation is calcium independent unlike mammalian annexins. Calcium-mediated
dissolution of oligomers in cotton annexins is by reduction of trimeric or dimeric oligomers.

Peroxide induces dimerization of AtAnnl and oligomerization of ZmAnn33/35 (Gorecka
et al. 2005; Mortimer et al. 2009). In contrast to animal annexin A2, redox driven
oligomerization of AtAnnl is not via covalent S-S bonding as evidenced by Konopka-

Postupolska et al (2009), but is hypothesized to be via electrostatic interactions. A conserved
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tryptophan switch in repeat | apparent from the comparative crystalstructures of plant
annexins may play a role in oligomerization tendency of plant annexins in solution
(Hofmann et al. 2002; Konopka-Postupolska et al. 2011). Although plant annexins are
known to oligomerize, study by Huh et al. (2010) provides the first evidence of plant

annexins to form hetero-dimers (Clark et al. 2012).

Oxidative stress response

Antioxidant property of annexins was proposed to be on the basis of two different
criteria. Firstly, the histidine residue in the N-terminal region of the protein was
hypothesized to bind heme and utilize in the electron transfer reactions (Gidrol et al. 1996).
This hypothesis was based on the analysis of amino acid sequence of plant annexin
AtAnnlwhich possess a conserved histidine residue within the N-terminal region that
seemed similar to a sequence observed in plant peroxidases (Gidrol et al. 1996; Konopka-
Postupolska et al. 2011). Further, the same protein was also able to protect mammalian cells
from oxidative stress (Kush and Sabapathy 2001). Gorecka et al. (2005) reported that the
recombinant annexin AtAnnl displayed peroxidase activity and site-directed mutagenesis of
His40 to Ala40 abolished this activity. Amino acid sequence similarity in two different
proteins does notnecessarily suggests a three-dimensional structural resemblance (Konopka-
Postupolska et al. 2011). Heme bindingby plant annexins is notyet experimentally evidenced
and on the basis of the structural data available, heme-binding by plant annexins seems
impossible. Firstly, the heme-binding histidine residue (His-40 in Anx(Gh)1) is located near
the C-terminal end of helix 1B which provides an anchor point for association of N-terminal
domain withthe C-terminal core through hydrogen bonding in Anx(Gh)1. Therefore the
histidine side chain is protected from further intermolecular contacts. Secondly, the surface
of the annexin moleculein this area has no suitable place to accommodate thelarge porphyrin
ring of heme molecule. And lastly, in a test for heme binding, Anx(Gh)1 wild-type
andAnx(Gh)1-H40A did not show any shift of the Soret band of heme in the presence of the
annexin proteins, when the UV/Vis spectra of myoglobin was compared (Osman and
Hofmann, unpublished data) (Laohavisit et al. 2009; Konopka-Postupolska et al. 2011).

However, His-40 might serve as a key residue in providing stability by anchoring of the N-
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terminal domain to the core as observed in all plant annexin crystal structures till date
(Konopka-Postupolska et al. 2009 and 2011). Therefore the first speculation looks
inconceivable. Rather, His40 has now been proposed to be involved in maintaining the
secondary structure (Konopka-Postupolska et al. 2009; Clark et al. 2010; Laohavisit et al.
2011).

Secondly, the putative Ss cluster in the first domain is predicted to function as redox-
reactive center involved in electron transfer reactions. S cluster was first discoveredfrom
the crystal structure of cotton (Gossypium hirsutum) annexin (Hofmann et al. 2003) and later
from that of AtAnnl in A. thaliana (Protein Data Bank no. At1g35720; 1YCN). Despite
lacking experimental validation, the second hypothesis looks promising on the ground of
three dimensional crystal structures. Of the three sulfur containing residues responsible for
Ss cluster, two cysteine residues are highly conserved among plant annexins nonetheless the
methionine residue has deviated rendering the S3 cluster into an unconserved feature. The
cluster is located in the lower part of the annexin core in module II/111 and is accessible only
from the hydrophilic cleft between both molecules. It is likely to be involved in redox
reactions and might constitutethe molecular basis of oxidative stress response by annexins
(Konopka-Postupolska et al. 2011; Laohavisit et al. 2011).

Another possibility is that copper-associated annexin can react with peroxide. AtAnnl
has been reported to be a copper-binding protein (in common with vertebrate annexins A2,
A4 and A5; She et al. 2003). The binding is possibly mediated by His- or Met-bounded
motifs (Kung et al. 2006). This functional implication remained unexplored either in terms

of redox activity or copper sequestration (Laohavisit et al. 2011).

Post-translational modification

Actin binding in plant annexins could be due to a conserved IRImotif (Calvert et al.
1996; Clark et al. 2001) which is not supported in vitro (Mortimer et al. 2008). The N-
terminal regionof the second annexin repeat (AVMLWT*LDPPER where T is
phosphorylated) (Agrawal and Thelen 2006) in B. napus is phosphorylated. In AtAnn2 this
sequence is fully conserved (Laohavisit et al. 2011). Plant annexin may have multiple

putative phosphorylation sites as studied by Jami et al. (2009) and this phosphorylation
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status is connected to the regulation of in vitro peroxidase activity (Gorecka et al. 2005).
GhAnnl1 may bind to cotton fibre PM and gets phosphorylated by a PM-associated kinase
(Andrawis et al. 1993). Rice annexins can interact with several kinases, including MAPKK
and Ste20-related protein kinase, suggesting their involvement in membrane-associated,
Ca**-dependent MAPK signaling cascade (Rohila et al. 2006). The two conserved Cys
residues of AtAnnl may be S-nitrosylated or S-glutathionylated where the latter occurs
downstream of ABA (Lindermayr et al. 2005; Konopka-Postupolska et al. 2009; Clark et al.
2010). Experimental evidence showed that these two cysteine residues are neither
responsible for intra-molecular nor inter-molecular disulfide bridges under non-reducing
condition in AtAnnl. However, they remain free for modifications under biological
conditions. Moreover, AnxGh1 was also found to exist in thiol state though the protein was
not under reducing condition. This may signify their regulation in membrane-binding via S-
glutathionylation (Konopka-Postupolska et al. 2009).

Biochemical properties of plant annexins

Peroxidase activity

Peroxidase activity is attributed to certain plant annexins. Inherent peroxidase activity
was originally suggested for A. thaliana AtAnnl basedon protection against oxidative stress
to H,0O,-sensitive Escherichia coli Aoxy5 strain or mammalian cells and sequence similarity
with heme peroxidases (Gidrol et al. 1996; Kush and Sabapathy 2001; Gorecka et al. 2005;
Konopka-Postupolska et al. 2009; Laohavisit et al. 2009; Clark et al. 2010). In vitro
peroxidase activity has also been observed in BjAnnl, ZmAnn33/35, CaAnn24 and NnAnnl
(Jami et al. 2008; Laohavisit et al. 2009; Chu et al. 2012). Plant annexins provide oxidative
protection to cells as studied in both native (Konopka-Postupolska et al. 2009) and
transgenic plants (Gorecka et al. 2005; Jami et al. 2008; Laohavisit et al. 2009; Divya et al.
2010; Jami et al. 2010; Zhang et al. 2011; Chu et al. 2012). Guard cells of Atannl knockout
mutant accumulated more intracellular ROS when challenged with ABA or exogenous H,0,
than wild type. On the other hand, ROS accumulation was suppressed in AtAnnl over-
expressor lines compared to wild type (Konopka-Postupolska et al. 2009). A complex of

proteins purified from Brassica rapa floral buds showed peroxidase activity that contains
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BrAnnl and a peroxiredoxin (Clark et al. 2010). Mustard annexin found as complex with the
chloroplast RNA polymerase has been proposed to protect transcription from oxidative
damage (Pfannschmidt et al. 2000).

Signal transduction

The N-terminal domain of annexins is frequently involved in interactions with other
proteins.Phosphorylationin this region is likely to trigger signals and is structurally achieved
by a conformational change in the secondary structure of this region of the molecule (Szilak
et al. 1997; Andrew at al. 2002; Konopka-Postupolska et al. 2011). Several studies have
evidenced native plant annexins to be phosphorylated (Andrawis et al. 1993; Hoshino et al.
2004; Lee et al. 2004; Konopka-Postupolska et al. 2011). Heterologously expressed AtAnnl
from N. benthamiana leaves showed more peroxidase activity than recombinant protein
expressed in Escherichia coli. However, the activity was decreased by de-phosphorylation
(Gorecka et al. 2005). Phosphorylation is knownto clearly reduce the peroxidase activity
(Konopka-Postupolska et al. 2011). In silico analysis showed potential phosphorylation sites
both in the N-terminal and C-terminal domain of Arabidopsis annexins. These in silico data
do not perfectly match with the experimentally verified phosphorylation sites. With the
hypothesis that the convex (membrane binding) side or the concave (membrane distal) side
are the two sides on the annexin molecule where functional (non-annexin) interactions
occur, they are known locations of phosphorylation.

As far as interactions of plant annexins with components of signaling pathway is
concerned, rice annexin 0s05931750 has been found to interact with any of the 23 tested
kinases, namely: receptor like kinase (RLK) 0s01g02580, Os10g37480 casein kinase
0s01g28950, SPK-3 kinase Os01g64970 and Sterile 20 (Ste20)-like kinase. However,
0s05¢g31750 was the only rice annexin identified as a substrate for these (de-)
phosphorylating enzymes (Rohila et al. 2006; Konopka-Postupolska et al. 2011). Its
interaction with casein kinase and calcium/calmodulin dependent SPK3 might suggest its
involvement in calcium-dependent and independent signaling cascades. Its association with
Ste20-likekinase (SLK) supports its putative involvement in plant stress responses as well as

apolar growth (Konopka-Postupolska et al. 2011).
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Channel gating and selectivity involves two conserved salt bridges (D92-R117 and
E112-R271) located within the central pore (Liemann et al. 1996) which are conserved in
plant annexins. Recombinant CaAnn24 mediates a Ca?*-permeable pathway in vesicles as
shown by Hofmann et al (2000a). At acidic pH, recombinant AtAnnl inserts into planar
lipid bilayers to form a K'-permeable conductance (Gorecka et al. 2007). Regulation
through S-nitrosylation by nitric oxide (NO) is unknown (Lindermayr et al. 2005). However,
Ca®* affinity of AtAnnl is decreased by S-glutathionylation (Konopka-Postupolska et al.
2009). Maize annexins ZmAnn33/35 increase [Ca2+]cyt (possibly as a signaling second
messenger) and form a Ca®*- and K*-permeable conductance in planar lipid bilayers with a
low selectivity for Ca®* over K'. This resembles nonselective Ca®*-permeable cation
channels (NSCC) (Laohavisit et al. 2009, 2010). The occurrence of Medicago annexins in
nuclear membranes, and the possibility of them forming channels, has led to the hypothesis
that they might be involved in symbiotic Ca®* signaling (de Carvalho-Niebel et al. 2002 and
Talukdar et al. 2009). Ca**-dependent membrane binding of annexins might also contribute
to [Ca2+]cyt signaling on their release. The lipid bilayer has a significant role in modulating
Ca®* transport by annexins. This could fine-tune a resultant cytosolic Ca®* increase to
encode a specific signal (Laohavisit et al. 2010).

AtAnnl lies in the downstream of the cross-talk between auxin- and ABA-signaling
(Bianchi et al. 2002; Laohavisit et al. 2010). The C-terminal diacidic motif has been shown
as an important ER export signal to the PM (Mikosch and Homann 2009). Constitutive
expression of BjAnn1 in tobacco resulted in reduced MDA level and the chlorophyll content
was maintained. This suggests enhanced ability of the protein to sensesignal or degrades

ROS at membranes and in the chloroplast (Jami et al. 2008; Laohavisit et al. 2010).

Nucleotide Phosphodiesterase activity

First ATPase activity was found to be associated with maize annexin p68 (McClung et
al. 1994). Dimerization increases phosphodiesterase activity which has also been observed
in cottonand tomato annexins (McClung et al. 1994; Calvert et al. 1996; Lim et al. 1998;
Shin et al. 1999). While Ca®** has an inhibitory effect, specificity varies between ATP and
GTP along with magnesium requirement (McClung et al. 1994; Calvert et al. 1996; Shin et
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al. 1999). The nucleotide phosphodiesterase activity of tomato annexin is reduced when it
binds to phospholipid (Calvert et al. 1996; Lim et al. 1998). The fourth endonexin repeat is
critical to GTPase activity as observed from sequence alignments and site-directed
mutagenesis studies (Clark et al. 2001; Shin et al. 1999). The GTP-binding site was mapped
onto carboxy-terminal of the fourth domain by domain-deletion mutants of the annexin
(Shin and Brown 1999). The putative GTP binding motifs ‘GXXXXGKT and DXXG’are
the Walker A motif and the GTPase superfamily GTP-binding motif, respectively (Clark et
al. 2001). AtAnnl binds to ATP but the structural basis is unclear (Ito et al. 2006).
Phosphodiesterase activity has not yet been observed for Arabidopsis annexins, but AtAnn2
and AtAnn7 have a GTP-binding motif similar to cotton annexin and are likely to be the
candidates for GTP binding (Clark et al. 2001; Shin et al. 1999). Phosphodiesterase activity
is also linked with exocytosis as was observed in cotton annexin (Shin and Brown 1999) as
well as in maize annexin (Carroll et al. 1998).

Tomato annexin nucleotide diphosphatase activity is not affected by F-actin binding
(Calvert et al. 1996). Two PM-associated annexins from zucchini (Cucurbita pepo), bind to
F-actin in vitro (Hu et al. 2000). This suggests that annexins are part of the apparatus
connecting PM and cytoskeleton.Animal annexins interact with C2 domain-containing
proteins to modulate their activity (Morgan et al. 2006). C2 helps Ca**-dependent membrane
binding and enhances the activity of coupled enzymatic domains.The KRH-G-D motif
present in the Ca?*-binding repeats and N-terminus is considered to be the basis for annexin—
C2 interaction (Morgan et al. 2006). AtAnnl, AtAnn7 and CaAnn24 harbors consensus K-
R-HG/D motif. Others contain a slightly modified version (ZmAnn33; S /G/D motif) while
some lack it (AtAnn5, ZmAnn35) (Laohavisit et al. 2011).

Cytoskeletal binding

Two plasma membrane-associated annexins in zucchini (Cucurbita pepo) were the first
plant annexins shown to bind F-actin in vitro and was released under high salt
concentrations (Hu et al. 2000). This might suggest that annexins are part of the apparatus
that connects plasma membrane to thecytoskeleton (Laohavisit et al. 2010). Calcium-

dependency of F-actinbinding was first demonstrated for tomato annexins. F-actin-binding
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does not affect tomato annexin nucleotide diphosphatase activity (Calvert et al. 1996),
possibly allowing actin to ‘place’ GTPase activity in the cell (Laohavisit et al. 2010).
Hoshino et al. (2004) showed that mimosa annexin can bind to F-actin in a Ca**-dependent
manner. This is the first study to prove that plant annexins can mediate calcium-induced
actin bundling in vitro. Actin being ROS-sensitive (Franklin-Tong and Gourlay 2008), it is
possible that actin-bound annexin peroxidase could affect the cytoskeleton’s role in ROS
signaling (Laohavisit et al. 2010).Actin bundling in maize coleoptiles is induced in
epidermal cells during growth inhibition (Waller et al. 2002). Therefore, certain plant
annexins can inhibit cell elongation by modulating actin bundling properties (Konopka-
Postupolska et al. 2011). AnxGb6 was shown to have an important role in fiber elongation

by potentially providing a domain for F-actin organization (Huang et al. 2013).

Exocytosis

Exocytosis is the final stage in the secretory pathway where secretory vesicles originate
from golgi bodies, migrates and ultimately fuses with the plasma membrane to secrete
polysaccharides. Besides mediating the secretion of newly synthesized wall materials and
plasma membrane, another potential secretory role for plant annexins is to deliver a wide
range of signaling molecules. These are wall-modifying enzymes like expansins and
extensins, arabinogalactan proteins which are delivered to the extra cellular matrix (ECM)
while receptors & transporters to the plasma membrane (Konopka-Postupolska et al. 2011).
Annexins are also found to be present during cork formation indicatingtheir role in cell
proliferation and expansion, perhaps through exocytosis. This could also indicate their role
in irreversible commitment to cell death (Soler et al. 2007). Association of cotton annexin
with PM and dictyosome-derived coated vesicles involved in fibre elongation (Shin &Brown
1999) indicates its implication in exocytosis. AtAnnl mutant (T-DNA Knockout) displayed
a short root phenotype and the protein is implicated in gravitropic-induced root bending by
stimulating oligosaccharide secretion (Clark et al. 2005a,b). It also showedstress-induced
germination delay (Lee et al. 2004) indicating its role in exocytosis or cell cycle control.
AtAnn2 knockouts (T-DNA knockout) have reduced hypocotyl elongation and the protein is
implicated in hypocotyl oligosaccharide secretion during gravitropism.This suggests the role
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of the protein in exocytosis (Clark et al. 2005a,b). Gravi-stimulated redistribution of pea
annexin also indicates regulation of exocytosis for growth (Clark et al. 2000; Clark et al.
2005a,b). Lily (Lilium longiflorum) annexin is also known to be involved in golgi mediated
secretion of polysaccharides (Blackbourn et al. 1992). ZmAnn33/35 stimulates exocytosis in
root cap protoplasts (estimated by membrane capacitance) which can be prevented by non-
hydrolysable GTP analogues (Carroll et al. 1998). Tobacco Ntp32.1 and Ntp32.2 involve
positively with cell division and lie beneath the PM probably to contribute to exocytosis
(Proust et al. 1999).

Complex carbohydrate synthesis

Plasma membranes from higher plants contain glycosyltransferases thatcatalyze the
synthesis of 1, 3-B-D-glucan (Callose) and 1, 4-B-D-glucan (cellulose) from UDP-glucose.
These enzymes are of pivotal importance in normal development, because of their necessity
in cell wall biosynthesis, particularly for the plant response to mechanical wounding,
environmental stresses and pathogen attack (Hofmann et al. 2004). In the endosperm of the
starch synthase lla mutant, barley annexin p33 is upregulated during seed filling (Clarke et
al. 2008). AtAnn7 has no direct link with callose synthase regulation (Vellosillo et al. 2007).
GhANN1 showed association with cotton fibre PM callose synthase in a Ca?*-dependent
manner (Andrawis et al. 1993; Shin & Brown 1999; Laohavisit et al. 2011). Saprolegniaand
cotton (GhAnnl) annexin stimulate or inhibitcallose ((1—3)-p-D-glucan) synthase activity,
respectively. Regulation of callose synthase by annexin implicates its role in cotton and bast
fibre growth, cell plate formation, growth of pollen tubes, sieve tube sealing, response to
pathogens, wounding and cell death. Hence it may be noteworthy that annexins are evident
in localization at polar growth points, in the cell cycle, found in phloem, and are upregulated

during biotic stress responses (Laohavisit et al. 2011).
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Objectives:

1. Attenuation of hydrogen peroxide-mediated oxidative stress by Brassica juncea
annexin-3 which complements thiol-specific antioxidant (TSAL1) deficiency in
Saccharomyces cerevisiae.

2. Alleviation of methyl viologen-mediated oxidative stress by Brassica juncea
annexin-3 in transgenic Arabidopsis.

3. Role of AtAnn3 under methyl viologen-mediated oxidative stress in Arabidopsis
thaliana AtAnn3-knockout plants

4. Role of BjAnn3-cysteines in redox modulation and oligomerization.
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Materials and Methods

Bacterial and yeast strains

The bacterial strain Escherichia coli DH5a was used for the maintenance of plasmids
and Escherichia coli BL21 (DE3) pLysS was used for the expression of recombinant
BjAnn3 wild type and its variants.

The Agrobacteriumtumefaciens LBA4404 cells was used for transformation in
Arabidopsis thaliana and Agro infiltration studies in tobacco leaves.

S. cerevisiaelNVScl strain was used for the expression of recombinant BjAnn3 wild
type protein. A surrogate model of S. cerevisiae (dtsal) was generatedfor functional
characterization of the protein.In order to inactivate the thiol-specific antioxidant (TSAL)
gene, the KANMX cassette with TSA1 flanking region was amplified using pFA6a-kanMX6
plasmid as template and the primer pair as mentioned in Table 1. The PCR product was then
transfected into INVScl cells and clones were selected on G418 Sulfate (Cabiochem®,
Germany)-containing YPD plates to generate the tsal null strain named as ADY1 (Table

2).S. cerevisiae ADY1 cells were used for complementation studies.

Table 1. Primers used for S. cerevisiae studies

Gene Primer name Primer sequence

KANMX  TSA1-KANMXF 5’ATGGTCGCTCAAGTTCAAAAGCAAGCTCCAACTTTTAAGA

cassette CGGATCCCCGGGTTAATTAA 3’
TSAL-KANMX R S’TTATTTGTTGGCAGCTTCGAAGTATTCCTTGGAGTCTTCAG
AATTCGAGCTCGTTTAAAC 3’
BjAnn3  BjAnn3-Kpnl 5S’AAAAAAGGTACCaATGGCCACCATTAGAGTACS3’
FBjAnn3-Xhol R 5’AAAAAACTCGAGTCAGATCTTGGATCCAAGG3’
SOD1 SOD1F S TGGTTGTGTCTCTGCTGGTC3’
SOD1R S’TAACGACGCTTCTGCCTACA3’
SOD2 SOD2 F 5> CAAGCTGGACGTTGTTCAAAZ’
SOD2 R 5> AGATCTTGCCAGCATCGAAT?3’
GPX2 GPX2 F 5> TTTGGGGTTCCCATGTAATC3’
GPX2R 5> ACCTGCTTTTTGGCTTTTCA3’
TSA2 TSA2 F 5> TTTGTCCCATTGGCTTTTTC3’
TSA2 R 5> ACCGTCTTTTCTGGGAAGGT3’
ACT1 ACT1F 5> CGTTCCAATTTACGCTGGTT3’
ACT1R 5" GAAGTCCAAGGCGACGTAACY
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Table 2. Saccharomyces cerevisiae strains used:

Strains Genotype Reference

S. cerevisiae MATa his3A1 leu2 trp1-289 ura3-52/MATa his3A1 leu2  Invitrogen™, USA
INVScl trp1-289 ura3-52

S. cerevisiae  MATa his3A1 leu2 trp1-289 ura3-52 TSAL::KAN'/ Generated

ADY1 MATa his3A1 leu2 trpl-289 ura3-52 TSAL::KAN'

Plant materials

Arabidopsis thaliana (ecotype Columbia, Col 0), A. thaliana AtAnn3 knockout
(AAtann3: (SALK 130101C)), Brassica juncea L. Czern & Coss and Nicotiana tabacum L.
cv Xanthi were used in this study.AtAnn3 knockout (T-DNA insertion line) was obtained
from Nottingham Arabidopsis Stock Centre.

Chemicals

All the chemicals used were obtained from Sigma-Aldrich, USA; Invitrogen™, USA;
MBI Fermentas, Germany; HiMedia® India; Thermo Fisher Scientific Inc., USA;
Cabiochem®, Germany; Qiagen, The Netherlands; Roche Applied Science, Germany and
Qualigens fine chemicals, India.

Enzymes and Markers

All the enzymes, their corresponding buffers were from Sigma-Aldrich, USA; Thermo
Fisher Scientific Inc., USA; or MBI Fermentas, Germany. The DNA markers (A DNA/EcoR
| + Hind I11 or A DNA/ EcoR 1) and pre-stained or unstained protein markers were from MBI

Fermentas, Germany.
Plasmid DNA vectors

pTZ57R/T (MBI Fermentas, Germany)

This vector is used in the cloning of all cDNAs (wild type and its variants)of
BjAnn3from B. juncea. It has a bacterial selectable marker gene, B-lactamase and can be

selected on ampicillin.
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PEXP-5-NT/TOPO® TA (Invitrogen™, USA)

This is a bacterial expression vector with T7 lac promoter used for expressing

recombinant BjAnn3 wild type protein. It has a bacterial selectable marker for ampicillin.
pPET-28(a) (Novagen, USA)

This is a bacterial expression vector with T7 lac promoter used for expressing

recombinant BjAnn3rand its variants. It has a bacterial selectable marker for kanamycin.

PYES2A (Invitrogen™, USA)

PYES2A is a S. cerevisiae expression vector used for expressing BjAnn3 recombinant
proteins. It has f - lactamase gene for ampicillin based bacterial selection and URA3 gene

for selection in S. cerevisiae.

pRT100 (Topfer et al. 1987)

This is a plant expression vector used for cloning of BjAnn3 cDNA. The multiple
cloning siteis flanked by CaMV 35S promoter and NOS terminator. pRT100 has a gene

encoding for B -lactamase for bacterialselection on ampicillin.

pCAMBIA 2300 (CAMBIA, Australia)

pCAMBIA 2300 is a binary vector used to clone the 35S-BjAnn3-noscassette. This
binary vector has nptll and kan" gene for selectionin plantas well as in bacteria respectively

on kanamycin.

pCAMBIA 1302(CAMBIA, Australia)

pCAMBIA 1302 is a binary vector used to clone the BjAnn3 cDNA with C-terminally
fused gfp for localization studies in tobacco leaf. This binary vector has hptll and kan® gene

for selection in plant on hygromycin as well as in bacteria on kanamycin, respectively.
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Growth conditions for microorganisms

The different strains of E.coli were incubated and cultured either in LB brothmedium
(HiMedia®, India) with continuous shaking at 200 rpm or in LB agar medium at 37 °C,
whileAgrobacterium, were incubated in LB broth medium with continuous shaking at 200
rpom or in LB agar medium at 28 °C with appropriate antibiotics for selection. S.
cerevisiaeINVScl and ADY1 cells was cultured either in YPD or synthetic dropout (-URA)
media (Agar or broth at 200 rpm) at 30 °C.

Plant Growth conditions and stress treatments

Brassica and Nicotiana were grown on soil in green house for 6 weeks. Arabidopsis
seeds were sterilized and sown on half strength of Murashige and Skoog medium
(HiMedia®, India), followed by stratification at 2—4 °C in dark for 2 d before transferring
them to light. They were grown at a light intensity of 100-150 pmol quanta m s (8 h
light/16 h dark) at 22—24 °C for a period up to 2-12 weeks depending on experimental plans.
All treatments with methyl viologen (MV; Sigma-Aldrich, USA) (in 0.05% Triton-X 100)
were administered to Arabidopsis seedlings or mature leaf discs under continuous
illumination of 100 pmol quanta m 2 s2. To assess stress tolerance in transgenic lines, 7 d
old seedlings were transferred onto ¥2 MS media with 1.5 uM and 3 uM MV. Chlorophyll
fluorescence was measured with leaf discs of 8-10 week old plants. They were treated with
10 uM MV for 1.5 h and acclimated to darkness for 30 min before analysis. Alternatively,
15 d old seedlings were treated with 50 uM MV for 2 h for subsequent determination of

MDA levels, H,0, levels and transcript analysis.
Genomic DNA Isolation and purificationfrom plants

Genomic DNA was isolated from 4-5 days old seedlings or from the leaves of 2—
3monthsold A. thaliana plants according to the method of CTAB procedure (Doyle and
Doyle 1990). The seedlings or the leaf materials (0.5 g) wereground to fine powder in liquid
nitrogen using pre-chilled mortar and pestle. The powder was then suspended in 2 ml of pre-
warmed DNA extraction buffer [2% (w/v) CTAB, 100 mM Tris-HCI, pH 8.0, 1.4 M NacCl,
20 mM EDTA, 0.2% (v/v) B-mercaptoethanol which should be added freshly (before
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extraction)] and was incubated at 65 °C for 1 h in a water bath with occasional mixing by
gentle swirling. The mixture was further suspended in one volume of chloroform: isoamyl
alcohol (24:1 ratio) and gently mixed by inversion to emulsify and then centrifuged at room
temperature for 15 min at 12000 rpm. The aqueous phase was carefully collected and then
gently mixed with 2/3 volume of isopropanol and 0.1 volume of 3 M sodium acetate (pH
5.2) by inversion and further incubated at room temperature for 1 h. The mixture was
centrifuged at room temperature for 15 min at 12000 rpm and the supernatant was carefully
discarded. The pellet was rinsed in 70% (v/v) ethanol for 10 min, air-dried and then
resuspended in 0.5 ml of TE (10 mM Tris-HCI, pH 8.0, 1 mM EDTA).

To the DNA sample, 5 pl of RNaseA (10 mg/ml) was added and incubatedfor 2 h at 37
°C. Then 0.5 ml of Phenol: chloroform: isoamyl alcohol (25:24:1) was added and mixed
gently by inversion for 10 min.The suspension was centrifuged at 12000 rpm for 15 min at
room temperature. The aqueous phase was carefully collected and was gently mixed with
0.1 volume of 3 M sodium acetate (pH 5.2) and 2.5 volumes of chilled absolute alcohol and
further incubated at —20 °C for 2h or overnight. DNA was pelleted by centrifugation at
12000 rpm for 15 min at room temperature and washed in 70% (v/v) ethanol for 10 min.
DNA pellet was air-dried and resuspended in 50-100 pl of TE buffer and stored at —20 °C.

Isolation of total RNA from plants

The plant materials (0.2) mg from treated and untreated seedlings/leaves were frozen in
liquid nitrogen and ground to a fine powderusing pre-chilled mortar and pestle. Total RNA
was extracted using TRI Reagent® (Sigma-Aldrich, USA) according to the manufacturer’s
instructions. Finally the pellet was resuspended in 40 ul of RNase-free water and stored at -
70 °C.

Isolation of total RNA from yeast

Cultures diluted to an ODggo = 0.5 were treated with 2.5mM H»0, for 75 min. RNA was
isolated by acid phenol method (Schmitt et al. 1990 and Laskar et al. 2011).The culture
pellet was suspended in 400 pl TES buffer (10 mM TrisHCI, [pH 7.5], 10 mM EDTA, 0.5%
SDS). 400 pl phenol (pre equilibrated with DEPC water) was added and the mixture was
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incubated at 65 °C for 1 hour, with intermittent vortex. The mixture was rapidly cooled on
ice for 5 min followed by centrifugation at 14000 rpm for 10 min at 4 °C. The aqueous layer
was mixed with 400 pl chloroform, vortexed and further centrifuged for the same time at
same speed and temperature as mentioned above. The extracted aqueous phase was
precipitated by adding 1/10™ volume of 3 M sodium acetate [pH 5.2] and 2.2 volume of
chilled ethanol. The RNA pellet was washed with 70% ethanol and dissolved in 30 ul DEPC
treated water.

Estimation of nucleic acids

The quantity and quality of purified nucleic acids (DNA and RNA)in solution were
determined by using nano-drop spectrophotometer (ND-1000, USA). The quantity and
quality of nucleic acids was directly displayed in terms of ng/ul and ODgo/280 respectively.
Pure DNAshould have the value of ODaygops0 between 1.8 and 2.0. A value below 1.8
indicates the contamination of DNA with proteins and phenolic compounds. PureRNA
should have the value of ODggopg0 higher than 2.0. A value below 2.0 indicates the
contamination of RNA with proteins or phenolic compounds.Equal amount of RNA
measured was then subjected to DNasel (MBI Fermentas, Germany) treatmentfor 15 min at
room temperature. The treated samples were incubated with 25 mM EDTA at 65 °C for 10

min to inactivate DNasel.

First strand cDNA synthesis

Five pg of total RNA was used to synthesize first strand cDNA using oligo-dT g using
M-MLV Reverse Transcriptase (Sigma-Aldrich, USA) according to manufacturer’s
protocol. After first strand synthesis, the reaction was terminated by heat inactivation at 70
°C for 10 min followed by the addition of 4 units of RNase H (Invitrogen™, USA) to

remove excess RNA.
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Cloning of DNA fragments

Primer designing for cloning

For PCR amplification, specific primers were designed as listed in Table 2 and 3.Both
manual method as well as primer3 software was used to design primers. In manual method,
the melting temperature (Ty) of the primers was according to Faust rules, Ty (°C) = 4
(G+C) +2 (A+T), where G, C, A and T represent the number of corresponding nucleotides in
the primer. The annealing temperature (T ) depends on the Tywvalue and was calculated as,
Ta= Tw-5 °C. The primers were designed to avoid self-complementation therebyforming a
secondary structure. The forward and reverse primers of each reaction were designed to

have approximately the same Ty.

Table 3. Primers used for Arabidopsis thaliana studies.

Gene Primer name Primer sequence

BjAnn3 for cloninginto  BjAnn3 Apal F 5> AAGGGCCCATGGCCACCATTAGAGTAC 3’
pRT 100/pCAMBIA BjAnn3 Xbal R 5" AATCTAGATCAGATCTTGGATCCAAGGAA 3°
2300

BjAnn3 for cloninginto  BjAnn3 Ncol F 5 AACCATGGATGGCCACCATTAGAGT 3’
pCAMBIA 1302 BjAnn3 Spel R 5 AAACTAGTGATCTTGGATCCAAGGAA 3’

BjAnn3 for cloning into  BjAnn3-F-Topo 5 ATGGCCACCATTAGAGTACCA 3’
pEXP-5-NT/TOPO® TA BjAnn3-R-Topo 5’ TCAGATCTTGGATCCAAGGAAAGT 3’

SAPX SAPX F 5’ CCTCAGAAAAATGGCAGAGC 3°
SAPX R 5" GAGGAGGAAGCGGAGAGAGT 3°
tAPX tAPX F 5’ TGGAGAAGCAGGAGGACAGT 3’
tAPX R 5" GCAGCCACATCTTCAGCATA ¥
APX1 APX1F 5> GCATGGACATCAAACCCTCT 3
APX1R 5 AGCAAACCCAAGCTCAGAAA 3’
CSD1 CSD1F 5’ TGAACTCAGCCTGGCTACTGG 3’
CSD1R 5> AGCCACACACCAGAAGATACACAC 3’
FSD1 FSD1F 5> GCCTGGCTTGCTTATTCAAA 3°
FSD1 R 5 GGCACTTACAGCTTCCCAAG 3’
18S rRNA 18SrRNA F 5> ATGATAACTCGACGGATCGC 3’
18SrRNAR 5’ CTTGGATGTGGTAGCCGTTT 3’

Polymerase chain reaction (PCR)

For amplification of DNA fragments, a total volume of 50 pl reaction mixture
wasprepared in a sterile 0.2 ml thin-wall PCR tube with 10 pmol/pl each of both forward

and reverse primers, 100-150 ng of genomic DNA or 5 ng/ul plasmid DNA or PCR product
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or 2-5 pl of first strand cDNA (20 pl reaction mix from 1 pg RNA) as a template, 200 uM
of each dNTP, 1.5 mM MgCl; and 2.5 U of Tag DNA polymerase (Sigma-Aldrich, USA) or
1 U of Phusion High-Fidelity DNA Polymerase (Thermo Fisher Scientific Inc., USA). Each
PCR aliquot was mixed and the PCR reactions were performed in Eppendorf personal cycler
or EppendorfMastercycler Gradient (Germany) and/or MJ Research Inc. (USA). The
standard reactionconditions maintained using Taq DNA polymerase were initial
denaturation at 94 °C for 4 m, followed by 30 cycles of 94 °C for 1 m, 58-60 °C for 45s, 72
°C for 1 m and a final extension of 10 m at 72 °C. Reaction conditions maintained using
Phusion High-Fidelity DNA Polymerasewere initial denaturation at 98°C for 30s, followed
by 30 cycles of 98 °C for 10s, 58-60 °C for 30s, 72 °C for 30s and a final extension of 5m at
72 °C. An aliquot from the amplified mix was run on 1% agarose gel to check for
amplification.

Purification of DNA fragments from the agarose gel

After PCR amplification or restriction digestion, DNA bands, plasmid DNA constructs
or plasmid inserts were identified using standard molecular weight marker (A DNA/EcoR | +
Hind 111 or X DNA/EcoR 1) in agarose gel. The bands were excised from the agarose gel and
purification of DNA from the agarose gel pieces was done using GenElute™ Gel Extraction

Kit (Sigma-Aldrich, USA) according to manufacturer’s instructions.

Restriction endonuclease treatments

DNA digestion was carried out in a reaction volume of 20 pl, containing 1/10 of the
endvolume of appropriate reaction buffer (10X) and 5 U of restriction enzyme per 1pg of
DNA to be digested, while for double digestions, the restriction digestions were carried out
sequentially.

Ligation

For plasmid DNA constructs, different DNA inserts were ligated in various independent
experiments using T, DNA ligase (MBI Fermentas, Germany). The ligation reaction mixture

was made in a total volume of 20 pl comprising 2 pl of ligation buffer (10 X), appropriate
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volumes (in pl) each of linear digested plasmid DNA and insert DNA and finally T4 DNA
ligase (1-2 units for cohesive ends and 5 units for blunt ends). The reaction mixture was

incubated for 16 h at 16 °C and at 22 °C for cohesive and blunt ends respectively.

Preparation of E.coli competent cells and transformation

A single colony of E.coli DHSa or BL21 (DE3) pLysS cells was inoculatedinto 5 ml of
LB broth and incubated overnight with constant shaking at 37 °C. One ml of the overnight
culture was further grown in 50 ml of LB broth with vigorous shaking until ODggo = 0.5. The
cells were then cooled on ice for 10 min and pelleted by centrifugation at 4000 rpm for 5
min at 4 °C. The pellet was suspended in 40 ml of ice-cold 100 mM CaCl; and incubated on
ice for 20 min and further centrifuged as described above. Finally, the pellet was
resuspended in 2 ml ice-cold 100 mM CaCl, and 15% (v/v) sterile glycerol and then mixed
and stored at —70 °C in aliquots of 200pl.

One pl of the plasmid DNA (10-50 ng/ul) or the ligated plasmid DNA construct
(ligation mixture) was added to competent cells, carefully/gently mixed and incubated on ice
for 30 min. The cells were subjected to heat shock at 42 °C for 90 s followed by immediate
immersing into ice for 1 min. LB broth (0.8 ml) was added to the treated cells and further
incubated by shaking at 200 rpm at 37 °C for 1 h. Aliquots (100—200 pl) of the transformed

cells were spread on LB selective agar plates and incubated at 37 °C overnight.

Plasmid DNA isolation from E. coli

For plasmid mini-prep, transformed E. coli colonies were inoculated in 5 ml of LB broth
containing appropriate antibiotics and were allowed to grow overnight with shaking at 200
rpm at 37 °C. The culture was harvested by centrifugation at 12000 rpm at room temperature
for 1 min and plasmid isolation was done using GenElute™ Plasmid Miniprep kit (Sigma-

Aldrich, USA) according to the manufacturer’s protocol.

Preparation of S. cerevisiae competent cells and transformation

One yeast colony was inoculated in 5 ml of YPD broth and was incubated overnight at

30 °C with shaking at 200 rpm. Secondary inoculation was done in 40 ml of YPD broth so
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that the final required ODgqo after two generation (3h) reaches 0.5. The following equation
was used to calculate the volume of overnight culture to be used for inoculation:

* 22 (generations) _

V1* O.D.gpp OF overnight culture = Final Volume * Final O.D.g0o (required)
Vi*3.0*2°=40ml * 0.5
V1=2.0ml.

Therefore, in this case we need to add 2 ml of the primary inoculum to 40 ml of YPD
broth. The culture was incubated at 30 °C (200 rpm) for 3 h or more until O.D.gqo reaches 0.5
to 0.7. Immediately the culture was placed in ice and then centrifuged at 3500 rpm for 5 min
at 4 °C. The harvested cells were resuspended in 10 ml of ice-cold sterile water followed by
further centrifugation at 3500 rpm for 5 min at 4 °C. The pellet was finally resuspended with
ice-cold freshly prepared lithium solution to make the cells competent, and kept on ice.

DNA sample (5-10 pg) was mixed with 10 pg of carrier DNA (5 pl of 2 mg/ml Salmon
Sperm DNA (Sigma-Aldrich, USA) stock) to make a final volume not exceeding 20 ul and
added to a 1.5 ml Eppendorf tube (transformation tube). 200 ul of freshly prepared
competent cells were added to the transformation tube followed by immediate addition of
1.2 ml of freshly prepared PEG 2000 (Sigma-Aldrich, USA) solution. The mixture was
incubated at 30 °C for 30 min at 200 rpm. The cells were then given heat shock at 42 °C in a
water bath for 15 min and then centrifuged at a high speed for 6-7 s. The PEG supernatant
was then removed carefully and the pellet was resuspended in 200 pl of 1X TE buffer
followed by spreading on appropriate selection plate.

Expression of recombinant protein in yeast and immunodetection

AnnBj3 cDNA was cloned into Kpnl and Xhol sites of pYES2A vector for heterologous
expression of N-terminally Hisg-tagged fragments. Integrity of the construct was confirmed
by sequencing (eurofins mwg|operon, Germany).The construct was transfected into S.
cerevisiae INVScl cells and test expression was carried out under various conditions
(varying induction time) to attain optimized expression which was verified by
immunoblotting. Briefly, a single colony of INVScl containing pYES2A construct was
inoculated into 15 ml of synthetic dropout medium (SC-U) containing 2% glucose and was

grown at 30 °C overnight with shaking. ODggo Of the overnight culture was taken and
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amount of culture necessary to obtain ODgy of 0.4 in 50 ml of induction medium (SC-U
medium with 2% galactose) was calculated. The same amount of overnight culture was
centrifuged at 3500 rpm for 5 min at 4 °C and the pellet was resuspended in 50 ml of
induction medium and was incubated at 30 °C with shaking. 5 ml of the culture was
collected at every 4 h of interval after addition of the cell to the induction medium and
ODgoo Was recorded. The cultures were centrifuged at 3500 rpm for 5 min at 4 °C and the
pellets were resuspended with 500 pl of breaking buffer and then further centrifuged at 3500
rpm for 5 min at 4 °C. The pellets were resuspended again in a volume of breaking buffer to
obtain an ODggo 0f 50-100 and then they were repeatedly freeze/thawed in liquid nitrogen
and hot water bath (95 °C) for lysis. The lysed cells were centrifuged for 10 min at
maximum speed and the supernatants were run on SDS-PAGE for further immunoblotting
as described below (Pabla et al. 2006; Laskar et al. 2011).

Growth in liquid media and phenotypical analysis of S. cerevisiae

Freshly grown cultures (ODgoo 0.7 to 1) after secondary inoculation in SC-ura media
containing 2% galactose were diluted to ODgyo = 0.2 with the same media. Oxidative stress
was elicited with different concentrations of H,O,. After 12 h, cell number was estimated at
ODggo and the percent ratio of treated to untreated samples calculated.

In addition diluted culture of ODgyo = 0.2 were treated with 2 mM and 2.5 mM H,0, for
4 h andaliquots werespotted by serial dilution on YPD plates for phenotypic analysis.
Viability was determined with fluctuation assay by plating 1000 cells from treated and
untreated samples based on ODgy 0n YPD plates. Plates were photographed and colonies
counted after 48 h.

Oxygen consumption in S. cerevisiae under oxidative stress

Exponentially growing cultures (ODggo 0.7 to 1) after secondary inoculation in SC-ura
liquid media containing 2% galactose were sedimented and re-suspended twice for washing
and finally brought to an ODggo 20 with fresh media. 25 pl cell suspension was added to the
oxygraph chamber (Hansatech Instruments Ltd., England) filled with 975 pl of minimal
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medium. Respiratory oxygen consumption was measured for at least 10 min without and
with H,0, (modified Agrimi et al. 2011).

Plasma membrane permeabilization in S. cerevisiae

Cells re-suspended to ODgy = 10 were treated with H,O, for 75 min and subsequently
incubated with 5 pgmI™propidium iodide (PI; Sigma-Aldrich, USA) for 30 min in dark at
30°C, washed twice and imaged under a Carl Zeiss LSM 710 NLO ConfoCor 3laser-
scanning confocal fluorescence microscope at Aem 620 NM (Aexc 530 NmM) in order to check for
viability and plasma membrane integrity (modified Li et al. 2006). DNA-bound PI
fluorescence was quantified in equal number of cells of each treatment from three different

experiments using Image-J 1.42 software (NIH, USA).

Intracellular reactive oxygen species (ROS) production in S. cerevisiae

Cells washed as before were re-suspended to ODgoe=10. Cells were treated with H,0,
for 10 min and then incubated with 10 uM 2',7'-dichlorofluorescein diacetate (DCFDA;
Sigma-Aldrich, USA) for 10 min in the dark at 25°C. The cells were washed twice with the
same media for removal of unincorporated dye and immediately imaged under a laser-
scanning confocal fluorescence microscope (Carl Zeiss LSM 710 NLO ConfoCor 3,
Germany) at 2em529 nm (Aexc 495 nm) (modified Wong et al. 2002). 2',7'-dichlorofluoresecin
(DCF) fluorescence was quantified in equal numbers of cells of each treatment from 3
different experiments using Image-J 1.42 software (NIH, USA).

Preparation of Agrobacterium competent cells and transformation

A single colony of A. tumefaciens (LBA4404) cells was inoculated into 5ml of LB broth
and grown overnight with constant shaking (200 rpm) at 28 °C. Two ml of the overnight
culture was used to inoculate in 50 ml LB broth with vigorous shaking under the same
conditions until the ODgg reaches 0.5 to 1.0. The culture was then cooled on ice for 10 min
and centrifuged at 3000 rpm for 5 min at 4 °C. The pellet was resuspended in 1 ml of ice-
cold 20 mM CaCl, and 15% (v/v) sterile glycerol, mixed and stored at —70 °C in aliquots of
100 pl.
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Transformation of Agrobacterium with plasmid DNA was carried out by adding 1 ug of
DNA to the competent cells followed by gentle mixing and immediate freezing in liquid
nitrogen. The cells were thawed by incubating the eppendorf tube at 37 °C for 5 min.
Subsequently, 1 ml of LB broth was added to the tube and incubated at 28 °C for 2—4 h with
gentle shaking. The cells were then briefly centrifuged for 30 s and the pellet was
resuspended in 100 ul of LB broth. The cells were spread on LB selective agar plate and
incubated at 28 °C for 48 h.

Plasmid DNA isolation from Agrobacterium

A single colony of transformed Agrobacterium cells was inoculated in 10 ml of LB broth
containing appropriate antibiotics and incubated overnight at 28 °C on shaking (200 rpm).
The overnight culture was spinned at 1000 rpm for 1 min and harvested in eppendorf tubes.
The pellet was resuspended in 100 pl of ice-cold solution I followed by incubation at RT for
10 min. To this suspension, 200ul of freshly prepared solution Il was added, mixed
thoroughly, incubated at room temperature and 30 pl of phenol (equilibrated with 2 volumes
of solution Il) was added. The contents were vortex mixed for a few seconds or till the
suspension became viscous and to this viscous lysate, 150 pl of 3.0 M sodium acetate (pH
4.8) was added with proper mixing. The tubes were incubated at —70 °C for 15 min and
centrifuged at 5000 rpm for 3 min. The supernatant was collected in a fresh tube and ice
cold 100% ethanol was added to fill the tube. The content was mixed thoroughly by
inversion and incubated at —70 °C for 15 min followed by centrifugation at 5000 rpm for 3
min. The pellet was suspended in 0.5 ml of 0.3 M sodium acetate (pH 7.0) and DNA was
precipitated by adding ice-cold 95% ethanol. The DNA in sodium acetate and ethanol was
mixed well by inversion and incubated at —70 °C for 15 min. After incubation, the tubes
were centrifuged at 5000 rpm for 3 min and the supernatant was decanted. The tubes were
allowed to stand in inverted position until the supernatant drained off completely. The pellet
was rinsed with 1 ml of 70% ice-cold ethanol; vortex mixed briefly and was centrifuged at
5000 rpm for 1 min. The pellet was air-dried and was suspended in 50 ul of TE buffer and
stored at —20 °C.
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Arabidopsis transformation and generation of transgenic lines

The recombinant plasmid BjAnn3-pCAMBIA 2300 carrying the expression cassette was
transfected into A. tumefaciens LBA4404 cells which was further used to transform A.
thaliana using the floral dip method as described by Clough and Bent (1998) and Bechtold
et al (1993) with modifications. The first bolt was clipped for proliferation of multiple
secondary bolts. Agrobacterium strain carrying gene of interest in a binary vector was grown
in a large volume of LB medium with appropriate antibiotics at 28 °C with shaking, till mid-
log or recent stationary phase. The culture was spinned down and resuspended to ODggo
around 0.8 in MS media with 5% sucrose. 0.005 to 0.01% Silwet L-77 was added to the
culture, mixed well and the plant inflorescence was dipped fully for 15 to 20 min under
vacuum. Further, the plants were kept in dark with high humidity for 1 day and then were
exposed to light.The seeds were harvested and were selected on MS agar plates containing
50 mg I"* kanamycin (Duchefa Biochemie b.v., The Netherlands) and were confirmed by
gDNA PCR using cetyl trimethyl ammonium bromide (CTAB; Sigma-Aldrich, USA)
procedure (Doyle and Doyle 1990) as described above. Transgene expression was

investigated by gPCR as described below.

Site-directed mutagenesis, recombinant protein expression and purification from E.

coli

Single cysteine variants BjAnn3ciiss and BjAnn3cizgs, double cysteine variants
BjANN3ci29sicazesand BjANN3ciiasicaazs, triple cysteine variant BjAnn3ciiasicazesicases and
tetra cysteine variant BjAnn3ci14sic120s/c2265/c2425 Were generated from BjAnn3yrusing PCR
based site-directed mutagenesis as described by Montemartini et al (1999). Primers for
mutation studies are listed in Table 4. BjAnn3wr and its variants were cloned into EcoRl
and Sall sites of pET-28(a) to generate N-terminally Hisg-tagged fragments and integrity of
the constructs was confirmed by sequencing (eurofins mwg|operon, Germany). Recombinant
proteins purified from these clones were used for experiments in objective 4. For
experiments in objective 2,AnnBj3 cDNA was cloned into pEXP-5-NT/TOPO® TA

expression vector (Invitrogen™, USA) to generate N-terminally Hise-tagged
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BjAnn3wr.Integrity of the construct was confirmed by sequencing (eurofins mwg|operon,

Germany).

Table 4. List of primers for mutation studies.

Gene Primer name Primer sequence

BjANNn3 for BjAnn3-EcoRI-F 5> AAGAATTCATGGCCACCATTAGAGTAC 3’
cloning into BjAnn3-Sall-R 5> AAGTCGACTCAGATCTTGGATCCAAGGAA 3°
pET-28(a)

BjAnn3 for BjAnn3-C114S-F 5> GGAGATCTCTAGCACAACTTCTC 3’
mutation at BjAnn3-C114S-R 5> GAGAAGTTGTGCTAGAGATCTCC 3’
C114s

BjAnn3 for BjAnn3-C129S-F 5> GAAAGCTTACAGCTCTCTCTTTG 3’
mutation at BjAnn3-C129S-R 5° CAAAGAGAGAGCTGTAAGCTTTC 3’
C129S

BjAnn3 for BjAnn3-C226S-F 5 TGTTGATGGATCTCCAGGAGATA 3’
mutation at BjANn3-C226S-R 5’ TATCTCCTGGAGATCCATCAACA 3°
C226S

BjAnn3 for BjAnn3-C242S-F 5> GGTGATCTTGAGCATTGAGTCCC 3’
mutation at BjAnn3-C242S-R 5> GGGACTCAATGCTCAAGATCACC 3’
C242S

All the constructs were transfected into E. coliBL21 (DE3) pLysS cells and test
expression was carried out under various conditions (varying IPTG concentrations,
induction time and temperature) to attain the expressed protein mostly in soluble fraction.
Finally, from the overnight primary culture, secondary inoculation was carried out in 1/20"
ratio of the final culture volume and were grown at 37 °C till ODggoof 0.5 followed by
induction with 0.1mM isopropyl-B-D-thiogalactopyranoside (IPTG; Sigma-Aldrich, USA)
for 3 h at 28 °C. Soluble fraction of the protein was purified under native condition by
nickel-affinity chromatography according to manufacturer’s protocol (Qiagen, The
Netherlands). Briefly, after induction, the cells were harvested by spinning them at 5000
rpm for 5 min at 4 °C and were resuspended in lysis buffer. Then they were sonicated with
amplitude of 35% at a pulse of 20 sec ON and 30 sec OFF for 5 to 30 minutes at 4 °C,
depending on the pellet size. The cultures were spinned again at 12000 rpm for 30 min at 4
°C and the supernatant was loaded on to equilibrated Ni-NTA column (equilibrated with

lysis buffer) followed by reloading of the flow-through for the second time for sufficient
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binding of Hisg-tagged protein with Ni-NTA. The column was washed consecutively with
10 ml and 15 ml of wash buffer followed by elution in fractions with 5 ml of elution buffer.
The elution fractions were run on SDS-PAGE and were dialyzed against 50 mM NaH,PO,
(pH 7.5) according to their purity.

Protein assay using Bradford method

Colorimetric protein assay based on the Bradford method was used for the measurement
of protein concentration. This assay is based on the shift in the absorbance maximum when
Coomassie®Brilliant Blue G-250 dye binds with proteins. An appropriate ratio of dye
volume to sample concentration is selected for quantification of protein using Lambert-
Beer’s Law. Dye binds to the protein and stabilizes the blue anionic dye form, detected at
595 nm. Binding of the dye requires a protein to have active basic or aromatic residues.

990 pl of Bradford reagent was mixed with 10 pl of protein sample, incubated for 5 min in
dark at room temperature and absorbance was determined at 595 nm. Protein concentration

was calculated according to the manufacturer’s protocol.

Polyacrylamide Gel Electrophoresis (PAGE)

SDS-polyacrylamide gel (12%) was performed according to the protocol of Laemmli et
al (1970). Protein samples were prepared by mixing with one-fifth volume of 5x sample
buffer. Samples were boiled at 95 °C for 3 min or left uncooked and loaded on the gel. The
gels were run at 50 V till the proteins was stacked properly and thereafter they were run at a
constant voltage of 100-110 V in an electrophoresis and electro-transfer unit (Hoefer mini
VE, Amersham Pharmacia Biotech, USA).

Coomassie blue staining of the gel

Coomassie®Brilliant Blue R250 staining detection limit is 300 to 1000 ng protein and is
used in the experiments. The gel with electrophoretically separated proteins was incubated
for staining in Coomassie solution for 30 minutes. Destaining was done with destaining
solution to remove background staining. The destaining solution was replaced every 45

minutes with a fresh solution, until protein bands are visible above a clear background.
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Western blotting and immunostaining

After electrophoresis, the protein samples were electro-blotted onto Polyvinylidine
fluoride (PVDV)/nitrocellulose membrane (PALL®, India) using Trans-Blot apparatus
(electrophoresis and electro-transfer unit, Hoefer mini VE, Amersham Pharmacia Biotech,
USA) according to the manufacturer’s instruction using Towbin buffer (Towbin et al. 1979).
The gel and the membrane was first equilibrated in Towbin buffer and then the membrane
was kept above the gel towards the positive end of apparatus and stacked in between
Whatman filter papers taking care of no trapped air bubbles. Transfer was done for 4 h at 25
V. Transferred protein onto the membrane was checked with reversible Ponceau-S staining
and was removed by 3-4 washes with TBST buffer. The membrane was blocked with 1 %
fat free milk powder or 3% BSA in TBS buffer for 1 h at RT followed by incubation with
primary mouse monoclonal Anti-polyHistidine antibody (Sigma-Aldrich, USA) in TBS
buffer containing 1% fat free milk powder or 3% BSA in 1:3000 dilutions for overnight at
4°C. The membrane was washed 3 times in TBS buffer for 5 minutes each to remove excess
of primary antibody. The membrane was then transferred to goat anti-Mouse 1gG-ALP
secondary antibody (Merck, Germany) in TBS buffer containing 1% fat free milk powder or
3% BSA in 1:3000 dilutions for 1h at RT. The membrane was further washed 3 times in
TBS buffer for 5 minutes each to remove excess of secondary antibody. 1 ml of BCIP/NBT
solution (GeNei, India) was added onto the blot to develop.

For developing western blots on X-ray films, the membrane was transferred to goat anti-
Mouse 1gG-HRP secondary antibody (Merck, Germany) in TBS buffer containing 1% fat
free milk powder or 3% BSA in 1:6000 dilutions for 1h at RT.The Western blots were
developed using chemiluminescent detection system (Pierce, Thermo Fisher Scientific Inc.,
USA).

Oxidation-Reduction Midpoint Potential of purified protein

The redox state of recombinant BjAnn3wr and its variants was assessed after
equilibration with redox buffered solution at pH 7.0. 50 pg of protein was incubated in
MOPS buffer (100 mM) containing 2 mM of total DTT (varying ratios of

DTTrequced/ DT Toxidgized) fOr 3h at ambient temperature. For fluorescent labeling based assays,
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the reduced fraction was labeled with monobromobimane (Sigma-Aldrich, USA) (10 mM)
and analyzed for fluorescence (Hirasawa et al. 1999). Using Nernst equation with n=4, data
were fitted with OriginPro 8 based on a value of -330 mV for the E,, of DTT at pH 7.0
similar as described in Laxa et al. (2007). For gel based assays, the samples after incubation

were resolved in 12% non-reducing SDS/PAGE and then blotted as described above.

Peroxidase activity assay of purified protein and total plant protein

Peroxidase activity was assayed using guaiacol as substrate according to Choi et al
(2007) and Chu et al (2012) with modifications. Fresh seedlings were homogenized in five
volumes of 0.1 M sodium phosphate buffer (pH 6.0) containing 0.5 M sucrose and
centrifuged at 10000 g, 4 °C for 30 min. The supernatant was used for in vivo total
peroxidase assay. For in vitro peroxidase activity, purified BjAnn3wr and controls were
used. Either of the supernatant or purified BjAnn3 protein was added to the reaction mixture
containing 0.1 M sodium phosphate buffer (pH 6.0), 0.25% guaiacol (Sigma-Aldrich, USA)
and 1 M H,0,. The increase in absorbance at 470 nm was used to determine peroxidase

activity using an extinction coefficient of 26.6 mM ™ cm ™.

Pulse amplitude modulation fluorometer analysis in Arabidopsis

The pulse amplitude modulation (PAM) fluorometer (PAM-2500, Heinz Walz GmbH,
Germany) was used for measuring chlorophyll fluorescence-based photosynthetic
performance in Arabidopsis leaf discs treated with MV or left untreated as control.

We performed dark-light induction curve analysis after a dark acclimation for 30 min.
After measuring the minimum fluorescence (Fo), maximum fluorescence (Fm) was
measured with a saturation pulse (SP) and maximal quantum yield (Fv/Fm) was recorded.
After a time delay of 40 s, actinic light was turned on and was superimposed with SP
followed by repetitive SPs at every 20 s for 5 min. Effective photochemical quantum yield
[Y(ID], coefficient of photochemical fluorescence quenching (gP) and Stern-Volmer type

non-photochemical fluorescence quenching (NPQ) were determined during the time course.
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Determination of malondialdehyde levels in Arabidopsis

Lipid peroxidation in MV-treated versus untreated seedlings was quantified as
demonstrated Heath and Packer (1968). Briefly, the samples were homogenized in 0.1%
(w/v) trichloroacetic acid (TCA; Sigma-Aldrich, USA), centrifuged and one volume of
supernatant was mixed with 3 volumes of 0.5% thiobarbituric acid (TBA; Sigma-Aldrich,
USA) (in 20% TCA) followed by incubation at 95 °C for 25 min. The reaction was stopped
on ice followed by centrifugation, and the supernatant was used to measure the absorbance
at 532 and 600 nm. Malondialdehyde (MDA) concentration was measured using Lambert-
Beer law with an extinction coefficient of 155 mM *cm™.

Subcellular localization of BJAnn3-GFP fusion protein in tobacco leaf epidermal cells

The recombinant plasmid BjAnn3-gfp-pCAMBIA 1302 carrying the BjAnn3 gene fused
C-terminally to GFP was transfected into A. tumefaciens LBA4404 cells for agro-infiltration
into N. tabacum L. cv Xanthi leaves. After 48h of incubation at 24 °C, localization of the
protein in epidermal cells was imaged undera laser-scanning confocal fluorescence
microscope (Carl Zeiss LSM 710 NLO ConfoCor 3, Germany) at Aem 515 nm (Aexc 488 nm).

Quantification of H,O, levels in Arabidopsis

MV-treated and untreated seedlings were homogenized in 5 ml cold acetone and the
extract was used to quantify H,Oaccording to Gay et al (1999) and Divya et al (2010) with
modifications. Briefly, the extract was centrifuged and 200 pl of supernatant was added to 1
ml reaction mixture containing 0.25 mM FeSOy, 0.25 mM (NH,4)2SO4, 25 mM H,S0O4, 1.25
mM xylenol orange (Sigma-Aldrich, USA), and 1 mM sorbitol. The mixture was incubated
at 25 °C for 1 h and the absorbance at 560 nm was used to measure H,O, by reference to

standards.

Real Time PCR

Triplicate PCRs was performed for each gene, each cDNA sample. The following master

mix was prepared accounting for one to two additional reactions per gene.
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Ingredients Per reaction (ul)  For x reactions (ul)
QPCR SYBR Green mix (2 x) 5 X*5
Forward Primer (10 puM) 0.5 x*0.5
Reverse Primer (10 uM) 0.5 x*0.5
Nuclease free water 2 X*2
Template (40nQ) 2 X*2

All the components were added to a 96 well plate (Applied Biosystems, USA) which
was sealed with the optical adhesive cover using the sealing tool. The plate was spinned
briefly (up to 1500 rpm) in a centrifuge equipped with a 96 well plate adapter. Real-time
PCR was performed after pre-incubation at 95 °C for 10 min followed by 40 cycles of
denaturation at 95 °C for 15 s, annealing at 59 °C for 30 s and extension at 72 °C for 30
s. All reactions were performed using FastStart Universal SYBR Green Master (Rox)
(Roche Applied Science, Germany) in Mastercycler® ep realplex4 (Eppendorf, Germany)
(Table 5).

Table 5. The temperature profile and cycling condition of gPCR.

Cycles Analysis mode Target temperature Hold time
1 (Optional) None 50 °C 2 min
1 None 95°C 10 min
40 Quantification 95 °C 15 sec
59 °C 30 sec
72 °C 30 sec

Electrophoretic Mobility

For mobility assay under different redox conditions, AnnBj3wr and its variants in
NaH,PO, buffer (pH 7.5) were incubated with varying concentrations of either hydrogen
peroxide or DTT (1, 4-dithiothreitol; Sigma-Aldrich, USA) for 30 min at room temperature
(25°C). The samples were resolved in 12% non-reducing SDS/PAGE and blotted as

described above.
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FPLC Gel Permeation Chromatography

Molecular sizes of the wild-type and mutant proteins in NaH,PO, buffer (pH 7.5)were

evaluated on a Superose-12 10/300 GL prepacked column (GE Healthcare Life Sciences,

USA). The column was equilibrated with two column of elution buffer before experiment.

The process was executed at a flow rate of 0.5 ml/min at 25 °C. Absorbance was monitored

at 280 nm.

Solutions

Coomassie staining solution

Coomassie Brilliant Blue R-250

Methanol

Acetic acid
Destaining solution
Methanol

Acetic acid

SDS-PAGE Gel 12%
15ml Resolving Gel
30% Acrylamide
1.5M Tris pH 8.8

DD H,0

AMPS (0.1 gm/ml)
TEMED

5 ml Stacking Gel (6 %)
30% Acrylamide

0.5M Tris pH 6.8

DD H,0

AMPS (0.1 gm/ml)
TEMED

0.025%
45%
10%

45 %
10%

6 ml
3.7ml
5.2ml
100 pl
14 ul

1ml
1.25 ml
2.65 ml
50 pl

5 ul
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5X SDS-PAGESample Buffer

Tris pH 6.8
Glycerin
Bromophenol Blue
SDS

Towbin Buffer
Tris

Glycine
Methanol

Ponceau-S Stain
Ponceau-S
Glacial Acetic Acid

TBST Buffer
Tris-HCI pH 7.4
Sodium Chloride
Tween-20

TBS Buffer
Tris-HCI pH 7.4
Sodium Chloride

50 % PEG 2000

PEG 2000 in DD H,0

10X TE
Tris

EDTA

10 X Lithium Acetate

Lithium Acetate

0.22M
50%
0.05%
5%

25 mM
192 mM
20%

0.1%
5%

10 mM
150 mM
0.1%

10 mM
150 mM

50%

100 mM
100 mM

1M
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Lithium Solution (1 ml)

10 X TE : 100 pl
10 X Lithium Acetate : 100 pl
Double Distilled Water : 800 pl

PEG 2000 Solution (2.5 ml)

50 % PEG 2000 : 2ml
10X TE : 250 pl
10 X Lithium Acetate : 250 pl

Breaking Buffer

Sodium Phosphate pH 7.4 : 50 mM
EDTA : 1 mM
Glycerol : 5%
PMSF ; 1 mM
YPD Media

Yeast Extract ; 1%
Bacterial Peptone : 2%
Glucose : 2%
Agar (for plates) : 2%

Synthetic Complete Media

Yeast Nitrogen Base (w/o amino acids

But with ammonium sulfate) X 0.67%
Amino acids (Adenine, Arginine, Cysteine,

Leucine, Lysine, Threonine, Tryptophan,

Uracil) : 0.01%
Amino acids (Aspartic acid, Histidine, Isoleucine,

Methionine, Phenylalanine, Proline, Serine,

Tyrosine, valine) : 0.005%

Glucose X 2%
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Galactose (for induction)

Agar (for plates)

[Uracil was omitted for SC-U or SD (Synthetic Dropout) Media]

Glucose Stock

Glucose

Galactose Stock

Galactose

Amino acid Stock (5X)

Amino acids (Adenine, Arginine, Cysteine,

Leucine, Lysine, Threonine, Tryptophan,

Uracil)

Amino acids (Aspartic acid, Histidine, Isoleucine,

Methionine, Phenylalanine, Proline, Serine,

Tyrosine, valine)

[Uracil was omitted for SC-U or SD (Synthetic Dropout) Media]

Plasmid isolation solutions

Solution |
Lysosyme
Glucose

EDTA

TrisHCI (pH 8.0)
Solution 11

SDS

NaOH

2%
2%

40%

20%

0.05%

0.025%

40mgL™
50 mM
10 mM
25 mM

1%
0.2N
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Objective 1
Attenuation of hydrogen peroxide-mediated oxidative
stress by Brassica juncea annexin-3 which complements
thiol-specific antioxidant (TSAL) deficiency in

Saccharomyces cerevisiae
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Introduction

Annexins represent ubiquitous proteins that are highly conserved among most kingdoms
of life. They comprise a multigene family of calcium dependent or independent
phospholipid-binding proteins (Dabitz et al. 2005; Mortimer et al. 2008; Laohavisit and
Davies 2011). For more than a decade they are known to be transcriptionally regulated in
response to various abiotic stressors and in dependence on diverse signaling pathways
(Gidrol et al. 1996; Kovacs et al. 1998; Apel and Hirt 2004; Lee et al. 2004; Clark et al
2005; Cantero et al. 2006; Konopka-Postupolska et al. 2009; Zhang et al. 2011; Chu et al.
2012; Feng et al. 2013; Zhou et al. 2013).

AtAnnl from Arabidopsis thaliana was the first annexin protein that was functionally
linked to oxidative stress response and protected bacterial and mammalian cells from
oxidative damage (Gidrol et al.1996; Janicke et al. 1998; Kush and Sabapathy 2001). In line
with this observation, plant AtAnnl, BjAnnl, ZmAnn33/35, CaAnn24, CKANN, GhAnx1
and NnANN1 proteins could also be associated with antioxidant function (Gidrol et al.
1996; Gorecka et al. 2005; Jami et al. 2008; Laohavisit et al. 2009; Zhang et al. 2011; Zhou
et al. 2011; Chu et al. 2012). Initially, the conserved histidine residue of the first annexin
repeat (His-40 in AtAnnl) was associated with peroxidase activity (Clark et al. 2001;
Gorecka et al. 2005). Later the concept was challenged since peroxidase activity of plant
annexin was proven to be independent of the heme-binding motif when ectopically
expressed in plants or bacteria (Laohavisit et al. 2009; Konopka-Postupolska et al. 2009).
The initially obtained Anx(Gh1) crystal structure suggested the putative sulfur cluster as
redox reactive center and its function in H,O; reduction (Hofmann et al. 2003, 2004), which
later on was confirmed in AtAnnl (Konopka-Postupolska et al. 2009, 2011).

Our previous report demonstrated transcriptional up-regulation of BjAnn3 in Brassica
juncea upon treatment with hydrogen peroxide, NaCl, methyl viologen and wounding (Jami
et al. 2009). Based on this finding, we have postulated that BjAnn3 is important for
counteracting sustained oxidative stress. Further we proceeded with amino acid sequence
analysis of BjAnn3 using ClustalW and Jalview (Larkin et al. 2007 and Clamp et al. 2004),
which revealed the absence of both the heme-binding histidine residue and S; cluster (Fig.

1). Cysteines are known to function as structural elements, redox switches or redox buffers.
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As redox buffer they play a crucial role in maintaining redox homeostasis for cell survival
on oxidative stress (Guttmann 2010). The two cysteine residues which are present in
BjAnn3, are highly conserved among both plant and animal annexins (Hofmann et al. 2003),
and might function in modulating or sensing oxidative stress (Konopka-Postupolska et al.
2009 and Laohavisit et al. 2009). Therefore this study aimed at functional characterization of
BjAnn3 with its 319 aa residues following heterologous expression in S. cerevisiae in

connection to H,O,-mediated oxidative stress response.
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Figure 1 Alignment of plant annexin amino acid sequences. The conserved residues for
heme-binding (histidine) and S3 cluster are marked (*).Sequence data are available in NCBI
with the following accession numbers: Atlg35720 (AtAnnl), ABB59550 (BjAnnl),
CAA10210 (CaAnn24), ADO32900 (CKANN), AAB67993 [Anx(Ghl)], AAR13288
(GhAnx1), CAA66900 (ZmAnn33), CAA66901 (ZmAnn35), ABD47520 (BjAnn3).
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Results and Discussion

The work aimed at understanding the role of BjAnn3 in H,0,-mediated oxidative stress.
Externally applied H,O; induces intracellular oxidative stress in yeast due to its water
solubility and membrane permeability. Cells generate H,O, both under basal and stressed
growth conditions (Morano et al. 2012). TSAL, the major 2-Cys peroxiredoxin in yeast,
detoxifies hydroperoxides (Demasi et al. 2001 and Garrido et al. 2002) and functions as a
key regulator of intracellular ROS especially H,O; in S. cerevisiae (Park et al. 2000). tsal
null mutants are viable and indistinguishable from parental wild-type under aerobic control
conditions, but display a remarkable H,O,-sensitive phenotype (Wong et al. 2002). TSAl
was knocked out in regular INVScl strain to generate the tsal null mutant named ADY1.
Both strains were transfected either with empty vector pYES or recombinant BjAnn3-pYES
clone to create the four different strains, INVSc1-pYES, INVScl-BjAnn3, ADY1-pYES and
ADY1-BjAnn3. BjAnn3 expression was confirmed by Western blotting in INVSc1-BjAnn3
and ADY1-BjAnn3 cells (Fig. 2A).

Functional effects of BJAnn3 on cell growth and respiration

To assess the role of BjAnn3 in oxidative stress, overexpressing cells were treated with
H,0, in liquid culture (Fig. 2B). Growth of all strains decreased with increasing H,O,
concentration. At 2 mM concentration, overexpression of BjAnn3 stimulated cell growth
from 45.1 % to 63.0 % in INVScl-BjAnn3 cells and from 16.4 % to 33.1 % in ADY1-
BjAnn3 cells, when compared to the respective wild-type. ADY1-pYES showed a 28.7 %
decrease in growth compared to INVScl-pYES cells, which is in line with earlier findings
(Park et al. 2000 and Demasi et al. 2001). Apparently, BjAnn3 partially complemented the
lost TSA1 function in ADY1-BjAnn3 cells by up to 58.3% in the presence of 2 mM H,0,
(Fig. 2B). The data suggest a protective role of BjAnn3 in cellular defense against oxidative
stress. Based on the results, H,O, concentrations of 2 mM and 2.5 mM were chosen for
further experiments.

We hypothesized that BJAnn3 might protect mitochondrial respiration during oxidative
stress response (Fig. 2C). At 2 mM H,0,, respiration of cells overexpressing BjAnn3

showed no significant difference to wild-type. But at 2.5 mM H,0, respiratory activity of
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INVScl cells was stimulated by 28 % when overexpressing BjAnn3 and by 20% in ADY1
cells. Apparently the presence of BjAnn3 partially mitigated the oxidative stress-induced
inhibition of mitochondrial respiration. ADY1-pYES cells had improved respiration
compared to INVScl-pYES cells upon treatment. TSAL plays a prominent role in cellular
protection against hydroperoxide-mediated oxidative stress in respiratory-incompetent cells
compared to wild-type. In addition H,O,-treatment stimulates TSA1 expression more in cells
with dysfunctional mitochondria than in wild-type (Demasi et al. 2001). Based on the above
studies, a possible explanation could be that compromised TSAL resulted in compensational
elevation of respiration activity in order to maintain a balanced metabolism. Our results
from Fig. 2C suggest that BjAnn3 aids in cellular protection against oxidative stress, thereby

safeguards mitochondrial respiration.

Restoration of cell viability by BjAnn3 expression during H,O,-mediated oxidative

stress

In order to further substantiate our findings we performed growth assays on plates (Fig.
3A). Viability of the four strains was indistinguishable under normal aerobic conditions,
while it varied in the presence of H,O,. INVSc1-BjAnn3 cells appeared to be slightly more
tolerant than INVScl-pYES cells when treated with 2.5 mM H,0,, whereas no significant
difference was seen at 2 mM H,0,. ADY1-pYES was more sensitive to H,O, at both
concentrations compared with INVScl-pYES cells, which is consistent with earlier reports
(Park et al. 2000 and Demasi et al. 2001). Expression of BjAnn3 restored cell viability of
ADY1-pYES cells to almost the level of INVSc1-pYES. Cell viability was quantified using
the fluctuation assay (Fig. 3B). Survival rate of INVSc1-BjAnn3 in 2 mM and 2.5 mM H,0,
increased by 14.7 % and 16.5 %, respectively, compared to the control strain, and viability
of ADY1-BjAnn3 cells by 20.3 % and 19.6 %, respectively. With 31.2 % and 28.4 %,
observed mortalities of ADY1-pYES cells in the presence of 2 mM and 2.5 mM H,0,,
respectively, fitted to earlier reports (Demasi et al. 2001). BJAnn3 expression in ADY1 cells
efficiently complemented for the loss of TSAL function indicating a significantly protective
role of BjAnn3.
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Effect of BjAnn3 expression on membrane permeability upon H,O,-mediated oxidative

stress

Oxidative stress affects the structural integrity of phospholipids by lowering membrane
lipid packing and facilitating phase separation (Megli et al. 2003 and 2005). One of the
primary roles of annexins is seen in protecting cell membrane permeability by their highly
conserved annexin core domain (Creutz et al. 2012). Plant annexins which respond to
oxidative stress in a membrane-bound state might bind or decompose peroxidated lipids,
thereby restoring membrane stability and integrity. Alternatively a protective mechanism of
annexins on membranes may involve formation of two dimensional crystal patches on
peroxidated membranes or fostering membrane resealing (Konopka-Postupolska et al.
2011). Therefore the next experiments investigated the capability of BjAnn3 expression to
maintain membrane integrity, which may be one of the underlying mechanisms to restore
cell viability upon oxidative stress. H,O, treatment resulted in pronounced increase of
cellular PI fluorescence in all four strains compared to the respective untreated control,
indicating an increase in plasma membrane permeability (Fig. 4A). Loss of TSAL in ADY1-
PYES cellsfurther enhanced PI fluorescence upon H,O,-treatment. BJAnn3 overexpression
counteracted the Pl fluorescence increase in INVScl-BjAnn3 and ADY1-BjAnn3.
Quantification of Pl fluorescence confirmed that BjAnn3 strongly quenched the
fluorescence both in INVSc1-BjAnn3 and ADY1-BjAnn3 cells, compared to their respective
controls (Fig. 4B). At both H,0,-concentrations BJAnn3 was able to complement the loss of
TSAL function below the level of INVSclcells. These data support the conclusion that
annexins protect membranes against oxidative stress in line with previous findings
(Konopka-Postupolska et al. 2011).

Modulation of H,O,-mediated ROS accumulation by BJAnn3

A role of plant annexins in improved ROS detoxification has been shown in native
plants (Konopka-Postupolska et al. 2009) and transgenic plants (Gorecka et al. 2005; Jami et
al. 2008; Laohavisit et al. 2009; Divya et al. 2010; Jami et al. 2010; Zhang et al. 2011; Chu
et al. 2012). ROS is formed in normal yeast metabolism. Its release is enhanced in response

to environmental stress (Morano et al. 2012). In order to explore the possible link between
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BjAnn3 expression, increased cell viability, plasma membrane protection and ROS
formation, cells were subjected to DCFDA staining and analyzed by confocal microscopy
(Fig. 5A). The DCF fluorescence level upon H,0O, treatment was highest in TSA1-deficient
ADY1-pYES cells. Similar results were reported by Wong et al. (2002). BjAnn3
overexpression decreased the DCF fluorescence in H,O,-treated INVScl-BjAnn3 and
ADY1-BjAnn3 cells (Fig. 5B). BjAnn3 was able to suppress ROS accumulation by a factor
of 6.4 and 7.9, respectively, in INVSc1-BjAnn3 cells, and 7.9 and 8.0 in ADY1-BjAnn3
cells, compared to their respective controls, when treated with 2 mM and 2.5 mM H,0O,.
ADY1-pYES cells generated 2.3-fold more ROS in the presence of 2 mM H,0, compared to
INVScl-pYES cells, while, no significant difference was observed upon 2.5 mM H,0,
treatment. Overexpression of BjAnn3 compensated for the loss of TSA1 function as
indicated by DCF fluorescence which was lower than in INVSc1-pYES in 2 mM H,0;. The
result is consistent with that from the Pl assay. Apparently BjAnn3 lowers ROS

accumulation and combats oxidative stress and increases cell viability.

gPCR analysis of mMRNA transcripts of some antioxidant enzymes

In the next step, we investigated effects of BJAnn3 expression which could indirectly
affect cellular ROS levels. Earlier experiments have linked plant annexins to other genes
involved in improved stress response (Jami et al 2008; Divya et al 2010; Huh et al 2010). To
this end transcript levels of SOD1 (Fig. 6A), SOD2 (Fig. 6B), GPX2 (Fig. 6C) and TSA2
(Fig. 6D) were quantified by gPCR. The antioxidant genes were transcriptionally up-
regulated in response to H,O,-treatment. As described earlier, SOD1, GPX2 and TSA2
(Wong et al. 2002 and Demasi et al. 2006) were up-regulated in H,O,-treated ADY1-pYES
cells. SOD2 was hardly regulated. Upon treatment, BJAnn3 overexpression in INVScl-
BjANnNn3 cells resulted in transcriptional activation of SOD1, SOD2, GPX2 and TSA2 by 2.6-
fold, 17.3-fold, 20.2-fold and 48.3-fold respectively, while in ADY1-BjAnn3 cells only
SOD1 and SOD2 got activated by 1-fold and 6.1-fold respectively, compared to their
respective controls. GPX2 showed no difference while TSA2 got down-regulated by a factor
of 32.8. Overexpression of BjAnn3 affected antioxidant expression. The compensatory

activation for TSALl deficiency of these antioxidants are in order of SOD2 (O-fold)
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<SOD1(1.1-fold)<GPX2 (23.8-fold) <TSA2 (82.0-fold) in ADY1-pYES, cells compared to
wild-type (Fig. 6E). This order exactly matched the progressive decrease in transcript level
of SOD2 (6.1-fold) <SOD1 (1-fold) <GPX2 (0-fold) <TSA2 (-32.8-fold) in ADY1-BjAnn3
cells, compared to ADY1-pYES cells. The results from Fig. 6 suggest that BjAnn3 functions
as a key effector of SOD1, SOD2, GPX2 and TSA2expression which then help to maintain
cellular redox balance. On one hand, BJAnn3 positively regulates these antioxidants upon
treatment whereas on the other hand BjAnn3 interacts antagonistically with other

antioxidants when cells are deficient of TSAL.

55



Objective 1

~s‘m~.
B8
o il A
oY
QO O gt ot
A
zz39
O L
oot
H I |
T 7 0
) o 0 o o
R 888 ¢8R
b 1

8 (%) Wmoas [pPD

~40 kDa

0.5

Hydrogen peroxide concentration (mM)

B AR R R
SIS
I

SRRRRRLRAR

&
NG
QUL \N\(

P
B
e

BADY1-BjAnn3

BINVScl-BjAnn3

PR/ R RS AL AR R AL AR R AL AL R RS RS u.
B R e
N
RO

BINVScl-pYES
BADY1-pYES

I
o
074

B S0
B K KK KRR KK
B KR H A
B R
B R R KKK KKK KRR KKK
A R R IR

o
N
-
@

(%,) uoneardsa.a [ELIPUOYIOIIIA

Treated (2.5 mM)

Treated (2 mM)

Untreated

Figure 2 Recombinant expression of BJAnn3 in yeast and functional effects on cell

growth and respiration. (A) Confirmation of BjAnn3 expression in lanel, INVScl-pYES;
2, ADY1-pYES; 3, INVScl1l-BjAnn3; 4, ADY1-BjAnn3 cells. (B) Normalized cell growth

with respect to untreated cells in the presence of different concentrations of H,O,. (C)

Mitochondrial respiration in percent of untreated cells. Data represent means + S.D. from 3

measurements. Statistical analysis was carried out in Sigma-Plot11.0 by One-Way ANOVA
analysis with Duncan’s Multiple Range Test (DMRT) (*) marks significant differences with

p < 0.05 relative to the likewise treated wild-type.
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Figure 3 Restoration of cell viability by BjAnn3 expression during H,O,-mediated
oxidative stress. Sensitivity of yeast strains INVSc1-pYES, INVScl-BjAnn3, ADY1-pYES
and ADY1-BjAnn3 to H,O, was analyzed by spotting (A) or was analyzed by use of
fluctuation assay (B). Data represent means + S.D. from 3 measurements. Statistical analysis
was carried out in Sigma-Plot11.0 by One-Way ANOVA analysis with Duncan’s Multiple
Range Test (DMRT) (*) marks significant differences with p < 0.05 relative to the likewise
treated wild-type.
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Figure 4 Effect of BJAnn3 expression on membrane permeability upon H,O,-mediated
oxidative stress. (A)Propidium iodide (PI) fluorescence was observed under a confocal
microscope(scale bars: 5 um) quantified from more than100 cells in each sample by using
Image-J. (B)Values are expressed as a fraction of the control (Untreated INVScl-pYES
cells). Data represent means £ S.D. from 3 replicates. Data were analyzed for statistically
significant differences using Sigma-Plot11.0 by One-Way ANOVA analysis with Duncan’s
Multiple Range Test (DMRT) (*) marks significant differences with p < 0.05 relative to the
likewise treated wild-type.
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Figure 5 Modulation of H,O,-mediated ROS accumulation by BjJAnn3. ROS was
detected by DCF fluorescence using a confocal microscope; scale bars: 10 um (A). DCF
fluorescence was quantified from more than100 cells in each replicate by using Image-J and
expressed as a fraction of the control (Untreated INVScl-pYES cells) (B). Data represent
means = S.D. from 3 measurements. Statistical analysis was carried out in Sigma-Plot11.0
by One-Way ANOVA analysis with Duncan’s Multiple Range Test (DMRT). (*) marks
significant differences with p < 0.05 relative to the likewise treated wild-type.
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Figure 6 qPCR analysis of mMRNA transcripts of some antioxidant enzymes. All strains
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(DMRT). (*) marks significant differences with p < 0.05 relative to the likewise treated
wild-type.
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Conclusion

This report characterizes the effects of heterologous expression of a plant annexin in S.
cerevisiae. S. cerevisiae lacks an annexin orthologue (Gerke 2002). Annexins are well
known membrane binding proteins (Dabitz et al. 2005; Mortimer et al. 2008; Laohavisit and
Davies 2011). They have been studied for their function in cell protection, membrane
stabilization and ROS detoxification in bacteria, plants and mammalian cell lines (Gidrol et
al. 1996; Janicke et al. 1998; Kush and Sabapathy, 2001; Gorecka et al. 2005; Jami et al.
2008, Laohavisit et al. 2009; Konopka-Postupolska et al. 2009; Zhou et al. 2011; Konopka-
Postupolska et al. 2011). Here it is shown that BjAnn3 protects yeast cells from oxidative
stress. Two scenarios are possible: (i) BJAnn3 could either directly detoxify ROS or (ii)
positively modulate the endogenous antioxidants and thereby affect ROS accumulation.
Expression of BjAnn3 maintained the permeability barrier which could either result from
membrane stabilization by binding (Creutz et al. 2012) or from ROS detoxification in a free
or membrane-bound state (Mortimer et al. 2009). Again, ROS detoxification may be due to
peroxidase activity of BjAnn3 or due to an interaction with native defense system within the
cell. The methionine residue is frequently mutated as in BjAnn3, but two cysteine residues
of the S3 cluster remained conserved (Konopka-Postupolska et al. 2009). The absence of
both heme-binding histidine residues and Ss cluster in BjAnn3 might suggest that the
conserved Cys residues are involved in ROS detoxification. This hypothesis needs future
investigation. Our results indicate that BjAnn3 interferes with other antioxidant genes for
ROS modulation. Annexins are also predicted to function as heme-free glutathione
peroxidase, a subgroup of peroxiredoxins, using a conserved cysteine to reduce
hydroperoxides which act as electron acceptor (Rouhier et al. 2005, Laohavisit et al. 2009
and Dietz 2011). Such a thiol peroxidase activity might be the reason why BjAnn3
complements TSA1-deficient yeast. Their evolutionary significance is well concluded form
our results based on their role in transcriptional activation of antioxidant genes and their
cross talk with the defense system across kingdom, enabling a cooperative cellular
protection. The only partial compensation of TSA1 by BjAnn3 in cell viability tests but

over-complementation in ROS-related features suggests the existence of both redundant, e.g.
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in ROS detoxification, and distinct features, e.g. membrane protection versus proximity-

based redox regulator, of both proteins.
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Alleviation of methyl viologen-mediated oxidative
stress by Brassica juncea annexin-3 in transgenic

Arabidopsis
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Introduction

Plant annexins (32—36 kDa) represent about 0.1% of total cell protein and are distributed
throughout the kingdom (Morgan and Fernandez 1997; Hofmann 2004; Mortimer et al.
2008). The first plant annexin was identified in tomato (Boustead et al. 1989). Thereafter,
they have been identified in many other plant species and studied extensively from past two
decades (Blackbourn et al. 1991, 1992; Clark et al. 1998, 2005; Kovacs et al. 1998;
Hofmann et al. 2003, 2004; Lee et al. 2004; Cantero et al. 2006; Konopka-Postupolska et al.
2007, 2009; Jami et al. 2008, 2009, 2012; Huh 2010; Laohavisit et al. 2009, 2012;Zhang et
al. 2011; Zhou et al. 2011; Chu et al. 2012; Huang et al. 2013; Zhou et al. 2013).

The members of the evolutionarily conserved family of annexins exist in soluble form,
but bind to phospholipids in a calcium dependent or independent manner (Mortimer et al.
2008; Dabitz et al. 2005; Laohavisit and Davies 2011). However these multifunctional
proteins are still insufficiently characterized in vivo, in particular concerning their proposed
peroxidase activity.

Analyses of annexins from A. thaliana (AtAnnl), B. juncea (BjAnnl), Zea mays
(ZmAnn33/35), Capsicum annuum (CaAnn24) and Nelumbo nucifera (NnNANN1) proteins
point to an antioxidative function of annexins (Gorecka et al, 2005; Jami et al. 2008;
Laohavisit et al. 2009; Chu et al. 2012). Two features were taken as supporting evidence for
the eventual antioxidant activity of plant annexins. The first one is the heme-binding
histidine residue initially identified in AtAnnl. However both experimental evidence and
structural data are missing that support the concept of heme-binding in plant annexins
(Laohavisit et al. 2009; Konopka-Postupolska et al. 2011). The second one is the S cluster,
initially identified in the GhAnn1 crystal structure. This cluster is hypothesized to function
as redox reactive center and possibly in H,O, reduction (Hofmann et al. 2003, 2004). Later,
detailed amino acid sequence analysis of BjAnn3 confirmed that both criteria are not
fulfilled (Fig. 1). Two Cys residues of the S cluster remain highly conserved among both
plant and animal annexins while the methionine residue often varies (Hofmann et al. 2003;
Konopka-Postupolska et al. 2009). Generally, cysteines are known to play a crucial role in
redox buffering under oxidative stress (Guttmann 2010). The two conserved cysteines of the

Ss cluster which are also present in BjAnn3 might play a role in redox homeostasis
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(Hofmann et al. 2003; Konopka-Postupolska et al. 2009; Laohavisit et al. 2009). Early after
their discovery, annexins were investigated for a potential role during oxidative stress in
plants. Their transcript levels are regulated in response to various oxidative stressors (Gidrol
et al. 1996; Kovacs 1998, Jami et al. 2008, 2009, Konopka-Postupolska et al. 2009, Zhang et
al. 2011). Thus transcripts encoding annexins are up-regulated upon MV treatment (Jami et
al. 2008, 2009) but their role in MV-mediated oxidative stress tolerance remained
uninvestigated.

Our earlier studies validated for stressed B. juncea that BjAnn3 transcripts also
accumulate upon methyl viologen application and also upon other stress treatments like
H,0,, ABA, ethephon, salicylic acid, methyl jasmonate, sodium chloride and wounding
(Jami et al. 2009). We hypothesized that BjAnn3 might modulate cell acclimation responses
during enduring photo-oxidative stress. Therefore this study addresses the in vivo role of
BjAnn3 by heterologous expression in transgenic A. thaliana with focus on MV-mediated
oxidative stress. This approach was expected to shed light on the antioxidant property of the

protein.

65



Objective 2

Results and discussion

This work aimed at understanding the role of BjAnn3 in MV-mediated oxidative stress.
MV has been extensively used as an oxidative stress inducer in studying tolerance and cross
tolerance responses accompanied with antioxidant system responses (Lascano et al. 1998,
2001, 2003) as summarized by Jacob and Dietz (2009). In plants, photosystem | of
chloroplast and complex I and Il of mitochondria are the main electron donors for MV
reduction resulting in oxidative stress. MV generates superoxide anions that either directly
react with other molecules e.g. lipids or nitric oxide, or are converted to H,O,. To assess the
role of BjJAnn3 in MV-mediated oxidative stress, we generated transgenic Arabidopsis
overexpressing BjAnn3. Arabidopsis plants were transfected with Agrobacterium
tumefaciens carrying the BJAnn3-pCAMBIA 2300 construct with BjAnn3 under the control
of CaMV35S. Putative transgenics were confirmed for transgene integration by gDNA PCR
(Fig. 7A). The expression level was analyzed by gPCR (Fig. 7B). All experiments were
conducted with Tj lines. Line 4 (BjAnn3 L4) and line 6 (BjAnn3 L6) were chosen as low and
high expression lines respectively for all subsequent experiments.

Functional effects of BJAnn3 expression on growth under stress

Aseptically grown WT, BjAnn3 L4 and BjAnn3 L6 seedlings were transferred to %2 MS
with or without MV for stress assay (Fig. 7C). Transgenics showed clear resistance
compared to wild type at 1.5 uM MV after 7 d. No difference was observed at 3 uM MV,

This result indicated that BjAnn3 plays a role in the protection against oxidative stress.

Effect of MV on PSII activity in the leaves of wild type and transgenic plants

To assess the role of BjJAnn3 in MV-induced photosynthetic performance, we measured
(Fv/Fm) after the initial SP, whichrepresents maximal quantum yield of photosynthesis (Fig.
8A). Fv/Fm was close to 0.8 in unstressed plants, which fits to previous findings (Bjorkman
and Demmig, 1987; Johnson et al. 1993). Both wild type and transgenics showed no
significant difference upon treatment. Photosynthetic induction was investigated for 5 min
after illumination start of dark acclimated plants. The delay time of 40 s after the initial SP

allows nearly complete re-oxidation of PSII acceptors before the start of repetitive firing of
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SPs. We recorded Y (1) (Fig. 8B), gP (Fig. 8C) and NPQ (Fig. 8D) at a time interval of 20s.
A fall of Y(II) in both wild type and transgenics indicated a cumulative damage and
inhibited electron transport of PSII upon treatment. For more detailed presentation, we chose
308 s for measuring Y (I1), which did not fall significantly for BjAnn3 L6 below wild type,
after treatment (Fig. 8B).

gP is a measure of the electron flow beyond PSII. Progressive increase in gP with time in
transgenic lines upon treatment reflects more efficient electron flow compared to wild type.
gP was significantly higher in BJAnn3 L6 at 308 s compared to wild type after treatment
(Fig. 8C). Plants protect themselves from high light by dissipating light energy as heat
measurable as NPQ (Stepien et al. 2009). With increasing time NPQ increased progressively
in both wild type and transgenics upon treatment. At 308 s, NPQ was significantly higher in
wild type than in transgenics upon treatment (Fig. 8D). BjJAnn3 L6 showed the least change
in NPQ upon treatment. Our results suggest that BjAnn3 helps to maintain a better redox
balance between light-dependent electron pressures and protects MV-treated Arabidopsis

with better PSII performance.

Effect of MV on lipid hydroperoxide levels in the seedlings of wild type and transgenic

plants

Structural integrity of membranes is widely known to be negatively affected by
oxidative stress through different mechanisms (Megli et al. 2003, 2005). Plant annexins
provide oxidative protection to cells by reducing lipid peroxides and/or H,O, levels (Jami et
al. 2008; Konopka-Postupolska et al. 2009; Divya et al. 2010; Zhang et al. 2011; Zhou et al.
2011; Chu et al. 2012; Clark et al. 2012). They interact with membranes and might
counteract oxidative stress at membranes in a localized manner. Different mechanisms have
been hypothesized by Konopka-Postupolska et al. (2011) which might contribute to the
favorable effects of plant annexins, in particular maintenance of membrane stability and
acceleration of membrane repair. Therefore, we next investigated the ability of BjAnn3 to
interfere with membrane stability and integrity. Lipid peroxidation is an established
indicator of membrane damage. We estimated the amount of MDA, a secondary end product

of polyunsaturated fatty acid oxidation in both wild type and transgenics upon treatment
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(Fig. 8E). MDA content showed no difference between wild type and transgenics under
control conditions. Upon treatment, MDA level increased both in wild type and transgenics.
However, lipid peroxidation was lower in transgenics compared to wild type, and BjJAnn3 L6
showed least MDA accumulation. Apparently BjAnn3 protected plant cells from O, -

induced membrane damage.

Subcellular localization of BJAnn3-GFP using confocal laser scanning microscopy

Annexins are characterized to have broad tissue, cell and subcellular distribution
depending on both cell type and stimuli (Mortimer et al. 2008; Laohavisit 2009, 2011). We
looked for the localization of BjAnn3-GFP in the agro-infiltrated tobacco leaf epidermal
cells. Compared to the GFP control which was more diffusely distributed and is known to
localize to the cytosol and nucleoplasm, the signal from BjAnn3-gfp was narrowly localized
and brighter, and was lacking in the nucleus. This tentatively indicates a preferred
association with the plasma membrane (Fig. 9) in line with Huang et al. (2013), where
BjAnn3 might help to maintain the integrity of the membrane during oxidative stress. This
in turn may be one of the underlying mechanisms involved in increased resistivity of the

BjANn3 over expressing lines to MV-induced oxidative stress.

Estimation of H,O, level and total peroxidase activity in Arabidopsis seedlings

Plasma membrane redox systems exist within lipid rafts and plant annexins have been
identified to be associated with lipid raft membrane preparation (Lefebvre et al. 2007;
Konopka-Postupolska et al. 2011). Plant annexins are known to detoxify ROS and have been
extensively studied in both native (Konopka-Postupolska et al. 2009) and transgenic plants
(Gorecka et al. 2005; Jami et al. 2008; Laohavisit et al. 2009; Divya et al. 2010; Jami et al.
2010; Zhang 2011;Chu et al. 2012). In plants ROS are produced in various compartments
during normal metabolism (Asada 1999; del Rio et al. 2006; Sagi et al. 2006). MV initially
produces superoxide radical which eventually gets converted into H,O,. To test the direct or
indirect role of BjAnn3 in H,0, detoxification, we determined H,O, content in both wild
type and transgenics upon treatment (Fig. 10A). Fe(ll) is oxidized by H,O,, and the

generated Fe(lll) together with xylenol orange forms the Fe(lll)-xylenol orange complex
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which is an indicator of oxidative stress measurable at Asg. H,O, content was
indistinguishable in the untreated samples. Upon treatment wild type showed significant
elevation of H,O, level compared to transgenics. The content was more in BjAnn3 L4 in
comparison to BjAnn3 L6.

Further we evaluated the in vivo total peroxidase activity (Fig. 10B) in both wild type
and transgenics using H,O,/guaiacol assay at pH 6.0. H,O, acts as electron acceptor
oxidizing guaiacol to tetraguaiacol measurable at As70. Transgenic lines displayed
significantly enhanced total peroxidase activity in comparison to wild type which is possibly
due to the ectopic expression of BjAnn3. Despite significant differences in peroxidase
activity, the similar H,O, contents of untreated samples might be due to the redox
equilibrium maintained for balanced metabolism. These findings supports two conclusions,
firstly, increased MV-tolerance of transgenics may be due to the restoration of membrane
integrity and improved ROS detoxification and secondly, and likewise lowering of
membrane damage may be linked to the physical localization of the BjAnn3 but also to ROS

detoxification.

Titration of the E,, value and quantification of peroxidase activity of BJAnn3 wild type

protein

Next we investigated a role of BjAnn3 in redox sensing or redox-dependent regulation.
BjAnn3 has conserved Cys residues which could also be involved in thiol-specific
antioxidant function. Plant annexins AtAnnl, BjAnnl, ZmAnn33/35, CaAnn24, CKANN,
GhAnx1 and NnANN1 proteins are already known to be associated with antioxidant
function (Gidrol et al. 1996; Gorecka et al. 2005; Jami et al. 2008; Laohavisit et al. 2009;
Zhang et al. 2011; Zhou et al. 2011; Chu et al. 2012). We purified the recombinant BjAnn3
protein (Fig. 11) and determined the redox midpoint potential (Fig. 12A) which
characterizes the conditions under which its thiols are in the reduced form and could
function in ROS detoxification or redox sensing. The En value of BjAnn3 protein as
determined by the monobromobimane binding assay was approximately -319 mV. This
rather negative E-value is in the range of that of the peroxidatic thiol of peroxiredoxins

(Konig et al. 2002). Nevertheless the thiols of BjAnn3 will be reduced under regular
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cytoplasmic redox potentials (Meyer et al. 2007) and might react with H,O,. We estimated
peroxidase activity of recombinant BjAnn3 (Fig. 12B) using H,O,/guaiacol assay. Native
BjAnn3 showed significantly more peroxidase activity compared to its heat denatured form.
HRP and BSA were used as positive and negative controls respectively. These results
suggest a direct activity of BjAnn3 in ROS detoxification and protection against oxidative

stress.

gPCR analysis of mMRNA transcripts of some antioxidant enzymes

There might exist an indirect role of BjAnn3 in affecting or regulating the antioxidant
defense. Plant annexins have already been shown to transcriptionally regulate other genes
for improved stress response (Jami et al 2008; Divya et al 2010; Huh et al 2010). We
quantified the transcript levels of sAPX (TAIR: At4g08390, Fig. 13A), tAPX (TAIR:
At1g77490, Fig. 13B), APX1 (TAIR: At1g07890, Fig. 13C), CSD1 (TAIR: At1g08830, Fig.
13D) and FSD1 (TAIR: At4g25100, Fig. 13E) by qPCR. Except FSD1, all antioxidant genes
were up-regulated in response to MV treatment in wild type as observed earlier (Rizhsky et
al. 2004; Yang et al. 2012). BjAnn3 expression counteracted the MV-dependent
upregulation of sAPX, tAPX, APX1 and CSD1. In some cases, the transcript levels of treated
and untreated transgenic lines were indistinguishable, indicating complete suppression of the
involved signaling pathways, e.g. in the case of tAPX, APX1 and CSD1. Transcript
accumulation of SAPX was even suppressed in MV-treated BjAnn3 L6 below the level of the
untreated control. SAPX expression is under the control of signals linked to development,
light and photosynthesis (Oelze et al. 2012) and recently the transcription factor ANAC089
has been recognized to be involved in redox dependent regulation of SAPX expression (Klein
et al. 2012). Plant annexins were suggested to play a role in ROS signaling pathways by
lowering H,0, level (Gidrol et al. 1996; Gorecka et al. 2005; Jami et al. 2008; Laohavisit et
al. 2009; Jami et al. 2010; Divya et al. 2010; Zhang et al. 2011; Zhou et al. 2011;Chu et al.
2012).

Thus decreased antioxidant transcript accumulation can be explained by degradation of
H,0, through BjAnn3 or alternatively could be mediated by interference of BJAnn3 with

involved signaling pathways. Apparently, independent mechanisms contribute to enhanced
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tolerance to MV. In the A. thaliana mutant radical-induced cell death 1 (rcdl), MV
resistance was associated with increased expression of plastidic Cu/Zn SOD and APX
(Fujibe et al. 2004). In fact, chloroplast targeted overexpression of SOD showed MV
resistance in several transgenic species (Bowler 1991, Gupta et al. 1993; Camp 1996; Arisi
et al. 1998). Regulation of FSD1 in BjAnn3-lines was opposite to the other tested
antioxidants, namely with increased transcript levels in MV-treated lines. FSD1 is found in
the chloroplast as well as in the plasma membrane and mitochondrial membrane. It is
regulated in response to diverse stresses including heavy metals and oxidative stress
(Myouga 2008; Vanhoudt 2010). The peculiar response of FSD1 transcript in MV-treated
BjAnn3-lines hints to different regulatory mechanisms independent on ROS and/or lipid
binding, possibly to a high sensitivity to redox disequilibria. The results presented in Fig. 13
suggest that BjAnn3 functions in regulating sAPX, tAPX, APX1, CSD1 and FSD1 to

maintain cell redox homeostasis.
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Figure 7 Molecular analyses of A. thaliana lines expressing BJAnn3 and functional
effects of BJAnn3 expression on growth under stress. (A) Confirmation of transgene
insertion in Ty plants is shown by PCR analysis of genomic DNA. +ve, -ve and 1-8 represent
positive control (BjAnn3-pCAMBIA 2300 plasmid), negative control (wild type plants) and
transgenic lines numbered 1-8 respectively. (B) BjAnn3 expression levels were analyzed by
gPCR in transgenic plants. All expression levels are shown with respect to the lowest
expression line which is considered as 1-fold. (C) Tolerance of the transgenics was assessed
by MV-mediated stress on 7 d old seedlings. Wt, BjAnn3 L4 and BjAnn3 L6 represent wild
type, BjAnn3 transgenic line 4 and BjAnn3 transgenic line 6 respectively.
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Figure 8 Effect of MV on PSII activity and lipid hydroperoxide levels in wild type and
transgenic plants. The maximal quantum yield [Fv/Fm] was recorded after the first SP (A).
Effective photochemical quantum vyield [Y(ID] (B), coefficient of photochemical
fluorescence quenching [gP] (C) and Stern-Volmer type non-photochemical fluorescence
guenching [NPQ] (D) was measured every 20 s over a period of 5 min. Filled and open
symbols in line graphs represent untreated and treated samples respectively. Lipid
peroxidation was assessed as MDA content (E). Wt, BjJAnn3 L4 and BjAnn3 L6 represent
wild type, BjAnn3 transgenic line 4 and BjAnn3 transgenic line 6 respectively. Data
represent means of n=3 + SE. Statistical analysis was carried out in Sigma-Plot11.0 by One-
Way ANOVA analysis with Duncan’s Multiple Range Test (DMRT). Lowercase letters
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mark significance of difference (p < 0.05). (*) marks significant differences with p < 0.05
relative to the likewise treated wild type in line graphs.

A B

35S::GFP BjAnn3 GFP

Figure 9 Subcellular localization of BjAnn3-GFP using confocal laser scanning
microscopy. In contrast to the more diffuse localization of GFP (A), the BjAnn3-GFP signal
was brighter and localized in more narrow regions of tobacco epidermal cells (B). Scale bar:
35S::GFP=10 pm and BjAnNn3-GFP=20 pum.
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Figure 10 Estimation of H,O, level and total peroxidase activity in Arabidopsis
seedlings.(A) H,0, content was measured in both wild type and transgenics upon MV-
treatment. (B) Total peroxidase activity was determined in both wild type and transgenics by
measuring the rate of guaiacol tetramerization. Wt, BjAnn3 L4 and BjAnn3 L6 represent
wild type, BjAnn3 transgenic line 4 and BjAnn3 transgenic line 6 respectively. Data
represent means of n=5 + SE. Statistical analysis was carried out in Sigma-Plot11.0 by One-
Way ANOVA analysis with Duncan’s Multiple Range Test (DMRT). Letters mark
significance of difference (p < 0.05).
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Figure 11 Protein purification profile. M- Marker. PE- Pellet; SU-Supernatant; FT-Flow-
through; W1,W2,W3-Washes (10mM,20mM,30mM); E1 TO E7 — Elutions in 100mM ES,
E9, E10 - Elutions in 250mM; E11, E12, E13 - Elutions in 400mM.
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Figure 12 Titration of the E, value and quantification of peroxidase activity of BJAnn3
wild type protein. (A) The redox midpoint potential of the recombinant protein was titrated
by incorporation of monobromobimane after equilibration with varying ratios of
DTTrequced/ DT Toxigized. Data from four experimental repeats were fitted to Nernst equation
with n=4 using OriginPro 8. (B) Peroxidase activity of the recombinant protein was
quantified by measuring the rate of guaiacol tetramerization. HRP, BSA, BjAnn3 and
BjAnn3 (d) represent horseradish peroxidase, bovine serum albumin, native BjAnn3 and
heat-denatured BjANNn3 respectively. Data represent means of n=5 + SE. Statistical analysis
was carried out in Sigma-Plot11.0 by One-Way ANOVA analysis with Duncan’s Multiple
Range Test (DMRT). Letters mark significance of difference (p < 0.05).
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Figure 13 gPCR analyses of mMRNA transcripts of some antioxidant enzymes. Both lines
showed BjAnn3-mediated regulation upon MV treatment. SAPX (A), tAPX (B), APX1(C),
CSD1(D) and FSDI(E) transcripts were quantified as described above. The expression
patterns were compiled in a heat map (F). 18S rRNA (TAIR: AT2G01010) was used as
reference gene. Wt, BjAnn3 L4 and BjAnn3 L6 represent wild type, BJAnn3 transgenic line 4
and BjAnn3 transgenic line 6 respectively. Data represent means + S.E. from 3
measurements. Statistical analysis was carried out in Sigma-Plot11.0 by One-Way ANOVA
analysis with Duncan’s Multiple Range Test (DMRT). Letters mark significance of
difference (p < 0.05).
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Conclusion

This report characterizes the effect of BJAnn3 heterologously expressed in A. thaliana. Plant
annexins have been studied for their transcriptional activation upon MV treatment (Jami et
al., 2008, 2009). Here it is shown that BjAnn3 alleviates MV-mediated oxidative stress in
plants. The overexpressing seedlings were more tolerant against MV compared to wild type.
BjAnn3 protected photosynthesis against MV-mediated photo-oxidative damage and
prevented MV-mediated plasma membrane damage. Three mechanisms may be proposed:
(1) BjANnn3 localizes close to the plasma membrane and maintains membrane stability and
integrity. This protection may be caused by interaction with lipids, such as direct binding to
peroxidized lipidsand their decomposition, formation of crystal patches on membranes or
membrane resealing (Konopka-Postupolska et al. 2011). (ii) BjAnn3 counteracts ROS
accumulation. This may occur either in the free or membrane bound state (Mortimer et al.
2009). ROS detoxification is likely linked to the enzymatic antioxidant property of BjAnn3
and in addition could involve cooperation with other cellular antioxidant system. The N-
terminal Cys residue of annexin A2 in mammalian cells can be oxidized by H,O, and
reduced by thioredoxin for further availability in redox cycles (Madureira et al. 2011, Clark
et al. 2012). Annexin peroxidase activity is predicted to be similar to that of heme-free
glutathione peroxidase that catalyzes the reduction of lipid peroxides and H,O,. There,
conserved Cys residues are involved in reduction of hydroperoxides which act as electron
acceptor (Laohavisit et al. 2009, Rouhier et al. 2005, Dietz 2011). BjAnn3 showed a redox
potential of approximately -319 mV. This can contribute to the antioxidant property of the
protein probably via thiol-based mechanisms. Peroxidase activity confirmed the antioxidant
property of the protein. BJAnn3 also resulted in increase of total peroxidase activity in
transgenics and showed interference with other cellular antioxidants. BjAnn3 may affect
redox buffering at plasma membrane and thereby provide improved cellular protection. (iii)
Alternatively BjAnn3 may interfere with cell signaling pathways by molecular interactions
involving yet unknown mechanism that may also involve redox reactions (Madureira and
Waisman 2013).
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Role of AtAnn3 under methyl viologen-mediated
oxidative stress in Arabidopsis thaliana AtAnn3-

knockout plants
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Introduction

Plant annexins are distributed across kingdoms andrepresent about 0.1% of total cell
protein (Hofmann 2004; Mortimer et al. 2008). Tomato annexin was the first plant annexin
that was identified and was followed by many in other plant species (Boustead et al. 1989;
Blackbourn et al. 1991; Cantero et al. 2006; Konopka-Postupolska et al.2009; Jami et al.
2012; Zhou et al. 2011; Zhang et al. 2011; Chu et al. 2012; Huang et al. 2013; Zhou et al.
2013).Annexins exist in both soluble and membrane-bound state (calcium dependent or
independent manner)(Mortimer et al. 2008; Dabitz et al. 2005; Laohavisit and Davies 2011).
However, these multifunctional proteins remainedinsufficiently characterized in vivo,
particularly concerning the antioxidant property.

Several plant annexins showed antioxidant property (Gorecka et al. 2005; Jami et al.
2008; Laohavisit et al. 2009; Chu et al. 2012).Two criteria were suggested for the
antioxidant activity of plant annexins. The first one is the heme-binding histidine residue
initially identified in AtAnnl. However lack of both experimental evidence and structural
data could not support the concept of heme-binding in plant annexins (Laohavisit et al.
2009; Konopka-Postupolska et al. 2011). The second feature is the Sz cluster which was
initially identified in the GhAnnl crystal structure. This cluster is hypothesized to be
involved in electron-transfer reactions and function as redox reactive center possibly
involving in H,O, reduction (Hofmann et al. 2003, 2004).

Detailed amino acid sequence analysis of AtAnn3 evidenced the absence of both these
criteria. Sz cluster consists oftwo Cys residues whichare highly conserved throughout plant
and animal annexins while the third one, the methionine residue, often varies (Hofmann et
al. 2003; Konopka-Postupolska et al. 2009). Cysteines are known to play a pivotal role in
redox buffering under oxidative stress conditions (Guttmann 2010). The two conserved Cys
residues of the Ss cluster which are also present in AtAnn3 might play a role in redox
homeostasis (Hofmann et al. 2003; Konopka-Postupolska et al. 2009). Plant annexins are
known to have a potential role in oxidative stress response.They are transcriptionally
regulated in response to various oxidative stressors (Gidrol et al.1996; Kovacs et al. 1998;
Jami et al. 2008, 2009;Konopka-Postupolska et al. 2009, Zhang et al. 2011) including
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methyl viologen (Jami et al. 2008, 2009) however; their role in MV-mediated oxidative
stress tolerance remained uninvestigated.

Earlier reports from our laboratory have confirmed BjAnn3 transcripts accumulation
upon methyl viologen application and also upon other stress treatments like H,O,, ABA,
ethephon, salicylic acid, methyl jasmonate, sodium chloride and wounding in Brassica
juncea (Jami et al. 2009). Multiple sequence alignment of BjAnn3 and AtAnn3 using default
parameters of EMBL-EBI ClustalW showed 94.7% similarity (Fig. 14). We assumed that
similar to BjAnn3; AtAnn3 might modulate cell acclimation responses during methyl
viologen-mediated photo-oxidative stress. Therefore this study unravels the loss-of-function
of AtAnn3 in AtAnn3-knockout A. thaliana plants with respect to MV-mediated oxidative
stress.
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Figure 14 Multiple Sequence Alignment of BJAnn3 and AtAnn3.
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Results and discussion

In this study, we tried to understand the role of AtAnn3 in MV-mediated oxidative
stress. To studythe tolerance and cross tolerance responses,MV has been extensively used as
an oxidative stress inducer in (Lascano et al. 1998, 2001, 2003).MV accepts electrons from
photosystem | of chloroplast and complex | & Il of mitochondria in plants, and gets
reduced resulting in oxidative stress. It generates superoxide anions that either directly react
with other molecules e.g. lipids or nitric oxide, or are converted to other ROS forms. To
assess the role of AtAnn3 in MV-mediated oxidative stress, we have chosen a homozygous
AtAnn3 mutant line of A. thaliana for all subsequent experiments.

Functional effects of AtAnn3 on growth under stress

WT and AtAnn3-KO seedlings wereaseptically germinated on ¥ MS with or without MV
for stress assay (Fig. 15). Mutants showed clear susceptibility compared to wild type at 1.5
UM MV after 10 d of germination. Marginal or no difference was observed at 3 pM MV.
This result indicated a possible role of AtAnn3 in protecting Arabidopsis against oxidative
stress.

Effect of MV on PSII activity in the leaves of wild type and AtAnn3-KO plants

The role of AtAnn3 in MV-induced photosynthetic performance was studied by
measuring (Fv/Fm) after the initial SP, whichrepresents maximal quantum vyield of
photosynthesis (Fig. 16A). Fv/Fm was approximately 0.8 in unstressed plants, which is in
line with earlier findings (Bjorkman and Demmig 1987; Johnson et al. 1993). No significant
difference was observed inboth wild type and mutants upon treatment. Photosynthetic
induction was investigated for 5 min after illumination start of dark acclimated plants. We
measured Y (Il) (Fig. 16B), gP (Fig. 16C) and NPQ (Fig. 16D) at a time interval of 20s. In
both wild type and mutants, a fall of Y(Il) upon treatment indicated a cumulative damage
and inhibited electron transport of PSII. For more clear understanding, we chose 308 s for
measuring Y (1), which was less for AtAnn3-KO compared to wild type, after treatment
(Fig. 16B).
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gP represents a measure of the electron flow beyond PSII. Upon treatment, progressive
decrease in gP with time in mutantsindicatesless efficient electron flow compared to wild
type. At 308 s, P wasless in AtAnn3-KO compared to wild type after treatment (Fig. 16C).

Plants dissipate light energy as heat which can be measured as NPQ (Stepien et al.
2009). NPQ increased progressively with increasing time in both wild type and mutants
upon treatment. At 308 s, NPQ was significantly higher in mutant than in wild type upon
treatment (Fig. 16D). This study suggests that impaired AtAnn3 has resulted in disruption of
redox homeostasis in AtAnn3-KO plants indicating the role of AtAnn3 in protecting MV-

treated Arabidopsis with better PSII performance.

Effect of MV on lipid hydroperoxide levels in the seedlings of wild type and mutant

plants

Oxidative stress is widely known to disrupt the structural integrity of membranes (Megli
et al. 2003 and 2005). Plant annexins offer protection to cells fromoxidative damageby
reducing lipid peroxides and/or H,O; levels (Jami et al. 2008; Konopka-Postupolska et al.
2009; Zhang et al. 2011; Zhou et al. 2011; Clark et al. 2012). They can interact with
membranes and might neutralize oxidative stress at membranes in a localized manner.
Konopka-Postupolska et al. (2011) postulated various mechanisms by which annexins can
contribute to maintenance of membrane stability and acceleration of membrane repair.
Therefore, our next study was to investigatehow AtAnn3 interferes with membrane stability
and integrity. Lipid peroxidation is an established indicator of membrane damage. We
measured the amount of MDA, a secondary end product of lipid peroxidation in both wild
type and mutants upon treatment (Fig. 16E). Under control conditions, MDA content
showed no difference between wild type and mutants. MV-treatment had resulted in
increased MDA level in both wild type and mutants. However, lipid peroxidation was higher
in mutants compared to wild type. Our result suggests that absence of AtAnn3 in AtAnn3-
KO plants has increased the vulnerability of membranes towards MV-mediated damage and

indicates a role of AtAnn3 incellular protection against O, -induced membrane damage.
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gPCR analysis of mMRNA transcripts of some antioxidant enzymes

AtAnn3might have an indirect role in regulation ofantioxidant system. Plant annexins
are known to transcriptionally regulate other genes for better stress response (Jami et al.
2008; Divya et al. 2010; Huh et al. 2010). We quantified the transcript levels of sAPX
(TAIR: At4g08390, Fig. 17A), tAPX (TAIR: Atlg77490, Fig. 17B), APX1 (TAIR:
At1g07890, Fig. 17C), CSD1 (TAIR: At1g08830, Fig. 17D) and FSD1 (TAIR: At4g25100,
Fig. 17E) by gPCR. Except FSD1, all antioxidant genes were up-regulated in response to
MV treatment in wild type as seen earlier (Rizhsky et al. 2004; Yang et al. 2012). Loss of
AtAnn3in AtAnn3-KOplants resulted in MV-dependent down-regulation of sAPX, tAPX,
APX1 and CSD1. Thus decreased antioxidant transcript accumulation can be explained by
theloss of activation of antioxidant signaling pathways due to the absence of AtAnn3. In
some cases the untreated mutant showed antioxidant transcript upregulation in comparison
with wild type. A possible explanation could be that loss of AtAnn3 has resulted in
compensational activation of those transcripts in order to maintain a redox balance.
Regulation of FSD1 in AtAnn3-KO was opposite to the other tested antioxidants, namely
with no change in transcript levels of MV-treated mutants. FSD1 is found in chloroplast as
well as in the plasma membrane and mitochondrial membrane and is regulated in response
to diverse stresses including oxidative stress (Myouga 2008 and Vanhoudt 2010). The
peculiar response of FSD1 transcript in MV-treated AtAnn3-KO points to a different
regulatory mechanism that is independent of AtAnn3-mediated regulation of antioxidant
signaling pathways. The results presented in Fig. 17 suggest that AtAnn3 functions in
regulating sAPX, tAPX, APX1, CSD1 and FSD1in order to maintain cellular redox balance.
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Figure 15 Functional effects of AtAnn3 on growth under stress. Susceptibility of
AtAnn3-KO seedlings was assessed by MV-mediated stress on germination after 10 days.
Wt and AtAnn3-KO represent wild type and AtAnn3 mutant line respectively.
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Figure 16 Effect of MV on PSII activity and lipid hydroperoxide levels in wild type and
mutant plants. The maximal quantum yield [Fv/Fm] was recorded after the first SP (A).
Effective photochemical quantum vyield [Y(I)] (B), coefficient of photochemical
fluorescence quenching [gP] (C) and Stern-Volmer type non-photochemical fluorescence
guenching [NPQ] (D) was measured every 20 s over a period of 5 min. Filled and open
symbols in line graphs represent untreated and treated samples respectively. Lipid
peroxidation was assessed as MDA content (E). Wt and AtAnn3-KO represent wild type and
AtAnn3 mutant line respectively. Data represent means of n=3 + SE. Statistical analysis was
carried out in Sigma-Plot11.0 by One-Way ANOVA analysis with Duncan’s Multiple Range
Test (DMRT). Lowercase letters mark significance of difference (p < 0.05). (*) marks
significant differences with p < 0.05 relative to the like wise treated wild type in line graphs.
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Figure 17 gPCR analysis of mMRNA transcripts of some antioxidant enzymes. sAPX(A),
tAPX(B), APX1(C), CSD1(D) and FSD1(E) transcripts were quantified as described above.
18S rRNA (TAIR: AT2G01010) was used as reference gene. Wt and AtAnn3-KO represent
wild type and AtAnn3 mutant line respectively. Data represent means + S.E. from 3
measurements. Statistical analysis was carried out in Sigma-Plot11.0 by One-Way ANOVA
analysis with Duncan’s Multiple Range Test (DMRT). Letters mark significance of
difference (p < 0.05).
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Conclusion

This report characterizes the loss-of-function of AtAnn3 in A. thaliana AtAnn3-KO
plants. Transcriptional activation of plant annexins have been studied with MV treatment
(Jami et al. 2008, 2009). Here it is shown that loss of AtAnn3 has resulted in increased
susceptibility of MV-treated knockouts. This necessarily points to the role of AtAnn3 in
alleviating MV-mediated oxidative stress in plants. Involvement of AtAnn3 in cellular
protection could be direct or indirect. We have shown the role of AtAnn3 in protecting
photosynthesis against MV-mediated photo-oxidative damage and preventing MV-mediated
plasma membrane damage. This PSII and membrane protection might happen indirectly
through cooperation with other cellular antioxidant signaling system. AtAnn3 seems to have
a positive role in regulation of most antioxidant transcripts. AtAnn3 showed approximately
95% similarity with BjAnn3 in amino acid level, however, their regulation of antioxidant
defense system is very different from each other.
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Role of BjAnn3-cysteines in redox modulation and

oligomerization
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Introduction

Functional proteins whose presence is attributed among almost all organisms and cell
types, maintains a basic conserved structure notwithstanding their functional diversity.
Significance of such protein counts on from the climatic sphere of the organisms to the core
cellular biochemical milieu the protein is exposed to. Beyond a basic similarity in function,
their functional divergence is obvious by virtue of the position of organisms across
kingdoms or phyla and their disparate habitat. Exposure to inconsistent environment leads to
altered cellular homeostasis in plants, attained by a refined harmony of multiple pathways
within the cellular compartments (Miller et al. 2010). Uncoupling of different pathways due
to stress, results in transfer of electrons with high energy state to molecular oxygen thereby
forming ROS (Takahashi and Asada 1988; Mittler et al. 2002). They are generated at minor
level during normal metabolic processes (Fridovich et al. 1995; Miller et al. 2010) under
optimal growth conditions, however, environmental perturbations result in elevated ROS
production, which serves as decisive signaling molecules for protection (Mittler et al. 2002)
up to a threshold, beyond which becomes detrimental to the cell.

One of the vital components affected by ROS is lipids (Apel and Hirt 2004) thereby
disrupting the structural integrity of phospholipid membranes. Of all other membrane
binding proteins, annexins constitute an appreciable fraction and are multifunctional with
both calcium dependent and independent membrane binding property (Mortimer et al. 2008;
Dabitz et al. 2005). They comprise a multigene family of proteins and are present in almost
all organisms except Saccharomyces and bacteria. Their expression in various tissues is
governed by different abiotic stress factors and signaling molecules (Kovacs et al. 1998;
Cantero et al. 2006; Gidrol et al. 1996; Lee et al. 2004; Breton et al. 2000; Jami et al. 2008,
2009; Apel and Hirt 2004). The first annexin protein to be implicated in oxidative stress
response was Oxy5 (AtAnnl) from A. thaliana (Gidrol et al. 1996). The same protein was
able to protect mammalian cells from oxidative damage (Janicke et al. 1998; Kush and
Sabapathy 2001). Later few more plants annexins which might be involved in antioxidant
function came to light (Gorecka et al. 2005; Jami et al. 2008; Laohavisit et al. 2009; Chu et
al. 2012).
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Peroxidase property of annexins was proposed to be on the basis of two different criteria.
Firstly, the histidine residue in the N-terminal region of the protein was hypothesized to bind
heme and utilize in the electron transfer reactions (Gidrol et al. 1996) and secondly, the
putative Ss cluster in the first domain that is predicted to function as redox-reactive center
involved in electron transfer reactions. This cluster was first observed from the crystal
structure of cotton (Gossypium hirsutum) annexin (Hofmann et al. 2003) and later from that
of AnnAtl in A. thaliana (Protein Data Bank no. Atlg35720; 1YCN). Neither any
experimental evidence nor structural data supports the possibility of heme binding by plant
annexins (Konopka-Postupolska et al. 2011); therefore the first speculation looks
inconceivable. Despite lacking experimental validation, the second hypothesis looks
promising on the ground of three dimensional crystal structures. Of the three sulfur
containing residues responsible for Sz cluster, two cysteine residues are highly conserved
among plant annexins nonetheless the methionine residue has deviated rendering the S3
cluster into an unconserved feature. Experimental evidence showed that these two cysteine
residues are neither responsible for intramolecular nor intermolecular disulfide bridges
under non-reducing condition in AnnAtl and remain free for modifications under biological
conditions (Konopka-Postupolska et al. 2009, 2011). Moreover, in AnxGh1 they are known
to exist in thiol state however the protein was not under reducing condition, since the torsion
angles N-C,—Cy-S of the two residues and the distance between the two sulfur atoms have
not made the dithioether linkage feasible as validated by molecular modeling (Hofmann et
al. 2003). However, crystallographic data of a human annexin A2 depicts the involvement of
these conserved cysteine residues in disulfide bridge formation under oxidizing conditions
(Burger et al. 1996).

Redox-sensitive proteins that experience reversible oxidation/reduction depending upon
the cellular redox state, translate the ROS signals into appropriate cellular responses (Shao
et al.2005; Foyer et al. 2006). The sensitivity of proteins to oxidation is intervened by the
sulfur atoms within methionine or cysteine. The thiol group (-SH) of cysteine is more
reactive compared to the thioether group (-CH,-S-CHs) of methionine, although both sulfur
species are prone to oxidation. Cysteines undergo various kinds of modifications like

disulfide bonds, S-glutathionylation, S-nitrosylation, etc. upon oxidation and helps in
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maintaining redox balance in biological systems (Guttmann et al. 2010). Therefore, cysteine
residues play critical role in maintaining the redox homeostasis along with other biological
activities necessary for cell survival.

From our previous reports, AnnBj3 was found to be transcriptionally up-regulated under
various oxidative stresses (Jami et al. 2009). Earlier objectives have evidenced AnnBj3 with
a protective role in oxidative stress response and also showed antioxidant property of the
protein. Moreover, amino acid sequence analysis had confirmed the absence of heme-
binding histidine residue as well as well the three residues responsible for S3 cluster (Fig. 1).

Thus, this investigation addresses the role of cysteine residues in redox homeostasis.
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Results and discussion

This work aimed at understanding the role of cysteines present in BjAnn3 in ROS
detoxification/redox sensing and/or oligomerization in response to oxidative stress. Amino
acid sequence analysis of BjAnn3 has shown the presence of two more cysteines in addition
to two conserved Cys residues of Sz cluster (Fig. 1). As cysteines are widely known to be
involved in redox buffering therefore, in order to study their role in BjAnn3 we have
generated several mutants. We introduced site-directed mutation into the primary amino acid
sequenceand produced variants as follows: single cysteine variants BjAnn3cii4s and
BjAnn3cios, double cysteine variants BjAnn3cizgsicozes and BjANN3ciiasicoazs, triple
cysteine variant BjANN3c114s/c2268/C2425 and tetra cysteine variant
BjANN3ci14sic12osicozesicoazs.  Overexpressed  N-terminally  Hisg-tagged BjAnn3wt and
variants were purified by Ni-NTA chromatography (Fig. 18) and preceded for subsequent

experiments.

Redox dependent electrophoretic mobility of the proteins under oxidizing and reducing

conditions

Intermolecular thiol-disulfide transitions results in monomerization-oligomerization of
the proteins. Similarly, intramolecular thiol-disulfide transitions often results in altered
electrophoretic mobilities. This is due to the formation of a more compact structure by
intramolecular disulfide bridge formation. On the contrary to all variants, wild type did not
exist as monomer under native condition (Fig. 19). Except BjAnn3cii4siciz29sicozesic2a2s, all
other variants existed in dimers or higher forms along with monomers in native condition.
BjANN3c114s, BJANN3c120s and BjANN3ci29s/c2esshowed shift in electrophoretic mobility.
This might have happened due to conformational changes in the proteins because of
mutation. Under reducing condition, all proteins showed monomerization. However, under
oxidizing condition, all mutations have resulted in monomerization while the wild type
existed exclusively in higher oligomeric forms. Except BjANN3ci14s/c242s,
BjANN3c11asicozesicaazs and  BjANN3ciiasicizesicazesicaazs all other variants also showed
dimerization/oligomerization under oxidizing conditions. BjAnn3ciiss, BjANN3cizes and

BjANN3c129sico26s Showed shift in electrophoretic mobility which may be due to the
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formation of intramolecular disulfide bridges. These results suggest a direct role of cysteines

in redox modulation through intra and inter molecular disulfide bridge formation.
Determination of redox midpoint potential of BjAnn3wr and its variants

Next we studied the role of cysteines in redox sensing or redox-dependent regulation.
We determined the redox midpoint potential which describes the conditions under which its
thiols are in the reduced form and could function in ROS detoxification or redox sensing.
The En-value was determined by gel based assay (Fig. 20). En-value of BjAnn3wr was
between -330 mV and -310 mV which is in line with our previous finding by
monobromobimane binding assay where it was approximately -319 mV. As described in
objective 2, the thiols of BjAnn3wr will be reduced under regular cytoplasmic redox
potentials (Meyer et al. 2007) and might react with H,O,. With increasing numbers,
mutation has resulted in gradual shifting of the E,-value towards the more positive end. This
indicates that loss of cysteines have resulted in loss of the abilityof protein to react with
H,0, and contribute to redox homeostasis. These results confirm our previous experiment of

the role of cysteines in redox sensing and buffering.
Gel filtration chromatographic study of the role of cysteines in oligomerization

To investigate the effect of mutation on the molecular masses of the protein under native
condition, all the proteins were chromatographed on a FPLC gel filtration column with
Superose-12 10/300 GL matrix (Fig. 21). Molecular masses of the variants were smaller
than that of the wild type. All the variants showed a single size except BjAnn3ciuss,
BjANN3ci29s/co26s and BjANN3c114s/c242s Which showed two slightly different sizes. Though
the proteins may behave differently in gel and in solution however, these results suggest that
cysteines play important role in oligomerization of plant annexins.

M | 1 1l v \Y VI Wt

Figure 18 Western blot of recombinant AnnBj3w protein and its variants. M- Marker;
|-!3]Ann3c114s; [1- BjJANN3cizgs; - BJANN3ci29s and cozes; V- BjAnn30114s and c242s; V-
BJANN3c114s, c226s and c242s; V- BJANN3c114s, c129s, c2265 and c242s: WH-BJANN3wr.
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Conclusion

This report characterizes the role of cysteines in redox modulation and/or
oligomerization of BjJAnn3 under native and reducing/oxidizing conditions. Loss of Cys
residues in BjAnn3 had resulted in altered electrophoretic mobility under oxidizing
conditions. This indicates their role in redox modulation by intra and intermolecular
disulfide bridge formation in contradiction to earlier reports (Konopka-Postupolska et al.
2009). Cysteine modification (e.g. thiol-disulfide transitions) due to oxidation helps in
maintaining redox balance (Guttmann et al. 2010). The role of the cysteine residues in
maintaining anegative Epn-value that is in the range of that of the peroxidatic thiol of

peroxiredoxins (Konig et al. 2002) points to their role in BjAnn3-mediated redox buffering.
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Summary and Conclusion

Heterologous expression of plant annexin BjAnn3 protects yeast cells from oxidative
stress. Two scenarios are possible: (i) BJAnn3 could either directly detoxify ROS or (ii)
positively modulate the endogenous antioxidants and thereby affect ROS accumulation.
Expression of BjAnn3 maintained the permeability barrier which could either result from
membrane stabilization by binding (Creutz et al. 2012) or from ROS detoxification in a free
or membrane-bound state (Mortimer et al. 2009). Again, ROS detoxification may be due to
peroxidase activity of BjAnn3 or due to an interaction with native defense system within the
cell. The methionine residue is frequently mutated as in BjAnn3, but two cysteine residues
of the S3 cluster remained conserved (Konopka-Postupolska et al. 2009). The absence of
both heme-binding histidine residues and Ss cluster in BjAnn3 might suggest that the
conserved Cys residues are involved in ROS detoxification. This hypothesis needs future
investigation. Our results indicate that BJAnn3 interferes with other antioxidant genes for
ROS modulation. Annexins are also predicted to function as heme-free glutathione
peroxidase, a subgroup of peroxiredoxins, using a conserved cysteine to reduce
hydroperoxides which act as electron acceptor (Rouhier et al. 2005, Laohavisit et al. 2009
and Dietz 2011). Such a thiol peroxidase activity might be the reason why BjAnn3
complements TSA1-deficient yeast. Their evolutionary significance is well concluded form
our results based on their role in transcriptional activation of antioxidant genes and their
cross talk with the defense system across kingdom, enabling a cooperative cellular
protection.

Overexpressed BjAnn3 alleviates MV-mediated oxidative stress in Arabidopsis thaliana.
The overexpressing seedlings were more tolerant against MV compared to wild type.
BjAnn3 protected photosynthesis against MV-mediated photo-oxidative damage and
prevented MV-mediated plasma membrane damage. Three mechanisms may be proposed:
(i) BjANnNn3 localizes close to the plasma membrane and maintains membrane stability and
integrity. This protection may be caused by interaction with lipids, such as direct binding to
peroxidized lipidsand their decomposition, formation of crystal patches on membranes or
membrane resealing (Konopka-Postupolska et al. 2011). (ii) BjAnn3 counteracts ROS

accumulation. This may occur either in the free or membrane bound state (Mortimer et al.
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2009). BjAnn3 showed a redox potential of approximately -319 mV. This can contribute to
the antioxidant property of the protein probably via thiol-based mechanisms. Peroxidase
activity confirmed the antioxidant property of the protein. BJAnn3 also resulted in increase
of total peroxidase activity in transgenics and showed interference with other cellular
antioxidants. BjAnn3 may affect redox buffering at plasma membrane and thereby provide
improved cellular protection. (iii) Alternatively BjAnn3 may interfere with cell signaling
pathways by molecular interactions involving yet unknown mechanism that may also
involve redox reactions (Madureira and Waisman 2013).

Loss of AtAnn3 (a homologue of BjAnn3) has resulted in increased susceptibility of
MV-treated knockouts. This necessarily points to the role of AtAnn3 in alleviating MV-
mediated oxidative stress in plants. Involvement of AtAnn3 in cellular protection could be
direct or indirect. We have shown the role of AtAnn3 in protecting photosynthesis against
MV-mediated photo-oxidative damage and preventing MV-mediated plasma membrane
damage. This PSII and membrane protection might happen indirectly through cooperation
with other cellular antioxidant signaling system. AtAnn3 seems to have a positive role in
regulation of most antioxidant transcripts. AtAnn3 showed approximately 95% similarity
with BjAnn3 in amino acid level, however, their regulation of antioxidant defense system is
very different from each other.

Mutations in the Cys residues of recombinant BjAnn3 had resulted in altered
electrophoretic mobility under oxidizing conditions. This indicates their role in redox
modulation by intra and intermolecular disulfide bridge formation in contradiction to earlier
reports (Konopka-Postupolska et al. 2009). Cysteine modification (e.g. thiol-disulfide
transitions) due to oxidation helps in maintaining redox balance (Guttmann et al. 2010). The
role of the cysteine residues in maintaining a negative En,-value that is in the range of that of
the peroxidatic thiol of peroxiredoxins (Konig et al. 2002) points to their role in BjAnn3-

mediated redox buffering.
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Presented a talk in Indo-German Grand Science Slam organized by German House for
Research & Innovation (DWIH, New Delhi) in collaboration with DFG held on 27th
October 2012 at the Indo-German Urban Mela in New Delhi.

Selected for presentation in Gordon Research Conference on “Salt and water stress in Plants”
held from June 24, 2012 to June 29, 2012 at the Chinese University of Hong Kong, Hong
Kong, China.

Invited as Visiting Scholar in Prof. Karl-Josef Dietz group, Department of Biochemistry and
Physiology of Plants, University of Bielefeld, Germany, with scholarship awarded by The
Collaborative Research Center SFB 613 (Physics of Single molecule processes and
molecular recognition in organic systems) from June 2011 to August 2011.

Presented in Keystone symposia on “Plant Abiotic Stress Tolerance Mechanisms, Water and
Global Agriculture” held from January 17, 2011 to January 22, 2011 at Keystone, Colorado,
USA.

Awarded Keystone Symposia Scholarship associated with the meeting on “Plant Abiotic
Stress Tolerance Mechanisms, Water and Global Agriculture” held from January 17, 2011 to
January 22, 2011 at Keystone, Colorado, USA.

Qualified “General Course on Intellectual Property” organized by World Intellectual
Property Organization (WIPO) held from October 1, 2010 to November 15, 2010.
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University of GieRen to work with the group of Prof. Dr. Karl-Heinz Kogel, Institute of
Phytopathology and Applied Zoology, University of Giel3en, Germany, from February’ 2010
to March’ 2010.

Awarded “DAAD Short term fellowship For PhD Registered Scholars”, 2008, to work under
the supervision of Dr. Andrea Viehhauser in Department of Biochemistry and Physiology of
Plants, University of Bielefeld, Germany, from June’ 09 to November’ 09 [Desk No. 425,
Code No. A/08/74472].
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