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Conclusions:
Plants are generally more susceptible to adverse environmental conditions, which
perturbs the physiological balance and results into elevated ROS levels leading to
‘oxidative stress’. Plants contain diverse mechanisms operating in a well-coordinated
manner to modulate gene expression as per the intrinsic factors and environment
fluctuations. Genes are regulated at multiple levels, and in addition to the
transcription/translation controls, post-transcriptional mechanisms have also been
found to be important for modulation of RNA/protein levels. Alternative splicing (AS),
affecting >60% intron-containing genes in plants, is central to rapid and dynamic
regulation of gene expression in diverse cellular processes, and to generate structurally
and functionally diverse isoforms. Despite several high-throughput studies to unveil
the impact of AS on whole transcriptome, insights into its impact on individual genes
is rather limited and such information is increasing gradually.
Antioxidant machinery in plants is comprised of enzymatic and non-enzymatic
antioxidant components, to contain ROS induced damage. Superoxide dismutases
(SODs) are essential for maintenance of cellular ROS levels for signaling, and to
minimize elevated levels under stress conditions. SODs undergo AS in plants,
however barring few studies its significance in functioning of SODs in plants in not
completely understood. This thesis is focused on understanding the impact of AS in
rice SODs on both RNA and protein level.
Rice (Oryza sativa) contains seven SOD genes that generate 14 splice variants
(SVs) with maximum number of nine from four Cu/Zn SODs (CSDs). The objective
of the present work was to study the characteristics of OsCSD SV transcripts, and the
encoded protein isoforms to understand their role in regulation and functioning of
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CSDs. All the nine SVs (4 constitutive and 5 alternative) from 4 OsCSDs (2 cytosolic,
1 chloroplastic and 1 peroxisomal) were analyzed at transcript level, while eight were
cloned, expressed, purified and analyzed at protein level.
Transcript analysis carried out by qRT-PCR using SV specific primers, compared
the basal levels of SVs in rice seedlings and different tissues. SVs were also compared
for stability and responsiveness to salinity, PEG and oxidative stress conditions.
Variations in basal transcript levels of SVs in different tissues and their stress-specific
modulation were observed, and certain AS events affecting the stability of SVs were
identified. Results indicate that the AS mechanism per se is modulated in tissue- and
stress-specific manner, and is capable of modification of transcript properties.
The second and more important aspect was to clone, express and purify protein
isoforms encoded by constitutive and alternative SVs of four rice CSDs. All cDNAs
were amplified and cloned into expression vectors for heterologous expression in E.
coli. For SVs of OsCSD3 different approaches were utilized for the expression of four
OsCSD3-SVs for various experimental objectives, and to enhance the solubility of
alternative isoforms. OsCSD3-SV1 (constitutive isoform) showed SOD function with
some remarkable properties (tolerance to pH changes, thermostability, and tolerance
to H2O2). This isoform also enhanced the oxidative stress tolerance of the E. coli wild
type and sodA sodB double mutant cells. The alternative isoforms, OsCSD3-SV2
(different C-terminal region due to alternative exon), OsCSD3-SV3 (lacks all Zn2+
binding site, and few active site residues) and OsCSD3-SV4 (lacks considerable
region at C-terminal) showed no SOD function. This was attributed to AS mediated
loss of major regions containing essential structural and functional features. The
possibility of these isoforms to perform alternate functions associated with the
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domains present may not be completely ruled out, and will need more thorough
analysis.
The two chloroplastic CSD isoforms, OsCSD2-SV1 (constitutive) and OsCSD2SV2 (alternative), showed difference of four amino acids (GPTT, missing in SV2).
The two CSD2 isoforms exists as homodimer, and were enzymatically active.
However, AS-mediated loss of four amino acids in OsCSD2-SV2 resulted in its
substantially low specific activity, thermostability, and higher susceptibility to pH
changes.
Overall, the analysis of OsCSD SVs at the transcript and protein level showed that
AS modulates the transcript levels of rice CSDs in tissue- and stress-specific manner.
In addition, AS generated SVs can form alternative protein isoforms with altered/no
SOD activity with some other properties. These changes at RNA and/or protein level
may be important for control of SOD level/activity in different conditions.
An important aspect of two cytosolic CSDs (OsCSD1 and OsCSD4) in rice
was investigated. An inconsistency was observed in the RGAP-MSU predicted gene
structure of OsCSD1, which was also supported by in silico analysis and experimental
results. Both genes showed differential response to abiotic stresses suggesting
variation in their up-stream regulatory elements. The two cytosolic CSDs originated
from a block duplication event (Chr3 and Chr7), and have accumulated differences in
promoter and coding regions. Promoter region analysis revealed differences in the
length, number and sequence of the CpG islands, and variation in the presence and
copy number of cis-regulatory elements. The two proteins also showed amino acid
changes at 18 positions. Both CSDs were cloned, expressed and purified and analyzed
for different protein characteristics. OsCSD4 showed high specific activity, pH
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stability, structural stability than OsCSD1. This analysis suggested that postduplication divergence has affected the regulatory and structural-functional
characteristics of the two CSDs that may be useful for plant in certain conditions.
The findings from this study highlighted the importance of alternative splicing
in modulating the levels and/or characteristics of the rice CSD transcripts/protein
isoforms, likely to be important for regulation and functioning of CSDs in rice.
Furthermore, a block duplication event was also found to be important with
differential regulation and protein properties of the two cytosolic CSDs in rice.

Future directions:
The present study was focused on understanding the significance of alternative
splicing at RNA and protein level in regulation and functioning of CSDs. It further
assessed the impact divergence after the gene duplication event on the regulation and
properties of two rice cytosolic CSDs. Based on the results, several new and
interesting queries have been raised, which will be worth investigating. Several
examples of alternative isoforms with altered properties have been reported that
modulates the gene function. Rice CSDs exists as homodimer in native form and may
also form heteromeric complexes with the alternative isoforms. Although such
isoforms have no/reduced SOD function, they can form heterodimers with reduced
SOD function, thereby regulating the protein function. Similarly, alternative isoforms
of which contains metal binding domains can possibly play role metal homeostasis.
These interesting aspects of the alternative CSD isoforms are worth investigating to
understand the true impact of AS in functioning of the SODs. It will be also
interesting to investigate how variation introduced through gene duplication events
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influence the regulation and properties of SODs across the plant genomes.
Additionally, as no information is available on the variant isoforms in the structural
databases, it will important to solve structures of some of these isoforms to better
insights into structure-function relationships. Together these studies will enhance our
understanding of complete picture of different mechanisms in regulation and
functioning of SODs in plants.
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INTRODUCTION
AND
LITERATURE REVIEW
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1.1. Abiotic stress in plants
Abiotic factors (light, temperature, water, air, soil etc.) are integral
components of environment and essential for proper growth, development and
survival of all living beings. Optimum level of the abiotic components often deviate
due to various natural and man-made factors leading to stress to organisms [1].
Organisms can adapt to minor environmental fluctuations, however, if variation
exceeds the tolerable limit it can be detrimental. Changes in global climate has
resulted into more frequent episodes of drought, floods, soil erosion, temperature
variation (heat and cold wave) [2,3]. Additionally, due to depletion of ozone layer
exposure to harmful UV-radiation has also increased [4]. Plants being sessile faces
various stresses that have detrimental effect on growth development and productivity
[1]. Conditions like drought, salinity, extreme temperatures (alone or in combination)
can reduce crop productivity of most crops by more than 40-50 %, including wheat,
rice, maize which collectively account for 50 % global crop production [5–7]. It has
also been predicted that global warming will lead to the increase in the temperature
rise per decade to ~0.2 °C from the past average value of ~0.13 °C [8], which may
further decline the crop production by 4-7 % [9]. The situation can further aggravate
due to additional factors viz., increase in global population, industrialization, scarcity
of agricultural land, and may impose great threat to food security [10–12].
Furthermore, for increasing global population it is necessary to double the crop
production by 2050, however, in view of the above-mentioned factors the situation is
really challenging [12].
Rice (Oryza sativa L., Family: Poaceae), an important staple crop and a rich
source of carbohydrates and several micronutrients [13], provides more than 20 % of
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daily energy need to more than half of the world population [14]. With a considerably
small genome size (389 Mb, packed into 12 chromosomes) than other cereals such as
maize (2.7 Gb) and wheat (17 Gb), it also serves as an important monocot model plant.
With advancements in biotechnological tools and tissue cultures techniques,
experimental studies in rice will enhance our knowledge which may be utilized to
develop improved varieties and stress management in other crop plants [15–17].
Rice is a ‘kharif’ season crop and scarcity/unavailability of water makes it sensitive to
drought, however like many other crops it is also sensitive to most abiotic stresses
[7,18,19]. Among different abiotic stresses, drought, salinity and temperature are the
major constraints for almost all crops [6,18,20]. These conditions affect plant growth
and development through morphological, physiological and biochemical alterations
[21].
Drought: Drought is major global concern, which limits crop productivity of almost
every crop [6]. In India, most of the agriculture is rainfed and dependent on
‘monsoon’. A delayed/ insufficient monsoon resulting into a dry spell season,
negatively affects crop productivity and may even lead to complete failure of the crop
[22]. Drought causes increase in water potential inside roots, making it difficult for
plant to absorb water and soluble minerals [23], resulting in loss of cell turgor and
metabolic disturbances [24]. As a physiological response, plants induce closure of
stomata to reduce transpiration-mediated water loss [25]. Closure of stomata affects
it’s roles in thermo-regulation and gaseous exchange in plants [25]. Elevated cellular
temperature leads to dehydration, denaturation/inactivation of proteins, and hampered
cellular activities [22]. Furthermore, restricted CO2 entry (and ongoing photosynthesis)
leads to reduced CO2 fixation (Calvin Benson cycle, dark cycle) and causes
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oversaturation of photosystem PSI and PSII [26]. In these conditions, leakage of high
energy electrons (produced from photolysis of water) from the ETC to O2 results in
generation of ROS (1O2 and O2˙⁻) in chloroplast [27] that causes damage to
membranes, proteins and DNA [28]. Increased O2 levels in chloroplast also leads to
‘photorespiration’ resulting into production of H2O2 in peroxisomes from the action of
glycolate oxidase [29].
Salt-stress: Salts (minerals), in optimum concentration, are important for normal plant
physiology and development, however, soil with higher concentration of salts
(electrical conductivity; EC ≥ 4 dS m-1, referred to as salinity) is detrimental for
growth and development of plants [19]. Saline soils are mostly rich in chloride and
sulfate salts of Na+. Globally, around ~400 Million hectares (Mha) land area is saline
and increasing further [7]. In India, around ~3-4 Mha land is estimated to be affected
by salinity [2]. Salinity affects the physiology of plants in multiple ways [30,31]. It
imposes osmotic stress, ionic stress, and oxidative stress. Osmotic stress is
experienced in the initial phase and is marked with plants inability to absorb water
from soil due to net negative water potential in the rhizosphere. Ionic stress occurs
relatively late and causes ion toxicity due to accumulation of salts and resulting in
injury to cells/tissues. Both osmotic stress and ionic stress also led to elevated ROS
levels, resulting in oxidative damage to cellular components [32].
Temperature: Temperature is another abiotic factor that is important for plant growth,
and deviations from the optimum conditions (high temperature: heat; low temperature:
chilling stress) are detrimental for survival [33,34]. With increase in the emission of
greenhouse gases global temperature is increasing. This will have a positive effect on
colder regions whereas some other regions may be drastically affected by rise in
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temperature. It has been suggested that every 1 °C increase in temperature can reduce
the productivity of major crops (wheat, rice, maize, soybean etc.) by 3-7 % [9]. Crops
are most sensitive to heat stress at reproductive stage, where it affects pollen viability
and grain filling, and ultimately yield [35]. Heat stress is often associated with drought
and/or salinity. It affects metabolic activities, damages membranes, inactivate
enzymes and affects electron transport chain (ETC) efficiency, resulting in enhanced
ROS levels [36]. Low temperature (or cold stress) also affect every stage of plant.
Tropical and subtropical region plants such as rice, maize are most affected by low
temperature stress [37,38]. Cold stress causes slowdown of the metabolism, affects
cellular membranes and cause reduction in activities of enzymes [39]. It also affects
photosynthesis efficiency and elevate cellular ROS levels [33,40].
Metal toxicity: Industrialization and other human activities (mining, improper waste
disposal, irrigation with poor quality water etc.) often give rise to heavy metal
(Cadmium; Cd, Aluminum; Al, Lead; Pb, Arsenic; As and Chromium; Cr) pollution
leading to hazardous environment for human health and plants [41,42]. Metal toxicity
not only hampers plant development and crop productivity, but the contaminated
produce may also cause health complications [43,44]. Accumulation of heavy metals
displaces essential metal cofactors and inhibits activity of enzymes [45]. Heavy metals
also interact with proteins containing thiol (–SH) groups and alter signaling pathways
[44,46,47]. Heavy metals (e.g., Cr, Ni) may also leads to enhanced ROS generation,
and affect the redox status of the cell [41,44,46].
Ultra-violet (UV)-radiation: UV-radiation is a high energy radiation, harmful to
living organisms. Human activities (e.g. industrialization and release of gases like
chlorofluorocarbons, CFCs) have caused extensive damage to protective ozone (O3)
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layer, leading to increased penetration of UV to earth’s surface [48]. Plant are
continuously exposed to harmful UV-radiation which causes damage to DNA
molecules [49]. The UV-mediated damage to photosynthetic machinery also results in
photoinhibition [50]. UV-radiation also induces ROS generation, and can produce
˙OH from H2O2 via photolysis affecting integrity of chloroplast membrane [50].
The above-mentioned stresses and many other adverse environmental conditions
affect physiology of plants in multiple ways viz. metabolic disturbances, membrane
damage, negative impact on photosynthesis, nutrient imbalance etc. Most stress
conditions are also associated with some common secondary stress components, such
as reactive oxygen species or ROS (Fig.1.1) [51,52]. At lower levels, ROS are
important signaling molecules and essential for plant’s adaptive response to diverse
environmental cues [53]. However, prolonged stress conditions, alter the
physiologically relevant ROS levels, and results into elevated or toxic levels that
causes ‘oxidative stress’ to the cell [51,54]. Thus ROS plays dual role (harmful and
beneficial) which depends upon their cellular level [55].

1.2. Reactive oxygen species (ROS)
1.2.1. Origin of ROS
Approx. 2.4 billion years ago ancient organisms like cyanobacteria acquired
ability to harness the energy of sunlight and produce oxygen through the process of
photosynthetic. This event referred to as ‘The Great Oxidation Event’ changed the
nature of earth’s atmosphere from reducing to oxidizing [57]. This marked the era of
aerobic life forms that utilize ‘O2 as electron acceptor’ during respiration which gave
higher energy gain to aerobes compared to anaerobes [57]. It has been suggested that
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ROS also appeared as an inevitable byproduct of oxidative metabolic reactions and
being highly reactive, these are damaging to cellular macromolecules [55]. This leads

Fig. 1.1. Abiotic stress induced generation of reactive oxygen species (ROS).
Adapted from Das et al. 2014 [56]
to evolution of various defense mechanisms like non-enzymatic/enzymatic
antioxidants and repair systems to regulate the ROS levels, and repair the associated
oxidative damage [58]. Over the time, organisms also managed to overcome the ROS
associated toxicity by different means like containment at site of production,
neutralization, regulation of production, and utilization for certain advantages [58,59].
1.2.2. ROS in biological systems
Reactive oxygen species (ROS) are group of highly reactive radical (O2˙⁻, ˙OH) and
non-radical (1O2, H2O2) species of oxygen. Molecular oxygen (O2) at ground state
(triplet state) is paramagnetic biradical (two unpaired parallel electrons in outer
orbitals) and is relatively stable [58]. This results into spin restrictions and limited
reactivity of oxygen, which can be activated by two ways: (1) absorption of sufficient
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energy to flip the electron spin for formation of singlet oxygen (1O2) and (2)
sequential single electron reduction to H2O and formation of superoxide (O2˙⁻),
peroxide (H2O2) and ˙OH radicals as reaction intermediates [58].
1.2.3. Sites of ROS generation in plants
ROS are continuously generated as a metabolic byproduct in various oxidative
reactions as well as a primary product in some enzymatic reactions, occurring in
cellular compartments like chloroplast, mitochondria, peroxisomes etc., which
collectively constitute the major ROS generation sites [60,61] (Fig. 1.2).
Chloroplast: ROS are generated in chloroplast during photosynthesis at photosystems,
PS I and PS II [62]. Chloroplasts are the main site of 1O2 generation in the cell [63].
Absorption of high energy radiation by chlorophyll (Chl) molecules results in the
formation of chlorophyll triplet state (3Chl), that transfers the energy to molecular
oxygen leading to the formation of 1O2 [63]. Chloroplast is also a potential site for the
generation of O2˙⁻, where it is produced from the leakage of electrons during electron
transfer in the PS I and II to oxygen. The O2˙⁻ is converted into H2O2 spontaneously
or efficiently by the action of superoxide dismutases localized in chloroplasts [64]. In
presence of transition metals (e.g. Fe), O2˙⁻ and H2O2 form highly reactive and
damaging ˙OH [27].
Mitochondria: Mitochondria (power-house of cell) is a metabolically active organelle
and an important site of ROS generation [56]. Electrons generated from oxidative
metabolic reactions are transferred to mitochondrial membrane localized electron
transport system (ETC) comprised of multi-protein complexes (complex I-IV).
Complex I (NADH ubiquinone oxidoreductase) and Complex III (cytochrome bc1
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complex) are sites of O2˙⁻ generation, which is converted (spontaneously or by
mitochondrial superoxide dismutases) into H2O2 [64].

Fig. 1.2. ROS generation in different cellular compartments of plant cell. Adapted
from Janku et al. 2019 [61]
Peroxisomes: Peroxisomes are involved in the photo-respiration and oxidative
metabolism of lipids and other metabolites [65]. Peroxisome localized Xanthine
oxidase (XO) generate O2˙⁻ during the oxidation of Xanthine. Also membrane
localized NAD(P)H-dependent ETC comprised of three peroxisomal integral
membranes polypeptides (PMPs) also generate O2˙⁻ from the oxidation of NAD(P)H
[65]. Peroxisomal SOD, oxidase enzymes (Glycolate oxidase, GO) and Amine
oxidase (AO) produce H2O2 from oxidation of various metabolites [66]. Apart from
ROS production, peroxisome is also involved in the generation of reactive nitrogen
species (RNS) such as NO, mediated by Nitrate synthase (NOS), which combines with
O2˙⁻ and produces powerful oxidant peroxynitrite (ONOO⁻) [67].
Plasma membrane and apoplast: Plasma membranes produces O2˙⁻ in the apoplast
region from the membrane bound respiratory burst oxidases homolog (RBOH), using
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NADPH as electron donor. It is subsequently converted to H2O2 by apoplastic SODs
and oxalate oxidase (OX) [68]. Class III peroxidases (POXs) localized in the apoplast
also produces O2˙⁻, H2O2 and ˙OH [69,70].
Endoplasmic reticulum: Endoplasmic reticulum (ER) contains membrane bound
NADPH dependent cytochrome P450 system that is responsible for generation of O2˙⁻
in the ER lumen, which is spontaneously converted to H2O2 and then to ˙OH via
Fenton reaction [61].
Cytoplasm: Several metabolic reactions contribute to the generation of ROS in the
cytosol. For example, xanthine oxidase (XO) generates O2˙⁻ during catalytic
conversion of xanthine into uric acid. Similarly, aldehyde oxidase (AO) catalyzed
oxidation of various aldehydes to acids and produces O2˙⁻ [71]. Additionally, ROS
produced in other cellular compartments (chloroplast, mitochondria, peroxisome etc.)
may also diffuse into cytosol. For example, H2O2 produced in different organelles can
diffuse through membrane or aquaporin like channels [72]. Similarly, in
cardiomyocytes and endothelial cells O2˙⁻ is generated extracellularly and in
mitochondria, it can diffuse into cytosol via chloride intracellular ion channel (CLIC)
proteins [73,74].
1.2.4. Reactivity and targets of ROS
Reactive oxygen species are produced in several cellular compartments (Fig.
1.2). Under normal physiological conditions, ROS homeostasis in the cell is delicately
maintained by interplay of ROS generation and scavenging systems [55,75].
Unfavourable conditions elevates ROS to toxic levels resulting in damage to several
cellular biomolecules (lipids, proteins, DNA), and posing a threat to integrity and
survival of the cell [56,76]. However, ROS showed differential attributes, in terms of
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reactivity to biomolecules and ability to diffuse across membranes [77] (Table 1.1).
Table No. 1.1. An overview of different ROS types, their cellular targets and
types of damage. Adapted from Das et al. 2014 and Mittler R. 2017 [55,56]
Type of ROS

Half-life and

Cellular targets/damage

Diffusion range
Singlet oxygen 1-4 µs, 30 nm

Highly

reactive,

limited

diffusion,

(1O2)

oxidizes lipids (PUFA), protein (aromatic
and sulfur containing amino acids) and
DNA.

Superoxide

1-4 µs, 30 nm

(O2˙⁻)

Moderately reactive, inactivates ironsulfur (Fe-S) centre proteins, limited
diffusion,

participate

in

Haber-Weiss

reaction.
Hydrogen

>1 ms, > 1 µm

Moderately reactive, diffusion through

peroxide

membrane and aquaporin like channels,

(H2O2)

Proteins with sulphydryl (-SH) groups and
aromatic amino acids, causes reversible
and irreversible modifications. Damage
DNA via production of ˙OH.

Hydroxyl
radical (˙OH)

1 µs, 1 nm

Extremely reactive, interacts with DNA,
proteins,

lipids.

causes

membrane

damages, mutagenesis, inactivation of
proteins.

1.3. ROS: Small molecules with big impact
Reactive oxygen species were initially considered as harmful species with their
association in aging and senescence [78,79]. However, several recent developments in
redox biology unveiled the beneficial roles of ROS in regulating diverse biological
processes such as controlling the plant physiology, development and in the stress
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adaptation at normal physiological levels [55] (Fig. 1.3).
1.3.1. ROS as signaling molecule
Reactive oxygen species serve as important redox-signaling molecules in cell
[75].The characteristics like specificity to interact with biomolecules, ability to diffuse,
and shorter half-life makes ROS important secondary (2°) messengers [67,80]. Role of
H2O2 as signaling molecule has been extensively studied, however recently studies
have highlighted the significance of 1O2 and O2˙⁻ signaling in plant development and
stress response [52,59]. Different environmental cues leads to the generation of a ROS
wave, which propagates intracellularly as well as extracellularly, and activates
systemic defense responses [53]. Post-translational modifications (PTMs) of redoxsensitive transcription factors (TFs) by H2O2 is known to regulate signaling networks
[81]. H2O2-mediated inactivation of redox-sensitive protein tyrosine phosphatase
PTP1 results in the activation of the MAPK6 signaling in Arabidopsis [82].

Fig. 1.3. Beneficial and harmful effect of ROS. Adapted from Mittler R. 2017 [55]
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Understanding the role of 1O2 role in signaling was limited due to its high
reactivity and short-life. Role of 1O2, however, in cell death and stress acclimation has
been demonstrated in Arabidopsis [83]. Arabidopsis FLU gene (negative regulator of
chlorophyll biosynthesis) and CHO gene (chlorophyll-a oxygenase) mutants (flu and
ch-1) have been reported to accumulate higher 1O2 under dark/light cycles [54]. The
flu and ch-1 mutants showed Executer (Ex1 and Ex2) proteins dependent and
independent cell death mediated by 1O2 [54]. Lipid soluble antioxidants (β-carotenes,
tocopherols etc.) in chloroplastic membranes quench the photo-oxidative damage
mediated of 1O2. The oxidation product of β-carotenes (β-cyclocitral) also acts as
chloroplastic retrograde signal in plant stress acclimation [83]. Arabidopsis, Zinc
finger protein LSD1 (negative regulator of the cell death signaling) mutant showed
uncontrolled cell death mediated by O2˙⁻ [84]. In another example, inactivation of
chloroplastic SAL1 phosphatase by H2O2 leads to accumulation of PAP
(phosphoadenosine 5′- phosphate), that regulate miRNA biogenesis by inhibiting
nuclear exonuclease XRN activity [85].
1.3.2. ROS as plant growth regulators
Phytohormones that are important for regulation of plant growth and
development, also influence cellular ROS levels. ROS involved in seed germination
are governed by an interplay of abscisic acid (ABA) and GA (gibberellic acid) [86]. It
is also known that methyl viologen treatment is helpful in breaking seed dormancy
[87]. Similarly, auxin regulated cell expansion is mediated by apoplastic ROS [88,89].
A co-ordinated action of plasma membrane localized RBOH, apoplastic class III
peroxidases and SODs generate O2˙⁻, H2O2 and ˙OH, that alters the stiffness and
loosening of the cell wall [88]. Recent reports have shown that auxin controls pollen
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tube growth by regulating the activity of RBOH [90]. In Arabidopsis, shoot and root
apical meristems (SAM and RAM) maintain gradient of O2˙⁻ and H2O2. While, high
O2˙⁻ levels promotes cell proliferation and are important for maintenance of stem cell
niche, high H2O2 promotes cell differentiation in the elongation zone [91]. The two
ROS

works

antagonistically

and

their

gradient

levels

regulate

cell

differentiation/proliferation [91].
1.3.3. ROS in programmed cell death (PCD)
ROS also regulate the PCD in plants [92]. ROS induces PCD in various plant
tissues such as tapetum, seed coat, endosperm etc. [92]. PCD of tapetum is important
for microspore development [93]. In rice, dtc1 (defective in tapetal cell death mutant1)
showed delayed PCD of tapetal tissue and results in male sterile plants [75,93].
1.3.4. ROS in stromules formation
Stromules, tubular like projections from plastids, filled with stroma have been
demonstrated to be involved in physical interactions with other organelles [94,95].
Function of these specialized structures is not fully understood, however, few studies
suggest role in plant innate immunity [95]. Elevated ROS levels induces the formation
of stromules from chloroplast [96]. Subcellular imaging of organelles suggest that
many biomolecules can flow through these stromules [97].
1.3.5. ROS in plant in stress response
ROS also play an important role in plant abiotic and biotic responses. ROS are
involved in the activation of stress adaptive responses in plant, such as regulation of
stomatal aperture in coordination with phytohormones (e.g., ABA) to control water
loss and induction of systemic response [32,53]. In wounding, alternation in ROS level
in the injured tissues is shown to induce systemic response in other part of the plants
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[98]. However, with prolonged stress conditions, elevated ROS level acts as danger
signal [55]. Being highly reactive, ROS serve as useful and potent weapon against
pathogens. Several reports show a rapid release of ROS referred to as ‘oxidative burst’
or ‘hypersensitive response’, often used to restrict/kill pathogens [99,100]. In
Arabidopsis, membrane localized NAPDH oxidases (in apoplast or organelles) are
important for oxidative burst [101,102].
Studies in Arabidopsis mutants lacking rbohD and rbohF showed altered ROS
level and increased susceptibility to P. syringe suggesting involvement of O2˙⁻ (and
its derivatives) in plant immunity [103,104]. In a similar manner ROS generation by
class III peroxidases (apoplastic) in Arabidopsis are important for resistance to
Fusarium oxysporium [99]. Oxidative burst is also modulated by phytohormones,
Jasmonic acid and Salicylic acid [105], and is important for systemic acquired
resistance [105,106].

1.4. Antioxidant systems
Plants use different strategies (neutralization, sequestration, modification etc.)
to contain the excess ROS levels and to maintain ROS homeostasis [107,108].
Antioxidant (ANTs) systems regulate the cellular ROS levels by neutralization and/or
transformation into less reactive species. Such antioxidants function by donating
electrons to ROS, and prevent/reduce the damage to cellular components. Under
normal circumstances, ANTs maintain the basal ROS level, however their levels are
elevated under stress conditions to minimize ROS mediated toxicity [32,76]. ANTs
are ubiquitous in the cell and protect the cellular environment from any harmful
effects of ROS. Antioxidants are classified into two major groups, non-enzymatic and
enzymatic antioxidants.
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1.4.1. Non-enzymatic antioxidants
Non-enzymatic antioxidant metabolites are essential part of antioxidant system
and are grouped into two types, water soluble (ascorbic acid, glutathione) and lipid
soluble (tocopherols, carotenoids) [56]. Ascorbic acid (AsA) is highly abundant and
widely distributed in the cell. It reacts with most of the ROS (1O2, O2˙⁻, H2O2 and ˙OH)
generated in the cell and also regenerates α- tocopherol damaged by free radicals.
Glutathione (GSH) is an antioxidant tripeptide (γ-glutamyl-cysteinyl-glycine) that
reacts with the ROS (1O2, O2˙⁻, H2O2, ˙OH), and is oxidized to form GSSG. It also
regulates activity of proteins by glutathionylation, regenerates AsA, and is involved in
maintenance of cellular redox status [56,109]. Tocopherols are lipid soluble
metabolites synthesized by the photosynthetic organisms. Tocopherols exists as four
isomers (α, β, γ and δ), among them α-tocopherols are most potent antioxidant. These
maintain the membrane integrity and protect it from the damaging effect of ROS.
Tocopherols reacts with 1O2 and lipid radicals (RO˙, ROO˙) and terminates the chain
propagation reaction of lipid peroxidation cycle [110]. Carotenoids are another type of
lipophilic antioxidants vital for protection of integrity of cellular membranes from
damaging effects of 1O2. In plants, these also protect the photosynthetic machinery
from the photo-oxidative damage. Flavonoids play diverse roles in plants like defense
against pathogens and protect the membrane from damaging effect of 1O2 [56].
1.4.2. Enzymatic antioxidants
Plant possesses a complex enzymatic antioxidant network comprised of
several enzymes viz. superoxide dismutases (SODs), Catalases (CATs), Ascorbate
peroxidases (APXs), Glutathione peroxidases (GPXs), actively involved in the
scavenging of ROS generated in different cellular compartments [26,111,112].
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Superoxide dismutases:
Superoxide dismutases (SODs) (EC 1.15.1.1) are important group of
ubiquitous antioxidant metalloenzymes. SODs catalyzes dismutation of O2˙⁻ into
H2O2 and O2 [60]. SOD catalyzed reaction is highly efficient (near diffusion limit) and
is ~104 times faster than the spontaneous dismutation of O2˙⁻ [113]. SOD catalyzed
dismutation of O2˙⁻ occurs via two-step ping-pong mechanism: 1) oxidation of O2˙⁻
to O2 and 2) reduction of O2˙⁻ to H2O2 (Fig. 1.4).

Fig. 1.4. Reaction of Superoxide dismutases
Catalases:
Catalases (CATs) are heme-containing enzymes and the first discovered
antioxidant enzymes [60]. In plants, CATs are localized in peroxisomes and cytosol
[114]. CATs are highly efficient enzymes, do not require any external reducing agent,
and converts H2O2 into water and oxygen [56].
Ascorbate peroxidases (APX) and Glutathione peroxidases (GPX):
Ascorbate peroxidases (APX) and Glutathione peroxidases (GPX) are present at
multiple cellular locations like cytosol, mitochondria, and chloroplast. Both, APX and
GPX catalyzes H2O2 into H2O and O2, however unlike catalase these requires
ascorbate and glutathione as external reducing agents. APX and GPX are important
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constituent of plant water-water cycle and Ascorbate-Glutathione cycle to mitigate
ROS toxicity [64,115].

1.5. Superoxide dismutases (SODs)
Superoxide dismutase (SODs) are present in all aerobic organisms [116].
Among the different antioxidant enzymes, SODs forms the first line of defense against
ROS toxicity [112]. It was first isolated from bovine erythrocytes as ‘erythrocuprin’ (a
copper containing protein) and later demonstrated to perform dismutation of O2˙⁻
[117]. Subsequently, other SOD isozymes were identified in different organisms.
1.5.1. Evolution of SODs
Multiple isozymes of SODs are present in organisms, and based on metal ion
cofactor present, these proteins are classified as Fe SOD, Mn SOD, Ni SOD and
Cu/Zn SOD [116]. It has been suggested that availability of metal ions with change in
the primordial earth environment from reducing to oxidizing lead to the evolution of
multiple SOD types [113].
Iron SOD (Fe SOD): Fe SODs are most primitive among the different SODs, and
found in both prokaryotes and eukaryotes [118]. In primitive earth, under highly
reducing environmental conditions Fe, Mn and Ni were present as soluble ions (M2+
state), however due to high abundance Fe was readily available as cofactor for the
SODs [113]. Fe SODs exists as homo-dimeric and homo-tetrameric form, is sensitive
to H2O2 and insensitive to cyanide [116]. In plants, Fe SODs are nuclear encoded and
localized to chloroplast. The absence of Fe SOD in animals suggests that it has
evolved in primitive photosynthetic microorganisms (e.g. cyanobacteria), followed by
gene transfer to eukaryotic nuclear genome during endosymbiosis with the eukaryotic
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cell [116,119].
Cambialistic SOD: These SOD types are capable of using Fe or Mn as the metal
cofactor, based on availability [120]. During evolution, with the increase in
atmospheric oxygen levels soluble Fe(II) form was less available due to its oxidation
to insoluble Fe(III) [113]. Mn(II), with more availability/abundance and
characteristics similar to Fe(II), was accommodated in the protein structure leading to
the evolution of Fe/Mn-SOD (cambialistic SOD) [118]. Cambialistic SOD are
reported in bacteria and fungi, however, these isoforms have not been reported in
higher eukaryotes [118,121].
Manganese SOD (Mn SOD): Mn SOD is present in both prokaryotes and eukaryotes.
In eukaryotes, MnSOD are localized mostly in mitochondria but also reported in
peroxisomes [116,122] and chloroplast [123]. When primitive atmosphere became
oxidizing, due to less availability of the soluble Fe(II) form it was replaced with
Mn(II). The cofactor replacement and some minor changes in the protein leads to the
evolution of Mn SOD. Unlike cambialistic SODs, these enzymes are divergent from
Fe SOD and show strict dependency on Mn cofactor [113,124]. Incorporation of Fe in
human Mn SOD (SOD3) results into little/no SOD activity. However, the protein
loses metal specificity and behave as cambialistic SOD with a single amino acid
mutation (H142Q), suggesting that similar changes at crucial positions may have
contributed towards the evolution of Mn SOD [125].
Nickel SOD (Ni SOD): Ni SOD are cytosolic SODs, which exists as hexameric
protein. Ni SOD was first isolated from Streptomyces [113]. Compared to other SOD
isoforms, Ni SOD had different active site ligands formed from cysteine and histidine
residues and is structurally diverse. Ni SODs were identified among certain groups of
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green algae, however it is not present in higher eukaryotes, suggesting its independent
evolution in certain group of organisms [118,126].
Copper/Zinc SODs: Copper/Zinc SODs (designated as Cu/Zn SODs, CuZn SODs,
Cu-Zn SODs, CSDs) have evolved much later after ‘the Great Oxidation Event’, when
the oxidation of Cu(I) to Cu(II) enhanced this metal ion availability [121,127].
However, Cu(II) showed larger differences in the properties compared to Fe/Mn,
which indicates it cannot be accommodated in the protein without major structural
changes, and hence this isoforms is likely to have evolved independently [113].
Initially, it was thought that Cu/Zn SODs are exclusive to eukaryotes, however,
subsequently this isoform was also reported in prokaryotes [116].
Cu-only SOD: Cu-only SOD is a new addition to SOD group of isozymes, which lack
of zinc (Zn) cofactor. Cu-only SOD was first identified in Mycobacterium
tuberculosis [128] and later in Candida albicans [129]. Mycobacterial Cu-only SOD
(sodC) lacks amino acid residues involved in Zn binding, whereas in C. albicans the
isoform also lack residues of electrostatic loop (ESL) that guide the O2˙⁻ to the
catalytic Cu cofactor [129]. Cu-only SOD are localized in extracellular spaces and are
involved in the pathogenesis as it protects the pathogen from oxidative burst of host
immune system [130]. Despite the absence of ESL and missing Zn, Cu-only SODs are
still able to detoxify the O2˙⁻ and exhibit pH sensitivity [131,132]. Interestingly, an
unexpected organization in zebrafish was identified, where in place of single Cu-only
SOD, four tandem repeats of Cu-only SOD domain were present. These were referred
to as Cu-only SOD repeat proteins (CSRPs) with unknown function. However Cuonly SOD and CSRPs type proteins were not reported in plants [131].
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1.6. Superoxide dismutases in plants
All five SOD types viz. Fe, Mn, Ni, Cu/Zn and Cu-only SOD, are present in
eukaryotes [116,133] whereas in plants, only three SOD types; Fe, Mn and Cu/Zn
SODs are reported and localized to diverse subcellular compartments [116]. Fe SOD
are mostly localized in chloroplast, and Mn SOD in mitochondria, and Cu/Zn SOD at
multiple locations (cytosol, chloroplast, peroxisomes, apoplast etc.) [56,64]. Unlike
most organisms, plants generally have multiple forms of each SOD class encoded by
more than one gene [134].
Structural features of SODs:
Superoxide dismutases (SODs; Fe, Mn and Cu/Zn) in plants are reported to
exist in different oligomeric forms; monomer, dimer, tetramer and sometimes also as
an equilibrium of mono- and dimeric forms [134]. Cu/Zn SODs in eukaryotes are
mostly dimeric, and also reported to be present in an equilibrium of mono- and
dimeric forms [135,136]. Moreover, only monomeric and tetrameric forms are also
reported in eukaryotes [137,138]. Cu/Zn SODs are structurally diverse than Fe SOD
and Mn SODs. Secondary structure analysis showed Mn SOD and Fe SOD are rich in
α-helices content whereas, Cu/Zn SODs are rich in β-pleated sheets and folded into
highly stable Greek-key topology [139]. The Cu/Zn SOD has an intra-molecular disulfide bond and in some cases inter-subunit also, which is involved in the Cu/Zn
stability/activity of the protein. Some of these structural features contribute towards
the Cu/Zn SODs tolerance to chemical denaturants, pH change and temperature
[140,141]. An important structural feature of the SOD is an electrostatic loop (ESL)
that guide the negatively charged O2˙⁻ to the active site centre for catalysis [113].

21

1.7. Importance of SODs in plants
1.7.1. SOD in plant development and stress tolerance
Superoxide (O2˙⁻) being charged molecule do not diffuse across membranes,
however few evidences indicate possibility of limited diffusion [73,142]. Thus
presence of SODs in metabolically active cellular organelles/compartments is
important for localized scavenging and protection from damaging effect of O2˙⁻
[116,134]. SOD expression is upregulated under various stress conditions like salinity,
drought, heat, etc. [143–148]. Analysis of plant sod mutants and overexpression
experiments have provided insights into role of individual SODs in physiological and
developmental processes [149,150]. Arabidopsis chloroplastic Fe SOD mutants (fsd2
and fsd3) show impaired photosynthetic function with pale green phenotype and
enhanced photo-oxidative stress [149]. Analysis of Arabidopsis chloroplastic Cu/Zn
SOD AtCSD2 knockdown mutant showed increased sensitivity to high light and
negative impact on growth and development [115]. Overexpression of AtCSD2 in
Arabidopsis and OsCSD2 in rice showed increased protection to multiple abiotic
stresses [150,151]. Likewise, overexpression of SODs in different plants showed
enhanced tolerance to abiotic stresses [123,151–156].
1.7.2. SOD as modulator of ROS signaling
SOD play crucial role in regulation of ROS signaling [157]. Cellular O2˙⁻
serve as a precursor for generation of other potent ROS viz. H2O2, HO2˙ and ˙OH.
H2O2 generated by SOD serve as signaling molecule for communication among
organelles and nucleus, resulting in modulation of gene expression in response to
environmental cues [52,53,158]. Studies on human and yeast cytosolic CSD (SOD1)
also indicated its novel function as a redox sensitive transcription factor [159]. O2˙⁻
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also combines with NO to generate peroxynitrite (ONOO⁻) and modulates
activity/function of proteins through post-translational modification or PTMs [160].
SODs by managing the cellular O2˙⁻ pool, also control the levels of other ROS/RNS.
Thus, SODs play a dual role in maintaining a fine balance of physiologically relevant
ROS levels for beneficial outcomes, and to prevent detrimental effects [157]. Hence,
regulation of SODs is an important component and central to maintenance of ROS
homeostasis. In plants, differential expression of SOD and H2O2 degrading enzymes
in apical meristem has been shown to be important for establishment of gradient of
O2˙⁻/ H2O2 and to regulate cell proliferation and differentiation [91]. The stem cells
residing in the central zone showed low SODs and high H2O2 degrading enzyme
levels, to maintain elevated O2˙⁻ levels. On the contrary, cells in periphery and
elongation zone show contrasting expression pattern of SOD and H2O2 degrading
enzymes to maintain higher H2O2 levels [91,92]. Hence, differential cell-/tissuespecific expression of SODs is important for modulation of ROS signaling and
regulation of growth and development.

1.8. Gene expression and regulation
Regulation of expression of genes is necessary for optimal response to intrinsic
physiological perturbations as well as to extrinsic factors (e.g. stresses), for growth,
development and adaptation to environmental conditions [161,162]. All the cells in an
organism have the same genomic information, however, the functional components
varies in different cells/tissues and conditions due to differential expression [161]. In
eukaryotes, gene expression is regulated at multiple levels (transcription, posttranscription, translation, post-translation etc.), however, cross talk between different
regulatory mechanisms have also been reported [161,163,164].
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1.8.1. Transcriptional gene regulation
Gene expression at transcriptional level is controlled by promoter and multiple
regulatory elements (cis-response elements, enhancers, suppressors etc.) present in the
gene to regulates its response to various stimuli [162]. The presence/absence of stressresponsive elements in gene that make it responsive/unresponsive to particular stress
conditions has been observed in different plants [165,166]. In eukaryotes, DNA is
wrapped around the histone proteins and offer advantages in terms of a) compaction
of the genome and b) regulation of transcription of genes by epigenetic modifications
[163,167]. Epigenetics that refers to heritable alterations without any change in the
nucleotide

sequences,

is

crucial

for

genomic

stability,

adaptability

and

transgenerational memory [163,168]. These alterations include post-translational
modification of histones (methylation, acetylation) and methylation of cytosine bases
in DNA [169]. Post-translation modifications of histones influence the compactness of
chromatin (euchromatin: open state; heterochromatin: close state), re-positions
nucleosomes by chromatin remodeling complexes (e.g. SWR1 remodeling complex),
and alters the accessibility of a gene for transcription (switch on/off for expression)
[170]. Analysis of CpG island distribution in rice and Arabidopsis showed that most
of the these are associated with genes [171]. Differential methylation pattern of the
CpG islands can tune the gene expression in response to environmental signals
[169,171]. Generally, methylation of DNA/histones lead to repression/silencing of
genes and acetylation results in activation. Alterations in the methylation pattern have
also been shown to have pleiotropic effects on plant development [172,173].
1.8.2. Post-transcriptional regulation
Several post-transcriptional mechanisms are known that act on pre-existing

24

transcripts for various outcomes including regulation of gene expression and enhanced
transcriptome/proteome diversity. Some of these mechanisms such as RNA
interference (RNAi), alternative splicing, non-sense mediated decay (NMD) are
important players for regulation of gene expression under diverse environmental cues
[174,175].
1.8.3. Translation/ post-translational mechanisms
Post-translation regulatory mechanisms covalently modify the amino acid
residues of the proteins to modulate its function/activity. Some prominent posttranslational mechanisms include phosphorylation, acetylation, ubiquitination,
methylation etc. [176]. Post-translational modifications generate another layer of
complexity in regulation of gene expression. For example, addition of ubiquitin
moieties

mark

proteins

for

proteasome

mediated

degradation

[177],

and

phosphorylation affects protein properties like cellular localization, interactions,
activity etc.[178,179]

1.9. Significance of post-transcriptional regulation mechanisms
Plant genes are regulated at multiple levels, however, in recent years posttranscriptional mechanisms like miRNA and alternative splicing have emerged as
important players. Both the mechanisms act on pre-existing transcripts and
dynamically regulate expression of genes in normal and stress conditions [180,181]
1.9.1. MicroRNAs (miRNAs)
Eukaryotic cells contain a diverse array of non-protein coding RNAs (referred
to as non-coding RNAs or ncRNAs) [180]. One of the type, known as microRNA
(miRNA), function as regulatory RNA at post-transcription level. MicroRNAs are 21-
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25 nt long ncRNAs involved in regulation of a target gene by mediating the transcript
cleavage or translation suppression [182]. Several studies in plants have shown
involvement of miRNAs in regulating diverse cellular processes including
development, nutrient homeostasis, abiotic and biotic stress responses [182,183].
Although, binding of miRNAs to its target is governed by ‘seed rule’, where 10-11 nt
are important for target recognition [184], involvement of non-canonical binding sites
is also reported, that diversify the targets and functions of miRNAs [185,186].
1.9.2. Splicing
1.9.2.1. Splicing or constitutive splicing (CS)
The eukaryotic gene structure is very different from prokaryotes. The
‘discontinuous gene structure’ was first reported in adenovirus 2 (subsequently seen
in other eukaryotes), where the coding regions (exons) are interrupted with noncoding sequences (introns) [187,188]. This gene organization was also referred to as
‘interrupted genes’ or ‘split genes’ [187]. After transcription, precursor messenger
RNA (pre-mRNA, contains both exons and introns) undergoes a complex process of
excision of introns and joining of exons to generate mature mRNA through a process
known as ‘splicing’ [188,189]. There are three types of introns, group I, II and III
having differences in the processing of introns. Among them, group I and II are selfsplicing introns (spliceosome independent) whereas processing of group III type
introns are spliceosome dependent. It was speculated that group III introns were
evolved from the self-splicing group II introns (spliceosome independent) [188].
Splicing is performed by ribonucleoprotein (RNP) complex ‘spliceosome’ that
consists of hundreds of proteins [190]. Two types of spliceosomes, U2 type (canonical
or major) and U12 type (non-canonical or minor) are reported and having differences
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in the core spliceosome components. [191,192]. In U2 type snRNPs, U1, U2, U4, U5
and U6 forms the core of spliceosome, whereas in U12 type, U11, U12, U4atac, U5
and U6atac, snRNAs are the major RNA components [193]. The splicing requires
consensus sequences in the introns, conserved dinucleotide donor (5′ GU) and
acceptor (3′ AG) sites, branch point adenosine, and polypyrimidine tract near 3′ end
[194] (Fig. 1.5). The splicing of most of the intron containing genes is governed by
GU-AG rule (for U12 type; A/GU- AC/G), and involves two trans-esterification
reactions [193].

Fig. 1.5. Schematic model of splicing of a eukaryotic gene. Adapted from Staiger et
al. 2013 [194]
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1.9.2.2. Alternative splicing (AS)
According to ‘one gene one polypeptide’ hypothesis, one gene codes for one
polypeptide. However in eukaryotes, intron-containing genes may also undergo
‘alternative splicing’ that involve different combination of UTRs/exons resulting in
generation of more than one RNA/protein isoform from a single gene [188] (Fig. 1.6).
AS was first discovered in adenovirus 2 and later AS of immunoglobulin IgM gene
was reported from human [192].

Fig. 1.6. Gene expression and alternative splicing. Adapted from Romero et al.
2006 [195].
Alternative splicing of genes can occur by multiple ways such as, exon
skipping (ES), intron retention (IR), 5′ alternative splice site (5′ASS) and 3′ alternative
splice site (3′ ASS) and mutual exclusive events (MEE) (Fig. 1.7). However, the
predominance of these events may varies in different organisms, for example IR
events are more prevalent in plants, whereas ES type events are predominant in
humans [196].
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Fig. 1.7. Different types of alternative splicing events. Adapted from Sanyal et al.
2018 [197].
1.9.2.3. Splice sites recognition
Recognition

of

splice

sites

is

very

crucial

step

for

correct

constitutive/alternative splicing of the primary transcripts. Selection of splice sites by
spliceosome is reported to be influenced by cis-elements and trans-regulatory factors
[192,198]. Certain cis-elements such as exon splice site enhancers (ESE)/silencers
(ESS) and intron splice site enhancers (ISE)/silencers (ISS) on pre-mRNA interact
with trans-regulatory factors (serine-arginine rich (SR) proteins, heterogeneous
nuclear ribonucleoproteins (hnRNPs), other auxiliary factors to influence the binding
to a particular site [192]. SR proteins contain RRM motifs (RNA recognition motifs)
for RNA binding, and RS domain for protein-protein interaction. In plants,
Arabidopsis and rice contain 18 and 22 SR genes, respectively [198,199]. Analysis of
SR genes in plant tissues, development stages and stress conditions showed expression
differences suggesting tissue-and stress-specific regulation [199]. Interestingly, SR
genes are also reported to be extensively alternatively spliced which further increases
the complexity of AS [192].
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1.9.2.4. Alternative splicing as gene function diversification mechanism
Alternative splicing diverts the primary transcript pool towards multiple
alternative RNAs, and affects the levels of constitutive transcript/protein isoform. The
alternatively spliced transcripts/variants (splice variants, SVs) may have variations in
the non-coding, untranslated regions (UTRs) at 5′- or 3′- ends, and/or coding (exons)
regions, resulting in altered transcript properties like stability, translation efficiency
etc. [174,200]. The SVs with variation in the coding region may have altered
characteristics of encoded proteins like activity, stability, localization, and interaction
[174,201]. It is also reported that some of the SVs are under the scrutiny of RNA
surveillance system like ‘non-sense mediated decay’ (NMD) pathway, which
channelize transcripts with pre-mature termination codon (PTC) towards degradation
[202]. Thus, AS is a multi-dimensional gene regulation mechanism, which can
regulate transcript and protein levels, but can also diversify the gene/protein function
(Fig 1.6) [174,196].
Studies based on high-throughput transcriptome analysis have revealed
widespread impact of AS on human transcriptome/proteome with >95 % introncontaining genes subjected to alternative splicing. Similarly, the mechanism is equally
prevalent in plants with >60 % genes now known to undergo AS [174]. Plant genes
affected by AS is likely to be increase further with more high-throughput studies on
developmental/tissues/stress

conditions

[196,203].

Studies

have

also

shown

differences in predominant splicing events in human and plants. Exon skipping (ES) is
more prevalent in humans while intron retention (IR) is more predominant in plants
[196]. A vast amount of transcriptomic data analysis from animals and plants has
shown that AS play important roles in diverse cellular processes ranging from growth,
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development and differentiation to different types of stress responses [174,204].

1.10. Significance of AS in plants
Alternative splicing serves as a dynamic master regulator of eukaryotic
transcriptome/proteome affecting a diverse array of cellular processes viz. growth,
development, differentiation, and adaptive responses to various environmental
perturbations and stress conditions [174,181,205].
1.10.1. Role of AS in regulation of hormone signaling
Plant hormones are important growth regulators and regulates overall plant
physiology, growth, development, and adaptation to stresses [206]. AS mediated
control of hormone signaling, is involved in regulation of plant response to different
stimuli. In Arabidopsis, AS of JAZ (negative regulator of Jasmonic acid signaling)
generates an alternative isoform lacking regulatory phosphorylation site (crucial for
E3-ligase mediated proteasomal degradation). Arabidopsis plants overexpressing
alterative isoform showed male sterile phenotype suggesting role of AS in anther
development [207,208]. Similarly, AS affects the localization of YUCCA4 gene
(Flavin-dependent monooxygenase; FMO, involved in auxin biosynthesis) by
generating two alternative isoforms localized to endoplasmic reticulum (ER) and
cytosol in a tissue-specific manner [209,210]. In another example, AS of HAB1
produced splice isoforms with antagonist function and modulates ABA signaling by
regulating kinase activity of SnRK2 [182].
1.10.2. Role of AS in flowering
Alternative splicing is also known to play important role in regulation of
flowering in Arabidopsis. Arabidopsis FLM (Flowering locus M) that code for a
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MADS-box transcription factor controls flowering in temperature-dependent manner,
and act as repressor of flowering [211]. FLM undergo AS to generate two splice
variants, β and δ. Both isoforms interact with SVP (short vegetative phase) protein but
only FLM β is able to interact with DNA. At low temperature, FLM β is the
predominant form, which binds to the promoter elements of its target genes and
suppress flowering. However at ambient conditions, AS shift towards FLM δ isoform
but it fails to bind to DNA and thus activates flowering [212,213] (Fig. 1.8).

Fig. 1.8. Temperature dependent alternative splicing of FLM and regulation of
flowering. Adapted from Shang et al. 2017 [181]
1.10.3. Role of AS in plant defense
Alternative splicing play important role in plant defense response against
pathogens and affects host-pathogen interaction [192,214]. Alternative splicing of ‘N’
gene in tobacco that codes for Toll like/interleukin 1 receptor generates two isoforms,
large; NL and small; NS. Both NL and NS isoforms are needed for full resistance
against TMV, while expression of either isoform confers little/no protection [214].
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Similarly, Arabidopsis RPS4 gene (TIR-NBS-LRR family) also undergo AS and both
the isoforms are required for resistance against P. syringe [215].
1.10.4. Alternative splicing in abiotic stress tolerance
Alternative splicing modulates the expression level or function of genes in
response to abiotic stress conditions. In Arabidopsis, heat stress induces AS of HSFA2
(heat shock transcription factor) and generates both full-length and truncated isoforms,
of which truncated one bind to its own promoter to enhance transcription [181]. A
dehydration response element binding protein (DREB) undergo AS in rice. Under
normal conditions, DREB2B (non-functional isoform) is produced, whereas functional
form is induced under abiotic stress conditions for the activation of adaptive response
[181].
Apart from AS mediated modulation of individual genes, spliceosome
machinery components are also implicated in modulating the response in certain
conditions. For example, hypersensitivity of Arabidopsis SR34b mutant to Cd toxicity
due to mis-splicing of IRT1 (an iron transporter) suggests direct role of splicing
components in controlling adaptive response to stress conditions [216]. Similarly,
U1A protein of spliceosome is found to be involved in salt tolerance in Arabidopsis
[217]. In another example, many of the DNA repair genes are also reported to undergo
alternative splicing indicating the possibility of role of AS in modulating plant DDR
(DNA damage response) [205].
1.10.5. Stress-priming and AS-linked memory
Studies have shown that plants exposed to sub-lethal doses (priming dose) of
stress perform better than the plants directly exposed to lethal doses [218]. This
suggests that priming of plants generates a stress-memory for subsequent episodes
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[219], however, underlying mechanisms are not fully understood. A recent study has
shown that AS is involved in heat stress-memory establishment [218]. Arabidopsis
plants primed with sub-lethal heat stress showed protection from subsequent exposure
to lethal heat stress [218], that was shown to be due to accumulation of non-spliced,
intron retention (IR) transcripts resulting in establishment of splicing memory.
Subsequent exposure to lethal heat stress activated the correct splicing pattern and
ensured survival of the plants [218,220].
1.10.6. Cross-talk of regulatory mechanisms
Alternative splicing also interacts/ cross talks with other regulatory mechanism
to influence gene expression and function [221,222]. For example, many miRNAs in
plants are localized in the intronic region of other genes and substrate for both AS and
RNAi machinery [223]. Recently, miR400 (localized in the intronic region) was
shown to be regulated by heat stress-induced AS of the host gene that affected
miR400 levels [221]. Likewise, the non-coding RNA and post-translation
modifications of SR proteins also modulates the splicing patterns of genes [196,224].

1.11. Regulation of plant SODs
The regulation of SODs in plants is controlled by multiple modes and is
indicative of importance of intricate balance of ROS levels required for cellular
functioning.
1.11.1. Transcription regulation of SODs
Superoxide dismutases as stress-responsive genes are differentially induced
under stress conditions [165,225]. Rice expression database showed variation in
expression pattern of seven SODs in different tissues suggesting cell/tissue-specific
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regulation of the antioxidant enzymes [226]. In Arabidopsis apical meristems, central
and peripheral zone cells showed contrasting expression of SODs, necessary for
maintenance of proliferation/differentiation, and highlights the importance of SOD
regulation [88,91]. The two rice cytosolic SODs are also differentially regulated under
certain abiotic stresses suggesting regulation at promoter level [148,227,228].
Similarly, Arabidopsis chloroplastic SODs are shown to be positively regulated by
MKK5 signaling [229,230].
1.11.2. Post-translational regulation of SOD
1.11.2.1. Copper (Cu) chaperone for SOD (CCS) mediated activation of SOD
In eukaryotes, Cu/Zn SOD is also regulated by a metallo-chaperone CCS [231].
CCS is important for activation and maturation of Cu/Zn SODs [232,233]. CCS has
N-terminal ATX-1 like domain and C-terminal domains for oxidoreductase activity
and interaction with SOD [234]. CCS is multi-function protein that delivers Cu
cofactor to the active site of apo-protein and is important in managing the levels of
active Cu/Zn SOD [231]. Both CCS-dependent and independent pathways of SOD
activation exists in eukaryotes [235,236]. In humans SOD1 is completely dependent
on CCS, whereas in C. elegans, it is not required [237]. In Arabidopsis, both CCSdependent and independent pathways exists for activation of Cu/Zn SOD [238] (Fig.
1.9).
1.11.2.2. Peroxynitrite mediated nitration of SOD
SOD are also found to be regulated by PTMs mediated by peroxynitrite
(ONOO−) [160]. Nitration of SODs in Arabidopsis has been shown to inhibit the
activities of all SODs specific to different cellular compartments, and MnSOD
isoform was found to be most-sensitive to NO-mediated inhibition [160].
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Fig 1.9. Cu chaperone for SOD (CCS) mediated activation and maturation of
Cu/Zn SOD. Adapted from Banci et al. 2009 [233]
1.11.2.3. SOD as transcription factor
In human and yeast, a novel function of cytosolic Cu/Zn SOD (SOD1) as a
redox sensitive transcription factor has been demonstrated [159]. Phosphorylation of
SOD1 by ATM dependent Dun1 is important for nuclear translocation and activation
of oxidative stress response genes [159].
1.11.3. Post-transcriptional regulation of SOD
1.11.3.1 MicroRNA 398 (miR398) mediated regulation
Cu/Zn SODs in rice and Arabidopsis are negatively regulated by miR398, at
post-transcriptional level [150,239–241]. Interestingly, miR398 also regulates some
other transcripts including Cu chaperone for SOD (CCS) and COX5B-1 (subunit of
mitochondrial cytochrome b oxidase). In Arabidopsis, miR398 is known to regulate
blue copper binding protein (BCBP) [185]. These cognate target genes are Cu
containing proteins. Regulation of these targets by miR398 in important for
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maintenance of Cu homeostasis in the cell [242]. Studies in plants show that down
regulation of miR398 levels resulted in upregulation of Cu/Zn SODs, which is
important to control ROS toxicity [242,243], as shown below (Fig.1.10). In
Arabidopsis, SPL7 gene (Squamosa Promoter binding protein like gene 7) also
regulates SOD levels via modulating the levels of miR398 under Cu deficiency
condition [244].

Fig. 1.10. Post-transcriptional regulation of Cu/Zn SOD and other target genes
by miR398.
1.11.3.2. Alternative splicing mediated regulation of SODs
RNAseq studies show evidence of AS events in large number of genes in different
plants that also include antioxidant genes, however, there are few studies on detailed
investigations. Involvement of AS in regulation and functioning of SODs have also
been reported in Oryza sativa (Fe SOD), Glycine max (Cu/Zn SOD), Arabidopsis
thaliana (Fe SOD), and Populus trichocarpa (Cu/Zn SOD) [245–248]. Two AS
isoforms of rice Fe SOD (chloroplastic) were responsive to certain stresses, and were
functionally active [245], whereas Arabidopsis Fe SOD splice variant isoforms show
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differential involvement in chloroplast development [248]. AS isoforms of soybean
Cu/Zn SOD showed tissue specificity and response to copper content, and suggested
to perform metal sink function in excess copper conditions [246]. AS isoforms of
Populus Cu/Zn SOD showed distinct tissue specificity but alternative isoform was
enzymatically inactive [247].

These evidences indicate that AS is involved in

regulation of SOD expression, tissue specificity and functional diversification of
isoforms in different plants.
It is interesting to see that number and type of AS events predicted/identified
in SOD types differ in plants such as rice (http://rice.plantbiology.msu.edu/) and
Arabidopsis (https://www.Arabidopsis.org/). This suggests that mode/impact of AS
involvement in SOD functioning may differ in different plants. Hence, unlike in
transcription level regulation (driven by specific cis-elements) it is not possible to
draw parallels between significance of isoforms (of a gene) from different plants. In
view of emerging important role of alternative splicing in diverse array of cellular
processes (including stress responses), a thorough analysis is required to understand
its precise role in functioning of a gene at both RNA and protein level.

1.12. Rationale of the thesis:
Rice genome has seven SOD genes that code for four Cu/Zn SODs (CSDs),
two Fe SODs (FSDs) and one Mn SOD (MSD). Rice Genome Annotation Project
(RGAP-MSU) database show that these seven SOD generate 14 splice variants (SVs)
by AS. The SVs showed heterogeneity in the non-coding 5′- and/or 3′- UTRs and
exons. Among various SODs, CSDs are most abundant and localized to multiple subcellular compartments like cytosol, chloroplast and peroxisomes. The rice CSDs also
generates maximum number of splice variants (4 constitutive SVs and 5 alternative
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SVs), and the nature of events in rice are more diverse than Arabidopsis. Detailed
characteristics of these SV isoforms and their impact on functioning of rice SODs is
unknown. In view of this, the present study proposed a detailed molecular and
biochemical analysis of the constitutive and alternative SVs of rice CSDs at RNA and
protein level to understand the role of AS in regulation and functioning of these genes.

1.13. Objectives of the thesis:
1) Expression analysis of predicted splice variants of four Cu/Zn superoxide
dismutases for tissue specificity and relative abundance.
2) Effect of salinity stress on alternative splicing of Cu/Zn SODs.
3) Cloning, expression and comparative biochemical characterization of the
proteins encoded by a major and one alternative splice variant transcripts of
two Cu/Zn SODs.
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CHAPTER 2
MATERIALS
AND
METHODS
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2.1. Materials
2.1.1. Plant material
Rice genotype; Oryza sativa L. ssp. indica var. NSICRc106 used in the study,
was obtained from International Rice Research Institute (IRRI, Philippines).
NSICRc106 is a salt-tolerant rice variety developed from IR32429-47-3-2 / Wagwag.
2.1.2. Plant growth media, abiotic stress media and transcription inhibition
solution
Hoagland media was used as growth media for rice. Hoagland media (1 X)
was prepared by dissolving 1.63 g of Hoagland No. 2 basal salt mixture (HiMedia,
India) into 1 L of distilled water. Constituents of 1 X Hoagland No. 2 Basal salt
mixture (1.63 g) for 1 L media are as follows: Potassium nitrate (606.60 mg), Calcium
nitrate (656.40 mg), Magnesium sulfate (240.76 mg), Ammonium phosphate
monobasic (115.03 mg), Manganese chloride tetrahydrate (1.81 mg), Boric acid (2.86
mg), Molybdenum trioxide (0.016 mg), Zinc sulfate heptahydrate (0.22 mg), Copper
sulfate pentahydrate (0.08 mg) and Ferric tartrate (5.00 mg). All abiotic stress media
solutions for rice were prepared in 1 X Hoagland media.
Salt stress media: 150 mM Sodium chloride (NaCl) solution was prepared by
dissolving 8.77 g in 1 L of 1 X Hoagland media. Drought stress media: 15 %
Polyethylene Glycol (PEG) was prepared by dissolving 150.00 g of PEG-8000 in 1 X
Hoagland media and made up volume to 1 L with distilled water. Oxidative stress
media: Dissolved 2.57 mg of Methyl viologen dichloride hydrate in 1 L of 1 X
Hoagland media to prepare 10 μM Methyl viologen (MV) solution.
Transcription inhibitor solution: All the stock reagents were sterilized by
autoclaving.
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0.1 M PIPES-KOH pH 5.6: Dissolved 0.151 g of PIPES in MilliQ water and pH was
adjusted to 5.6 with 4 M KOH and volume was made up to 50 ml with MilliQ water.
0.1 M Potassium chloride (KCl): Dissolved 0.74 g of potassium chloride in 100 ml
of MilliQ water.
0.15 M Sucrose: Dissolved 0.51 g of sucrose in 10 ml of MilliQ water.
0.1 M Sodium citrate: Dissolved 0.294 g of sodium citrate dihydrate in 10 ml of
MilliQ water.
Incubation buffer containing 1 mM PIPES, 1 mM KCl, 15 mM sucrose and 1 mM
sodium citrate, pH 5.6 was prepared by dilution of the stock reagents.
Transcription inhibitor solution was prepared by dissolving 5 mg of α-amanitin in 50
ml of incubation buffer solution to prepare effective concentration of 0.1 mg ml-1.
2.1.3. Bacterial strains and growth conditions
Strains of E. coli used during the course of this study are listed in the Table 2.1.
E. coli growth conditions
E. coli strains Top 10, BW25113 and BL-21(DE3) were grown at temperature
37 °C and for SHuffle strains 30 °C was used as optimal temperature condition unless
specified.

2.1.4. Bacterial growth media
Luria Bertani (LB) media was used as E. coli growth media.
Composition of LB media (1 L): Peptone – 10.0 g, Yeast extract- 5.0 g, NaCl- 10.0 g
were dissolved in distilled water, pH adjusted to 7.2-7.5 with 4 M hydroxide (NaOH)
solution and volume was made up to 1 L with distilled water and sterilized by
autoclaving. For LB-agar (LBA), 1.6 % agar was added in LB-media and autoclaved.
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Table 2.1: List of E. coli strains
Strain

Genotype

Source/
Reference

Top 10

F- mcrA Δ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 Novagen
ΔlacX74 recA1 araD139 Δ(araleu)7697 galU (Germany)
galK rpsL (StrR) endA1 nupG

BL-21 (DE3) F- ompT gal dcm lon hsdSB(rB-mB-) λ(DE3)

Novagen
(Germany)

SHuffle

T7 fhuA2 lacZ:T7 lon dcm ompT endA1 ahpC

NEB (USA)

Express

λ(DE3)pNE3-r1-cDsbC ΔtrxB Δgor

SHuffle

fhuA2 lon dcm ompT endA1 ahpC pNE3-r1- NEB (USA)

Express

cDsbC ΔtrxB Δgor

BW25113

F- DE(araD-araB)567lacZ4787(del)::rrnB-3

Keio collection

LAM- rph-1 DE(rhaD-rhaB)568 hsdR514

library, Japan

BW25113 ΔsodA (KanR)

Keio collection

BW25113
ΔsodA
BW25113

library, Japan
BW25113 ΔsodB (KanR)

ΔsodB
BW25113

Keio collection
library, Japan

BW25113 ΔsodAΔsodB (KanR)

ΔsodA

Generated

in

this study

ΔsodB
KanR; Kanamycin resistance gene

2.1.5. Antibiotics and additives
Details of the preparation and usage of solutions of antibiotics and additives used is
listed below in Table 2.2. All solutions were filter (0.22µm) sterilized.
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Table 2.2: List of antibiotics and additives
Antibiotic/
additives

Stock conc.

Solvent

E. coli strain

(mg ml-1)

Working
conc.
(μg ml-1)

Ampicillin (Amp)

Kanamycin (Kan)

Chloramphenicol

100

50

34

distilled water

distilled water

100

BW25113

50

BL-21 (DE3)

50

All strains

25

100 % Ethanol BL-21 (DE3)

(Cm)
IPTG-Isopropyl

All strains

All strains

34
17

1M

distilled water

0-1 mM

L-Arabinose

0.2 M

distilled water

0-0.2 mM

Methyl viologen

0.1 M

distilled water

0-1mM

0.01 M

Methanol

0-10 nM

β-d-1thiogalactopyrano
side (IPTG)

(MV)
Tetracycline

2.1.6. Bacteriophage P1 mediated transduction
0.1 M Calcium chloride (CaCl2): Dissolved 1.47 g of CaCl2 in 10 ml of water.
0.1 M Magnesium chloride (MgCl2): Dissolved 0.095 g of MgCl2 in 10 ml of water.
1 M Sodium citrate: Dissolved 2.94 g of sodium citrate in 10 ml of water.
10 % Glucose: Dissolved 1 g of glucose in 10 ml of water.
The solutions were sterilized by autoclaving.
2.1.7. Plasmids vectors
Plasmid vectors used in the study are listed below in Table 2.3.
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Table 2.3: List of plasmid vectors
Plasmid

Important Features

Source/
Reference

pET28a (+)

KanR, N-terminus 6 X Histidine purification Novagen
tag, T7 RNA polymerase dependent protein

(Germany)

expression
pMAL-c5x

AmpR, N-terminus MBP purification tag,

NEB (USA)

T7 RNA polymerase independent protein
expression
pMAL-HIS

Modified pMAL-c5x vector (MBP gene

Generated in

was replaced with 8X Histidine residues),

this study

AmpR, T7 RNA polymerase independent
protein expression
pTwin1

AmpR, N-terminus Intein purification tag,

NEB (USA)

T7 RNA polymerase dependent expression,
pH dependent self-cleavable Tag, Tag-less
protein purification
pCP20

pGro7, pTF16,

AmpR, CmR, contained the temperature

Coli genetic

sensitive origin of replication and

stock center

temperature inducible yeast FLP

(CGSC), Yale

recombinase gene,

[249]

CmR, L-arabinose and or Tetracycline

TaKaRa (USA)

pGTF-2, pKJE7 inducible chaperone gene.
and pG-KJE8
AmpR- ampicillin resistance gene, CmR- chloramphenicol resistance gene, MBP- Maltose binding
protein

2.1.8. Enzymes
DNA polymerases, Pwo DNA polymerase was procured from Roche
Diagnostics (Germany) and Taq DNA polymerase was procured from New England
Biolabs (USA); Ligases, T4 Polynucleotide kinase and restriction endonucleases were
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procured from NEB (USA). Nucleases, Restriction enzymes were procured from New
England Biolabs (USA). SuperScript II Reverse Transcriptase was procured from
Invitrogen (USA).
2.1.9. DNA and protein molecular size standards
DNA molecular size standards (Lambda phage DNA-HindIII digest, Phi X 174
DNA-HaeIII digest, 100 bp DNA size ladder) and colour pre-stained protein ladder
were procured from New England Biolabs (USA). Gel filtration protein standard was
procured from GE healthcare (USA).
2.1.10. Molecular biology kits
Kits for Rapid DNA ligation, plasmid DNA isolation and PCR product
purification were procured from Roche Diagnostics (Germany). SYBR Green
Jumpstart Taq Ready mix was procured from Sigma-Aldrich (USA). Pierce BCA
Protein estimation kit from Thermo Fisher Scientific (USA) and Braford Reagent was
procured from Sigma-Aldrich (USA)
2.1.11. Chemicals
Molecular biology grade and electrophoresis grade chemicals were procured
from Sigma-Aldrich (USA) and HiMedia (India). Other chemical such as inorganic
salts and organic solvent of AR/LR grade were procured from either Qualigens (India)
or Himedia (India).
2.1.12. Buffers
Reagents for preparation of buffers such as Trizma base (2-Amino-2(hydroxymethyl)-1,3-propanediol), PIPES (Piperazine-N, Nʹ-bis (2-ethanesulfonic
acid), Sodium phosphate monobasic, Sodium phosphate dibasic, Potassium phosphate
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monobasic, Potassium phosphate dibasic, Sodium carbonate and Sodium bicarbonate
were procured from Sigma Aldrich (USA).
2.1.13. Resins, columns and membranes
Amylose and chitin resins were from New England Biolabs (USA) and NiNTA resin were procured from Roche Diagnostics (Germany). Gel filtration column
from GE healthcare (USA), empty columns from Bio-Rad (USA) and dialysis
membranes from Sigma-Aldrich (USA) were procured. Protein concentrator column
was procured from Corning (USA).
2.1.14. Disposable plastic material and glassware
Nuclease and pyrogen free polypropylene microfuge tubes, PCR tubes and
sterile polypropylene tubes of 15 ml, 50 ml capacity were procured from Axygen
(USA). Disposable sterile plastic petri plates were procured from Genexy (India),
sterile disposable syringe filters (0.22 μm and 0.45 μm) were procured from Corning
(USA). Real-time PCR plates/strips, optical clear films/ strip caps were procured from
Roche Diagnostics (Germany), sterile multi-well plates were from Corning (USA).
Electroporation cuvettes were procured from Eppendorf (Germany). All the glassware
was procured from Schott Duran (Germany).
2.1.15. Miscellaneous chemicals
Sodium dodecyl sulfate (SDS), Acrylamide, N,N′-Methylenebisacrylamide,
Ammonium

persulfate,

Tetramethylethylenediamine,

Agarose,

Riboflavin,

Ethylenediaminetetraacetic acid (EDTA), Diethylenetriaminepentaacetic acid, Nitro
blue tetrazolium chloride, Nicotinamide adenine dinucleotide reduced (NADH),
Sodium diethyldithiocarbamate trihydrate, Supra pure Nitric acid, 2-Thiobarbituric
acid,

Trichloroacetic

acid,

Glycerol,
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Diethyl

pyrocarbonate

(DEPC),

Phenylmethylsulfonyl

fluoride

(PMSF),

equilibrated

phenol,

1,1,3,3-

tetramethoxypropane were procured from Sigma Aldrich (USA). Acetone, Methanol,
Isopropanol, and Chloroform were procured from USB (USA). Phenazine
methosulfate (PMS), Polyethylene glycol (PEG) 8000 and Absolute Ethanol was
procured from Himedia (India). TRIzol reagent was procured from Invitrogen (USA)
and Hydrogen peroxide was from Merck-millipore (USA). Oligonucleotide primers
were custom synthesized from Integrative DNA technologies (IDT), (USA).

Solution preparation:
All the solutions were prepared in MilliQ water unless specified.
2.1.16. Reagents for total RNA isolation
RNase free water: Added 1 ml of DEPC (0.1 % v/v) into 1 L of water, mixed
vigorously and autoclaved.
Other reagents: TRIzol reagent, Chloroform, Isopropanol, β-mercaptoethanol (βME).
2.1.17. Reagents for gel electrophoresis
2.1.17.1. Reagents for polyacrylamide gel electrophoresis (PAGE)
30 % Acrylamide: Dissolved 290.0 g of Acrylamide and 10.0 g of N, N′methylenebisacrylamide in 600 ml of water. Adjusted the volume to 1 L with water
and solution was filtrated through 0.45 μm pore size filter. Solution was kept in dark
coloured bottle and stored at 4 °C.
10 % Sodium dodecyl sulfate (SDS): 10.0 g of SDS was dissolved in water with
gentle stirring and made the volume to 100 ml with water and stored at room
temperature.
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10 X Tris-Glycine buffer: Dissolved 30.0 g of Trizma base, 144.0 g of Glycine in
water, made up the volume to 1 L with water and autoclaved. 1 X Tris-Glycine buffer
was prepared by ten-times dilution of the 10 X Tris-Glycine buffer. 1 X Tris-GlycineSDS was prepared by dissolving 100 ml of 10 X Tris-Glycine buffer, 10 ml of 10 %
SDS and made up volume to 1 L with water.
1.0 M Tris-HCl pH 6.8; Dissolved 12.11 g of Trizma base in water and pH of the
solution was adjust to 6.8 with 4 M Hydrochloric acid (HCl) and volume made up to
100 ml with water.
1.5 M Tris-HCl; pH 8.8; Dissolved 18.17 g of Trizma base in water and pH of the
solution was adjust to 8.8 with 4 M HCl and volume made up to 100 ml with water.
10 % Ammonium persulfate (APS): APS (25 mg) was dissolved in 0.25 ml of water
and was prepared fresh every time before use.
2 X Native sample buffer: Native sample buffer (2 X) was prepared by mixing the
reagents to the final concentrations (62.5 mM Tris-Cl, pH 6.8, 40 % glycerol, 0.01 %
(w/v) bromophenol blue).
4 X Laemmli sample buffer: Laemmli sample buffer (4 X) prepared by mixing the
reagents to the final concentrations (200 mM Tris-Cl, pH 6.8, 8 % (w/v) SDS, 40 %
(v/v) glycerol, 0.2 % (w/v) bromophenol blue and 20 % of β-mercaptoethanol).
Coomassie Brilliant Blue R-250 staining solution: Dissolved 10.0 g of Coomassie
Brilliant Blue R-250 (CBB) in 500 ml methanol, 100 ml glacial acetic acid and 400 ml
distilled water, mixed thoroughly and filtered through Whatman filter paper No. 1 and
stored in dark coloured bottle at room temperature.
Destaining solution: Prepared by mixing 400 ml Methanol, 100 ml glacial acetic acid
and 500 ml of distilled water and stored at room temperature.
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Preparation of polyacrylamide gel:
Non-denaturing PAGE gel (10 %): Non-denaturing PAGE gel (10 %) was prepared
by mixing 1.5 M Tris-HCl pH-8.8 (2.5 ml), 30 % acrylamide solution (3.33 ml), 10 %
APS (0.1 ml), water (4.07 ml) and 4 μl of TEMED. TEMED was added in last, just
before pouring. Gel was kept at room temperature till polymerization. Prior to use,
wells were washed thoroughly with 1 X Tris-Glycine buffer and pre-run for 30 min.
Denaturing PAGE (SDS-PAGE) gel: It has two component system: Resolving and
Stacking gel. Resolving gel (12 %, 10 ml) was prepared by mixing 1.5 M Tris-Cl pH
8.8 (2.5 ml), 30 % acrylamide solution (4 .0 ml), 10 % APS (0.1 ml), 10 % SDS (0.1
ml), water (3.3 ml) and 4 TEMED (4 μl). Stacking gel (4%, 4 ml) was prepared by
mixing 1 M Tris-Cl pH 6.8 (0.5 ml), 30 % Acrylamide solution (0.68 ml), 10 % APS
(0.04 ml), 10 % SDS (0.04 ml), water (2.72 ml) and TEMED (4 μl). TEMED was
added just before pouring the gel. Resolving gel was poured between the plates
followed by overlaying of isopropanol (0.2 ml) and allowed to polymerize. After
polymerization, isopropanol layer was removed, stacking gel was poured and kept for
polymerization. Before use wells were washed with 1 X Tris-Glycine-SDS buffer.
2.1.17.2. Reagents for agarose gel electrophoresis
5 X Tris-Borate EDTA (5X TBE) buffer: 5 X stock solution of TBE buffer was
prepared by dissolving 54.0 g of Trizma base, 27.5 g of Boric acid in water and
mixing 20 ml of EDTA (0.5 M, pH 8.0) solution to a final volume of 1 L and
sterilized by autoclaving. Working buffer solution (1X TBE buffer) was prepared by
five-fold dilution of 5 X TBE buffer stock in water and used for preparation of
agarose gels and as electrophoresis buffer.
6 X sample loading buffer: The sample loading dye was prepared by mixing the
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components to the final concentrations; Bromophenol blue dye (0.25 % w/v), Xylene
Cyanol FF dye (0.25 % w/v) and 30 % (v/v) Glycerol and stored at 4 °C.
Ethidium bromide (EtBr) staining solution: EtBr stock solution (10 mg ml-1) was
prepared by dissolving 0.1 g EtBr in 10 ml water with gentle stirring. The container
was wrapped in aluminum foil and stored at room temperature. Working staining
solution (0.5 μg ml-1) was prepared by adding 10 μl of EtBr stock solution into 200 ml
of water.
All electrophoresis reagents for RNA work were prepared and diluted in autoclaved
DEPC treated water.
Preparation of agarose gel:
Agarose gel (1-2 %) was prepared by adding appropriate amount of agarose in 40 ml
of 1 X TBE buffer, heated in micro-oven with gentle stirring, poured on gel-casting
tray and allowed to solidify. Wells were flushed with electrophoresis buffer prior to
use.
2.1.18. Reagents for biochemical analysis
Acetate buffer:
Solution A; (0.2 M Sodium acetate; CH3COONa): Dissolved 2.72 g of Sodium
acetate trihydrate (CH3COONa.3H2O) in 100 ml of water.
Solution B;(0.2 M acetic acid; CH3COOH): Prepared 100 ml of 0.2 M glacial acetic
acid solution by diluting 1.15 ml of the stock (17.4 M) in water.
0.2 M acetic acid buffer solution (50 ml) for pH 4.0 and 5.0 was prepared by mixing
solution A and B as below mentioned.
For pH 4.0 (Solution A; 9 ml and solution B; 41 ml), for pH 5.0 (solution A; 35 ml
and solution B; 15 ml) was mixed.
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Sodium phosphate buffer:
Solution A; (1 M Sodium phosphate dibasic; Na2HPO4): Dissolved 14.2 g of
Na2HPO4 in 100 ml of water.
Solution B; (1 M Sodium phosphate monobasic monohydrate; NaH2PO4.H2O):
Dissolved 13.8 g of NaH2PO4.H2O in 100 ml of water.
0.2 M Sodium phosphate buffer solution (50 ml) for pH (6.0-8.0) was prepared by
mixing different proportion of solution A and B as below mentioned.
For pH 6.0 (solution A; 1.2 ml and solution B; 8.8 ml), pH 7.0 (solution A; 5.77 ml
and solution B; 4.23 ml), pH 7.8 (solution A; 8.96 ml and solution B; 1.04 ml) and pH
8.0 (solution A; 9.32 ml and solution B; 0.68 ml) and made up the volume to 50 ml
with water.
Potassium phosphate buffer:
Solution A; (1 M Potassium phosphate dibasic; K2HPO4): Dissolved 17.42 g of
K2HPO4 in 100 ml of water.
Solution B; (1 M Potassium phosphate monobasic; KH2PO4): Dissolved 13.6 g of
KH2PO4 in 100 ml of water.
0.2 M Potassium phosphate buffer solution (50 ml) for pH (6.0-8.0) was prepared by
mixing different proportions of solution A and B as below mentioned.
For pH 6.0 (solution A; 1.32 ml and solution B; 8.68 ml), pH 7.0 (solution A; 6.15 ml
and solution B; 3.85 ml), pH 7.8 (solution A; 9.08 ml and solution B; 0.92 ml) and pH
8.0 (solution A; 9.40 ml and solution B; 0.60 ml) and made up the volume to 50 ml
with water.
Bicarbonate buffer:
Solution A (0.2 M Sodium carbonate; Na2CO3): Dissolved 4.4 g Na2CO3 in 200 ml
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water.
Solution B (0.2 M Sodium bicarbonate; NaHCO3): Dissolved 3.36 g of NaHCO3 in
200 ml of water.
0.2 M Sodium bicarbonate buffer solution (50 ml) for pH (9.2-10.8) was prepared by
mixing different proportions of solution A and B as below mentioned.
For pH 9.2 (solution A; 5.0 ml and solution B; 45.0 ml), pH 10.0 (solution A; 30.0 ml
and solution B; 20.0 ml), pH 10.5 (solution A; 40.0 ml and solution B; 10.0 ml) and
pH 10.8 (solution A; 45.0 ml and solution B; 5.0 ml) was mixed.
Tris-HCl buffer:
1 M Tris-HCl; pH 7.0, 8.0 and 9.0 was prepared by dissolving 12.11 g of Trizma base
in water, pH was adjusted to respective pH 7.0, 8.0 and 9.0 with 4 M HCl and made
up the volume to 100 ml with water.
0.5 M Ethylenediaminetetraacetic acid (EDTA) pH 8.0: Disodium salt of EDTA
(18.6 g) was added to 80 ml of water and vigorously stirred. The pH of solution was
adjusted to 8.0 with 4 M NaOH solution and volume made to 100 ml with water and
was sterilized by autoclaving.
4 M NaCl: Dissolved 23.4 g of NaCl in 100 ml of water.
4 M Imidazole: Dissolved 27.23 g of imidazole in 100 ml of water.
0.1 M Maltose: Maltose stock solution (0.1 M) was prepared by dissolving 1.71 g of
maltose in 50 ml of water.
0.2 M Phenylmethylsulfonyl fluoride (PMSF): Dissolved 0.348 g of PMSF in 10 ml
of absolute ethanol and stored at 4 °C.

2.1.19. Reagents for SOD activity assay
0.2 M phosphate buffer, pH 7.8
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10 mM EDTA: Diluted 0.1 ml of 0.5 M EDTA solution in 4.9 ml water.
7.8 mM Nicotinamide adenine dinucleotide reduced (NADH): NADH disodium
salt (11.06 mg) was dissolved in 2 ml water.
5 mM Nitro Blue Tetrazolium (NBT): 5 mM solution was prepared by dissolving
8.16 mg NBT in a final volume of 2 ml water.
16.5 mM Phenazine methosulphate (PMS): PMS stock solution (16.5 mM) was
prepared by dissolving 10.1 mg of PMS in 2 ml of water. Stock solution was diluted
to prepare PMS working stock solution (8.25 µM). PMS stock was prepared fresh
every time before use.
SOD assay mix: Stock reagents were mixed to prepare SOD assay mix (50 mM
Buffer, 0.1 mM EDTA, 78 μM NADH, 50 μM NBT).
0.1 M Hydrogen peroxide (H2O2) solution: H2O2 stock concentration was estimated
spectrophotometrically at absorbance (A240 nm) and using molar extinction coefficient
of 43.6 M-1 cm-1. H2O2 stock was diluted accordingly to prepare 0.1 M H2O2 working
stock solution.
0.1 M sodium azide (NaN3): Dissolved 13 mg of sodium azide in 2 ml of water.
0.1 M Diethyldithiocarbamate (DDC): Dissolved 17.13 mg of DDC in 1 ml of water.
2.1.20. Reagents for peroxidase activity assay
0.1 M Diethylene triamine pentaacetic acid (DTPA): Dissolved 39.34 mg of DTPA
in 1 ml of water.
10 mM 2’, 7’ dichlorodihydrofluroscein- diacetate (DCFH-DA): DCFH-DA (4.87
mg) was dissolved in 1 ml of methanol.
5 mM 2’, 7’ dichlorodihydrofluroscein (DCFH): DCFH (5 mM) was prepared by
hydrolyzing 0.2 ml of 10 mM DCFH-DA with 0.2 ml of 10 mM NaOH for 30 min in
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dark at room temperature and kept in ice during the experiment.
2.1.21. Reagents for lipid peroxidation assay
1 X Phosphate buffer saline (PBS): Dissolved 0.144 g Na2HPO4, 24.0 mg of
KH2PO4, 20.0 mg KCl and 0.8 g NaCl in 100 ml of water.
1 % 2-Thiobarbituric acid (TBA): TBA, 1 % (w/v) was prepared by dissolving 0.1 g
of TBA in 10 ml of water.
2.5 M HCl: Concentrated HCl (11.5 M) was diluted to prepare working stock (2.5 M).
30 % Trichloroacetic acid (TCA): Dissolved 3.0 g TCA in 10 ml of water.
Thiobarbituric acid (TBA) reagent: TBA reagent was prepared by mixing the
stocks to final concentration: 0.375% TBA, 0.25 M HCl, 15% TCA and 6 mM EDTA.
1, 1, 3, 3-Tetramethoxypropane (TMP): TMP used as MDA equivalent standard (010 µM) and prepared by diluting the TMP in water.
2.1.22. Reagents for Polymerase Chain Reaction (PCR)
dNTP solution (10 mM): The 100 mM dNTPs stock solutions of each of the four
deoxynucleotide triphosphates (dATP, dGTP, dCTP and dTTP) were mixed, diluted to
10 mM using autoclaved MilliQ water, and stored at -20 °C.
Oligonucleotide primers: Oligonucleotide primers were designed and custom
synthesized.
Primer designing: OsCSDs DNA sequences were retrieved from Rice genome
annotation project (RGAP-MSU) database for designing primers for cDNA
amplification and cloning for heterologous expression in E. coli. While for
quantitative RT-PCR (qRT-PCR) analysis primers already available in the laboratory
were used.
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2.1.22.1. Oligonucleotide primers for qRT-PCR analysis
Spliced variants specific primers used for qRT-PCR analysis are listed in Table 2.4.
Table 2.4: List of gene specific and splice variant specific qRT-PCR primers.
List of gene specific qRT-PCR primers
Locus/

Gene Primer

Primer sequence (5′-3′)

name

Name

LOC_Os03g22810

OsCSD1-

GCATGTCAACTGGGCCACAC

(OsCSD1)

TS-F

TACA

OsCSD1-

CATGGATATTAGCAACACCA

TS-R

TCTTC

LOC_Os08g44770

OsCSD2-

TGGGTGCATATCAACAGGAC

(OsCSD2)

TS-F

CACA

OsCSD2-

GGTTGCCTCAGCTACACCTT

TS-R

CAGC

LOC_Os03g11960

OsCSD3-

CAACGGCTGCAACTCTACCG

(OsCSD3)

TS-F

GGCC

OsCSD3-

GGTCCTTTATGAAGATATCT

TS-R

GCAACAC

LOC_Os07g46990

OsCSD3-

CATGTCAACTGGACCACACT

(OsCSD4)

TS-F

TCAA

OsCSD3-

ATTGACATTAGCAACACCAT

TS-R

CTGC

Length

%

(nt)

GC

24

54.17

25

40

24

50

24

58.33

24

66.67

27

40.74

24

45.83

24

41.67

24

54.2

25

40.0

22

63.6

24

50.0

List of splice variant specific qRT-PCR primers
LOC_Os03g22810

OsCSD1-F

(OsCSD1)

GCATGTCAACTGGGCCACAC
TACA

OsCSD1-R

CATGGATATTAGCAACACCA
TCTTC

LOC_Os08g44770

OsCSD2-

AAGAAGGCCGTCGCCGTGCT

(OsCSD2)

Com-F

CA

OsCSD2-

CACGGACATTCACTGTTGTA

SV1-R

GGAC
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OsCSD2-

GTCCCGTCACACGGACATTC

24

54.2

SV2-R

ACTT

LOC_Os03g11960

OsCSD3-

GTAGCCAACAAAGATGGTGT 23

47.8

(OsCSD3)

SV1-F

TGC

OsCSD3-

TGTTTTACTGAGTTCATGAC

24

41.7

SV1/3-R

CACC

OsCSD3-

GATGACCTAGGAAGGGCTAT 23

52.2

SV2-F

GGT

OsCSD3-

AGTTCATGACCACCTGTCTT

SV2-R

ATGA

OsCSD3-

TGCAACTCTACCGGTGTTGC

SV3-F

AG

OsCSD3-

ACGGCTGCAACTCTACCGGG

SV4-F

CC

OsCSD3-

ATATTTTACATATTTCAAGA

SV4-R

CAATGGA

LOC_Os07g46990

OsCSD4-

CATGTCAACTGGACCACACT

(OsCSD4)

SV1-F

TCAA

OsCSD4-

ATTGACATTAGCAACACCAT

SV1-R

CTGC

OsCSD4-

CCTTCTGGAGTCTTCCTCATC 25

SV2-F

AGAA

OsCSD4-

AGCAACAGCCTTCACCAT

SV2-R

CTCA

Actin-2-F

CTAGTGGACGTACTACTGGT

LOC_Os10g36650
(Actin-2)

24

41.7

22

54.5

22

68.2

27

22.2

24

45.8

24

41.7

48

22

58.29

24

45.8

24

50.0

GTGACAGCAGGTCGAGCATC 24

58.3

ATTG
Actin-2-R

GATCCCTACCAGCAAGATCA
AGAC

LOC_Os08g03290

GAPDH-F

(GAPDH)

TTCG
GAPDH-R

GTCGATGACACGGTTGCTGT
AACC

F- Forward primer, R- Reverse primer, Com- Common primer, nt- nucleotide
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24

54.2

2.1.21.2. Oligonucleotide primers for cloning
Primers were designed to amplify the full-length OsCSDs-cDNA for cloning,
expression and characterization of proteins encoded by constitutive and alternative
splice variants. Restriction digestion pattern of the CDS were analyzed using NEB
cutter tool (http://nc2.neb.com/NEBcutter2/). Few restriction enzymes were found
suitable for cloning, of which NdeI site was incorporated in the sequence of forward
primers and EcoRI site was introduced in the reverse primers.
For cloning OsCSDs-cDNA at multiple cloning sites (MCS) of pET28a(+) and
pMAL-c5x plasmid expression vectors NdeI and EcoRI restriction sites were used and
for cloning into pTwin1 expression vector EcoRI restriction sites in both forward and
reverse primers were used. Few non-specific bases were also added prior to restriction
sites for efficient digestion.
Details of primers used for OsCSDs amplification are given in Table 2.5.
Restriction enzyme sites NdeI and EcoRI were underlined and italicized respectively
in the primer sequence.
Table 2.5: List of primers used for cloning of OsCSDs and splice variants
Gene

Primer Name

Primer sequence (5′- 3′)

Name
OsCSD1

OsCSD1-F

ATCGGGATCCCCATATGGTGAAG

Length

%

(nt)

GC

46

52.2

30

50.0

37

67.6

136

61.8

GCTGTTGTTGTGCTTGGTAGCAG
OSCSD1-R

CGGAATTCTCAGCCTTGAAGTCC
GATGATC

OsCSD2

OsCSD2-SV1-F

CGGCAGCCATATGGCCGACGCC
ACCAAGAAGGCCGTC

OsCSD2-SV2-F

CGATCGGGATCCCCATATGGCCG
ACGCCACCAAGAAGGCCGTCGC
CGTGCTCAAGGGCACCTCCCAGG
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TTGAGGGAGTCGTCACCCTCACC
CAGGATGACCAAGTGAATGTCC
GTGTGACGGGACTTACTCCTGGA

OsCSD3

OsCSD2-Com-

CGGAATTCCTACAACGGGGTCAG

29

58.6

R

CCCAAC

OsCSD3-Com-

GGGAATTCCATATGATGGCAGGG

36

61.1

F

AAAGCCGGCGGCC

OsCSD3-

CGGAATTCTTAAACTGCAGATCG

37

40.5

SV1/3-R

AAGTCCAATGATAC

OsCSD3-SV2-

CGGAATTCCTAGTAGTTACACTC

36

44.4

R

AAGGTTGAAGAGC

OsCSD3-SV-

GTGTTGCAGATATCTTCATAAAG

32

40.6

3a-F

GACCTACAG

OsCSD3-SV-

CGGTAGAGTTGCAGCCGTTGGTG

28

60.7

3b-R

GTGTC

OsCSD3-SV4-

CGGAATTCTCAAGACAATGGAAC

23

43.5

OsCSD3-SV4a-

TCAGAATTCTCAAGACAATGGAA

43

39.5

R

CCTGTAGGTCCTTTATGAAG

OsCSD4-F

GGGAATTCCATATGATGGTGAAG

36

50

27

55.6

R

OsCSD4

GCTGTTGCTGTGC
OsCSD4-R

CGGAATTCCTAACCCTGGAGTCC
GATG

F-Forward, R- Reverse, Com-Common

2.1.22.3. Oligonucleotide primers for OsCSD1 exon mapping
Exon-specific primers were designed for mapping of OsCSD1 cDNA region was
mentioned in Table 2.6.
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Table 2.6: List of OsCSD1 exon specific primers
Primer

Primer sequence (5′-3′)

name

Length

%

(nt)

GC

E1F

ATGGTTCAGGTCATCAGTGATGAGC

25

48

E2F

AACACGGGGCAAAGGAGGATATATC

25

48

E2aR

CTTGGCGCTAGATCCGGTGTCCA

23

60.9

E2R

CTTGCGCCCAAGGTCACGGACTGC

24

66.7

E3aF

GGCCCTCAATGTTGGCTGGTG

21

61.9

E3R

CTCAGGCGACCCCCGCGGCGACG

23

82.6

E4F

ATCACATTAACAATGGTGAAGGCTG

25

40

E10R

TCAGCCTTGAAGTCCGATGATC

22

50

E3bF

GGTGGCTGCAACTGCAAGCTGCCA

24

63

E3cF

CTGCCAGTTTGACTACAAATACCACCGCA

29

48

E3dF

ACCGCACACCGCTGGAGGGAGGGGAACCTTC

31

68

E3eF

CCTTCCAGAAGCTCCAGATTCCAAACCAG

29

52

E3fF

ACCAGCAGGAGTCGCCTCGCCTCCTC

26

69

E3gF

CTCCTCCTTCATCCTCCTCGTCGTC

25

60

E3hF

TCGTCGCCGCGGGGGTCGCCTGAG

24

79

Tris-EDTA (TE) buffer: Tris-EDTA buffer (Tris-HCl: 10 mM, EDTA; 1 mM, pH
8.0) was prepared, autoclaved and used for dissolving lyophilized primers (100 pmol
μl-1) and stored at −20 °C. The working concentration of primers (10 pmol μl -1) was
prepared by diluting in nuclease free water.
2.1.23. Miscellaneous reagents
100 X SYPRO orange: SYPRO orange (100 X) was prepared from 50-fold dilution
of SYPRO orange stock (5,000 X) in MilliQ water and final concentration (5 X) was

60

used for Differential Scanning Fluorimetry (DSF) analysis of protein.
Methyl viologen (MV): MV (0.1 M) was prepared by dissolving 25.7 mg of methyl
viologen dichloride hydrate in 1 ml of water.
0.85 % Saline: Dissolved 1.7 g NaCl in 200 ml of distilled water and autoclaved.
2.1.24. Offline and online computational tools
a) Rice Genome Annotation Project database at Michigan State University (RGAPMSU) (http://rice.plantbiology.msu.edu/)
b) Rice Annotation Project Database (RAP-DB) (https://rapdb.dna.affrc.go.jp/)
c) Rice Expression Database (RED) (http://expression.ic4r.org/)
d) The Arabidopsis Information Resource (TAIR) (https://www.arabidopsis.org/)
e) Conserved domain database of NCBI
(http://www.ncbi.nlm.nih.gov/structure/cdd/wrpsb.cgi)
f) NCBI website (http://www.ncbi.nlm.nih.gov)
g) Primer BLAST (http://www.ncbi.nlm.nih.gov/tools/primer-blast/)
h) ChloroP (http://www.cbs.dtu.dk/services/chloroP/)
i) ExPASy Compute pI/Mw tool (https://web.expasy.org/compute_pi/)
j) NEB cutter (http://nc2.neb.com/NEBcutter2/)
k) Clustal X [250]
l) BioEdit [251]
m) MEGA 4.0 [252]
n) Plaza monocot and dicot resource (https://bioinformatics.psb.ugent.be/plaza/)
o) PlantPAN 3.0 (http://plantpan.itps.ncku.edu.tw/)
p) PlantCARE (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/)
q) SWISS-MODEL work space (http://swissmodel.expasy.org/workspace)
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r) PyMOL (https://pymol.org/2/)
s) IBS tool [253]
t) Chou and Fasman Secondary Structure Prediction server (CFSSP)
(http://www.biogem.org/tool/chou-fasman/index.php)
2.1.25. List of common instruments
Plant Growth Chamber (Sanyo, Japan), Thermal cycler (Eppendorf, Germany),
Real time PCR instrument (Roche Diagnostics, Germany), Centrifuge (Hermle,
Germany), Shaker incubator (Orbitek, India), Circular Dichroism Polarimeter (JASCO
815, USA), Gel-Documentation system (Syngene, England), Spectrophotometer
(Shimadzu, Japan), Multi-well

plate reader (Tecan,

UK),

Electroporator

(Eppendorf, Germany), AKTA Start protein purification instrument (GE Healthcare,
USA), FPLC-chromatography system (Bio-Rad, USA) and cell sonicator (Branson,
CT, USA) were used for various experiments.

2.2. Methods
2.2.1. Rice seedling growth conditions and abiotic stress treatment
Rice genotype NSICRc106 seeds were surface sterilized by 0.1 % HgCl2
solution for 10 min and rinsed several times with distilled water. Seeds were imbibed
in distilled water for 1 day and kept for germination in sterile moist filter paper in dark
for 2 days. Two-day after germination, (plumule length: ~1 cm) seedlings were
transferred to perforated 96-well plates and grown hydroponically in Hoagland media
in plant growth chamber (Sanyo, Japan). The following chamber conditions for
growth of seedlings were used: 14 h light/ 10 h dark, light intensity: 150 µmol m −2 s−1
(photon flux density), temperature: 28 ± 1 °C (light period) and 26 ± 1 °C (dark period)
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and humidity: 65 %. For stress treatment, the six-day old rice seedlings were subjected
to salt stress (150 mM NaCl), drought (15 % PEG), and oxidative stress (10 µM MV).
Shoot tissues were collected at different time-points from control and stressed
seedlings. Some 15-day olds seedlings were also transferred to pots and grown under
field conditions and used for collection of rice tissues viz. mature leaf, panicle, stem
and flag leaf. Tissues collected were immediately frozen in liquid nitrogen, and stored
at − 70°C until further use.
2.2.2. Transcription inhibitor treatment
Rice shoot tissues were treated with transcription inhibitor (α- amanitin) as per
[254], with minor modifications. Six-days old rice shoot tissues were cut into small
pieces (approx. 0.5 cm in length), transferred to transcription inhibitor solution
containing α- amanitin (0.1 mg ml-1) and vacuum infiltrated for 5 min, thrice. Samples
were collected at different time-points and stored at − 70°C until further use.
2.2.3. Electrophoresis of nucleic acids and proteins
2.2.3.1. Separation of nucleic acids
Nucleic acids (DNA and RNA) samples were mixed with 6 X sample loading
buffer and loaded on agarose gel along with appropriate molecular size markers.
Samples were resolved electrophoretically on agarose gel (0.8- 2.0 %) in 1 X TBE
running buffer at 80-100 V. Gel was stained in ethidium bromide solution and
photographed on gel documentation system.
2.2.3.2. Separation of proteins
For non-denaturing/native PAGE, protein samples were mixed with 2 X native
sample buffer. Tris-Glycine buffer (1 X) was used as electrophoresis buffer. Protein
samples were loaded on 10 % PAGE gel and electrophoresed at 100-120 V at 4 °C.
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Gel was activity stained (Zymogram analysis)/ CBB stained for visualization of
proteins.
For denaturing PAGE (SDS-PAGE), 1 X Tris-Glycine-SDS buffer was used as
electrophoresis buffer. Protein samples were mixed with 4 X Laemmli sample buffer.
The samples were heated in boiling water bath for 10 min and subjected to
centrifugation at 13680 x g for 10 min. Samples (along with protein standard
molecular markers) were resolved by electrophoresis. The gels were stained with
CBB-staining solution for 10-15 min and washed with destaining solution for 15 min,
twice. Gel was photographed on gel documentation system.
2.2.4. Plant total RNA isolation
Total RNA from rice tissues was isolated using TRIzol method. Tissue
samples were fine grounded with liquid N2 in mortar and pestle. TRIzol (1 ml) was
added to ~100 mg of tissue, mixed and incubated at room temperature for 5 min.
Samples were mixed with 0.2 ml of chloroform and incubated at room temperature for
15 min followed by centrifugation at 13680 x g for 15 min at 4 °C. Aqueous phase
was collected, mixed with 0.5 ml isopropanol. Sample was incubated for 10 min at
room temperature and centrifuged at 13680 x g for 10 min at 4 °C. The pellet obtained
was washed with 1 ml 70 % ethanol. Pellet was air dried, dissolved in 0.1 ml RNase
free water and stored at −70 °C until further use. RNA integrity was accessed by
electrophoresis on 1 % agarose gel. RNA samples were resolved by electrophoresis at
80 V, EtBr stained and photographed on gel documentation system.

RNA was

quantified by spectrophotometrically as mentioned in Section 2.2.7.
2.2.5. DNase I treatment
Total RNA (10 μg) in a volume of 20 μl with reaction mixture consists of 1.0
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μl of 25 mM MgCl2, 10 U DNase I (RNase free) and nuclease free water was
incubated at 37 °C for 1 h. The DNase activity was terminated by addition of 2.5 mM
EDTA (1.0 μl) followed by incubation at 70 °C for 20 min.
2.2.6. First-strand cDNA synthesis
RNA was reverse transcribed into complementary DNA strand (cDNA) by
reverse transcriptase (RT) enzyme. First-strand cDNA was synthesized using
SuperScript II (SS II) RT, random nonamers (N9) and anchored oligo(dT)23 primer.
DNase I treated RNA (5μg) was incubated at 70 °C for 5 min and snap-chilled on ice
for 5 min. A reaction mix (20 μl), consists of with/without 10 U μl-1 SuperScript II RT,
1 X first-strand buffer, 10 mM DTT, 0.5 mM dNTPs, 25 ng μl-1 anchored oligo(dT)23
and 12.5 ng μl-1 random primers was set up. The following program used for cDNA
synthesis: annealing at 25 °C (10 min); extension at 42 °C (60 min) and inactivation at
70 °C (15 min). Samples were stored at −20 °C until further use. Reaction without RT
served

as

minus

(−)RT

control.

Synthesized

cDNA

was

quantified

spectrophotometrically as described in Section 2.2.7.
2.2.7. Estimation of nucleic acids
Spectrophotometric estimation of RNA and DNA
Quantification

of

DNA

and

RNA

samples

was

carried

out

spectrophotometrically by measuring the optical density (OD) at absorbance (A260 nm)
and using the following standard calculations:
1 OD at A260 nm for RNA = 40 μg ml-1
1 OD at A260 nm for single strand DNA (ssDNA) = 33 μg ml-1
1 OD at A260 nm for double strand DNA (dsDNA) = 50 μg ml-1
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2.2.8. Quantitative Reverse Transcription-Polymerase Chain Reaction (qRTPCR)
Quantitative RT-PCR (qRT-PCR) is very sensitive and high-throughput
technique for detection, quantification and analysis of gene expression under different
conditions. OsCSD splice variants in different rice tissues and treatment conditions
were analyzed by qRT-PCR using specific primers listed in Table 2.4. Assay
conditions were optimized for annealing temperature, amount of template, primer etc.
using SYBR-Green JumpStart Taq ready mix and qRT-PCR primers on a Real-time
PCR machine. Specificity of the reaction was assessed by melt curve analysis of the
reaction products as well as analyzing the sample on 2 % agarose gel.
The assay mix contained cDNA (10- 50 ng μl-1), primers (FP and RP; 0.5 pmol
μl-1 each), 1 X SYBR-Green jumpstart Taq ready mix, total volume of the reaction
adjusted to 10 μl with DNase free water. The RT-PCR program used with following
settings: initial denaturation; 95 °C- 2 min, 45 repetition of cycling step (95 °C- 15 sec;
65 °C-20 sec; 68 °C-25 sec) followed by melting-curve analysis using a linear
temperature ramp from 60 °C- 94 °C in 20 min. Rice Actin-2 was used as reference
gene and validation was also done using a second reference gene, Glyceraldehyde 3phosphate dehydrogenase (GAPDH). No template control (NTC) and minus RT
control (-RT control) were also included, and data analysis was carried out using
delta-delta Ct [2(-ΔΔ Ct)] method [255]. All PCR samples were run in triplicates and
with two biological replicates.
2.2.9. E. coli competent cells preparation
2.2.9.1. Electrocompetent cells
E. coli strain Top10 was streaked on LBA and incubated at 37 °C for 16 h. A
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single isolated colony was inoculated in LB media and grown at 37 °C, 150 rpm for
16 h. Culture was 100-fold diluted (1 ml in 100 ml) in fresh LB media and grown up
to absorbance (A600 nm) of 0.4-0.6. Cells were harvested by centrifugation at 4430 x g
for 10 min at 4 °C. Cell pellet was gently resuspended in 50 ml of sterile ice-chilled
MilliQ water followed by centrifugation at 4430 x g for 10 min at 4 °C. This washing
step was repeated twice and finally the cells were resuspended in 1 ml of 10 %
glycerol. Cells were aliquoted (50µl); snap-freezed in liquid N2 and stored at −70 °C
till further use.
2.2.9.2. Chemical competent cells
E. coli expression host strain BL-21 (DE3) was streaked onto LBA plate and
grown at 37 °C. A single isolated colony was inoculated in LB-media and grown for
16 h at 37 °C. Culture was 100-fold diluted in 100 ml (1 ml in 100 ml) of LB media
and grown at 37 °C till absorbance (A600nm) reached to ~0.4. Culture was kept on ice
for 30 min and cells were harvested by centrifugation at 1970 x g for 10 min at 4 °C.
Cell pellet was gently resuspended in 25 ml sterile ice-chilled 0.1 M CaCl2 and kept
again on ice (15 min). This step was repeated twice with gradually decreasing the
volume of CaCl2. Finally, cell pellet was resuspended in 0.5 ml of 0.1 M CaCl2 with
10 % glycerol and aliquoted (50 µl). Cells were snap-freezed with liquid N2 and stored
at − 70 °C till further use.
Competent cells of other E. coli strains (SHuffle, Top 10, BW25113) were also
prepared in a similar manner using recommended growth conditions mentioned in
Section 2.1.3.
2.2.10. Plasmid DNA isolation
Top 10 E. coli cells carrying plasmid of interest e.g. pET28a (+) was cultured
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in 4 ml of LB media containing kanamycin (LB-Kan+) and grown at 37 °C for 16 h at
150 rpm. Cells were harvested by centrifugation at 4430 x g for 10 min at 4 °C.
Plasmid DNA was isolated using High Pure Plasmid isolation kit. Cell pellet was
resuspended in 250 μl of resuspension buffer followed by gently mixing in 250 μl of
lysis buffer and incubated for 5 min at room temperature. Chilled binding buffer (350
μl) was added to the sample, gently mixed and incubated for 10 min on ice, followed
by centrifugation at 13680 x g for 10 min at room temperature. Supernatant was
transferred to filter column and centrifuged at 13680 x g for 1 min and flow through
was discarded. Column was washed with 500 μl of washing buffer I, subsequently
washed with 700 μl of washing buffer II and flow through was discarded. Column was
centrifuged for additional 1 min and placed on to a fresh 1.5 ml microfuge tube.
Plasmid DNA was eluted from column with addition of 100 μl MilliQ water by
centrifugation. Plasmid DNA was analyzed on 1 % Agarose gel.
2.2.11. Purification of DNA
PCR amplified, restriction digested and DNA products of ligation reaction
were purified by High Pure PCR product purification kit. DNA products (100 μl) were
mixed with 500 μl of binding buffer, loaded on filter column and centrifuged at 13680
x g for 1 min, flow through was discarded. Subsequently, filter column was washed
twice with 500 μl and 200 μl of wash buffer. Filter column was placed onto fresh 1.5
ml microfuge tube, MilliQ water (50 μl) was added. DNA was eluted from column by
centrifugation. Purified DNA was analyzed on 1-2 % agarose gel.
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2.2.12. Isolation and cloning of rice CSDs (OsCSDs) and splice variants
2.2.12.1. Isolation of cDNA of OsCSD splice variants and genomic DNA
fragments
OsCSD splice variant (SV) sequences were PCR amplified from cDNA of rice
genotype NSICRc106 using Pwo DNA polymerase and specific primers listed in
Table 2.5 and 2.6. PCR reaction (volume: 50 μl) contained following components:
cDNA (100-200 ng), primers (FP and RP, 0.5 pm μl-1), dNTPs (0.4 mM), MgSO4 (2
mM), 1 X Pwo DNA polymerase buffer, Pwo DNA polymerase (2.5 U) in a reaction
volume of 50 μl. PCR program used was as follows: 95 °C- 5 min, 35 cycles of 95 °C1 min; 65 °C- 1-5 min (based on the amplicon length); 72 °C- 1.5 min and 72 °C- 5
min.
2.2.12.2. Inverse Polymerase Chain Reaction (Inverse PCR)
Inverse PCR was performed to generate pET28a-OsCSD3-SV3 (lacking exon3)
from pET28a-OsCSD3-SV1 as template DNA and Pwo DNA polymerase (Fig. 2.1).
Primers, OsCSD3-SV3a-F and OsCSD3-SV3b-R were used for inverse PCR assay.
PCR reaction (volume: 50 μl) contained plasmid DNA (pET28a-OsCSD3-SV1; 0.1 ng
μl-1), primers (FP and RP, 0.5 pm μl-1), dNTPs (0.4mM) MgSO4 (2 mM), 1 X Pwo
DNA polymerase buffer, and Pwo DNA polymerase (2.5 U). PCR program settings:
95 °C- 5 min, 35 cycles of 95 °C- 1 min; 60 °C- 1 min; 72 °C- 6 min and 72 °C- 10
min. Amplified PCR product was analyzed on 1 % agarose gel with λ DNA-HindIII
digest as DNA size standard. The PCR amplified pET28-OsCSD3-SV3 linear plasmid
was purified as described in Section 2.2.11 and subsequently, phosphorylated at 5′end by T4 polynucleotide kinase and ligated as detailed in Section 2.2.12.4 and
2.2.12.5.
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Fig. 2.1. Schematic representation of Inverse PCR strategy for pET28a-OsCSD3SV3 generation. Recombinant plasmid pET28a-OsCSD3-SV3 was generated by
inverse PCR using pET28a-OsCSD3-SV1 plasmid as template. Blue box highlights
the Exon 3 (E3) of the cloned OsCSD3-SV1 in pET28a (+) whereas green arrow
indicates showed primer positions.
2.2.12.3. Restriction digestion
Required amount of appropriate plasmid DNA and purified PCR products of
OsCSDs and splice variants were restriction digested with specified restriction
enzymes (NdeI and EcoRI for cloning into pET28a (+)/ pMAL-c5x and with EcoRI
for cloning into pTwin1) as per manufacturer’s instruction. Reaction mix (50 μl)
contained DNA (5.0 μg), 1 X Cut-Smart buffer and restriction enzymes; NdeI and
EcoRI (20 U each) or only EcoRI (20 U). Samples were incubated at 37 °C for 16 h.
Restriction digestion was confirmed on 1 % agarose gel along with λ DNA-HindIII
digest as DNA marker. Restriction digested products were purified as mentioned in
Section 2.2.11.
2.2.12.4. Phosphorylation of DNA
DNA was phosphorylated at 5′-termini using T4 polynucleotide kinase. The
reaction mix (20 μl) containing DNA (0.2 μg), 1 X T4 polynucleotide buffer and T4
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polynucleotide kinase (10 U), was incubated at 37 °C for 30 min followed by
inactivation at 65 °C for 30 min.
2.2.12.5. Ligation
Ligation was performed using Rapid DNA ligation kit as per the recommended
protocol. Restriction digested plasmid vector and insert DNA (OsCSD-cDNA) was
quantified on spectrophotometer method as mentioned in Section 2.2.7. Vector and
insert were taken in a molar ratio (1:5) and added to ligation mix consists of 1 X
ligation buffer and T4 DNA ligase (2 U) in a total volume of 20 μl, and incubated at
room temperature for 1 h. Ligation mix was purified as mentioned in Section 2.2.11.
2.2.13. Transformation of E. coli
2.2.13.1. Transformation by electroporation
Approximately, 20-50 ng (DNA equivalent) of purified ligation mix was added
to Top10 E. coli electro-competent cells. The sample was transferred to an ice-chilled
electroporation cuvette, placed in an electroporator and subjected to an electric pulse
of field strength 18 kV cm-1 (time constant: 5.5-6.0 ms). After electroporation, 1 ml
of LB- media was added to the cuvette and sample was transferred to a sterile tube.
Sample was kept in shaker at 37 °C for 1 h. Transformants were selected on LBAKan+ plates incubated at 37 °C for 16 h.
2.2.13.2. Transformation by heat-shock
E. coli BL-21(DE3) competent cells were thawed on ice, plasmid DNA (5 ng)
was added, gently mixed and incubated in ice for 10 min. Sample was given heatshock (42 °C, 60 s) immediately shifted to ice and incubated for 15 min. LB- media
(1 ml) was added in the sample and grown at 37 °C for 1 h. Cells were selected on
LBA plates containing appropriate antibiotics as mentioned in Table 2.2 and
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incubated at 37 °C for 16 h. Similarly, other E. coli strains were transformed with
plasmid DNA and grown at optimal growth conditions and selected on appropriate
antibiotics as per Section 2.1.3 and Table 2.2.
2.2.13.3. Characterization of positive recombinant clones
Transformants obtained were screened for presence of desired insert DNA by
colony PCR and restriction analysis of the plasmids. Colony PCR was carried out
using gene or splice variant specific/ vector specific primers or a combination of these.
E. coli cells were directly added in the assay for template plasmid DNA in colony
PCR, while all other reagents were same as detailed previously. The following colony
PCR conditions were used: 95°C- 10 min, 35 cycles of (95 °C- 1 min, 60 °C- 45 s,
72 °C-1.5 min (35 cycles) and 72 °C- 5 min (final extension). Plasmids were isolated
from PCR positive clones as described in Section 2.2.10. Isolated plasmids were
verified by restriction digestion for presence of desired DNA fragment. DNA
sequences of the restriction digestion positive clones were further confirmed by
sequencing.
2.2.14. Heterologous expression of rice CSD proteins in E. coli
2.2.14.1. Overexpression of recombinant rice CSD proteins
Recombinant pET28a(+) plasmids containing OsCSD-cDNA inserts were
transformed into E. coli BL-21(DE3) expression host as described in Section 2.2.13.2.
Transformants were selected on LBA-Kan+ plates and incubated at 37°C for 16 h. An
isolated colony was inoculated into LB-Kan+ and grown at 37 °C for 16 h. The culture
was diluted 100-fold in fresh LB–Kan+ media containing 0.2 mM CuCl2 and ZnCl2
and grown further at 37 °C till absorbance (A600nm) reached to ~ 0.4. At this cell
density, 0.1 mM IPTG was added and cells were grown further at 20 °C- 37 °C for 16
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h. An aliquot of induced (+IPTG) culture was withdrawn and centrifuged at 4430 x g
for 10 min at 4 °C. Cells from rest of the culture were harvested by centrifugation.
Cell pellet was resuspended in resuspension buffer (20 mM Tris-HCl, 200 mM NaCl,
1 mM PMSF; pH 8.0) and lysed by sonication (total time: 5 min, Pulse On/Off: 2 s
each and amplitude at 35 %, repeated twice and samples were kept in ice during the
sonication). Cell lysate was centrifuged at 4430 × g for 15 min at 4 °C to remove cell
debris, followed by another centrifugation at 13680 x g at 4 °C for 20 min to isolate
soluble and insoluble fraction of cell lysate. Uninduced (-IPTG) culture used as
expression control, was also processed in a similar manner. Total protein samples
isolated from different fractions, were analyzed on denaturing PAGE as described in
Section 2.2.3.2. Similarly, expression conditions of other OsCSD proteins were
optimized for different E. coli strains.
2.2.14.2. Chaperone assisted folding of recombinant OsCSD proteins
Recombinant plasmids (pET28a-OsCSDs) were transformed in BL-21(DE3)
carrying different chaperone plasmids (Table 2.6). Transformants were selected on
LBA-Kan+Cm+ plate. A saturated culture of BL-21(DE3) cells containing both
plasmids, were diluted 100-fold in LB-Kan+Cm+ containing 0.2 mM CuCl2 and ZnCl2
and induced with chaperone inducers (Table 2.7) for 1 h at 30 °C. Subsequently, 0.1
mM IPTG was added in the culture and grown further at 20 °C for 16 h for expression
of recombinant OsCSD protein. Cells were harvested; lysed and soluble fraction of the
cell lysate was isolated as mentioned in Section 2.2.14.1, and amount of protein in
soluble fraction was analyzed on denaturing PAGE.
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Table 2.7: List of chaperones and inducers
S. No.

Plasmid

Chaperone

Inducer

Inducer
concentration

1.

pGro7

GroELS

L-Arabinose

0.2 mg ml -1

2.

pG-Tf2

groEL-groES-tig

L-Arabinose

0.2 mg ml -1

3.

pTf16

Tig

Tetracycline

10 ng ml -1

4.

pKJE7

dnaK,dnaJ, grpE

L-Arabinose

0.2 mg ml -1

5.

pG-KJE8

groEL-groES,dnaK-

L-Arabinose,

0.2 mg ml -1,

dnaJ-grpE

Tetracycline

10 ng ml -1

The details of the OsCSDs expression conditions attempted for are listed in Table 2.8.
2.2.14.3. Overexpression and purification of Histidine tagged OsCSDs
E. coli strains containing recombinant expression vectors e.g. pET28a-OsCSD
or pMAL-His-OsCSD were induced at optimized expression conditions. Cells were
harvested, resuspended in resuspension buffer containing 5 mM imidazole and lysed
by sonication (total time: 15 min, Pulse On/Off: 2 s each and amplitude at 35 % and
repeated twice, samples were kept in ice during the sonication). Soluble cell lysate
was isolated and recombinant protein was loaded on to a Ni-NTA affinity
column/matrices pre-equilibrated with resuspension buffer and kept for binding for 2
h at 4°C in tube rotator. Protein was purified using AKTA Start protein purification
system. The column was washed thoroughly with resuspension buffer and bound
protein was eluted using linear gradient of imidazole (5-200 mM) in the elution buffer
A (resuspension buffer containing 200 mM imidazole). Eluted protein fraction was
analyzed on denaturing PAGE.
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Table 2.8: Expression conditions attempted for OsCSD and its splice variants
Protein

E. coli

Plasmid

strain
OsCSD1

OsCSD4

OsCSD2

OsCSD3

Splice

IPTG

Temperature

variant

(mM)

(°C)

-

0.25

25

-

0.25

25

SHuffle T7

pET28a-

express

OsCSD1

SHuffle T7

pET28a-

express

OsCSD4

SHuffle

pMAL-HIS-

SV1

0.1-0.25

20, 25

Express

OsCSD2

SV2

0.1-0.25

20, 25

BL-21

pET28a-

SV1

0.1-1

20, 37

(DE3)

OsCSD3
0.1-1

25

SV1

0.5

25

SV2, 3, 4

0.1-1

20

SV2, 3, 4

0.1 mM

20

SHuffle T7
Express
BW25113

pMAL-c5x-

ΔsodA

OsCSD3

ΔsodB
BL-21

pET28-

(DE3)

OsCSD3

SHuffle T7
Express
BL-21

pET28a-

(DE3)

OsCSD3 +

IPTG +

chaperone

specific

plasmid

chaperon
e inducer

SHuffle

pTwin1-

SV1, 2,

Express

OsCSD3

3, 4

SHuffle

pMAL-c5x-

SV1, 2,

Express

OsCSD3

3, 4

0.1

20

0.1

25

2.2.14.4. Overexpression and purification of Intein tagged OsCSD proteins
Recombinant plasmid pTwin1 carrying OsCSDs were transformed in SHuffle
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T7 Express E. coli strain and culture was induced at optimized conditions (0.1 mM
IPTG at 20 °C for 16 h). Cells were harvested, pellet was resuspended in resuspension
buffer and lysed by sonication as mentioned in Section 2.2.14.3. Soluble cell lysate
was isolated and loaded on chitin column/matrices (pre-equilibrated with resuspension
buffer) and kept for 2 h at 4° C on tube rotator for binding. Column was washed with
resuspension buffer followed by gradient washing with wash buffer (20 mM Tris-HCl
and 500 mM NaCl and 1 mM PMSF; pH 8.0). Protein was eluted by incubation of
column in elution buffer B (20 mM Tris-HCl, 200 mM NaCl and 1 mM PMSF; pH 7.0)
at 4 °C for 16 h, and fractions were collected and analyzed on denaturing PAGE.
2.2.14.5. Overexpression and purification of Maltose binding protein (MBP)
tagged-OsCSDs
SHuffle Express cells containing pMAL-c5x-OsCSDs, was induced under
optimized conditions (IPTG: 0.1 mM, temperature: 25 °C) for 16 h. Cell were
harvested, resuspended in resuspension buffer and lysed by sonication as mentioned in
Section

2.2.14.3. Soluble fraction was isolated and loaded on amylose

column/matrices (pre-equilibrated with resuspension buffer) and incubated at 4 °C for
2 h on tube rotator for binding. Column was washed thoroughly with wash buffer (20
mM Tris-HCl and 500 mM NaCl, 1 mM PMSF, pH 8.0) and eluted with elution buffer
C (resuspension buffer containing 10 mM Maltose).
2.2.15. Dialysis
Affinity-purified recombinant proteins were dialyzed against dialysis buffer
(20 mM Tris-HCl, 200 mM NaCl; pH 8.0) using 12 kDa molecular weight cut-off
(MWCO) dialysis membrane and concentrated using 10 kDa MWCO protein
concentrator columns.
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2.2.16. Estimation of protein concentration/amount
Protein concentration was determined calorimetrically by Bradford method
[256] using Bradford reagent kit and also carried out by BCA method [257] using
Pierce BCA protein estimation kit. Bovine Serum albumin (BSA) protein standards
(0-1 mg ml-1) were prepared. Reaction was performed in a multi-well plate (reaction
volume: 200 μl) and absorbance was recorded on multi-well plate reader. For
Bradford method-based protein estimation, plate was incubated for 15 min at 25 °C
and absorbance (A595nm) was measured. For BCA based protein estimation, multi-well
plate was covered with aluminum foil and incubated at 37 °C for 30 min and
absorbance (A560nm) was measured.

2.2.17. Biophysical characterization of proteins
2.2.17.1. Gel filtration chromatography and molecular weight determination of
proteins
Affinity purified, dialyzed and concentrated recombinant OsCSD protein
samples were further subjected to gel-filtration chromatography using Superdex 75
10/300 GL chromatography column on FPLC system. Gel filtration column was preequilibrated with gel-filtration column buffer (20 mM Tris-HCl, 200 mM NaCl; pH
8.0). Purified protein was injected, absorbance (A230nm) was monitored and fraction
corresponding to peaks were collected and analyzed on denaturing PAGE. Gel
filtration purified OsCSD proteins were used for further biochemical and biophysical
characterization.
For native molecular weight determination of the proteins, gel-filtration
chromatographic column was pre-calibrated with following standard proteins, BSA
(66.5 kDa), chicken egg albumin (45 kDa), carbonic anhydrase (29 kDa), and
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cytochrome C (12.4 kDa). The native molecular weight was estimated by plotting a
calibration curve of the molecular weight of the standard proteins versus their
respective Ve/Vo values (Ve: elution volume, Vo: void volume). Purified OsCSD
proteins were injected in the column, absorbance (A230

nm)

was monitored and

absorbance peaks were collected. The eluted protein fractions were analyzed on
denaturing PAGE and molecular weight of the monomeric subunit was determined.
2.2.17.2. Metal content analysis
Copper and zinc content of the protein was estimated on a VG PQExCell
Inductively Coupled Plasma-Mass Spectrometer (ICP-MS) instrument. Recombinant
protein (1 mg) was dialyzed against MilliQ water using 2 kDa MWCO dialysis tubing.
The protein sample (in a silica crucible) was charred at 500 °C in a blast furnace and
the inorganic ash was resuspended with 1% supra-pure nitric acid solution for ICP-MS
analysis. The metal content was expressed as the number of Cu2+ and Zn2+ ions per
protein subunit.
2.2.17.3. Spectrophotometric analysis of OsCSD
Spectrophotometric characteristics (UV and visible) of the rice OsCSD
proteins were analyzed at room temperature (25 °C) on spectrophotometer.
Absorbance spectra of protein (1 mg ml−1) in potassium phosphate buffer (10 mM, pH
8.0) containing KCl (10 mM) were recorded between wavelengths of 200 and 800 nm,
using a quartz cuvette (path length: 1.0 cm).
2.2.17.4. Circular Dichroism (CD) analysis
Circular dichroism (CD) analysis was carried out on a CD spectropolarimeter
at 20 °C, using protein sample (0.15 mg ml−1) in potassium phosphate buffer (10 mM,
pH 8.0) containing KCl (10 mM). CD spectra was recorded between wavelengths
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190–260 nm using a quartz cuvette (path length: 0.2 cm) with the following settings:
scan speed: 20 nm min−1, data integration time: 2 s, data pitch: 0.1 nm, and band width:
1.0 nm. The measurements from five scans were averaged and corrected for the
sample buffer. Protein concentration estimated by the Bradford method was used to
determine the molar ellipticity.
2.2.17.5. Differential Scanning Fluorimetry (DSF) analysis
DSF analysis was carried to estimate melting temperature/unfolding
temperature of the rice proteins on real-time PCR instrument with excitation and
emission wavelength settings at: 465 nm and 580 nm. The assay volume of 20 µl
included purified protein (0.5 mg ml-1 in 50 mM Tris-HCl; pH 8.0) and SYPRO
orange at final concentration of 5 X. DSF analysis was carried out in continuous data
recording mode using the following settings: initial incubation: 25 °C for 10 min,
gradual increase in the temperature to 95 °C (ramp rate: 0.04 °C sec-1) with 10 data
acquisitions °C-1). The melting/unfolding temperature of the proteins was obtained as
maxima of the first derivatives of the melting curves.
2.2.18. Biochemical characterization of OsCSD proteins
2.2.18.1. Superoxide dismutase activity assay
SOD activity was carried out in two ways; (i) In-gel activity assay (Zymogram)
and (ii) Spectrophotometer based assay analysis.
(i) In-gel SOD activity assay/Zymogram analysis
In-gel SOD activity assay was carried out on both non-denaturing as well
denaturing polyacrylamide gel as per Chen et al. [258], with minor modifications.
Protein samples were resolved on PAGE gels (10% for non-denaturing and 15 % for
denaturing PAGE). Denaturing PAGE (after washing in distilled water for 15 min;
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thrice) and non-denaturing PAGE gel were incubated in ‘solution A’ (50 mM sodium
phosphate buffer, pH 8.0 + 28 μM riboflavin + 28 mM TEMED for 30 min. Then,
‘solution B’ (50 mM sodium phosphate buffer, pH 8.0 + 1 mM NBT) was added and
the gel was exposed to light (20 min, for color development) and photographed on the
gel-documentation system.
(ii) Spectrophotometric method for determination of SOD activity
In solution, SOD activity of rice CSDs was determined as per Ewing et al.
[259], based on the nitro blue tetrazolium (NBT) reduction in a multi-well-plate.
Increasing concentration (0-5 μg ml-1) of the purified protein was added to 200 μl
assay volume containing sodium phosphate buffer (50 mM, pH 7.8), NADH (78 μM),
NBT (50 μM), and EDTA (0.1 mM). Reaction was initiated by PMS (final
concentration: 3.3 μM; for sodium phosphate buffer and 1.65 μM; for Tris-HCl), and
absorbance (A560 nm) was monitored for 5 min on a multi-well plate reader. Rate of
superoxide generation was kept at 0.05- 0.06 min-1 throughout the assay. One unit (1
U) of SOD activity is defined as the amount of protein required to inhibit the NBT
reduction by 50% [136]. Enzyme activity and specific activity of the protein was
calculated using following formula:
Inhibition rate of NBT reduction (%)
=

[ΔA560 nm (control) − ΔA560 nm(sample)]
x 100
ΔA560 nm (control)

For analysis of other biochemical properties, 1 U equivalent of protein was used for
assay reaction.
2.2.18.2. Effect of pH on OsCSD stability and activity
The effect of pH on OsCSD protein (i) stability and (ii) activity was analyzed by
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incubating the protein in buffers (50 mM) of different pH range (sodium phosphate:
pH 7.0-8.0; Tris-HCl: pH 7.0-9.0 and sodium bicarbonate: pH 9.1- 10.8) for different
time points (0-48 h) at 25 °C, followed by estimation of SOD activity.
(i) Effect of pH on stability of OsCSD proteins was assayed using standard SOD
assay mentioned in Section 2.2.18.1 and activity at 0 h time point was considered
as 100 %.
(ii) Effect of pH on SOD activity was assayed in respective pH buffers after 1 h
incubation. Rate of superoxide generation was kept similar to 0.05-0.06 min-1
during the assay. Activity at 0 h time point was considered as 100 %.
2.2.18.3. Effect of temperature on activity
Effect of temperature on the rice CSDs was evaluated as per [260], with minor
modifications. The recombinant protein was incubated in 50 mM sodium phosphate
buffer (pH 7.8) at different temperatures (25 °C, 37 °C, 45 °C, 50 °C, 60 °C, and
70 °C). Aliquot of protein sample were taken at different time-points, kept on ice for
10 min and relative SOD activity was analyzed as per Section 2.2.18.1. Temperature
at which maximum activity obtained was considered 100 %.
2.2.18.4. Effect of SOD inhibitors
Effect of inhibitors on the SOD activity of OsCSDs was investigated in an
activity based assay. For measuring the effect of diethyldithiocarbamate (DDC),
sodium azide (NaN3), and hydrogen peroxide (H2O2), the protein was pre-incubated
with increasing concentration of DDC (0.0–2.0 mM), NaN3 (0.0–10.0 mM) and H2O2,
(0.0–10.0 mM) for 30-60 min. Relative enzyme activity was measured as described in
Section 2.2.18.1. Activity at 0 mM inhibitor concentration was considered as 100 %.
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2.2.18.5. Peroxidase activity assay
Superoxide dismutases are also known to exhibit bicarbonate-dependent
peroxidase activity. Bicarbonate-dependent peroxidase activity of rice CSDs was
determined

as

per

Zhang

et

al.

[261],

by

monitoring

oxidation

of

dichlorodihydrofluorescein (DCFH) to 2’, 7’-dichlorofluorescein (DCF). The assay
was carried out at 25 °C in potassium phosphate buffer (100 mM, pH 7.4) containing
0.1 mM DTPA, 50 μM DCFH, 25 mM sodium bicarbonate (NaHCO3), and increasing
amount (0-250 nM) of protein. The reaction was initiated by the addition of H2O2 (0.3
mM) and fluorescence signal (excitation: 480 nm; emission: 524 nm) of the product
DCF was monitored for 5 min. Data is expressed as rate of change in DCF
fluorescence. The analysis was carried out on a multi-well plate reader instrument.
2.2.19. Construction of E. coli sod double-knockout (ΔsodA ΔsodB) mutant strain
Single-gene sodA and sodB knockout of E. coli (BW25113) were obtained
from Keio collection [262]. E. coli sod double-knockout (ΔsodA ΔsodB) strain was
generated using the FLP-FRT recombination system described in [263], with minor
modifications. Briefly, E. coli sodA mutant was transformed with pCP20 plasmid and
selected on LBA-Amp+ plates at 30 °C. Few positive cells were grown at 43 °C in LB
media, serially diluted in 0.85 % saline, plated on LBA plates and incubated at 30 °C.
Loss of KanR and AmpR was confirmed by simultaneously patching clones on LBAKan+, LBA-Amp+ and LBA plates. These sodA cells with sensitivity to kanamycin
were designated as sodA-KanS (S: sensitive). E. coli sodB mutant culture was
transduced with P1 phage, and the phage lysate was prepared and was used for
transduction of E. coli sodA-KanS cells as per Thomason et al. [264]. The transformed
cells were selected on LBA-Kan+ plates to identify sodA sodB double-knockout
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mutants. Generated E. coli BW25113 sodA sodB double mutant was also verified for
loss of SOD activity by zymogram analysis as described in Section 2.2.18.1.
2.2.20. Oxidative stress tolerance in E. coli wild-type and mutant strains
Effect of MV-induced oxidative stress on growth of E. coli wild-type BL21(DE3) and BW25113 sod double-knockout mutant (ΔsodA ΔsodB) was carried out
as per Goulielmos et al. [265], with minor modifications. Oxidative stress tolerance
was analyzed in wild-type E. coli BL-21(DE3) cells containing either pET28a(+)
(control vector) or pET28a-OsCSD. Transformed E. coli cells were induced at
optimized expression conditions: 0.1 mM IPTG, 20 °C, 16 h. The induced cultures
were normalized to absorbance (A600nm to ~0.2), the cells were treated with different
MV concentrations (0.0–0.2 mM) in presence of IPTG and absorbance (A600 nm) was
measured at regular intervals. Additionally, the cultures were serially diluted in 0.85 %
saline and analyzed by spot test (10 μl of respective dilutions were spotted) on LBAKan+ plates.
Oxidative stress tolerance was also analyzed in E. coli BW25113 sod doubleknockout mutant cells containing either pMAL-c5x (control vector) or pMAL-c5xOsCSD3-SV1 were grown and induced as per optimized conditions mentioned in
Table 2.8. The induced cultures were normalized to absorbance (A600nm∼0.2) and
treated with different MV concentrations (0.0– 25 µM) in the presence of IPTG.
Growth of cells was monitored by measuring absorbance (A600 nm) at regular intervals.
Cultures were serially diluted in saline and different dilutions were spotted on LBAAmp+Kan+ plates. The experiments were repeated three times in triplicates. Statistical
analysis was carried out by Student’s t-test and the differences were considered
significant only when P < 0.05.
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2.2.21. Lipid peroxidation analysis
Lipid peroxidation level is used as measure of membrane damage induced by
oxidative stress. Lipid peroxidation of E. coli cells subjected to MV stress was
determined as per Panat et al. [266], with minor modifications. The assay is based on
quantification of malondialdehyde (MDA), an end product of lipid peroxidation that
reacts with 2-thiobarbituric acid (TBA) to produce a red-colored adduct. Briefly, E.
coli cells were harvested, washed (twice) with phosphate buffer saline (PBS, pH 7.4),
resuspended in 300 μl of PBS and lysed by sonication as mentioned in Section
2.2.14.1. Sample volume of 300 μl was mixed with 900 μl of TBA reagent and
incubated at 95°C for 30 min. Samples were cooled to room temperature and
centrifuged at 13680 x g for 20 min at 4 °C. MDA equivalents were estimated in the
supernatant by measuring the fluorescence signal (excitation/emission: 530/590 nm)
on a multi-well-plate reader. The experiment was repeated three times in triplicates.
The lipid peroxidation was expressed as μmoles of MDA equivalents mg−1 protein
using 1, 1, 3, 3-tetramethoxypropane (TMP) (0-10 µM) as a standard for MDA.
2.2.22. Statistical analysis
All the experiments were done in triplicates with two or more independent
biological replicates, and data is expressed as mean ± SD. Student’s t-test was
performed and statistical significant differences are indicated by ‘*’ (*p <0.05, **p <
0.01 and ***p < 0.001).

84

CHAPTER 3
RESULTS
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Section 3.1
Transcript analysis of rice Cu/Zn
Superoxide dismutase (OsCSD)
splice variants
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3.1.1. Introduction
Plant are susceptible to environmental stress conditions, which negatively
affect their growth, development and survival [267]. Plant harbour multiple
mechanisms for adaptation from normal environmental fluctuations and adverse
environmental conditions, and involve dynamic modulation of gene expression [268].
In eukaryotes, a gene may be regulated at multiple levels, transcription, posttranscription, translation and post-translation by different regulatory mechanisms and
affect the gene function in diverse array of conditions [162,201,269]. Regulation of
gene expression at transcription level is influenced by presence/absence of cisregulatory elements, trans-regulatory factors, and by chromatin modifications that
modulates the accessibility of the gene for transcription [270,271]. The generated
transcripts may further be regulated post-transcriptionally by RNA interference and
alternative splicing mechanisms, which alter the levels or properties (stability,
accessibility for translation etc.) transcript [183,272]. Further, the gene function is
also controlled at translational/post-translational levels by protein degradation or
modifications mechanisms [268,273]. Post-transcriptional regulatory mechanisms can
act rapidly on the pre-existing transcripts to dynamically regulate the gene function
[242,274]. Alternative splicing (AS), a eukaryotic mechanism, generates multiple
transcripts from same precursor transcript, and regulate level of transcript (or protein)
and diversify gene function [174,196]. Recent studies in plants have shown the
impact of AS on plant physiology, development, stress responses and establishment
of stress memory [204,205,218]. Studies also suggest that AS regulates genes
differentially, in cell- /tissue-type specific, condition specific and species/genotype
specific manner [275–277]. In recent years, several studies have shown the role and
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impact of AS in diverse array of cellular processes, advocating more thorough
analysis of this mechanism [181]. Few studies have shown that SODs in plants has
been reported to be regulated by alternative splicing [245–247]. However, in most
studies the analysis is mainly focused at RNA level. A preliminary search at Rice
Genome Annotation Project (RGAP-MSU) database revealed that seven rice SODs
produces fourteen splice variants, of which nine are from four Cu/Zn SOD genes. In
this section, impact of AS on four rice Cu/Zn SODs (cytosolic, chloroplastic and
peroxisomal) of NSICRc106 rice genotype was investigated, with focus on basal
transcript levels, different tissues and abiotic stress conditions.

Results
3.1.2. Phylogenetic analysis showed sequence divergence among
SODs specific to different subcellular compartments
Rice genome encode four Cu/Zn SODs (CSDs), two on chromosome 3
(LOC_Os03g11960 and LOC_Os03g22810) and one each on chromosome 7
(LOC_Os07g46990) and chromosome 8 (LOC_Os08g44770). The four rice CSDs
(OsCSDs), showed considerable heterogeneity in gene structure with gene length
(2.119-5.422 kbp), coding region sequence (459-813 bp) and encoded proteins (152270 aa) predicted at RGAP-MSU rice genome database. Amino acid sequences of four
rice CSDs were aligned with CSDs from 9 monocots and 12 dicots using Clustal X
sand phylogenetic tree was constructed by neighbour-joining (NJ) method using
MEGA 4.0 (Fig. 3.1.1). All the plant CSDs showed distinct divergence and were
grouped into three clusters:

cluster I (cytosolic); II (chloroplastic), and III
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(peroxisomal). Furthermore, in each cluster monocot and dicot CSDs were placed into
separate sub-clusters. The three CSDs of Arabidopsis, AtCSD1, AtCSD2 and AtCSD3

Fig. 3.1.1. Phylogenetic analysis of Cu/Zn SODs. CSDs from 09 monocot and 12
dicot plant species was carried out by Neighbor-joining (NJ) method using MEGA 4
software. Clusters specific to cytosolic (I), chloroplastic (II) and peroxisomal (III)
type SOD isozymes are indicated. The numbers at the nodes represents bootstrap
values (in %) for a 500-replicate analysis.
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were placed into dicot specific cytosolic, chloroplastic and peroxisomal sub-clusters.
Of the four rice CSDs, one each was placed in chloroplastic and peroxisomal and two
were placed in cytosolic sub-clusters (monocot specific). The designation used for the
four rice CSDs were as per the clustering and in accordance to similarity with
Arabidopsis

CSDs

types;

LOC_Os03g22810

as

OsCSD1

(cytosolic),

LOC_Os08g44770 as OsCSD2 (chloroplastic) and LOC_Os03g11960 as OsCSD3
(peroxisomal). One extra cytosolic CSD in rice (LOC_Os07g46990) was referred to as
OsCSD4. The OsCSD1 and OsCSD4, although cytosolic, showed substantial
divergence and clustered with different neighbouring species.

3.1.3. Heterogeneity in the organization/structure of the OsCSDs and
splice variant transcripts
The CSDs gene structure/organization was compared using the sequences
available at the Rice Genome Annotation Project (RGAP-MSU) database. The four
genes shows considerable length and sequence heterogeneity. In addition, three of the
four rice CSDs undergo alternative splicing (AS) to generate multiple transcripts
(referred to as splice variants, SVs). Four CSD genes generate nine transcripts, four
constitutive (referred to as SV1) and five alternative transcripts (referred to as SV2,
SV3, SV4). Gene and cDNA sequences of respective OsCSD were retrieved from the
RGAP-MSU database, aligned (using ClustalX and edited using BioEdit software).
For each of the four CSD genes, the variation in the organization of UTRs, exons and
introns in the variant transcripts vis-à-vis gene was compared using IBS tool and is
shown in a schematic representation below (Fig. 3.1.2).
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3.1.3.1. LOC_Os03g22810 (OsCSD1gene) generates a single constitutive
transcript
Rice locus LOC_Os03g22810 on chromosome 3 codes for cytosolic Cu/Zn
SOD (OsCSD1). The gene is 5.422 kb long and is predicted to code for 813 bp coding
region with 10 exons, 9 introns and a single 3′-UTR. OsCSD1 codes for a single
constitutive transcript referred to as OsCSD1-SV1 (Fig. 3.1.2A).

Fig. 3.1.2. Schematic overview of structure and organization (UTR, exon and
introns) of constitutive and alternative splice variants of rice CSDs as per RGAPMSU database. The scheme was designed using IBS tool. (A) LOC_Os03g22810
(OsCSD1), (B) LOC_Os08g44770 (OsCSD2), (C) LOC_Os03g11960 (OsCSD3), and
(D) LOC_Os07g46990 (OsCSD4). UTRs (white box), exons (coloured boxes) and
introns (solid lines), and variable regions (#) are indicated. Certain important
differences in AS-events are indicated with red font colour.
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3.1.3.2. LOC_Os08g44770 (OsCSD2 gene) generates one constitutive and one
alternative splice variant
Rice locus LOC_Os08g44770 codes for a chloroplastic Cu/Zn SOD (OsCSD2).
OsCSD2 gene (3.226 kbp) is smaller than OsCSD1, codes for two UTRs (5′-UTR and
3′-UTR), 8 exons and 7 introns and generates two splice variants, OsCSD2-SV1 and
OsCSD2-SV2. The two variants differ in 12 bp coding region (missing in exon2 of
SV2) due to a 3ʹ-ASS (3ʹ alternative splice site) event. Hence, the two SVs differ in
the length of coding region (OsCSD2-SV2: 636 bp; OsCSD2-SV2: 624 bp) (Fig.
3.1.2B).
3.1.3.3. LOC_Os03g11960 (OsCSD3 gene) generates one constitutive and three
alternative splice variants
LOC_Os03g11960 codes for a peroxisomal Cu/Zn SOD (OsCSD3). The 3.834
kbp long gene generates one constitutive SV (OsCSD3-SV1) and three alternative
SVs (OsCSD3-SV2, OsCSD3-SV3, OsCSD3-SV4) due to AS-mediated variations in
UTRs and/or exon regions (Fig. 3.1.2C). OsCSD3-SV1 consists of 7 exons, 6 introns
and a relatively long 5′-UTR region compared to other SVs. OsCSD3-SV2 contain 6
exons (E1-E5 + alternative exon E6ʹ), 7 introns and a small 5′- and longer 3′-UTR
regions. The alternative exon (E6ʹ) is generated through a AS-intron retention (IR)
event. Organization of OsCSD3-SV3 is similar to OsCSD3-SV1 in most aspects
except lack of exon3 (E3), due to AS-exon skipping (ES) event and contains a short
5′-UTR. OsCSD3-SV4 (smallest SV of all) contains a slightly long (15 bp) exon4 (E4ʹ)
due to partial AS-IR event and very small 3′-UTR. All exons/3′-UTRs downstream to
E-4, but seen in other variants, were not present in OsCSD3-SV4 (Fig. 3.1.2C).
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3.1.3.4. LOC_Os07g46990 (OsCSD4 gene) generates one constitutive and one
alternative splice variant
LOC_Os07g46990 in rice genome codes for a second cytosolic Cu/Zn SOD
(OsCSD4). This additional gene present on chromosome 7 is 2.119 kbp long (smaller
than OsCSD1 cytosolic CSD gene) and generates two splice variants (OsCSD4-SV1
and OsCSD4-SV2) which contain minor variation in the 5′-UTR (OsCSD4-SV2 has
smaller UTR). The remaining exons, introns and 3′-UTR show similar organization
(Fig. 3.1.2D). The heterogeneity in the non-coding regions of rice OsCSD SVs might
affect the properties of alternative transcripts.
3.1.4. Rice CSD splice variants showed tissue specific expression pattern
Alternative splicing alters the levels of transcripts in response to different
conditions. This aspect of AS in modulation of OsCSD transcripts was investigated by
qRT-PCR using gene-specific or SV-specific primers (Table 2.4). Analysis was
carried out for OsCSD transcript levels in different tissues viz. shoot, mature leaf,
panicle, stem and flag leaf. All the four OsCSDs were detected in the tissues analyzed,
however difference in relative abundance was observed. In shoot, the transcript levels
of OsCSD1 and OsCSD2 were comparable and each contributed to ~35 % of the total
CSD transcript, compared to OsCSD3 and OsCSD4 (contributed to ~15 % each) (Fig.
3.1.3).
Further analysis revealed tissue-specific differences in the transcript levels of
four OsCSDs. As an example, Fig. 3.1.4A and 3.1.4B show the relative transcript
levels of OsCSD1 and OsCSD4, in mature leaf, flag leaf, stem, and panicle tissue.
OsCSD1 transcript levels were highest in mature leaf and lowest in stem (Fig. 3.1.4A).
OsCSD4 showed a similar tissue-specific trend but its levels were lower than OsCSD1
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(Fig. 3.1.4B). Similarly, OsCSD2 showed highest transcript levels in shoot tissue and
OsCSD3 showed highest abundance in flag leaf followed by panicle and comparable
expression in mature leaf and stem.

Fig. 3.1.3. Quantitative RT-PCR analysis of OsCSDs in rice seedlings. Relative
The experiment was carried out with two independent biological and three technical
replicates. Data are represented as normalized transcript level ±SD.
Tissue-specific qRT-PCR analysis was extended to estimate the OsCSD SV
levels, using splice variant-specific primers in the assays. For OsCSD1, there was only
constitutive transcript (no alternative variant) and the expression pattern is shown in
Fig. 3.1.4A. For OsCSD4, the abundance of alternative SV (OsCSD4-SV2) was very
low and it could not be analyzed. Tissue-specific expression trend of constitutive
OsCSD4-SV1 is shown in Fig. 3.1.4B.
The two splice variants of OsCSD2 showed differential transcript abundance
in rice tissues. High transcript levels were detected in shoot tissue and the overall
trend for two SVs was similar but OsCSD2-SV2 levels were generally lower than
OsCSD2-SV1 (Fig. 3.1.5A and 3.1.5B).
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Among the four OsCSDs, OsCSD3 generates maximum number of four SVs
and showed differential expression among rice tissues. Highest transcript levels were

Fig. 3.1.4. Analysis of transcript levels of cytosolic CSDs in different rice tissues.
(A) OsCSD1 and (B) OsCSD4. Transcript analysis in rice tissues (mature leaf, flag
leaf, stem and panicle) was carried out by qRT-PCR using actin as a reference gene.
The experiment was carried out with two independent biological replicates and three
technical replicates. Data are represented as normalized transcript level ±SD.

present in flag leaf followed by panicle and lowest expression in shoot tissue. As an
example, OsCSD3-SV1 and OsCSD3-SV2 transcript levels in rice tissues are shown
in Fig. 3.1.5C and 3.1.5D. The levels of OsCSD3-SV3 were low, while that of
OsCSD3-SV4 were extremely low and hence could not be analyzed.
3.1.5. Stability of OsCSDs transcript and splice variants
Since AS creates variation in UTRs and/or exons, its effect on the stability of
transcript was investigated. Rice shoot tissue treated with α-amanitin (inhibits
transcript synthesis) was used for RNA isolation and stability (in terms of relative
abundance due to differential degradation rates) of OsCSDs and splice variants was
evaluated by qRT-PCR analysis. Among the OsCSDs, OsCSD3 transcript was most
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Fig. 3.1.5. Analysis of transcript levels of OsCSD2 and OsCSD3 SVs in rice
tissues. (A) OsCSD2-SV1, (B) OsCSD2-SV2, (C) OsCSD3-SV1 (D) OsCSD3-SV2.
Transcript analysis in rice tissues was carried out by qRT-PCR using actin as a
reference gene. The experiment was carried out with two independent biological
replicates and three technical replicates. Data are represented as normalized transcript
level ± SD.
stable, showed similar levels till 4 h and half- life (t1/2, time of reduction of 50 %
transcript) of ~15.2 h. Of the two cytosolic OsCSDs, OsCSD4 was slightly more
stable than OsCSD1 (OsCSD4 t1/2: 4.2 h; OsCSD1 t1/2: and 3.0 h). OsCSD2 showed
slightly higher stability (t1/2; 5.6 h) than cytosolic CSDs (Fig. 3.1.6A). Analysis of
relative stability of CSD SVs was also carried. The two SVs of OsCSD2 showed
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similar transcript stability pattern (Fig. 3.1.6B). Among the OsCSD3 SVs difference
in transcript stability was observed (Fig. 3.1.6B). OsCSD3-SV2 transcript was
comparatively more stable (t1/2: 18.7 h) than OsCSD3-SV1 (Give t1/2: 14.5 h) and
OsCSD3-SV3 (t1/2: 12 h), with no significant difference in levels till 8 h (Fig. 3.1.6B).
Due to lower levels, the stability pattern of OsCSD3-SV4 could not be analyzed.
Collectively these results show that AS mediated changes affect transcript stability of
certain CSD splice variants.

Fig. 3.1.6. Analysis of transcript stability of OsCSDs and its splice variants. (A)
Analysis of relative transcript stability of the four OsCSDs, OsCSD1, OsCSD2,
OsCSD3 and OsCSD4. (B) Analysis of relative transcript stability of splice variants of
OsCSD2 and OsCSD3. Transcript stability was measured in term of relative
abundance considering transcript level at 0 h time point as 100 %. Arrow indicates the
half- life values (t1/2) of the transcript. The experiment was carried out with two
independent biological replicates and three technical replicates. Data are represented
as normalized transcript level ± SD.
3.1.6. Abiotic stress responsiveness of OsCSDs and splice variants
Abiotic stress responsiveness of the four OsCSDs and the splice variants was
analyzed in rice seedlings by qRT-PCR. Transcript analysis was carried out in the rice
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seedlings subjected to three abiotic stress conditions, salinity (150 mM NaCl), drought
(15 % PEG), and oxidative stress (10 µM methyl viologen).
3.1.6.1. OsCSDs showed differential response to abiotic stress
Transcript analysis of OsCSDs showed differential response to abiotic stress
conditions. Among the two cytosolic OsCSDs, OsCSD4 was strongly upregulated in
response to Salinity (2.5-3.5 fold) and drought (3-4 fold) compared to OsCSD1 (~1.51.75 fold) (Fig. 3.1.7A and 3.1.7B). In response to oxidative stress, both the cytosolic
OsCSDs showed delayed upregulation, with OsCSD1 showing slightly higher levels
(Fig. 3.1.7A and 3.1.7B). The chloroplastic OsCSD2 showed early induction (~3 fold)
in salinity and drought (>1.5 fold), while under oxidative stress it shows ~2-2.5-fold
upregulation (Fig. 3.1.7C). OsCSD3 also showed upregulation (~1.5-1.8-fold) in
response to salinity and drought, and upto >2.5 fold under oxidative stress (Fig.
3.1.7D).
3.1.6.2. Abiotic stress modulates the splicing pattern of OsCSDs
Responsiveness of OsCSD splice variants to stress conditions was also analyzed.
Results showed that abiotic stress treatments modulate the splicing pattern of certain
OsCSDs. The two OsCSD2 SVs (OsCSD2-SV1 and OsCSD2-SV2) were up-regulated
in response to abiotic stress conditions however no significant differences were
observed in their relative levels (Fig. 3.1.8A, 3.1.8B and 3.1.8C). OsCSD3 SVs
showed variation in expression levels in response to stress conditions. Under drought
stress OsCSD3-SV2 showed slightly higher levels than OsCSD3-SV1and OsCSD3SV3 (Fig. 3.1.9A). On the contrary, under salinity and oxidative stress reverse
abundance pattern was observed, with OsCSD3-SV1 and OsCSD3-SV3 higher than
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OsCSD3-SV2 (Fig. 3.1.9B and 3.1.9C). As the OsCSD4-SV2 and OsCSD3-SV4
showed low levels, their expression pattern could not be analyzed.

Fig. 3.1.7. Transcript analysis of OsCSDs under abiotic stress conditions. Rice
seedling were subjected to 15 % PEG, 150 mM NaCl and 10 µM MV. Relative
transcript levels of OsCSD1 (A), OsCSD4 (B), OsCSD2 (C), and OsCSD3 (D) were
analysed by qRT-PCR. The experiment was carried out using two independent
biological replicates, and three technical replicates. Data is represented as relative
expression ratio ±SD. Statistical analysis was carried out by Student’s t-test and
significance was shown (* p < 0.05, ** p < 0.01, *** p < 0.001).
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Fig. 3.1.8. Expression analysis of OsCSD2 splice variants under abiotic stress. (A)
15 % PEG; (B) 150 mM NaCl and (C) 10 µM MV. Relative transcript levels of
OsCSD2-SV1 and OsCSD2-SV2 were analyzed by qRT-PCR. The experiment was
carried out using two independent biological replicates, and three technical replicates.
Data is represented as relative expression ratio ±SD. Statistical analysis was carried
out by Student’s t-test and significance was shown (** p < 0.01, * p < 0.05).
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Fig. 3.1.9. Transcript analysis of rice peroxisomal CSD (OsCSD3) splice variants
under abiotic stress conditions: (A) PEG, (B) NaCl, and (C) MV. Relative transcript
levels of OsCSD3-SVs (OsCSD3-SV1, -SV2 and -SV3) were analyzed by qRT-PCR.
The experiment was carried out using two independent biological replicates, and three
technical replicates. Data is represented as relative expression ratio ±SD. Statistical
analysis was carried out by Student’s t-test and significance was shown (* p < 0.05, **
p < 0.01).
These results showed that the abiotic stress conditions modulate the splicing
pattern of the rice CSDs, and the extent of modulation seems specific to different
CSDs as well to the nature of abiotic stress conditions.

3.1.7. Discussion
Most stress conditions are known to elevate cellular ROS levels, causing
oxidative damage [32]. SODs, like other antioxidants, maintain cellular ROS
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homeostasis and also provide tolerance to stress conditions [134]. The response to
stress conditions is regulated by several mechanisms that rapidly and dynamically
modulate gene expression [268]. Alternative splicing (AS), a post-transcriptional
mechanism, is important for several cellular processes. In this section, expression
pattern of nine OsCSD SVs (four constitutive and five alternative SVs) were analyzed
for tissue specificity, transcript stability, and stress-response, to understand the role of
AS in modulation of CSD transcript levels under different conditions.
Differential abundance pattern of four rice CSDs in different tissues indicates
tissue-specific regulation. Such, tissue-specific abundance of CSDs have also been
reported in different plants [226,278,279]. Unlike plants (e.g. Arabidopsis) that
contain single cytosolic CSD, rice contain two (OsCSD1 and OsCSD4) with
differences in tissue-specific patterns. OsCSD1 transcript remained at higher levels
than OsCSD4 in the tissues analyzed in the present study. However, OsCSD4 is also
more abundant in other tissues (e.g. at germination stage) [143]. Higher levels of
OsCSD2 (chloroplastic) observed in photosynthetically active tissue was consistent
with its involvement in O2˙⁻ scavenging in chloroplast, and similar with tissue-specific
expression pattern in plants [143,279]. Higher OsCSD3 (peroxisomal) levels may be
important for maintenance of ROS level in flag leaf, as it is important for development
of reproductive organs as well as grain filling [280].
AS in plants has emerged as versatile mechanism with impact on diverse array
of physiological, development, and stress responses [181,272,281]. Like several other
genes, rice Cu/Zn SOD genes also undergo AS to produces nine splice variants
(http://rice.plantbiology.msu.edu/). Their differential splicing pattern in rice tissues
suggest that in addition to the other regulatory mechanisms, AS is also involved in
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tissue-specific expression pattern of CSDs as also observed in previously published
reports in Soybean and Populus [246,247]. Comparison of the AS events in CSDs of
Arabidopsis in TAIR database (https://www.Arabidopsis.org/index.jsp), Rice from
RGAP-MSU (http://rice.plantbiology.msu.edu/), and published reports of Soybean
and Populus showed differences (type and number of AS events) that might be
important for plant specific fate of transcripts [246,247]. Moreover, AS event in
different regions

(UTR/exon/introns) of precursor transcripts affect different

characteristics of the mature transcript like [282,283] and encoded protein
length/sequence [245–248]. Analysis of stability of OsCSDs and SV transcripts
showed that OsCSD3 transcript was most stable (OsCSD1 least stable), where
sequence/structural variations among different OsCSD transcripts could also be an
important contributing factor. For example, CSDs are negatively regulated by miR398
in control conditions and stress conditions [150,239,284]. Heterogeneity in miR398
target site among rice CSDs might affect the miR398 mediated cleavage. Similarly,
higher stability of OsCSD3-SV2 than OsCSD3-SV1 might be associated

intron

derived alternative exon (in OsCSD2-SV2) as such intronic region in transcripts have
been linked to higher transcript stability [283].
Plants SODs are induced under different abiotic stresses [134,143,225], and it
is associated with reduced damage and enhanced tolerance under stress [150,260,285].
AS is also involved in modulation of stress responsiveness of genes in plants
[286,287]. Stress responsiveness of four OsCSDs and their SVs was investigated in
NSICRc106 genotype. All four OsCSDs were differentially responsive to abiotic
stresses including the two cytosolic OsCSDs (OsCSD1 and OsCSD4), as also
observed in previous reports on stress and phytohormone (ABA) treatment
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[143,148,227,228]. Such patterns are indicative of cis-element differences in rice
cytosolic CSD genes, as also reported for cytosolic localized APX [288]. Stress
specific cis-elements are associated with induction of specific genes under different
stress conditions leading to efficient ROS detoxification. Stress-specific up-regulation
of chloroplastic OsCSD2 and peroxisomal OsCSD3 mitigates the stress induced ROS
toxicity and protects the two organelles that are important sites for ROS generation in
plants. Similar, differential responses of these two isoforms have been reported in rice,
Arabidopsis and Nicotiana plants exposed to abiotic stresses [143,225,289].
In addition to the cis-element driven transcript induction, AS events are also
important contributors to the stress-responsiveness of variety of genes including SODs
[194,286,287]. Analysis of splice variants of OsCSDs under difference stress
conditions indicates that the alternative splicing per se is differentially modulated,
leading to stress-specific differences in expression pattern. Furthermore, AS of certain
variants was more responsive to stress conditions than others. While OsCSD2 showed
similar trend of splicing patterns, OsCSD3 showed contrasting splicing pattern of SVs
different abiotic stresses. Here, OsCSD3-SV2 was down-regulated resulting in upregulation of other SVs (OsCSD3-SV1 and OsCSD3-SV3) suggesting AS mediated
fine tuning of level of transcripts to dynamically modulate the OsCSD3
transcript/protein levels under stress conditions. Transcript analysis showed that
OsCSD SVs exhibit tissue- and stress-specific abundance patterns, which may
influence CSD protein/activity in a tissue under normal and stress conditions. OsCSD
SVs with heterogeneity in coding region could produce alternative protein isoforms,
which may have altered SOD properties or different functions which is addressed in
subsequent sections.
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Section 3.2
Analysis of rice peroxisomal
Cu/Zn SOD and its alternative
isoforms
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3.2.1. Introduction
Peroxisomes are ubiquitous, single-membrane-bound organelles present in
eukaryotic cells. It was first discovered in mouse kidney (isolated first from rat liver)
and named ‘peroxisomes’ due to presence of H2O2 generating (oxidases) and
degrading (catalase) enzymes [290]. Plant peroxisomes exhibit substantial functional
versatility and are involved in diverse metabolic processes such as, lipid metabolism,
photo-respiration and phytohormones synthesis and other oxidative reactions [85,291].
Peroxisomes are dynamic structures that multiply/disintegrate in response to cellular
metabolic needs and environmental perturbations [292]. Peroxisomes are also site for
synthesis/detoxification of various reactive oxygen species (ROS; e.g. O2˙⁻ and H2O2)
and reactive nitrogen species (RNS; e.g. NO) that serve as important signaling
molecules in cellular/sub-cellular communications, and stress acclimation [66,293].
Peroxisome also contain sites of O2˙⁻ generation such as, matrix located xanthine
oxidase (XO) and membrane localized NAD(P)H dependent peroxisomal integral
membrane polypeptides (PMPs, PMP18, PMP29 and PMP32) [65,294]. Peroxynitrite
radical (ONOO⁻, formed in peroxisomes) mediated modifications (N-nitrosylation and
S-nitroglutathionylation) alter the activities of proteins and regulate signaling
pathways and developmental processes [295,296].
On the other hand, higher accumulation of the ROS and RNS in unfavourable
conditions causes oxidative and nitrosative stress [297]. Peroxisomes contain various
non-enzymatic (ascorbate, glutathione etc.) and enzymatic (superoxide dismutases,
catalases etc.) antioxidants to control the level of ROS and RNS under different
conditions [298].
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Despite importance of peroxisomes in ROS/RNS management and cellular
functioning, studies on peroxisomal SODs are relatively less compared to cytosolic,
chloroplastic and mitochondrial isoforms. Presence of a SOD (Mn SOD) in
peroxisomes was first reported in Pisum sativum [299,300], followed by identification
of other SODs in different plants [65]. Presence of Cu/Zn SOD in peroxisomes has
been reported in oilseed plants, sunflower and cotton [301]. Interestingly, Dianthus
caryophyllus and Citrullus sp. peroxisomes were found to contain two SOD isoforms,
Mn SOD along with Fe SOD in D. caryophyllus and with Cu/Zn SOD in Citrullus sp.
[122,302–304]. Presence of peroxisomal isoforms contributes to the diversity of SOD
isozymes in dicots, compared to the monocots [65].
This section investigates a relatively less studied locus in rice that codes for a
putative peroxisomal Cu/Zn SOD (CSD). The rice locus LOC_Os03g11960 (OsCSD3)
has been analyzed at transcript level in very few studies [225]. As per the RGAPMSU database OsCSD3 undergoes AS and generates four splice variants (SVs)
differing in organization of UTRs, coding region or both. Analysis of expression
pattern of NSICSRc106 OsCSD3-SVs at RNA level showed tissue- and stress specific
responses (Section 3.1). However, the characteristics of the SV encoded protein
isoforms vis-à-vis other isoforms are not known. This section deals with the analysis
of the protein characteristics of OsCSD3-SV1 and its alternative splice isoforms.

Results
3.2.2. Rice OsCSD3 contains conserved features of Cu/Zn SODs
Rice locus LOC_Os03g11960 codes for OsCSD3, a Cu/Zn SOD highly similar
to peroxisomal isoforms (Fig. 3.1.1). Multiple sequence alignment of peroxisomal
CSDs from monocot and dicot species identified conserved and variable regions. The

107

CSD sequences showed substantial conservation, while length variation was observed
at N- and C-terminal of the proteins (Fig. 3.2.1). Amino acid residues involved in
coordination with Cu2+ (His-55, -57, -72 and -129) and Zn2+ (His-72, -80, -89, Aps-92),
disulfide bond formation (Cys-66 and Cys-155) and surface interactions were highly
conserved (Fig. 3.2.1). The OsCSD3 when compared with other rice Cu/Zn SODs
(OsCSD1, OsCSD2 and OsCSD4) showed length variation and sequence
heterogeneity at ~37 % sites. Despite similarity to peroxisomal CSDs, in silico
analysis could not predict/identify canonical peroxisome specific targeting signals in
OsCSD3.

3.2.3. Exon-intron organization of OsCSD3 splice variants
As per RGAP-MSU database, OsCSD3 generates four splice variants
(OsCSD3-SV1, -SV2, -SV3 and -SV4) with considerable length heterogeneity (351495 bp) (Fig. 3.1.2). The four SVs were transcriptionally active, showed tissue- and
stress-specific response (Fig. 3.1.5C, 3.1.5D and section 3.1.4). Comparison of
OsCSD3-SVs showed the differences in exon organization affecting the encoded
amino acids sequences (Fig. 3.1.2). Hence, to investigate the properties of the
OsCSD3 SV encoded protein isoforms, CDS sequence were analyzed using NEB
Cutter 2.0 and PCR primers containing NdeI and EcoRI restriction sites were designed
for full-length cDNA amplification and cloning into plasmid vector for heterologous
expression in E. coli (Table 2.5).

3.2.4. Alternative splicing-mediated effects on domain organization of
OsCSD3 isoforms
The impact of the missing/alternative exons on four OsCSD3 SV isoforms was
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Fig. 3.2.1. Multiple sequence alignment of peroxisomal Cu/Zn SODs from
monocot and dicot plants. The sequences were aligned by ClustalX software.
Conserved residues are indicated by symbols below each block of the alignment.
Residues that are part of active site, involved in coordination with Cu2+ (Cu) and Zn2+
(Zn), disulfide (SH) and surface interactions (E-class '■'; and P-class '□' dimer
interface) are also indicated.

109

first investigated by in silico analysis. Conserved domain analysis indicated that AS
affected certain regions important for SOD function and properties (Fig. 3.2.2).
OsCSD3-SV1 isoform (length: 164 aa) contained all characteristic features of a
typical plant Cu/Zn SODs with conserved residues for Cu2+ and Zn2+ binding, disulfide
bond

formation,

and

subunit

interactions

(Fig.

3.2.2).

Fig. 3.2.2. Sequence and domain analysis of OsCSD3 SV protein isoforms.
Sequence alignment of OsCSD3 isoforms was carried using ClustalX, while domain
analysis was carried out at Conserved Domain Database (CDD-NCBI) at NCBI web
server. Conserved residues are indicated with ‘*’, while structurally and functionally
important residues are shown with arrows and appropriate symbols; Cu2+ and Zn2+ ion
coordination (Cu and Zn), subunit interaction residues (E-class ‘■’ and P-Class ‘□’
interaction), and cysteine residues (SH).
In the OsCSD3-SV2 isoform (length: 161aa), C-terminal 27 aa residues (as in
SV1) were replaced with 24 aa encoded by an alternative exon. This also resulted in
change in the position of 2nd cysteine residue (Cys-160) compared to Cys-155 (as in
OsCSD3-SV1), while the residues for Cu2+ and Zn2+ binding and dimeric interactions
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remained unaffected (Fig. 3.2.2). OsCSD3-SV3 isoform lacked region corresponding
to 71-102 aa position (as in SV1) due to skipping of exon3 (E3), resulting in loss of
residues involved in Zn2+ coordination, and a bridging histidine residue (His-72) for
Cu2+ and Zn2+ metal ions (Fig. 3.2.2). OsCSD3-SV4 isoform is smallest alternative
isoform (length: 116 aa) that lacked 112-164 residues corresponding to the SV1, but
contained four-amino acid (113VPLS116) due to partial intron retention event at Cterminal. It also lacked His-129 (Cu2+ co-ordination), two surface interaction residues,
and one cysteine (Cys-155) involved in the intra-molecular disulfide bond (Fig. 3.2.2).

3.2.5. PCR amplification and cloning of full-length cDNAs of OsCSD3
SVs
To study the characteristics of OsCSD3 isoforms, full-length cDNAs (FLcDNAs) were PCR amplified using Pwo DNA polymerase and cloned into plasmid
vectors for heterologous expression in E. coli. As the basal transcript levels of
OsCSD3 SVs was low, a different strategy was used. Using first-strand cDNA of
NSICRc106 genotype, FL-cDNAs of OsCSD3-SV1 and OsCSD3-SV2 were
successfully PCR amplified, using specific primers (OsCSD3-SV1: OsCSD3-Cm-F +
OsCSD3-SV1/3-R; OsCSD3-SV2: OsCSD3-Cm-F + OsCSD3-SV2-R) (Fig. 3.2.3,
Table 2.5). The FL-cDNAs were cloned into different E. coli expression vectors such
as pET28a(+), pMAL-c5x and pTwin1. As direct amplification of OsCSD3-SV3 FLcDNA using SV3 specific primers (OsCSD3-Cm-F + OsCSD3-SV1/3-R) was not
successful, inverse PCR approach was used. Plasmid pET28a-OsCSD3-SV1 was used
as template along with two outward primers (OsCSD3-SV3-Fa + OsCSD3-SV3-Rb),
to create deletion of exon3 (Fig. 2.1). The linear PCR product was then self-ligated to
generate pET28a-OsCSD3-SV3. This plasmid was subsequently used for cloning of
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FL-cDNA of OsCSD3-SV3 into other expression plasmids (Fig. 3.2.3). Similarly, due
to lower transcript levels, FL-cDNA of OsCSD3-SV4 also was not directly PCR
amplified from total cDNA, and a variant specific reverse transcription reaction was
carried using OsCSD3-SV4b-R primer, and subsequently FL-cDNA was successfully
PCR amplified using SV4 specific primers (Fig. 3.2.3).

Fig. 3.2.3. Analysis of the PCR amplified FL-cDNAs of OsCSD3 SVs. PCR
amplified products were analyzed on 2 % agarose gel. Lane 1: OsCSD3-SV1, lane 2:
OsCSD3-SV2, lane 3: OsCSD3-SV3 and lane 4: OsCSD3-SV4. Lane M; 100 bp DNA
ladder marker.
The OsCSD3-SV3 and OsCSD3-SV4 cDNAs were also cloned into E. coli
expression vectors pET28a(+), pMAL-c5x and pTwin1. The four recombinant
plasmids were transformed into E. coli TOP10 cells and positive clones were
identified by colony PCR and confirmed by restriction analysis of plasmids. The
sequence of the clones was verified by sequencing and submitted to the GenBank
(Accession

No.:

MW091047;

OsCSD3-SV1;

OsCSD3-SV3:

KF953542

MW091048;

and

KF953543,

OsCSD3-SV4:

OsCSD3-SV2;

MW091049).

The

recombinant pET28a(+) plasmid containing OsCSD3 splice variant cDNAs were
designated as

pET28a-OsCSD3-SV1/SV2/SV3/SV4
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and a similar scheme was

followed for expression plasmids pMAL-c5x and pTwin1.

3.2.6. Sequence analysis of NSICRc106 OsCSD3 splice variants
The of NSICRc106 OsCSD3-SV1 cDNA sequence showed two variations
(270th and 451th positions) compared to Nipponbare sequence (RGAP-MSU). A single
variation was present in other three SVs; SV3 (355th position) and in SV2 and SV4
(270th position). This resulted in minor sequence heterogeneity in OsCSD3-SVs of the
two genotypes (% identity: SV1; 99.59 %, SV2; 99.79 %, SV3; 99.74 % and SV4;
99.71 %). Variation at 270th position is a silent mutation, whereas change at 451th in
OsCSD3-SV1 (and 355th in OsCSD3-SV3) position changed alanine to threonine.
Hence, OsCSD3-SV1 (A151T) and OsCSD3-SV3 (A119T) showed 99.39 % and
99.24 % identity to Nipponbare sequences, while OsCSD3-SV2 and OsCSD3-SV4
showed 100% identity. The OsCSD3-SVs showed variation in length (116-164 aa)
and predicted molecular weight (11.8-16.5 kDa) of the encoded protein isoforms.

3.2.7. Overexpression and purification of OsCSD3 splice variant
protein isoforms
The recombinant pET28a(+) plasmids containing OsCSD3-SV cDNAs were
transformed into E. coli BL-21(DE3) for overexpression of recombinant proteins, as
described in material and methods (Section 2.2.13.2). Overexpression of rice proteins
was optimized by varying the induction temperature (20-37 °C) and IPTG
concentration (0.1-1 mM IPTG). Under optimized conditions (temperature: 20 ºC, 0.1
mM IPTG, time: 16 h) all the four OsCSD3 SV isoforms were successfully
overexpressed and showed expected sized proteins (OsCSD3-SV1: ~18.7 kDa,
OsCSD3-SV2: ~18.9 kDa, OsCSD3-SV3: ~15.3 kDa and OsCSD3-SV4: ~14 kDa)
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(Fig. 3.2.4A). For comparative analysis, initially purification and characterization of
the OsCSD3-SV1 (constitutive isoform, not characterized previously) was carried out.
The OsCSD3-SV1 isoform was purified to near homogeneity from the soluble fraction
of cell lysate using Ni-NTA affinity chromatography (Fig. 3.2.4B). The protein was
further

purified

by

gel-filtration

chromatography

and

used

for

analysis.

Fig. 3.2.4. Heterologous expression of OsCSD3 SV isoforms in E. coli BL-21
(DE3).

BL-21(DE3)

cells

containing

pET28a(+)

or

pET28a-OsCSD3-SVs

(SV1/SV2/SV3/SV4 cDNAs) were induced and total protein isolated and analyzed on
15 % denaturing polyacrylamide gel. (A) Expression of OsCSD3 SV isoforms. Lane 1;
pET28a (+), lane 2; pET28a-OsCSD3-SV1, lane 3; pET28a-OsCSD3-SV2, lane 4;
pET28a-OsCSD3-SV3, lane5; pET28a-OsCSD3-SV4. Lane M: Protein molecular
weight standards in kilodaltons (kDa). Red arrows indicate the overexpressed
OsCSD3 isoform bands. (B) Expression and purification of OsCSD3-SV1 isoform.
Lane 1 and 2; uninduced and induced total cell lysate of BL-21(DE3) containing
pET28a-OsCSD3-SV1, Lane 3 and 4; soluble and pellet fraction of induced BL21(DE3) pET28a-OsCSD3-SV1, lane 5; Ni-NTA affinity purified OsCSD3-SV1.
Lane M: Protein molecular weight standards in kilodaltons (kDa).
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3.2.8. Biophysical characterization of OsCSD3 SV1 isoform
3.2.8.1. OsCSD3-SV1 isoform exists as a homodimer in native state
On gel-filtration, the OsCSD3-SV1 isoform was eluted as single peak and
corresponding to ~36 kDa native molecular weight (Fig. 3.2.5A and 3.2.5B). Analysis
on denaturing PAGE showed a single band corresponding to subunit size of ~18 kDa
(Fig. 3.2.5C). These results show that the protein exists as homodimer.

Fig. 3.2.5. Determination of native and subunit molecular weight of OsCSD3-SV1
isoform.

(A)

Recombinant

OsCSD3-SV1

was

subjected

to

gel-filtration

chromatography on Superdex 75 10/300 GL column. (B) A calibration plot of
molecular weight of the standard proteins versus their respective Ve /Vo values (Ve:
elution volume, Vo: void volume) was plotted. Positions of the protein standards used
and OsCSD3-SV1 are indicated in the figure. (C) Analysis of gel filtration fraction on
15 % denaturing PAGE. Lane 1; gel-filtration purified fraction of OsCSD3-SV1. Lane
M: Protein molecular weight standards in kilodaltons (kDa).
3.2.8.2. OsCSD3-SV1 isoforms shows spectral features similar to Cu/Zn SODs
The spectrum characteristic of OsCSD3-SV1 isoform were analyzed in UV
and visible wavelength range. The protein contained a single tyrosine (Tyr-37),
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phenylalanine residues at six positions (Phe: 29, 30, 54, 59, 73, and 107), but no
tryptophan (Trp). Spectral analysis range showed specific peaks (between 250-270 nm)
associated with the aromatic amino acids (Fig. 3.2.6A), and evidence of electronic
transitions around ~620-680 nm (indicative of d-d electronic transition for Cu2+
coordination) and ~380-410 nm (ligand-to-metal interaction between imidazole ring of
the His-62 and Cu2+) (Fig. 3.2.6B). Circular Dichroism (CD) analysis indicated high
β-sheet content and low α-helix content in the SV1 isoform (Fig. 3.2.6C).

Fig. 3.2.6. UV and Visible spectroscopic analysis of OsCSD3-SV1 isoform. (A) UV
absorption spectra of OsCSD3-SV1 from wavelength 240 nm to 300 nm. Peaks
associated with aromatic amino acids (Phe and Tyr) are indicated. (B) Absorption
spectra of OsCSD3-SV1 in from wavelength 300 nm to 800 nm. Peaks indicative of
electronic transitions are indicated with arrows: 1) indicates ligand-to-metal transition
and 2) indicates d-d electronic transition for Cu2+ coordination. (C) Circular
Dichroism (CD) spectra of OsCSD3-SV1 isoform (wavelength range: 190–260 nm).

116

3.2.8.3. Structural thermostability analysis by Differential Scanning Fluorimetry
(DSF)
The OsCSD3-SV1 isoform was analyzed for structural stability by DSF
analysis that monitors increase in binding of SYPRO Orange dye, as a function of
temperature, and is reflected in terms of unfolding /melting temperature of the protein
(Tm). DSF revealed that the OsCSD3-SV1 is thermostable with the Tm value of
75.5 °C (Fig. 3.2.7).

Fig. 3.2.7. Effect of temperature on structural stability of OsCSD3-SV1 isoform.
Structural unfolding of the protein was measured by continuous acquisition of SYPRO
Orange fluorescence (Excitation: 465 nm, Emission: 580 nm) with increasing
temperature (25- 95 °C, ramp rate; 0.04 °C s-1). The data was transformed into first
derivative to estimate the unfolding/melting temperature (Tm) of the protein
(indicated by vertical arrow).

3.2.9. Biochemical characterization of OsCSD3-SV1 isoform
3.2.9.1. OsCSD3-SV1 isoform is enzymatically active
The OsCSD3-SV1 isoform was analyzed for biochemical characteristics using
NBT reduction based SOD activity assays, as detailed in section 2.2.18.1.
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Zymogram analysis on native PAGE showed that OsCSD3-SV1 is enzymatically
active. Spectrophotometric analysis showed that OsCSD3-SV1 has specific activity
1030 ± 90 U mg-1 ml-1 (Fig. 3.2.8A). Analysis on denaturing PAGE showed that
protein is tolerant to SDS, but is sensitive to β-merceptoethanol treatment that suggest
importance of disulfide bond in functional conformation of protein (Fig. 3.2.8B).

Fig. 3.2.8. Spectrophotometric and in-gel SOD activity analysis of OsCSD3-SV1
by NBT reduction assay. (A) SOD activity was measured spectrophotometrically by
taking the increasing concentration (0-5.0 µg ml-1) of protein in the assay. Vertical
arrow indicates the protein concentration for inhibition of NBT reduction by 50 %
(equivalent to 1 U SOD). (B) In-gel SOD activity assay of OsCSD3-SV1 isoform in
the absence/presence of β-mercaptoethanol (β-ME). Lanes 1, 3 contained control
protein (no β-ME treatment), lanes 2, 4 treated with β-ME, and lane M: protein Mw
standards (kDa). Arrow indicates the position of the OsCSD3-SV1 isoform.
3.2.9.2. OsCSD3-SV1 isoform showed SOD inhibitor profiles like Cu/Zn SODs
Effect of SOD inhibitors on activity of OsCSD3-SV1 isoform was investigated
using NBT-reduction assay described in section 2.2.18.1. The OsCSD3-SV1 isoform
showed differential response to inhibitors. DDC inhibited the SOD activity of
OsCSD3-SV1 in a concentration dependent manner, with complete inhibition at 2 mM
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DDC (IC50: 0.4 mM), which is typical of a Cu/Zn type SOD. The OsCSD3-SV1 was
relatively insensitive to H2O2 (IC50 ~7.6 mM) as it retained >20 % activity even at 10
mM H2O2. The protein remained unaffected by NaN3 up to 10 mM. Collectively these
results showed that the OsCSD3-SV1 is a Cu/Zn type SOD (Fig. 3.2.9). The ICP-MS
analysis confirmed that protein in indeed a Cu/Zn SOD with single Cu2+ and Zn2+
metal ion per subunit (Cu2+ ion; 0.905 ± 0.18 and Zn2+ ion; 0.945 ± 0.16 per subunit).

Fig. 3.2.9. Analysis of effect of SOD inhibitors on activity of OsSCD3-SV1
isoform. OsCSD3-SV1 isoform (1U equivalent) was treated with DDC (0.0–2.0 mM),
H2O2 (0.0–10.0 mM) and NaN3 (0.0–10.0 mM) for 30 min at 25 °C. Relative SOD
activity was estimated by considering activity at 0 mM inhibitor concentration as
100 %. Vertical arrows indicate IC50 values for DDC and H2O2. Data are represented
as mean ± SD of three independent replicates.
3.2.9.3. Effect of pH on activity and stability of OsCSD3-SV1 isoform
Analysis of SOD activity of the OsCSD3-SV1 isoform in different buffers
showed that the optimum pH of the enzyme is 9.0, however it showed 60-80 % of
activity from pH 7.0-10.8 (Fig. 3.2.10A). Effect of pH on the stability of OsCSD3SV1 isoform showed that the protein was relatively stable and loss of activity as a
function of time was comparable from pH 7.0-10.0. However, beyond pH 10.0, loss of
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activity was high and the protein retained < 40 % activity after pre-incubation of 24 h
(Fig. 3.2.10B).

Fig. 3.2.10. Effect of pH on SOD activity and stability of OsCSD3-SV1 isoform.
One unit (1 U) equivalent of purified protein was used for analysis (A) Effect of pH
on the activity: SOD activity of the protein was assayed in different pH buffers (50
mM; pH 7-10.8). Relative SOD activity was estimated by considering maximum
activity as 100 %. (B) Effect of pH on stability: Protein was pre-incubated in different
buffers (pH range, 7.0-10.8) for 0-24 h. Activity was assayed using standard SOD
assay. Relative SOD activity was measured considering activity at 0 h (before preincubation) as 100 %. Data are represented as mean ± SD of three independent
replicates.
3.2.9.4. Rice OsCSD3-SV1 isoform showed higher thermostability
The effect of temperature on thermal inactivation of OsCSD3-SV1 was
evaluated in term of residual SOD activity remains after pre-incubation at different
temperatures (20- 80 °C). When pre-incubated for 1 h, OsCSD3-SV1 isoform showed
tolerance to thermal inactivation with no substantial loss of activity up to 50 ºC and
complete loss at 70 ºC, with a T1/2 value (temperature at which 50 % activity was lost)
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of 62 ºC. However, at lower pre-incubation time (20 min or 40 min) the rice protein
retained 20 % activity even at 80 ºC (Fig. 3.2.11A).
3.2.9.5. OsCSD3-SV1 exhibits bicarbonate dependent peroxidase activity
Superoxide dismutases are also reported to harbor bicarbonate dependent
peroxidase activity. For OsCSD3-SV1 isoform, the peroxidase activity was assessed
by monitoring enzyme-mediated oxidation of dichlorodihydrofluorescein (DCFH) to
dichlorofluorescein (DCF) as detailed in section 2.2.18.5. Results showed that
OsCSD3-SV1 harbor bicarbonate dependent peroxidase activity (Fig. 3.2.11B).

Fig. 3.2.11. Analysis of thermostability and peroxidase activity of OsCSD3-SV1
isoform. (A) Analysis of thermostability of OsCSD3-SV1: Protein (1 U equivalent)
was incubated at different temperatures (20–80°C). Aliquots were removed at 20, 40
and 60 min and assayed for SOD activity. Relative SOD activity was estimated by
considering activity at 0 h time-point as 100 %. Vertical arrow the indicates T1/2 value.
Data are represented as mean ± SD of three independent replicates. (B) Bicarbonate
dependent peroxidase activity of OsCSD3-SV1: Peroxidase activity of protein was
measured by estimation of DCF (excitation/emission wavelength: 524/ 480 nm)
formation in presence of bicarbonate and H2O2. Data are represented as mean ± SD of
three independent replicates.
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3.2.10. OsCSD3-SV1 isoform enhanced oxidative stress tolerance of
wild type and sod double mutant E. coli cells
SODs confer protection to the cellular components against oxidative damage.
The ability of rice OsCSD3-SV1 isoform to protect E. coli cells from methyl viologen
(MV) mediated oxidative stress was investigated. Growth of E. coli BL-21(DE3) cells
containing pET28a(+) (empty vector) or pET28a-OsCSD3-SV1 was evaluated in the
presence increasing MV concentration (0-0.2 mM) by spot assay and measuring the
culture OD at absorbance (A600

nm).

Analysis showed that over-expression of

OsCSD3-SV1 considerably enhanced the oxidative stress tolerance of BL-21(DE3)
cells till 0.2 mM MV (Fig. 3.2.12A and B).

Fig. 3.2.12. Analysis of oxidative stress tolerance in wild type E. coli BL-21 (DE3)
expressing OsCSD3-SV1 isoform. Growth of BL-21(DE3) cells containing
pET28a(+) or pET28a-OsCSD3-SV1 in presence of MV was monitored by (A) Spot
assay and (B) Spectrophotometrically by measuring absorbance (A600

nm).

The

experiment was repeated three times and data are represented as mean absorbance
(A600 nm) ± SD of three replicates. Statistical analysis was carried out by Student’s ttest, and significant differences are indicated by **P < 0.01, ***P < 0.001.
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As wild type E. coli cells contain inherent SODs (e.g. SOD-A and SOD-B
contributes ~98% of total SOD activity) (Fig. 3.2.13A), the analysis was also
extended to E. coli sod double knockout (ΔsodA ΔsodB) mutant generated as per
protocol detailed in section 2.2.20. Loss of inherent SOD-A and SOD-B activities in
the E. coli sodA sodB double mutant was confirmed by in-gel SOD assay (Fig.
3.2.13A). Growth analysis of the double mutant in presence of MV (0-0.5 mM)
confirmed that it is highly sensitive to MV treatment (Fig. 3.2.13B). Direct analysis

Fig. 3.2.13. Validation of loss of SOD activities in sodA sodB double mutant and
analysis of sensitivity to MV treatment. (A) Zymogram analysis of total protein
isolated from E. coli BW25113 wild type and sod mutant cultures were performed as
described in section 2.2.18.1. Lane WT denotes BW25113 wild type, lane sodA, sodB
and sodA sodB denotes corresponding BW25113 sod mutants. (B) E. coli BW25113
sod double mutant (sodA sodB) culture (OD600 ~0.15) was grown with increasing
concentration of MV (0- 0.5 mM) at 25 °C. Culture growth was monitored by
measuring absorbance (A600

nm).

Data are represented as mean ± SD of three

independent replicates.
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of the sod double mutant using the plasmid construct used for stress tolerance of BL21(DE3) was not feasible. The pET28a-OsCSD3-SV1 construct is compatible for
heterologous expression in E. coli BL-21(DE3) expression host, but not for E. coli sod
double mutant as it lacked T7 RNA polymerase dependent overexpression and
contains selection marker (kanamycin) similar to pET28a(+). Hence, plasmid vector
pMAL-c5x (containing MBP tag) that was suitable for T7 RNA polymerase
independent expression and contained ampicillin selection marker was used. Also, Nterminal MBP tag enhances the solubility of the recombinant OsCSD3-SV1. Plasmid
pMAL-c5x (empty plasmid) or pMAL-c5x-OsCSD3-SV1 were transformed into sod
double mutant cells, induced with 0.5 mM IPTG and the activity of the MBPOsCSD3-SV1 fusion protein was confirmed by Zymogram (Fig. 3.2.14A). Growth of
sod double mutant cells containing pMAL-c5x and pMAL-c5x-OsCSD3-SV1 was
monitored in the presence of increasing MV concentration (0-0.025 mM). The double
mutant showed enhanced tolerance at 0.01 mM MV (Fig. 3.2.14B and C).
The sod double mutant was also evaluated for oxidative stress induced lipid
peroxidation. Methyl viologen treatment resulted in increased lipid peroxidation in the
sod double mutant. However, the cells expressing MBP-OsCSD3-SV1 protein showed
substantial reduction in lipid peroxidation (Fig. 3.2.15).
These results show that the OsCSD3-SV1 isoform is able to protect the E. coli
cells from the MV-mediated oxidative damage.
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Fig. 3.2.14. Analysis of oxidative stress tolerance of E. coli BW25113 sodA sodB
double mutant expressing OsCSD3-SV1 isoform as MBP fusion. (A) Zymogram
analysis of total protein isolated from IPTG induced sodA sodB double mutant cells
carrying pMAL-c5x (vector control) or pMAL-c5x-OsCSD3-SV1. Lane 1 and 3;
correspond to sodA sodB pMAL-c5x (vector control), lane 2 and 4; sodA sodB pMALc5x-OsCSD3-SV1. Position of MBP and MBP-OsCSD3-SV1 isoform are indicated by
arrows. (B) and (C) Comparison of growth of IPTG induced E. coli sod doublemutant cells containing pMAL-c5x (empty vector) or pMAL-c5x-OsCSD3-SV1
treated with MV at 25 °C, by measuring absorbance (A600
respectively. Data are represented as mean absorbance (A600

nm)
nm)

and Spot assay
± SD of three

independent replicates. Statistical significant values are indicated by ‘*’ (**P < 0.01).
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Fig. 3.2.15. Lipid peroxidation analysis in E. coli sodA sodB mutant cells. E. coli
sodA sodB mutant cells carrying either pMAL-c5x or pMAL-c5x-OsCSD-SV1 in
absence/presence to MV. Data are represented as mean MDA equivalents ± SD of
three independent replicates. Statistical significant differences are indicated by ‘*’
(**P < 0.01, ***P < 0.001 and ****P < 0.0001).

3.2.11. Homology model show conserved structural features in
OsCSD3-SV1
The homology model of OsCSD3-SV1 was generated using Solanum
lycopersicum Cu/Zn SOD crystal structure (PDB ID: 3PU7) as template. The two
sequences showed 64 % identity. The template structure, refined to 1.8 Å resolution,
included both Cu and Zn co-factors. OsCSD3-SV1 homology model was a
homodimer covering the residue range 19-160 (QMEANscore4: 0.782; QMEAN4-Zscore: -0.21), and showed the Greek-key β-barrel structural core typical of Cu/Zn
SODs. The alpha carbons (residues 19-31, 37-160) of both the chains of the model
were superposed onto the corresponding residues of the template, thus omitting a beta
turn where there is an insertion of a proline residue in case of rice model (Fig.
3.2.16A). Structural superposition showed that the positions of active site residues
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(His55, His57, His72, His129, His 80, His89 and Asp92), involved in coordination
with the metal co-factors (Cu and Zn), two cysteine (Cys66 and Cys155, involved in
intra-subunit disulfide bond) and catalytically important second-sphere residues
(Asp133 and Arg152) were highly conserved. The two structures superposed to a
root-mean square deviation (RMSD) of 0.08 Å. After the superposition, active site of
the model could very well accommodate both the metal cofactors (Cu and Zn) from
the template (Fig. 3.2.16B).

Fig. 3.2.16. Homology model of OsCSD3-SV1 isoform generated using SWISSMODEL work-space. (A) Predicted homology model (shown as homodimer) of rice
OsCSD3-SV1 isoform superimposed with the template Cu/Zn SOD structure (PDB ID:
3PU7) from S. lycopersicum. Figures of the molecular models was made using
PyMOL program. Two chains of the dimer are shown in cyan and slate color in case
of the rice model while those are shown in magenta and orange color in case of the
template. (B) Enlarged view of the active site region showing histidine and aspartate
residues involved in the Cu and Zn coordination. Rice protein residues are shown in
cyan carbons, whereas template residues are shown in magenta carbons.
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The rice OsCSD3-SV1 isoform was enzymatically active, homodimeric
protein that showed thermostability and tolerant to H2O2 and could protect the E. coli
cells from oxidative stress. Properties of other three alternative isoforms (SV2, SV3
and SV4) having large variations were investigated to know the significance in
functioning of OsCSD3.

3.2.12. Strategies for enhancing solubility of OsCSD3 alternative
isoforms
Over-expression of OsCSD3 alternative isoforms (OsCSD3-SV2, OsCSD3SV3 and OsCSD3-SV4) with optimized expression conditions (used in OsCSD3-SV1)
in BL-21(DE3):pET28a(+) system was not successful and the three isoforms were
always present in the inclusion bodies. As an example, results of OsCSD3-SV2 are
shown in Fig. 3.2.17. Other two alternative isoforms (OsCSD3-SV3 and OsCSD3SV4) were also present in the inclusion bodies. Different strategies (variation in
expression conditions, different E. coli expression hosts, fusion tags, chaperone
assisted folding etc.) were attempted to enhance the solubility of the three OsCSD3
alternative isoforms (Table 2.8). The OsCSD3-SV1 isoform was also expressed using
similar conditions and purified for comparative analysis with alternative isoforms.
3.2.12.1. OsCSD3 alternative protein isoform expression as intein fusion
Second approach involved use of expression vector pTwin1 (contain an intein
tag), which has pH-dependent self-cleavage property, and also helps in enhancing
solubility of fusion protein. At optimized expression conditions, the OsCSD3
alternative isoforms (OsCSD3-SV2, OsCSD3-SV3 and OsCSD3-SV4), were
successfully expressed as soluble fusion proteins. However, subsequent pH-dependent
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cleavage of intein tag showed issues related to incomplete cleavage and protein
aggregation during purification.

Fig. 3.2.17. Overexpression of OsCSD3-SV2 isoform. Expression of BL-21(DE3)
cells carrying pET28a-OsCSD3-SV2 with different IPTG (0.1-1.0 mM) concentration
at 20 °C. Total protein from different fractions was isolated. Lane U; uninduced, I;
induced; and S; soluble fraction. Lane M denotes the protein Mw standards (kDa).
Arrow indicates the position of the OsCSD3-SV2 protein.
3.2.12.2. Co-expression of OsCSD3 isoforms with chaperones
Chaperone co-expression based approach was also attempted for in vivo
folding of OsCSD3 alternative isoforms. Co-expression of individual pET28aOsCSD3-SVs with five different chaperone containing plasmids (pGro7, pTf16, pGTf2, pKJE7 and pG-KJE8) was carried out in BL-21(DE3) E. coli cells as detailed in
section 2.2.14.2 and Table 2.7. In case of OsCSD3-SV2 isoform, analysis of different
fractions of cell lysate showed an appreciable amount of protein in soluble fraction
when co-expressed along with pKJE7, pG-KJE8, pTf16, pG-Tf2 (Fig. 3.2.18A and
3.2.18B). The three isoforms, OsCSD3-SV2, OsCSD3-SV3 and OsCSD3-SV4, were
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overexpressed at optimized conditions and affinity purified. However, denaturing
PAGE analysis showed that OsCSD3-SV2 isoforms co-eluted with chaperone DNaseJ
(40 kDa) (Fig. 3.2.19A). Gel-filtration analysis showed a single absorbance peak,
which on further confirmation showed that the chaperone was associated with
OsCSD3-SV2 (Fig. 3.2.19B). Similar results were observed for other two alternative
isoforms (SV3, SV4) of OsCSD3.

Fig. 3.2.18. Chaperone assisted folding of OsCSD3-SV2 isoform in BL-21 (DE3).
BL-21 (DE3) cells carrying pET28a-OsCSD3-SV2 were co-expressed with five
different chaperones (A) and (B) and the total protein from insoluble and soluble
fractions was analyzed by denaturing PAGE. Lane U, I and S corresponds to total
isolated protein from uninduced, induced culture and soluble fraction respectively.
The names of the chaperone plasmids used are indicated on top of the lanes. Arrow
indicates the position of OsCSD3-SV2 isoform.
3.2.12.3. Overexpression of OsCSD3 alternative isoforms as maltose binding
protein (MBP) fusion
Overexpression of OsCSD3-SV1 isoform as MBP-fusion yielded soluble
protein that was also enzymatically active (Fig. 3.2.14A). Hence, other three
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alternative isoforms (OsCSD3-SV2, OsCSD3-SV3 and OsCSD3-SV4) were also
cloned in pMAL-c5x expression vector and overexpressed as MBP-fusion in SHuffle
Express E. coli strain. All the three OsCSD3 alternative isoforms (as MBP-fusion)
were present in the soluble fraction (Fig. 3.2.20). All spliced isoforms were
successfully purified to near homogeneity and were used for further analysis (Fig.
3.2.21A and 3.2.21B).

Fig. 3.2.19. Expression and purification of OsCSD3-SV2 isoform. (A) BL-21(DE3)
cells carrying pET28a-OsCSD3-SV2 with chaperone plasmid pKJE7 were induced.
Soluble fraction was isolated and protein was purified using Ni-NTA chromatography.
Lane S, UB and W correspond to soluble fraction, unbound and washing flow through
fraction respectively. Lane 40-250; corresponds to the protein fraction eluted with
mentioned imidazole concentration (mM). Arrow indicates the position of OsCSD3SV2 and DnaJ chaperone. (B) Denaturing PAGE analysis of gel filtration purified
protein fraction of OsCSD3-SV2 overexpressed in the presence of DnaJ chaperone.
Arrow indicates the position of OsCSD3-SV2 and chaperone protein (DnaJ).
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Fig. 3.2.20. Expression of OsCSD3 isoforms as Maltose binding protein (MBP)
fusion. SHuffle Express cells carrying pMAL-c5x (empty vector) or pMAL-c5xOsCSD3-SVs were expressed and total protein from different cultures was isolated.
Lane 1; Uninduced and lane 2; soluble fraction of induced SHuffle Express containing
pMAL-c5x, lane 3-6, soluble fraction isolated from induced culture of SHuffle
Express pMAL-c5x-OsCSD3-SV1, -SV2, -SV3 and -SV4. Lane M indicates protein
Mw standards (in kDa). Arrow indicates the position of MBP and MBP-OsCSD3
splice isoforms.

Fig. 3.2.21. Expression, purification of MBP-OsCSD3-SV1 and MBP-OsCSD3SV2 isoform. Expression and purification of (A) MBP-OsCSD3-SV1 isoform and (B)
MBP-OsCSD3-SV2 isoform. Lane 1 and 2; uninduced and induced. Lane 3; soluble
fraction and lane 4; amylose affinity chromatography purified fraction. Lane M
denotes the protein Mw standards (in kDa). Arrow indicates the position of the MBPOsCSD3-SV1/-SV2 isoforms.
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3.2.12.4. Analysis of SOD activity of MBP-OsCSD3-SV protein isoforms
All the four purified MBP-OsCSD3-SV isoforms were analyzed for SOD
activity. Results showed that only MBP-OsCSD3-SV1 harbor SOD activity, whereas
no SOD activity was observed in alternative OsCSD3-SV isoforms (Fig. 3.2.22). This
could be attributed to lack of important residues/regions due to AS-mediated major
differences in the exon organization (Fig.3.2.2).

Fig. 3.2.22. Analysis of SOD activity of MBP-OsCSD3 isoforms. Increasing protein
concentration (0-5 µg ml-1) was taken and SOD activity of the OsCSD3 isoforms was
measured by NBT reduction assay. Maltose binding protein (MBP) was used as
negative control in the assay. Data represents the mean ± SD of three independent
replicates.

3.2.13. Discussion
Peroxisomes are important for different cellular functions, however there are
relatively few reports of characterization of peroxisomal CSDs compared to
chloroplastic and cytosolic isoforms. In rice locus LOC_ Os03g11960, that codes for
OsCSD3 and generates four splice variants (SVs) with major variations in UTRs,
exons or both. Sequence and protein characteristics showed that OsCSD3 is similar to
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plant peroxisomal SODs. Initially, OsCSD3-SV1 isoform was characterized for
comparative analysis with other isoforms.
OsCSD3-SV1 showed conserved residues at structurally and functionally
important sites, with N-terminal length variations and sequence variations across the
protein. Such amino acid variations are known to affects several characteristics CSDs
viz. stability, oligomerization dynamics, enzyme activity [136,260,305]. Although,
OsCSD3-SV1 was found to be a homodimeric protein with spectral signatures typical
of a functional Cu/Zn SODs, it showed certain remarkable properties (stability to wide
pH range, thermal stability and high H2O2 tolerance). Peroxisomal CSD isoforms are
generally more thermostable [304,306], as also observed for OsCSD3-SV1and was
attributed to the presence of higher β-sheet content, which was confirmed by the CD
analysis. Homology model confirmed that β- pleated sheets forms a highly stable
Greek-key fold, generally seen in CSDs [260,305]. The protein also exhibited
bicarbonate dependent peroxidase activity, as seen in CSDs from some other plants
[136,260].
High H2O2 tolerance of OsCSD3-SV1 further suggested its peroxisomal nature
as the peroxisomal proteins are generally adapted for higher H2O2 levels [304]. The
isoform was substantially active at alkaline pH and tolerant to pH induced changes,
which generally affect stability/activity [136,306,307]. These characteristics makes
OsCSD3 suitable for functioning in the alkaline environment of plant peroxisomes
[308]. However, despite overall sequence similarity to peroxisomal SODs, the
canonical C-terminal peroxisomal targeting signal 1 (PTS1) was not predicted in
OsCSD3-SV1. Typical C-terminal tripeptide PTS1 signals (AKL, SKL, SSV etc.) also
show heterogeneity in terms of sequence [309] and position from C-terminus
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[114,310]. Hence, of C-terminal SAV as a PTS1 signal in rice may not be ruled out
completely, but needs more analysis. Furthermore, N-terminal region of OsCSD3-SV1
could not be homology modeled, the possibility of its involvement in an alternative
non-canonical peroxisomal signal sequence cannot be ruled out.
Being an antioxidant enzyme, SOD overexpression minimize the stress
induced oxidative damage by scavenging the O2˙⁻ [311]. Rice OsCSD3-SV1
performed in vivo O2˙⁻ scavenging function and enhanced tolerance of wild-type and
sod double-mutant E. coli cells against oxidative stress-mediated damage including
lipid peroxidation. [265,305].
The OsCSD3 gene undergoes AS to generate three alternative SVs. These SV
isoforms lacked important regions of the protein required to perform SOD function.
Comparative activity analysis of isoforms showed that except OsCSD3-SV1 all three
isoforms lack SOD function. Several mutation studies in CSDs targeting subunit
interaction residues, cysteine residues and other sites has been shown to affect the
protein characteristics of the mutant proteins [135,140,260,312].
In case of OsCSD3 alternative isoforms, removal of large regions mediated by
AS, deleted several important resulting in loss of SOD activity. Loss of activity of
OsCSD3-SV1 due to disruption of disulfide bond also indicates that it may be
important in the loss of SOD function of OsCSD2-SV2. In comparison to OsCSD3SV1, SV2 has heterogeneity in the C-terminal region (138-163) due to an AS event
and different position cysteine residue (SV2; Cys-160 in place of Cys-155 in case of
SV1). These changes can affect the overall confirmation of the protein leading to loss
of SOD activity. Similar finding was reported in Populus where PtHipCSD1
(homologous to OsCSD3) produced two SVs with no SOD activity in the alternative
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isoform [247]. Isoform OsCSD3-SV3 lack bridging His-72 residue and Zn2+ binding
sites due to skipping of exon3. As both Zn2+ ion and His-72 are important for protein
stability and pH independent behaviour of SODs, their absence may be responsible for
no SOD activity in SV3 [313,314]. OsCSD3-SV4, which have lost major region of the
protein due to AS, lacked one of Cu2+ metal ion coordination residue (His-129) and a
Cys-155. Analysis of P. atrosanguinea Cu/Zn SOD mutant proteins have shown that
active site flanking residues and cysteine residues are involved structural stability and
biochemical activity of the protein [140]. Hence the OsCSD3-SV4 lacking many
features is not able to retain the SOD function.
Analysis of alternative SV isoforms of OsCSD3 suggested that deletion of the
active site residues, residues involved in structural stabilization of protein, are
responsible for loss of SOD function of alternative isoforms. However, despite
variations at different regions, which had affected the SOD function some of these
splice isoforms had intact Cu2+ or Zn2+ binding residues, and dimer interface residues.
Thus, these SV isoforms could perform other functions (like metal binding
heteromeric interactions etc.), however, it will need further investigation.
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Section 3.3
Comparative analysis of rice
chloroplastic Cu/Zn SOD and its
alternative isoform
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3.3.1. Introduction
Chloroplasts are important cellular organelle in plant cells that perform a vital
life process known as ‘photosynthesis’.

Fig. 3.3.1. Reaction of oxygenic photosynthesis
Around 2.4 billion years ago (Bya), this process originated in the primitive
microbe cyanobacteria and transformed the earth’s atmosphere from reducing to
oxidizing [54]. Chloroplasts had originated as a result of endosymbiotic relationship
between free-living photosynthetic microbes and an ancient eukaryotic host cell [119].
In plant cells, chloroplasts are one of the major sites of O2˙⁻ and 1O2 generation [58].
Reactive oxygen species (ROS) are generated (as a byproduct) during photosynthesis
due to leakage of electrons from electron transport system (ETS) to molecular oxygen,
and from the overexcited chlorophyll molecules [60]. Chloroplast through ROS, relay
its redox status through retrograde signaling and co-ordinate with the nucleus and
other cellular organelles and regulate physiological processes and stress responses
[68,315]. Environmental stress conditions (high light intensity, salinity, drought and
temperature, radiation etc.) perturb the physiological ROS balance, and their excessive
accumulation damage several cellular biomolecules, and also affect photosynthesis
[32,60]. O2˙⁻ cause damage to Fe-S clusters of proteins and inhibit photosynthesis,
while 1O2 damage essential chlorophyll molecules and D1 protein of photosystem
leading to photoinhibition [54,316]. Free iron released from damaged Fe-S proteins
further participates in generation of highly reactive ˙OH through Haber-Weiss/Fenton
reaction and further enhance the oxidative damage [317,318]. Chloroplastic DNA is
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more prone to ROS mediated damage than nuclear DNA due to its vicinity to the site
of generation, and being unprotected unlike nuclear DNA [60]. Both non-enzymatic
(e.g. carotenoids, Ascorbate etc.) and enzymatic (e.g. SODs, peroxidases etc.)
antioxidants are present in chloroplasts to minimize ROS damage [56]. Plant
chloroplasts contain multiple SODs for protection against ROS toxicity [116].
Arabidopsis contain two Fe-SODs (FSD2 and FSD3) and one Cu/Zn SOD (CSD2)
localized to chloroplast [133,319]. Recently, a Mn SOD has also been reported to be
present along with two Fe SODs and one Cu/Zn SOD, in rice chloroplasts [123]. The
chloroplastic SODs exhibit some functional diversity [149,319], where CSD localized
in stroma (associated with outer surface of thylakoid) prevent O2˙⁻ mediated damage
to photosystems [319]. Genetic studies in Arabidopsis suggest that chloroplastic FSD
and CSD have specific roles in chloroplast development and plant stress response
[149]. Chloroplastic CSD levels are also regulated post-transcriptionally by miR398 to
modulate responses to abiotic and biotic stress conditions [150,239]. The CSD2
knockdown lines show growth retardation, reduced chlorophyll content, and
photosynthetic activity [115]. Transgenic plants overexpressing chloroplastic CSD
or/and in combination with other antioxidant enzymes enhance tolerance to multiple
abiotic stresses [134,150,151,320]. Furthermore, few reports have also shown role of
AS in regulation/functioning of chloroplastic SODs Fe SOD in O. sativa [244],
Glycine max Cu/Zn SOD [245] and A. thaliana Fe SOD3, [247]. Information at
RGAP-MSU rice database show two splice variants of chloroplastic CSD gene, with
small variation in the coding region. Although, transcript response of rice CSDs based
on some RNAseq data studies is available (http://expression.ic4r.org/), the impact of
AS generated coding region variation on protein function is generally lacking. This
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chapter presents the results of cloning, expression, purification and biochemical and
biophysical analysis of the two OsCSD2 isoforms to understand the role of AS in its
regulation and functioning.

Results
3.3.2. In silico analysis of OsCSD2 splice variants
Rice locus LOC_Os08g44770 codes for a chloroplastic CSD (OsCSD2), and
the RGAP-MSU database predicts generation of two splice variants (SVs), OsCSD2SV1 (constitutive) and OsCSD2-SV2 (alternative), with coding regions of 636 bp and
624 bp. Multiple sequence alignment of OsCSD2 gene and coding region of two
predicted SVs was carried by ClustalX. Presence of a 3′-alternate splice site (3′-ASS)
in exon-2 (E2) resulted in generation of OsCSD2-SV2. Consequently, 12 bp region
(position: 250-262) is absent in E2′ (alternative exon) of OsCSD2-SV2 (Fig. 3.3.2).

Fig. 3.3.2. Schematic representation of constitutive and alternative splicing of rice
chloroplastic CSD (OsCSD2) pre-mRNA. Untranslated regions (UTRs, white box),
exons (E, yellow box), introns (dashed line), truncated exon in SV2 (orange box),
region coding for transit peptide (TP) and primer (Forward primer; FP and Reverse
primers; RP) binding are indicated in the figure.
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These 12 missing bases corresponds to four amino acid residues 84GPTT87 (Fig.
3.3.3). OsCSD2-SV1 code for a 211 aa long polypeptide (inclusive of the chloroplast
localization signal/transit peptide, TP) with theoretical molecular weight (Mw) of 21.3
kDa, while the OsCSD2-SV2 codes for a 207 aa polypeptide with Mw of 20.9 kDa.
The two proteins showed similar isoelectric point (pI; 5.79). Analysis of conserved
domains at CDD-NCBI webserver predicted involvement of Thr-87 in subunit
interactions and loss of this amino acid might affect the subunit interaction in
OsCSD2-SV2 (Fig. 3.3.3).

Fig. 3.3.3. Multiple sequence alignment and domain analysis of rice OsCSD2-SV1
and OsCSD2-SV2 protein sequences. Multiple sequence alignment carried out by
ClustalX shows the positions of structurally and functionally important sites as
identified by analysis at Conserved Domain Database (CDD). ‘*’ indicates conserved
sites while arrows indicate other important residues involved in Cu2+ and Zn2+
coordination (Cu and Zn), subunit interaction (E-class ‘■’ and P-Class ‘□’ interaction)
and intra-subunit disulfide bond formation (SH). Transit peptide region (1-55 aa
residues) predicted using ChloroP online tool is also highlighted. Deletions of four
amino acids is indicated with ‘-’ and highlighted with blue rectangle.
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The OsCSD2 sequence was also analyzed for the presence of transit peptide
using ChloroP tool at ExPASy. Analysis predicted that amino acid positions 1-55 at
N- terminal region of protein serve as the transit peptide (TP, corresponds to 1-165 bp
region in the cDNA). Subsequent to the localization to the chloroplast the TP gets
cleaved and functional OsCSD protein lack this region.
The OsCSD2 isoforms were cloned and overexpressed without the TP region
to avoid any effect of this region on the biochemical/biophysical characteristics of the
proteins. Two cDNAs lacking the TP, ΔTP-OsCSD2-SV1 (length: 471 nt) and ΔTPOsCSD2-SV2 (length: 459 nt), were coding for polypeptides of 156 aa (Mw: 15.9 kDa)
and 152 aa (Mw: 15.5 kDa) with similar pI value (5.17). From here onwards, ΔTPOsCSD2-SV1 and ΔTP-OsCSD2-SV2 are referred to as OsCSD2-SV1 and OsCSD2SV2, respectively. PCR primers were designed to amplify the cDNAs lacking TP
(Table 2.5) and for cloning and overexpression of two isoforms in E. coli.

3.3.3. PCR amplification and cloning of OsCSD2 splice variants
The OsCSD2-SV1 and OsCSD2-SV2 cDNAs (lacking TP region) were
successfully PCR amplified from rice NSICRc106 cDNA using Pwo DNA
polymerase and variant specific primers (OsCSD2-SV1: OsCSD2-SV1-F + OsCSD2Com-R; OsCSD2-SV2:

OsCSD2-SV2-F + OsCSD2-Com-R, Table 2.5). PCR

amplification yielded products of expected length (inclusive of primer sequences) of
489 and 483 bp, respectively (Fig. 3.3.4). Subsequently, the two cDNAs were purified,
double digested with NdeI and EcoRI restriction enzymes, ligated to the linearized
(NdeI and EcoRI digested) pMAL-HIS vector, and transformed into E. coli TOP10
strain as detailed in the materials and methods (Section 2.2.9.1). Positive clones were
confirmed by colony PCR and restriction analysis of the isolated plasmids. The
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OsCSD2-SV cDNA cloned fragments were sequenced and submitted to the GenBank
(Accession no: OsCSD2-SV1: MW091045 and OsCSD2-SV2: MW091046). The
NSICRc106 OsCSD2 sequences showed 100 % identity with the corresponding
Nipponbare sequence at the RGAP-MSU database.

Fig. 3.3.4. PCR amplification of cDNAs (lacking transit peptide region) of
OsCSD2 splice variants. PCR amplified rice OsCSD2-SV1 (lane SV1) and OsCSD2SV2 (lane SV2) cDNAs were from rice NSICRc106 genotype. Lane M; denotes 100
bp DNA ladder marker.

3.3.4. Expression and purification of OsCSD2 SV isoforms
For heterologous expression of rice OsCSD2 SVs, recombinant plasmids
pMAL-HIS-OsCSD2-SV1 and pMAL-HIS-OsCSD2-SV2 were transformed in E. coli
SHuffle Express strain. The conditions for overexpression of the recombinant
OsCSD2 proteins were optimized by varying the IPTG concentration (range: 0.1-0.5
mM IPTG) and growth temperature 25 °C. At 0.25 mM IPTG concentration and
induction temperature of 25 °C both the OsCSD2 isoforms were successfully
overexpressed with expected sizes of ~18 kDa (inclusive of 2.2 kDa His-tag). At
induction temperature of 25 °C, OsCSD2-SV1 was present in the soluble fraction,
while OsCSD2-SV2 present in the insoluble fraction. On reducing the temperature to
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20 °C, both the SV protein isoforms were present in soluble fraction, however, yield
of CSD2-SV1 was substantially higher than the CSD2-SV2 (Figure 3.3.5A and
3.3.5B). Both the protein isoforms were overexpressed at optimized conditions
(temperature: 20 °C, IPTG: 0.1 mM) and purified using Ni-NTA affinity purification
column (Fig. 3.3.5A and 3.3.5B). The proteins were further purified by gel filtration
chromatography (detailed in section 2.2.17.1) and used for further analysis.

Fig. 3.3.5. Expression and purification of OsCSD2 SV isoforms from E. coli
SHuffle Express cells. Total protein isolated from different fractions was analyzed on
15 % denaturing polyacrylamide gel. Protein (A) OsCSD2-SV1 and (B) OsCSD2-SV2;
was overexpression and purified. Lane U; uninduced sample, Lane I; induced sample,
Lane S; soluble protein fraction, Lane CP; Ni-NTA affinity chromatography purified
protein. Lane M; indicates the position of protein Mw standards in kilodaltons (kDa).
Arrow indicates the position of OsCSD2 isoforms.

3.3.5. Biophysical and biochemical analysis of OsCSD2 SV isoforms
3.3.5.1. The OsCSD2-SV1 and -SV2 protein isoforms exist as homodimers
In silico analysis of OsCSD2 isoforms indicated that the AS-mediated loss of
four amino acids (84GPTT87) might affect oligomeric status of OsCSD2-SV2 isoform.
Gel-filtration analysis of OsCSD2-SV1 and OsCSD2-SV2 isoforms was carried out to
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assess the oligomeric status of two protein isoforms. Analysis showed a single
absorbance peak for both OsCSD2-SV1 and OsCSD2-SV2 corresponding to native
molecular weight of ~40 kDa and ~43 kDa respectively (Fig. 3.3.6A and 3.3.6B).
Denaturing PAGE analysis of fraction showed single expected sized bands indicating
that both the isoforms exists as homodimer (Fig. 3.3.6C). Hence, AS-mediated loss of
the four amino acids did not affected the homo-dimeric interactions in OsCSD2-SV2
isoform.

Fig. 3.3.6. Determination of oligomeric status of OsCSD2 splice isoforms by Gelfiltration chromatography: (A) Gel filtration profile of recombinant OsCSD2-SV1
and OsCSD2-SV2 isoform. Proteins were subjected to gel-filtration chromatography
as described in section 2.2.17.1. (B) The gel-filtration column was pre-calibrated with
standard proteins. A calibration curve of molecular weight of the standard proteins
(kDa) versus their respective Ve /Vo values (Ve: elution volume, Vo: void volume) was
plotted and used for estimation of native molecular weight of the recombinant
OsCSD2 isoforms. (C) Denaturing PAGE analysis of gel-filtration fraction of
OsCSD2-SV1 (lane SV1) and OsCSD2-SV2 (lane SV2). Lane M indicates the
position of protein molecular weight standards in kilodaltons (kDa).
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3.3.5.2. The two OsCSD2-SV isoforms are enzymatically active
In the previous chapter, the alternative isoforms of OsCSD3 were found to
contain no SOD activity, which was attributed to large missing regions/alternative
domains (Fig. 3.2.2). On the contrary, the two OsCSD2 isoforms differed in
presence/absence of only four amino acid region (Fig. 3.3.3). The SOD activity of the
isoforms

was

analyzed

by

both

in-gel

activity

assay

(Zymogram)

and

spectrophotometric method detailed in section 2.2.18.1. Zymogram analysis revealed
that the two OsCSD2 isoforms are enzymatically active, but showed substantial
difference in the SOD activity (Fig. 3.3.7A). Spectrophotometric analysis of SOD
activity carried out with increasing concentration (0-2.5 μg ml-1) of proteins further
confirmed that the isoforms are enzymatically active, and differ substantially in the
specific activity. The OsCSD2-SV1 showed almost 5-fold more activity than the
OsCSD2-SV2 as evident in the in-gel activity analysis using different ratios (1:1 and
1:5) of the two proteins (Fig. 3.3.7A). Spectrophotometric analysis by NBT-reduction
assay confirmed > 4-fold higher specific activity of OsCSD2-SV1 isoform (4360 ±
686 U mg-1ml-1) than OsCSD2-SV2 (946 ± 34 U mg-1ml-1) (Fig. 3.3.7B).
3.3.5.3. The OsCSD2 isoforms showed similar sensitivity to SOD inhibitors
OsCSD2 isoforms were treated with SOD inhibitors (diethyldithiocarbamate,
DDC; hydrogen peroxide, H2O2; sodium azide, NaN3) to compare their relative
sensitivity. DDC inhibited both the OsCSD2 isoforms in concentration dependent
manner (OsCSD3-SV1; IC50: 0.35 mM and OsCSD2-SV2; IC50: 0.43 mM), however
beyond 1 mM concentration the two proteins showed differential sensitivity. At 1.5
mM DDC concentration OsCSD2-SV1 retained 20 % SOD activity while OsCSD2SV2 was inactive.
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Fig. 3.3.7. Estimation of SOD activity of OsCSD2 splice isoforms by NBT
reduction assay. (A) In-gel SOD activity assay of OsCSD2-SV1 and OsCSD2-SV2
was performed. Protein amount (20 ng) of OsCSD2-SV1 and OsCSD2-SV2 protein
was loaded in lane 1 and lane 3 (OsCSD2-SV1) and lane 2 (OsCSD2-SV2). Lane 4
contained 5-times higher amount (100 ng) of OsCSD2-SV2. Arrow shows the
achromatic zone indicative of SOD activity. (B) Increasing concentrations of OsCSD2
protein isoforms were taken and SOD activity was measured spectrophotometrically.
Vertical arrows indicate protein concentration equivalent to 1 U of SOD. Data are
represented as mean ± SD of three independent replicates.
At 2 mM DDC, SV1 also lost complete SOD activity (Fig. 3.3.8A). The two
isoforms showed concentration dependent decrease in activity on H2O2 treatment,
however they showed differential sensitivity beyond 0.2 mM H2O2 concentration.
OsCSD2-SV2 showed relatively higher tolerance to H2O2 than OsCSD2-SV1 (IC50:
OsCSD2-SV1, 0.3 mM; OsCSD2-SV2, 0.52 mM), with OsCSD2-SV2 retaining 15 %
SOD activity even at 1 mM H2O2 concentration (Fig. 3.3.8B). Both OsCSD2-SV1 and
OsCSD2-SV2 remained unaffected by NaN3 treatment up to 10 mM concentration
(Fig. 3.3.8C). Collectively, SOD inhibitor analysis showed both OsCSD2-SV1 and
OsCSD2-SV2 are Cu/Zn type SOD.
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Fig. 3.3.8. Effect of SOD inhibitors on activity of OsCSD2 isoforms. One unit (1 U)
equivalent protein amount of OsCSD2-SV1 and OsCSD2-SV2 was treated with (A)
diethyldithiocarbamate (DDC; 0.0- 2.0 mM), (B) hydrogen peroxide (H2O2; 0.0- 10.0
mM) and (C) sodium azide (NaN3; 0.0- 10.0 mM) for 1 h at 25 °C and SOD activity
was measured. Relative SOD activity was estimated by considering activity at 0 mM
inhibitor concentration as 100 %. Vertical arrow indicates IC50 values (in mM). Data
are represented as mean ± SD of three independent replicates.
3.3.5.4. OsCSD2 protein isoforms showed similar pH optima but differential
stability
The two OsCSD2 isoforms were further investigated for effect of pH on SOD
activity and stability of the proteins. The proteins were pre-incubated in different
buffers (pH range: 7–10.8) and analyzed for activity and stability. Both the isoforms
showed similar pH optima (pH: 8.0) and with further increase (beyond pH 8.0) the
two isoforms showed reduction in the SOD activity, with more pronounced effect in
OsCSD2-SV2 (Fig. 3.3.9A). On comparison of stability of proteins pre-incubated (4 h)
in different buffers. OsCSD2-SV1 showed no appreciable change in SOD activity
whereas OsCSD2-SV2 remained stable till pH 9.0 and showed substantial loss of
SOD activity at pH 10 and pH 10.8. (Fig. 3.3.9B).
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Fig. 3.3.9. Effect of pH on OsCSD2 isoforms. One unit (1 U) equivalent amount of
OsCSD2-SV1 and OsCSD2-SV2 was used for analysis. (A) Effect of pH on activity:
SOD activity of the protein was assayed in different buffers (50 mM); phosphate (pH
7.0–8.0), Tris–Cl (pH 7.0–9.0), and bicarbonate (pH 9.0–10.8) after pre-incubation for
1 h at 25 °C. Relative SOD activity was estimated by considering maximum activity
as 100 %. (B) Effect of pH on stability: Protein was incubated in different buffers (pH
range, 7.0-10.8) and aliquots were removed 4 h after incubation and SOD activity was
assayed. Relative SOD activity was measured considering activity at 0 h as 100 %.
Data are represented as mean ± SD of three independent replicates.
3.3.5.5. OsCSD2 isoforms showed differential response to temperature
The two OsCSD2 isoforms, differing in four amino acids, showed differences
in characteristics, as detailed above. The proteins, were further investigated for
thermostability. Both the isoforms were pre-incubated (1 h) at different temperatures
and analyzed for residual SOD activity. OsCSD2-SV1 showed no significant loss of
SOD activity up to 55 °C, retained >75 % activity at 60 °C and completely lost the
activity at 65 °C (T1/2: 62 °C). The OsCSD2-SV2 exhibited more sensitivity towards
thermal inactivation. This isoform was stable only up to 40 °C and lost complete SOD
activity at 50 °C (T1/2: 43 °C) (Fig. 3.3.10A). The impact of temperature was also

149

investigated by SYPRO Orange-based DSF analysis. Initially, the optimum DSF assay
conditions were identified by varying the protein (0.25-0.5 mg ml-1 in 50 mM Tris-Cl
pH 8.0) and SYPRO Orange dye concentration (5 to 7.5X). Using 0.5 mg ml-1 protein
and 5 X SYPRO Orange unfolding of the OsCSD2 isoforms was monitored as
function of temperature (range: 25 °C to 95 °C, ramp rate: 0.04 °C s-1). The two
OsCSD2 isoforms exhibited differential thermostability as evident from substantial
difference in their protein unfolding temperature (OsCSD2-SV1: Tm; 70.5 °C and
OsCSD2-SV2: Tm; 51.8 °C) (Fig. 3.3.10B).
These results show that AS mediated loss of four amino acids has enhanced
the sensitivity of OsCSD2-SV2 towards thermal inactivation.

Fig. 3.3.10. Effect of temperature on stability of OsCSD2 splice isoforms. (A)
OsCSD2 splice isoforms (1 U equivalent protein) was pre-incubated (1 h) at different
temperatures (25–80°C) and assayed for SOD activity. Relative SOD activity was
estimated by considering activity at 0 h time-point as 100 %. Vertical arrow indicates
half-life temperature T1/2 (°C) of isoform. (B) Differential Scanning Fluorimetry (DSF)
analysis of OsCSD2-SV1 and -SV2 isoforms. Effect of temperature on unfolding of
the protein was measured by DSF by continuous acquisition of SYPRO Orange
fluorescence (Excitation: 465 nm Emission: 580 nm). Protein unfolding/melting
temperature (Tm) was obtained from the first derivatives of the melting curves.
Vertical arrow indicates the Tm (°C) values of isoform. Data are represented as mean
± SD of three independent replicates.
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3.3.6. Discussion
Chloroplastic CSDs are important regulators of ROS levels, and are involved
in localized scavenging of O2˙⁻ generated during photosynthesis [133]. Several
overexpression studies have shown protective role of chloroplastic CSDs against
abiotic stress conditions in plants [150,151,321]. In rice, as per RGAP-MSU database
locus LOC_Os08g44770 coding for a chloroplastic CSD (OsCSD2) undergoes
alternative splicing to generate two splice variants (OsCSD2-SV1 and OsCSD2-SV2).
The encoded proteins showed difference of only four amino acids, missing
specifically in OsCSD-SV2. For comparative analysis, the transit peptide region was
excluded during cloning, and the protein isoforms were analyzed to understand the
impact of AS-mediated removal of small region on the protein characteristics.
Most of the characterized chloroplastic CSDs are known to be dimeric,
however monomeric form has also been reported [136,137]. OsCSD2-SV1 isoform
was found to be homodimeric in native state. The OsCSD2-SV2 isoform lack four
residues including Thr-87 that is predicted to be important for subunit interactions.
Some previous studies on mutations targeting subunit interaction residues in CSDs
impacted the oligomeric status of the protein [135,260,322]. On the contrary,
OsCSD2-SV2 homodimer remained unaffected suggesting involvement of some other
residues in protein dimerization, and that the missing region is not solely essential for
subunit interaction. However, it will be interesting to see the relative strength of
subunit interactions of the two isoforms, and if it has any implications on functioning
of rice OsCSD2. Site directed mutagenesis studies have highlighted the involvement
of residues important for protein function, stability and other properties of CSDs
[135,260,307,312]. However, such studies generally involve substitutions and reports
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on effect of deletions are relatively less, and have shown diverse outcomes in different
plants [140,246]. AS-mediated C-terminal truncation generated an active Fe SOD
isoform in rice [245] but resulted in an isoform with effect on chloroplast
development in Arabidopsis [248]. An alternative chloroplastic CSD isoform
containing deletion was found to be functionally active in Soybean [246]. Whereas,
deletion in CSD active site region has affected the activity and stability of the mutant
proteins [140]. In the present study, OsCSD2-SV2 lacked four amino acid region
including Thr-87 (involved in subunit interactions) and showed differences in
biochemical and biophysical characteristics. The two OsCSD2 isoforms showed
substantial difference in specific activity. OsCSD2-SV1 isoform exhibited higher
thermostability and tolerance to pH changes as previously reported for chloroplastic
and other CSD isoforms [136,137,305,306,323]. Alteration in subunit interaction
regions have been shown to impact few other characteristics [135,260]. Compared to
OsCSD2-SV1, specific activity, thermal-stability and pH stability of the OsCSD2SV2 was drastically reduced, however, the isoform was relatively more tolerant to
H2O2. Higher sensitivity of OsCSD2-SV2 to DDC, indicates that the catalytic active
site is more accessible for chelation of Cu2+, resulted in reduced activity.
Overall analysis suggests that deletion had a profound impact on biophysical
and biochemical properties of chloroplastic CSD of rice.
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Section 3.4
Comparative analysis of two rice
cytosolic Cu/Zn SODs
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3.4.1. Introduction
Superoxide dismutases (SODs) are important component of enzymatic
antioxidant defense system to provide protection against oxidative stress in different
cellular compartments [116,134]. In plants, cytosol also contain Cu/Zn SODs (CSDs)
for ROS detoxification, however few other isoforms are also reported [116,324].
These isoforms scavenge O2˙⁻ generated in cytosol from metabolic reactions such as,
oxidation of xanthine and aldehydes respectively [61], and also contributed by
peroxisomes, through production from membrane localized NAD(P)H dependent
PMPs [65]. Overexpression of cytosolic CSD alone [156,325,326] or in combination
with other antioxidant enzymes (catalase, CAT; ascorbate peroxidase, APX) has been
shown to enhance tolerance to different stress conditions [327,328].
In terms of copy number, many plants (Arabidopsis thaliana, Hordeum
vulgare etc.) contain single cytosolic CSD gene, whereas others (Oryza sativa,
Gossypium hirsutum etc.) contains more than one, due to duplication events in the
genome [143,146]. Different types of duplication events that occur during the course
of evolution are responsible for genetic rearrangements in multiple ways (Fig. 3.4.1)
[329]. The whole genome duplication (WGD) events is generally rare but allows large
inter/intra chromosomal exchanges leading to increase in copy number, diversification
in regulation/function of genes, formation of new genes/gene families [329–331].
Of around 65 % of duplicated genes in plants, large proportion is attributed to
WGD events [329,332,333]. Syntenic analysis in model monocot and dicot plants
have revealed that more than 50-60 % genes are paralogous in nature [329,334,335].
In rice genome, the two loci coding for cytosolic CSDs, LOC_Os03g22810 (OsCSD1)
and LOC_Os07g46990 (OsCSD4), have also originated due to a block gene
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duplication event between chromosome 3 and chromosome 7 (PLAZA database;
https://bioinformatics.psb. ugent.be/plaza/) [143].

Fig. 3.4.1. Different types of gene duplication mechanisms in genomes. Adapted
from Panchy et al. 2016 [329]
The RGAP-MSU database predicted gene structure of the two cytosolic CSDs
show considerable heterogeneity in length and organization of UTRs, exons and
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introns (http://rice.plantbiology.msu.edu/).

Additionally, two splice variants are

predicted for OsCSD4, with variations in 5′-UTR region (Fig. 3.1.2). Differential
responsiveness of the two cytosolic CSD genes at transcript level (Section 3.1, Fig.
3.1.7) to abiotic stresses indicates variations in the up-stream regulatory elements.
Similar observations were also reported in a study on rice APX and CSDs [228,288].
This chapter includes results of comprehensive in silico and functional analysis of two
cytosolic rice CSDs (OsCSD1 and OsCSD) to understand the impact of postduplication divergence on the two genes.

Results
3.4.2. Gene structure analysis showed heterogeneity in the two
cytosolic CSDs
The loci coding for the two rice cytosolic CSDs are present on chromosome 3
(LOC_Os03g22810, OsCSD1) and chromosome 7 (Os07g46990, OsCSD4). The
RGAP-MSU database (release 7) predicted gene structure showed heterogeneity in
length, exon/intron/UTR organization, and coding region of the two genes
(http://rice.plantbiology.msu.edu/). OsCSD1 gene (5422 bp long) contains ten exons
(E1-E10), nine introns (I1-I9) and a single UTR at 3′-end, with 813 bp long CDS (Fig
3.4.2A). On the other hand, OsCSD4 gene is considerably smaller (2119 bp) with
eight exons (E1-E8), seven introns (I1-I7), UTRs at 5′- and 3′- ends, with a 459 bp
long CDS (Fig 3.4.2B). OsCSD1 and OsCSD4 genes are predicted to code for 270 aa
and 152 aa long polypeptides. Comparative sequence analysis showed N-terminal
length heterogeneity due to extra 118 aa in OsCSD1, encoded by E1-E3 and a small
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region of E4. Primers were designed for full-length cDNA (FL-cDNA) amplification,
cloning and over-expression of the two proteins in E. coli system.

Fig. 3.4.2. Schematic overview of RGAP-MSU predicted gene structures of two
rice cytosolic Cu/Zn SOD genes. (A) Organization of locus LOC_Os03g22810
(OsCSD1 gene) (B) Organization of locus LOC_Os07g46990 (OsCSD4 gene). Exons
(numbered grey boxes), untranslated regions/UTRs (white boxes), introns (dashed
lines) and positions of primers, ‘ATG’ codons are shown in the figure. The CDS
region of OsCSD1 and OsCSD4 are also shown after joining the exons. Scale on the
top indicates the length in base pairs (bp).
3.4.3. PCR analysis of full-length CSD/exons indicate inconsistency in RGAPMSU predicted OsCSD1 gene organization
3.4.3.1. PCR amplification of full-length cDNAs of OsCSD1 and OsCSD4
RGAP-MSU predicted OsCSD1 full-length cDNA (813 bp) could not be PCR
amplified using primers (E1F and E10R, Table 2.5), whereas OsCSD4 FL-cDNA was
successfully amplified using primers (OsCSD4-F and OsCSD4-R, Table 2.5) (Fig.
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3.4.3A). Multiple attempts to amplify OsCSD1 FL-cDNAs did not yield the predicted
813 bp product from different lots of cDNA, however few other cDNAs (length: >1
kb) of other genes could be successfully amplified. In another approach, use of
additional primers in combination with end primers (E1F and E4aR; E4F and E10R,
Table 2.6), to amplify two smaller overlapping fragments (to be joined later), did not
yielded the product from exon1 to exon3 and partial E4 region, whereas region from
exon4 to exon10 (470 bp) was amplified (Fig. 3.4.3B).

Fig. 3.4.3. PCR amplification of full-length cDNAs of rice cytosolic CSDs. (A)
PCR amplification of full-length cDNA of OsCSD1 and OsCSD4 from rice cDNA
from −RT and +RT samples using end primers. (B) PCR amplification of different
OsCSD1 regions from total rice cDNA using different primer combinations. Lane 1;
E1F-E10R primers, lane 2; E1F-E4aR primers, lane 3; E4F-E10R primers. Lane M;
represents DNA Mw markers (in bp).
OsCSD1 PCR primers were also assessed for amplification using genomic
DNA template. Forward primers designed in exon1 (E1F), exon2 (E2F), exon3 (E3F),
and exon4 (E4F) in combination with E10R (Table 2.6) yielded expected sized
products (E1-E10; 5060 bp; E2-E10:4667 bp; E3-E10: 2916 bp, and E4-E10: 1663 bp)
indicating that the primers and PCR conditions used in cDNA amplification were fine
(Fig. 3.4.4A). Further, presence of individual exons/combination (in case of smaller
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exons) was investigated in genomic DNA and cDNA. Genomic DNA template yielded
expected sized products (Fig. 3.4.4B, lane 1; E1-E2: 459 bp, lane 2; E2: 113 bp, lane
3, E3: 172 bp and lane 4; E4-E10: 1663 bp) in PCR with different primer
combinations viz. (E1F and E2aR; E2F and E2R; E3F and E3R; E4F and E10R, Table 2.6),
whereas only E4-E10 region (470 bp) fragment was amplified from the cDNA
template (lane 4, Fig. 3.4.4B). Collectively, these results suggested that OsCSD1
protein coding region (as per RGAP-MSU database predicted gene model) seems
smaller than 813 bp, and exon1, exon2, and certain region of exon3 may not be even
part of the mature transcript.

Fig. 3.4.4. PCR based validation of RGAP-MSU predicted OsCSD1 gene
structure using rice genomic DNA and cDNA. (A) PCR amplification of different
regions of OsCSD1 from rice genomic DNA using different primer combinations.
Lane 1; E1-E10 (E1F-E10R), lane 2; E2-E10 (E2F-E10R), lane 3; E3-E10 (E3F-E10R)
and E4-E10 (E4F-E10R) (B) PCR amplification of different exons/exon combinations
using rice genomic DNA (gDNA) and cDNA as template and different primer
combinations. Lane 1; E1-E2 (E1F-E2aR), lane 2; E2 (E2F and E2R), lane 3; E3 (E3FE10R) and E4 (E4aF-E10R). Lane M indicates 500 bp DNA ladder (Fig. 3.4.4. A) and
100 bp ladder (Fig. 3.4.4. B).
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3.4.3.2. In silico analysis of the OsCSD1 ORF:
In silico analysis of 1-354 bp of 5´-end of the 813 bp OsCSD1 CDS (predicted
protein coding region) using different tools/online databases further confirmed the
results of the PCR based analysis detailed above. NCBI-Blast did not showed
similarity (in 1- 210 bp region) with any EST in GenBank database (Fig. 3.4.5A) and
CDD-Blast did not detect any domain in the N-terminal 118 amino acid region (Fig.
3.4.5B). Further, analysis at RGAP-MSU database also showed that no probes have
been designed/utilized from E1-E4 region in different transcriptomics approaches viz.
SAGE, Agilent or Affymetrix arrays (Fig. 3.4.5C). These results show that the
RGAP-MSU predicted OsCSD1 gene organization is inconsistent as the predicted
exon1, exon2 and exon3 do not correspond to protein coding regions, and exon1,
exon2 are not even part of the transcript.
3.4.3.3. PCR based fine mapping indicates that partial exon3 region contributes
to the 5′-UTR
Exon3 region was further examined by RT-PCR analysis using a series of
overlapping forward primers (E3aF, E3bF, E3cF, E3dF, E3eF, E3gF, E3hF) in
combination with the reverse primer, E10R (Fig. 3.4.6). Expected size products were
detected only until region corresponding to primer E3bF indicating that complete
exon3 is not part of OsCSD1 transcript (lane 4, Fig. 3.4.6), as also observed
previously (lane 3, cDNA panel, Fig. 3.4.4). Interestingly, upstream to primer E3eF,
the PCR efficiency reduced considerably (compare lanes 5-7 and 8-12, Fig. 3.4.6)
indicating lower levels of the longer transcript. Collectively, these above-mentioned
findings suggest that the RGAP-MSU predicted organization of OsCSD1 gene
(LOC_Os03g22810) may needs to be revised.
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(A)

(B)

(C)
Fig. 3.4.5. In silico analysis of cDNA region/encoded amino acid sequence of the
region corresponding to exon1-exon3 of RGAP predicted OsCSD1 gene structure.
(A) Blastn top hits of the OsCSD1 RGAP-MSU predicted 1-354 bp cDNA region (of
total 813 bp) corresponding to exon1 to exon3. (B) Conserved domain analysis of
RGAP-MSU predicted 270 aa OsCSD1 protein at CDD-Blast server of NCBI. (C)
Schematic representation of location of SAGE Tags and microarray probes
(Affymetrix and Agilent) along the length of OsCSD1 gene structure.
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Fig. 3.4.6. PCR analysis based fine mapping of exon3 region from rice cDNA
using different combinations of primers. Lane 1; E1F and E10R, lane 2; E2F and
E10R, lane 3; E4F and E10R; lane 4; E3aF and E10R, lane 5; E3bF and E10R, lane 6;
E3cF and E10R, lane 7; E3dF and E10R, lane 8; E3bF and E10R, lane 9; E3eF and E10R,
lane 10; E3gF and E10R, lane 11; E3hF and E10R, lane12; E4F and E10R. RGAP-MSU
predicted OsCSD1 CDS is shown along with exons (E1-E10) and positions of
different forward and reverse primers. Lanes of the corresponding PCR products are
shown by arrows on top of each lane. Lane M showed 100 bp DNA ladder.
Hence, the OsCSD1 coding region starts from the ‘ATG’ present at position
355 (not position 1) of the predicted CDS (Fig. 3.4.2A). This makes the length of
validated OsCSD1 CDS (459 bp) and protein (152 aa) same as that of OsCSD4 (Fig.
3.4.2A and 3.4.2B). The validated CDS of OsCSD1 showed consistency with
predicted gene structure at another rice database, RAP-DB (Fig. 3.4.7). The cloning
primers to amplify the 459 bp validated OsCSD1 CDS were redesigned for cDNA
amplification, cloning and overexpression of recombinant protein, for comparative
analysis with OsCSD4, the second cytosolic CSD.
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Fig. 3.4.7. Schematic overview of RAP-DB predicted gene structure of OsCSD1
rice cytosolic Cu/Zn SOD gene. Organization of locus Os03g03g0351500 (OsCSD1
gene); Exons (numbered grey boxes), untranslated regions/UTRs (white boxes), and
introns (dashed lines), are shown in the figure. The CDS region of OsCSD1 is shown
after joining the exons. Scale on the top indicates the length in base pairs (bp).

3.4.4. Two rice cytosolic CSDs originated due to a block duplication
event
Rice genome has undergone several chromosomal duplication events involving
large fragments [329]. Duplication event between chromosome 3 and 7 also contain
the loci coding for LOC_Os03g22810 (OsCSD1) and LOC_Os07g46990 (OsCSD4)
genes (Fig. 3.4.8A). Analysis of three more monocot species (Oryza brachyantha,
Setaria italica and Zea mays) and four dicots (Manihot esculanta, Coffea canephora,
Daucus carota and Brassica oleracea) showed evidence of block duplication events
involving CSD loci (Fig. 3.4.8). On the contrary, many other plants viz. Arabidopsis
thaliana, Solanum tuberosum, Solanum lycopersicum etc. showed a single cytosolic
CSD. The post-duplication divergence is also evident in the heterogeneity in gene
(and intron) structure of the two rice CSDs genes (Fig. 3.4.2A and 3.4.2B). The
variations also seem to have affected their regulation as evident in different transcripts
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levels in tissues and responsiveness to abiotic stresses (Section 3.1, Fig. 3.1.7A and
3.1.7B). Both the genes were analyzed by in silico tools and wet lab experiments for
more insights.

Fig. 3.4.8. Schematic representation of duplication events leading to multiple
cytosolic CSDs in monocots and dicots. Analysis was done using PLAZA monocots
and dicots web resources (version 4.5). Monocot species: (A) Oryza sativa, (B) Oryza
brachyantha, (C) Setaria italica, (D) Zea mays. Dicot species: (E) Manihot esculanta,
(F) Coffea canefora, (G) Daucus carota, (H) Brassica oleracea. In each species, only
the chromosomes involved in duplication events are shown. Colored bands showed
the regions involved in the inter-chromosomal exchanges, while arrows indicate the
location of the cytosolic CSDs.

3.4.5. OsCSD1 and OsCSD4 genes showed heterogeneity in the
promoter structure and cis-regulatory elements
For in silico analysis of promoter elements, upstream regions of OsCSD1 (5,409 bp) and OsCSD4 (-1108 bp) was analyzed at PlantPAN 3.0 and PlantCARE
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web resources. Considerable variations were observed in the upstream regulatory
regions of two genes. Two CpG islands (CpG1: 1106 bp and CpG2: 918 bp) were
identified in upstream region of OsCSD1 compared to a single (790 bp) CpG island in
OsCSD4 (Figure 3.4.9A). Sequence comparison revealed higher similarity between
the OsCSD4-CpG with OsCSD1-CpG2 than OsCpG1 (Fig. 3.4.9.A). Four highly
conserved motifs (length: 12-23 bp, sequence identity: 92-100 %) were identified in
the upstream region of the two genes, while a tandem repetitive motif (length: 14 bp,
copy number: 2.7) was specifically present in OsCSD1-CpG2 island (Fig. 3.4.9A).
Analysis at PlantCARE revealed considerable variation in cis- elements present in the
two cytosolic CSD genes with ~50% less cis-elements in upstream region of OsCSD4
than OsCSD1 (Fig. 3.4.9B).
Twenty-eight cis-elements (light response, auxin response, MYB binding,
anoxic specific response, gibberellin response etc.) were present in OsCSD1, while
three with no assigned role were specific to OsCSD4. Certain motifs (abscisic acid,
anaerobic induction, methyl jasmonate, defense and stress response, and certain light
responsive motifs) showed higher copy number in OsCSD1 (Fig. 3.4.9B). Some
motifs were also common to the two genes such as, MYB and ATBP-1 binding sites
and response elements for light, gibberellin, low-temperature, salicylic acid etc.

3.4.6. Amplification and cloning of two cytosolic CSDs
Validated FL-cDNAs of OsCSD1 and OsCSD4 (both 459 bp) were
successfully PCR amplified using Pwo DNA polymerase and primers (OsCSD1;
OsCSD1-F and OsCSD1-R, OsCSD4; OsCSD4-F and OsCSD4-R) containing NdeI
and EcoRI sites for cloning (Fig. 3.4.10). The PCR products were restriction digested,
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cloned into pET28a(+) and transformed into E. coli TOP10 cells. Positive clones were
confirmed by colony PCR, restriction digestion and finally by sequencing. Sequences
of OsCSD1 and OsCSD4 cDNA were submitted to the GenBank (Accession numbers;
OsCSD1: MW091043 and OsCSD4: MW091044). Hereafter, the pET28a(+)

Fig. 3.4.9. In silico analysis of the promoter region of OsCSD1 and OsCSD4 gene.
(A) Analysis of CpG islands in upstream region of OsCSD1 and OsCSD4 genes at
PlantPAN 3.0 server. Positions of four conserved motifs (1, 2, 3 and 4) and one
repetitive motif (Rep1) is indicated. Dendrogram showed the divergence between the
CpG islands of OsCSD1 and OsCSD4. (B) Relative abundance of cis-regulatory
elements in upstream regions of OsCSD1 and OsCSD4 genes as analyzed at
PlantCARE database.
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constructs carrying OsCSD1 and OsCSD4 cDNA will be referred as pET28a-OsCSD1
and pET28a-OsCSD4 respectively.

Fig. 3.4.10. PCR amplification of OsCSD1 and OsCSD4 cDNA. Lane OsCSD1 and
OsCSD4 represent the PCR amplified cDNA of OsCSD1 and OsCSD4 respectively.
Lane M corresponds to 100 bp DNA ladder.

3.4.7. OsCSD1 and OsCSD4 showed similarity to cytosolic Cu/Zn
SODs
The CSD sequences (peroxisomal, chloroplastic and cytosolic) from several
monocot

and

dicot

plant

species

were

(https://www.ncbi.nlm.nih.gov/genbank/)

retrieved
and

from
PLAZA

NCBI-GenBank
database

(https://bioinformatics.psb.ugent.be/plaza/). Multiple sequence alignment identified
the conserved and variable regions among CSDs from different species as well as
between multiple intra-genomic cytosolic CSDs. Phylogenetic analysis placed the
various CSDs into three clusters, I (cytosolic), II (chloroplastic), and III (peroxisomal)
(Fig. 3.1.1). Both OsCSD1 and OsCSD4 were placed in the monocot specific subcluster of cluster I. Although the two OsCSDs were duplicated genes, they showed
distinct divergence due to sequence heterogeneity. Sequence divergence between
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duplicated cytosolic CSDs originated due to block duplication events was also evident
in some species like Z. mays (Section 3.1, Fig. 3.1.1). Sequence analysis of the two
OsCSDs (OsCSD1 and OsCSD4)

from

genotype

NSICRc106

showed 100%

identity to corresponding sequences of Nipponbare genotype.

3.4.8. Functionally important residues are conserved in two OsCSDs
Both OsCSD1 and OsCSD4 code for 152 aa polypeptides with minor variation
in theoretical Mw/pI values (OsCSD1: 15.27 kDa, 5.71 and OsCSD4: 15.08 kDa,
5.92). The two OsCSDs showed 88.15 % identity due to variations at 18 positions
distributed across the length of protein (Fig. 3.4.11). Functionally important amino
acid residues such as involved in coordination with Cu2+ (His-45, His-47, His-62 and
His-119) and Zn2+ (His-62, His-70, His-79, Aps-82), and disulfide bond formation
(Cys-66 and Cys-145) were identical (Fig 3.4.11). Two of the 11 amino acids
predicted to important for surface interactions were changed (H19F and T29S) in
OsCSD4. However, the substituted amino acids were of similar physicochemical
nature and predicted (CDD analysis) to be capable of surface interactions.
Although, the remaining 16 amino acid changes did not affect important
residues; their impact on other characteristics was investigated. Effect of these
variations on secondary structure of both rice cytosolic and few other reported CSDs
was analyzed at Chou and Fasman Secondary Structure Prediction server (CFSSP).
Result showed that of the four α-helix rich regions (#1-#4) two are substantially
affected, resulting in enhanced β-sheet content in OsCSD4 (Fig. 3.4.12).
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Fig. 3.4.11. Sequence and domain analysis of cytosolic CSDs, OsCSD1 and
OsCSD4. Domain analysis was performed at Conserved Domain Database at NCBI
(CDD-NCBI). The sequences were aligned with ClustalX software. Conserved
residues are indicated with ‘*’ and other important residues are indicated with arrows
with suitable symbols, Cu2+ and Zn2+ coordination (Cu and Zn), subunit interaction
residues (E-class ‘■’ and P-Class ‘□’ interaction), intra-subunit disulfide bond
formation (SH).
3.4.9. Overexpression and purification of recombinant OsCSD1 and OsCSD4
proteins
The recombinant rice OsCSD1 and OsCSD4 were overexpressed in E. coli
SHuffle T7 Express cells. Recombinant plasmids pET28a-OsCSD1 and pET28aOsCSD4 were transformed into SHuffle T7 Express strain and protein was
overexpressed at optimized conditions. Denaturing PAGE analysis showed that both
the proteins were successfully overexpressed, and were present in soluble fraction
(Fig. 3.4.13A and 3.4.13B). The proteins showed minor variation in the protein size
(OsCSD1: ~21 kDa and OsCSD4: ~20 kDa, inclusive of His-tag), which might be due
to amino acid variations. Both the recombinant proteins were purified to near
homogeneity using Ni-NTA affinity chromatography followed
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by

Gel-filtration

chromatography for further biochemical and biophysical characterization.

Fig. 3.4.12. In silico secondary structure prediction of the cytosolic CSDs from
different plants. The scale on top, shows length of the CSD proteins. Different
secondary structure elements are shown by different colors, and the major regions
affected due to sequence variations are indicated with ‘#’.
3.4.10. Biochemical and biophysical characterization of two rice cytosolic
OsCSDs
Recombinant OsCSD1 and OsCSD4 were analyzed for biochemical and
biophysical characteristics, to study the nature and extent of effects, if any, due to
amino acid variations.
3.4.10.1. Rice cytosolic OsCSD1 and OsCSD4 exists as homodimeric protein
Recombinant OsCSD1 and OsCSD4 were analyzed by gel-filtration to see the
effect of two amino acid substitutions (H19F and T29S) on subunit interactions and
oligomeric status of the proteins. Both the proteins eluted as single absorbance peak
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Fig. 3.4.13. Overexpression and purification of OsCSD1 and OsCSD4 from E.
coli SHuffle T7 Express cells. Total proteins were isolated from different fractions of
SHuffle T7 Express cells expressing (A) OsCSD1 (B) OsCSD4. Lane 1-2; Uninduced
and induced cells containing empty pET28a(+), lane 3-4; Uninduced and induced cells
containing pET28a-OsCSD1 or pET28a-OsCSD4, lane 5; Soluble fraction; lane 6; NiNTA affinity purified fraction. Lane M indicates protein Mw standard (in kDa).
(A230nm) of ~43 kDa and ~36.0 kDa (Fig. 3.4.14A and 3.4.14B). Analysis of gelfiltration purified OsCSD1 and OsCSD4 on denaturing PAGE of showed subunit Mw
of ~21 kDa and ~20 kDa as observed previously (Fig. 3.4.13). These results
confirmed that both OsCSDs exist as homodimers in the native state.
3.4.10.2. OsCSD4 showed higher specific activity than OsCSD1
SOD activity of the two OsCSDs was determined by NBT reduction assay as
mentioned in section 2.2.18.1. Both the proteins were found to be enzymatically
active, however OsCSD4 showed ~2-fold higher specific activity (OsCSD4; 4317
±337 U mg-1 ml-1) than the OsCSD1 (2402 ±171 U mg-1 ml-1) (Fig. 3.4.15).
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Fig. 3.4.14. Analysis of oligomeric status of OsCSD1 and OsCSD4. (A) OsCSD1
and OsCSD4 proteins were subjected to Gel-filtration chromatography on Superdex
75 30/100 GL column. Proteins were monitored at absorbance (A230nm). (B) Column
was calibrated with protein Mw standards. The calibration curve between Mw (kDa)
vs Ve/Vo (Ve; elution volume and Vo; void volume) was plotted to estimate the native
Mw of the proteins. Arrows indicates the positions of OsCSD1 and OsCSD4 protein.

Fig. 3.4.15. Estimation of SOD activity of OsCSD1 and OsCSD4 by NBT
reduction assay. Increasing protein concentration (0-2 µg ml-1) was taken and SOD
activity was measured as detailed in section 2.2.18.1. Vertical arrow represents
protein concentration for 50 % inhibition of NBT reduction (equivalent to 1 U of SOD
activity). Data are represented as mean ± SD of three independent replicates.
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3.4.10.3. Two OsCSDs showed similar sensitivity to SOD inhibitors
The OsCSD1 and OsCSD4 were analyzed for relative sensitivity to SOD
inhibitors (DDC, NaN3 and H2O2) in terms of effect on SOD activity. DDC (a Cu2+
chelator) inhibited the SOD activity of both OsCSD1 and OsCSD4 in a concentration
dependent (IC50; ~0.52 mM) manner with complete inhibition at 2 mM (Fig. 3.4.16A).
The two proteins were not affected by NaN3 (Fig. 3.4.16B), and exhibited minor
variation in sensitivity towards H2O2 (IC50 value: 0.4 mM and 0.6 mM) (Fig. 3.4.16C).

Fig. 3.4.16. Effect of SOD inhibitors on SOD activity of OsCSD1 and OsCSD4. 1
U equivalent of OsCSD1 and OsCSD4 was pre-incubated for 1 h with different SOD
inhibitors and SOD activity was estimated. (A) DDC (0-2 mM), (B) NaN3 (0-10 mM),
(C) H2O2 (0-5 mM). Data was represented as relative SOD activity (%) considering
activity with no inhibitor as 100 %. Vertical arrow indicates IC50 values. Data are
represented as mean ± SD of three independent replicates.
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These results showed the both the proteins show inhibitor characteristics
typical of Cu/Zn SODs.
3.4.10.4. OsCSD4 is more tolerant to pH changes than OsCSD1
Effect pH on activity and stability of the OsCSD1 and OsCSD3 was analyzed
by pre-incubating the proteins in different pH buffers. Both the proteins showed same
pH optima (pH 9.0); however, OsCSD1 showed loss in activity rapidly above pH 9.0,
with a complete loss at pH 10.0 and beyond. On the contrary, OsCSD4 showed
comparatively higher activity at most pH values below and beyond optimum pH and
lost activity at pH 10.8. (Fig. 3.4.17A).
The two proteins also showed differential stability to change in pH. OsCSD4
was relatively more stable to change in pH with no significant loss in the activity even
after 48 h pre-incubation in different buffers (pH 5 and above). Likewise, OsCSD1
also showed tolerance to change in pH (5-10), however activity was lost on longer
incubation times at higher pH (>10.0). OsCSD1 retained ~65 % and ~40 % SOD
activity at pH 10.5 and 10.8, which further dropped to ~50 % and ~10 % respectively
at 48 h pre-incubation. At pH 4.0, both the proteins showed no SOD activity (Fig.
3.4.17B).
3.4.10.5. OsCSD4 is structurally more thermostable than OsCSD1
Effect of temperature on SOD activity was determined by pre-incubating two OsCSDs
at different temperature (30-80 °C), followed by SOD activity assay. Both the proteins
showed comparable tolerance to thermal inactivation with no loss in the activity till
50 °C, retained ~20 % SOD activity at 65 ºC, with similar T1/2 values (OsCSD4:
62.2 °C; OsCSD1: 63.5 °C)
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Fig. 3.4.17. Effect of pH on activity and stability of OsCSD1 and OsCSD4. 1 U
equivalent amount of OsCSD1 and OsCSD4 was taken for pre-incubation in different
buffers for up to 48 h. SOD activity was measured as detailed in section 2.2.18.2. (A)
Effect of pH on SOD activity. Relative SOD activity was estimated by considering
maximum activity as 100 %. (B) Effect of pH on stability of OsCSD1 and OsCSD4.
Relative SOD activity was measured considering activity at 0 h as 100 %. Data are
represented as mean ± SD of three independent replicates.
(Fig. 3.4.18A). Effect of temperature on structural stability of the proteins was
evaluated in terms of protein unfolding/melting temperature (Tm) by Differential
Scanning Fluorimetry (DSF), based on measurement of SYPRO Orange fluorescence
(excitation: 465 nm and emission: 580 nm) as a function of temperature, showed that
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OsCSD4 (Tm: 78.2 °C) is structurally more stable than OsCSD1 (Tm: 72.0 °C) (Fig.
3.4.18B).

Fig. 3.4.18. Effect of temperature on stability of OsCSD1 and OsCSD4. (A)
Thermal-inactivation assay: 1 U equivalent protein was pre-incubated at different
temperatures (30–80°C) for 1 h, and assayed for residual SOD activity. Relative SOD
activity was estimated by considering activity at 0 h time-point as 100 %. Vertical
lines indicate T1/2 (°C) of proteins. (B) DSF analysis for structural stability: Structural
stability of the proteins was determined by Differential Scanning Fluorimetry (DSF).
Fluorescence of SYPRO Orange was monitored as a function of temperature and used
to generate first derivative curve for estimation of unfolding/melting temperature (Tm)
of the proteins. Data are represented as mean ± SD of three independent replicates.
3.4.10.6. The rice cytosolic OsCSDs also exhibits peroxidase activity
The Cu/Zn SODs are often reported to exhibit bicarbonate dependent
peroxidase activity due to formation of carbonate radical (CO3˙⁻) from HCO3⁻/SOD/
H2O2 system and oxidization of DCFH into DCF [261]. Peroxidase activity of
OsCSD1 and OsCSD4 was measured by monitoring the oxidation of DCFH into DCF,
in presence of bicarbonate as described in Section 2.2.18.5 of materials and methods.
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Analysis showed that both cytosolic OsCSDs exhibits bicarbonate dependent
peroxidase activity, however, OsCSD4 showed higher peroxidase activity than
OsCSD1 and OsCSD3, the peroxisomal CSD (Fig. 3.4.19).

Fig. 3.4.19. Analysis of bicarbonate dependent peroxidase activity of rice
cytosolic (OsCSD1, OsCSD4) and peroxisomal CSD (OsCSD3). Increasing protein
concentration (0-250 nM) was taken and peroxidase activity of the proteins were
monitored by measuring DCF fluorescence (excitation: 480 nm; emission: 524 nm).
Data are represented as mean ± SD of three independent replicates.

3.4.11. Discussion
The cytosolic CSDs are important in regulating plant responses to different
stresses by neutralizing the excess ROS levels in cytosol [156,325,328]. The
protective role is also evident from overexpression studies of cytosolic CSDs in
different plants resulting into tolerance to stress conditions [156,325,326]. The
cytosolic CSDs have been very well characterized in different plant systems, however
the regulation and functional heterogeneity among multi-copy genes originated due to
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duplication events has not been addressed sufficiently. During the course of evolution,
monocots as well as dicots plants has undergone several types of

genome

rearrangements, including whole genome duplication (WGD), and block and tandem
duplications [329]. Rice genome has also undergone several duplication events, which
resulted in many paralogs genes and functional redundancy [329]. The two cytosolic
CSDs (OsCSD1 and OsCSD4) in rice are outcome of an inter-chromosomal block
duplication between chromosome 3 and 7 [143]. Such duplication events have also
been reported in some other monocots and dicots plant species [146,165,336].
Analysis of the duplication events involving CSDs in few monocots and dicots species
revealed different outcomes possibly due to sequence divergence subsequent to the
duplication. For example, in duplication events in few plants (Brassica rapa, Daucus
Carota, Glycine max) resulted in duplicated CSDs with few variations (0-9 aa),
whereas some other species (Oryza sativa, Setaria italica, Sorghum bicolor) showed
16-42 aa variations in the duplicated CSD copies. In rice, OsCSD1 and OsCSD4
genes accumulated variations in the length and sequence of the upstream regulatory
elements leading to differential response to different conditions as seen in the present
and previous studies [227,228]. Change in promoter size resulted in reduction in
length of one CpG island and loss of the other in OsCSD4. This may contribute to
their differential response as CpG islands serve as important regulatory sites, and are
sensitive to modifications by DNA methyl transferases (this may alter the
gene/promoter activity), indicating important roles in regulation of gene function
[171,337]. In Arabidopsis and rice high prevalence of CpG islands were found to be
associated with several genes, responsive to diverse conditions [171,338]. Differences
in presence/absence/copy number of cis-elements also indicate differential gene
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responses of the two genes in different environmental and developmental signals. The
OsCSD1 and OsCSD4 were shown to be differentially responsive to ABA, light and
stress conditions indicating their role in growth, development and stress adaptation
[148,227,288].
The present study also identified predicted gene structure anomaly in one of
the rice CSD gene. In silico analysis and experimental validation of OsCSD1 gene
structure indicated inconsistency in the RGAP-MSU predicted gene structure. Results
showed that OsCSD1 protein coding region seems considerably smaller than the
predicted and is equal to OsCSD4 coding region, in length. While exon1, 2 and 3 are
not contributing towards the protein coding region, exon3 contribute partially to the
5′-UTR region. The validated OsCSD1 gene structure looks more similar to the
organization predicted at RAP-DB, another rice database (Fig. 3.4.7). Hence, RGAPMSU predicted OsCSD1 gene structure needs to be updated, as it is also integrated
with many other databases/web resources for comparative genome analysis.
Phylogenetic analysis also revealed that the two OsCSDs are substantially
divergent as also observed for duplicated CSDs in Maize (Fig. 3.1.1). The two CSDs
showed polypeptide of same length (152 aa) but with variations at 18 sites (2 involved
in subunit interactions). Previous studies have shown that substitutions in residues
involved in subunit interactions can affect protein properties [135,260,339]. In papaya,
a single amino acid change affected the subunit interactions in cytosolic CSD [135],
whereas mutation in Ipomoea carnea CSD resulted into dissociation of dimer [260].
Despite two variations at subunit interaction residues, the two rice CSDs, showed
homodimeric interactions. Some plant cytosolic CSDs are reported to exist as
equilibrium of dimeric and monomeric forms, where the dimeric form is more active

179

and thermostable and is suggested to be due to subunit interactions [135,260,306]. No
monomeric form was observed in two rice CSDs, however the variations did affect
some important characteristics. Gel filtration also indicated that the OsCSD4 is
slightly more compactly folded than OsCSD1, which might be due to certain amino
acids variations [340].
OsCSD4 was structurally more stable to thermal denaturation (at par with
peroxisomal OsCSD3) than OsCSD1. The amino acid variations seems to enhance the
proportion of β-sheet content of OsCSD4 compared to OsCSD1, which is known to
contribute towards higher structural stability [312]. Comparison of secondary
structures of few other reportedly thermostable CSDs Potentilla atrosanguinea [312],
Curcuma aromatica [341] and Citrus limon [306] showed high β-sheet content (Fig.
3.4.12). OsCSD4 also exhibited higher specific activity, tolerance to pH changes, as
reported for SODs of some plants [306], as well as displayed higher peroxidase
(bicarbonate depended) activity too [260].
Collectively, the results show that two cytosolic Cu/Zn SODs (CSDs) in rice
originated due to a duplication event have diverged with slightly different regulatory
and protein characteristics, and may provide advantage to rice to tackle different
environmental stress conditions.
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CHAPTER 4
DISCUSSION
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Discussion:
Exposure to adverse environmental conditions negatively impact every aspect
of plant physiology. Plants use a variety of mechanisms (compatible solutes,
chaperone proteins, phytohormone-induced changes, post-translation modifications,
ion/water channels and stress responsive transcription factors, antioxidants etc.) to
mitigate stress induced damage [342]. Many of these mechanisms are well worked out
in plants, however they seldom work alone, and the overall stress response is
collective outcome of interplay of multiple mechanisms. However, this scenario is
becoming more complex with emergence of additional/novel stress responsive
mechanisms. The present work investigates alternative splicing (AS), in regulation
and functioning of rice Cu/Zn SODs (CSDs) at RNA/protein level. Additionally,
impact of sequence divergence on expression and properties of two duplicated CSDs
was also evaluated.
Alternative splicing (AS), a fundamental eukaryotic mechanism, generates
multiple transcripts and/or protein isoforms from a single intron containing gene [174].
Its importance in cellular functioning is evident from the fact that majority of
eukaryotic genes undergo AS in normal conditions, and the AS pattern is also
modulated under diverse conditions [196,274]. AS events results in different outcomes
such as, enhancement of transcriptome/proteome diversity, regulation of gene
expression, establishment of stress-memory etc. [218]. RNAseq studies have shown
predominance of AS events in organisms, and its dynamics in different conditions
[286,287].
The AS is modulated/affected by both intrinsic (phytohormones) and extrinsic
(environmental factors) stimuli [343–346]. Splicing is carried out by spliceosome, a
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complex ribonucleoprotein (RNP) machinery [192], and it involves splice junction
recognition proteins [347]. Changes in the AS pattern is modulated by alterations in
the expression of splice site recognition protein, such as SR proteins [199,346].
Furthermore, the SR genes also undergo AS, which may affect the splice site
recognition pattern [192] . Apart from understanding the splicing mechanism per se, it
is also important to understand the impact of AS-mediated changes on the regulation
and functioning of individual genes. This thesis deals with the analysis of AS of four
rice Cu/Zn SODs. A total of nine Cu/Zn SODs transcripts (constitutive and alternative)
and eight encoded protein isoforms were analyzed in the study. Transcript level
analysis, compared stability of SVs and their expression in different rice tissues and
abiotic

stress

conditions.

More

emphasis

was

to

study

the

impact

of

missing/additional/alternative domains on the characteristics of different SV isoforms.
Alternative splicing operates on pre-existing transcripts and alters the relative
levels of constitutive/alternative transcripts for regulation at RNA and/or protein level.
In the present study, AS of rice CSDs showed tissue-specificity and modulation of
pattern by stress-specific conditions. AS is known to affect transcript levels of several
genes in plants and animals [189,272,348]. In Arabidopsis, several physiological
processes (circadian rhythm, flowering etc.) are regulated by AS [272,274,349].
Circadian rhythm regulators CCA1 (circadian clock associated1) and PPR7 (pseudo
response regulator 7) undergo AS to generate PTC (premature termination codon)
containing transcripts [350,351]. Modulation of splicing of CCA1 and PPR7 by
different factors provides a rapid and dynamic way to regulate functional protein
levels [352]. AS of different SOD types have also been reported in plants (O. sativa, A.
thaliana, P. trichocarpa, G. max) [226,245–248].
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Among the two rice Fe SOD SVs (OsFe-SODa and OsFe-SODb), OsFe-SODb
is generated by AS-IR event and exhibits tissue-, genotype-, and stress (light and
temperature)-specific pattern, and both were found to be functionally active [245]. A
similar study on Populus CSDs (homolog of rice OsCSD3) identified two SVs with
expression patterns differences in cells/tissues [247]. AS of chloroplastic CSD from
Glycine max generates an IR event-mediated alternative transcript with altered
expression by Cu content of the cell [246]. These studies show that AS regulate the
transcript levels of Fe- and Cu/Zn SODs in response to physiological/environmental
cues. Present study investigated SVs of cytosolic (OsCSD1, OsCSD4), chloroplastic
(OsCSD2) and peroxisomal (OsCSD3) Cu/Zn SODs (CSDs) in rice tissues, and in
response to salinity, PEG and oxidative stress. Abundance pattern of CSD SVs shows
that AS per se is differentially regulated in rice tissues, and is also modulated by
abiotic stresses.
Splicing is a complex but precise mechanism regulated by multiple factors. For
example, post-translation modifications mediated modulation and stress-induced
changes in SR protein/isoform levels affects spliceosome composition (and/or
function) and influence splicing pattern [353,354]. Together, such factors influence
AS-mediated impact on physiological functions and stress responses. All OsCSD SVs
showed expression in all rice (NSICRc106 genotype) tissues; however, their relative
levels were different. Furthermore, certain CSD splice variants exhibited altered
stabilities suggesting that such AS-mediated changes are also affecting CSD
transcript/protein levels as per the cellular requirements. In animals, AS is known to
generates PTC containing transcripts that are preferentially targeted for degradation by
NMD pathway [355], however, it is not a predominant mechanism in plants [274].
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Rice CSDs, particularly OsCS3, showed differential response to salinity, PEG and
oxidative stress indicating stress induced AS events alters the relative levels of CSD
SVs. Such variations in splicing pattern suggests involvement of either stress-specific
splicing factors or modulation of activity/composition of spliceosomes [216,356].
Overall, the rice CSD SVs seems to be physiologically relevant as they are
present in control conditions, and also show distinct tissue-specific patterns. Moreover,
these are also responsive to different abiotic stress conditions. CSDs, being important
antioxidant enzymes, are responsive to a variety of stress conditions that impose
oxidative stress to the cell [143,165]. Additionally, CSDs are equally important for
maintenance of intricate and physiologically relevant cellular ROS balance [88,91].
Like many stress responsive genes, CSD expression is also driven by specific ciselements present in the promoter regions [165,166,288]. Furthermore, CSDs are also
under negative regulation of miR398 in control and stress conditions [150,239–241].
Present study adds another dimension to the intricate regulation of CSDs, where AS
seems to be involved in modulation of transcript levels of CSDs, in response to
development and environmental cues.
Alternative splicing alters the relative levels of transcripts leading to changes
in level of constitutive protein isoforms. Second important function of AS is to
generate multiple transcripts with UTR and/or exon region variations for functional
diversification of genes or enhanced transcriptome/proteome diversity [357]. In plants,
AS is known to alter activity, interaction, stability of protein isoforms involved in
mechanisms like hormone signaling, flowering and abiotic/biotic stress responses
[174,190,358]. For example, Arabidopsis FLM (flowering locus M) gene (code for
MADS-box TF) undergo temperature dependent AS-MEE event to generate β and δ
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isoforms [211,359]. Both interacts with SVP (short vegetative phase) protein, but β
isoform further interacts with DNA to suppresses flowering. Ambient temperature
alters the AS and modulates the β/δ ratio to promote flowering [211,212]. AS
generates an alternative isoform of JAZ protein (negative regulator of jasmonic acid
signaling) and alters jasmonic acid signaling [207]. Alternative isoform lacks Jas
domain, which is crucial for ubiquitin-mediated proteasomal degradation of the
protein [360]. Its overexpression affects anthesis and results into male sterile plants
[208]. Auxin biosynthesis gene YUCCA4 undergoes tissue-specific AS (5′ ASS event)
to produce a cytosolic isoform (expressed in all tissues), and an alternative ER
membrane localized (flower specific) isoform important for intra-cellular auxin level
in flowers [210].
Among SODs also there are reports of AS-mediated functional diversification
of protein isoforms. While in rice the two Fe SOD isoforms (FeSODa and FeSODb)
were found to be enzymatically active despite C-terminal length heterogeneity [245].
However, AS at 3′ end of Arabidopsis Fe SOD (AtFSD3, chloroplastic) generates two
isoforms (FSD3 and FSD3S) with similar SOD activity, but different localization
(FSD3: nucleoid; FSD3S: stroma and chloroplastic membrane) and role in chloroplast
[248]. AS-mediated introduction of PTC in Soybean chloroplastic CSD (GmCSD2)
results in a truncated isoform, however both isoforms are enzymatically active [246].
In the present study, AS of four CSDs generates five alternative splice variants,
of which four showed variations in coding region that results in different types of
heterogeneity in the encoded proteins. AS generated OsCSD2-SV2 isoform of
chloroplastic CSD showed loss of four amino acids, whereas three peroxisomal CSD
(OsCSD3) isoforms (SV2, SV3 and SV4) showed considerable length and/or
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sequence variations in encoded proteins. AS mediated removal of 4 amino acids
(GPTT) in OsCSD2-SV2 isoform of rice chloroplastic CSD affected several
characteristics (specific activity, thermostability, pH stability, sensitivity to H2O2)
except the homo-dimeric status of the isoform. This suggest that the loss of these
amino acids is affecting the overall structure/conformation of the protein isoform.
However, it may be important for AS-mediated regulation of activity of chloroplastic
CSD in rice. Hence, it will be important to study the impact of heteromeric subunit
interaction of this isoform with the constitutive isoform. On the contrary, ASmediated removal of large coding regions that contained amino acid residues involved
in metal cofactor binding (Cu2+ and Zn2+), disulfide bond formation, surface
interactions in OsCSD3, rendered the three alternative isoforms inactive for the SOD
function. However, such apparently non-functional isoforms may serve as additional
controls for modulation (downregulation) of SOD activity by either channeling these
towards degradation or by generating less efficient heteromeric configuration with
reduced activity [212,361]. However, existence of both these possibilities will need
further experimental support.
Hence, alternative splicing mechanism is likely to be involved (combination
with other mechanisms) in modulation of the rice CSD levels at RNA and/or protein
levels. Regulation of SODs in coordination with other antioxidant enzymes is crucial
for maintenance of physiologically relevant ROS (O2˙⁻/H2O2) levels and scavenging
of excess ROS in the cell [55,88]. A gradient of O2˙⁻/H2O2 seems to be important for
cell proliferation/differentiation in Arabidopsis [88,91,362]. Since CSDs are localized
to different sub-cellular compartments, AS-mediated generation of alternative
isoforms may also be involved in organelle specific redox signaling, adjustment of
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retrograde signal for gene expression [68,81,293]. Recently, a novel function
associated with an AS-generated alternative AtFSD3S isoform in Arabidopsis was
reported. AtFSD3S interacts with plastid encoded RNA polymerase (PEP) and PEPassociated proteins (PAP), and negatively regulates photosynthesis and chloroplast
development [248]. AS also modifies the presence/absence of important
signals/regions and alters sub-cellular localizations protein isoforms [210]. These
examples and other studies show that AS can generate isoforms with altogether novel
functions other than constitutive isoform [357]. The alternative isoforms of SODs in
rice, Arabidopsis and other plants, with alterations in domains may also be involved in
other functions, which needs to be carefully investigated. Hence, alternative
transcript/protein isoforms of ~60 to >90% genes among different eukaryotes
advocates a thorough analysis for identification and assessment of associated novel
functions to understand their precise role in cellular functioning.
The types of AS events (ES, IR, MEE, 3′ ASS) shown by rice CSDs are
different than homologs in Arabidopsis, Populus and Soybean that showed differences
in type of AS events and number of SVs. For instance, OsCSD2 undergoes 3′ ASS
event, while Soybean GmCSD2 show IR event. Rice CSD3 (peroxisomal) generates
four

SVs

corresponding

genes

https://www.arabidopsis.org/index.jsp)

in

Populus

generates

and

two

Arabidopsis

SVs

[226,247].

(TAIR;
These

differences indicate that splicing events of CSDs are not conserved across the different
species [247], and different plants may utilize AS to regulate the functioning of same
gene by different means.
One more aspect of this study involved analysis of two cytosolic CSDs in rice.
Several plants (e.g., Arabidopsis) have a single cytosolic CSD; while many others
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species (e.g., rice) contain more than one cytosolic CSD, originated as a consequence
of duplication events (https://bioinformatics.psb.ugent.be/plaza/). Genome-wide
analysis of SODs in different plants have shown evidence of segmental duplication
resulting into multiple isozymes [279,336,363]. However, the impact of the
duplication

event

and

subsequent

sequence

divergence,

if

any,

on

the

structure/function of SODs has not been addressed in-depth, in most cases. The
OsCSD1 and OsCSD4, have originated due to a block duplication event between
chromosome 3 and 7 of rice [143]. Gene duplication events may allow sequence
divergence affecting regulatory or coding region of duplicated genes with impact on
responsiveness and functionality [333,364]. Present and previous studies showed that
the two cytosolic OsCSDs responds differentially to abiotic stresses suggesting
heterogeneity in upstream regulatory elements [227,228,288]. The two OsCSD genes
were analyzed in this study to understand the impact of duplication event. RGAPMSU predicted OsCSD1 annotation showed some inconsistency in the gene structure.
As many online database servers/tools utilize the predicted gene models, updates in
gene structure will be important to avoid errors during comparative analysis across
genomes. Differences in the promoter region (CpG islands and presence/absence and
copy number of cis-regulatory elements) indicate post-duplication divergence resulted
in differential response of genes. Coding region divergence mediated changes in
amino acid resulted in better properties of OsCSD4 (structural stability, high enzyme
activity, ability to tolerate pH changes) than OsCSD1. Gene duplication analysis in
few monocot and dicot species showed different extent of divergence in cytosolic
CSDs in coding region suggesting divergence of protein sequence/structure. Results
showed that the two rice cytosolic CSDs originated by GD event are regulated
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differentially under different conditions, and the two proteins with different
characteristics might be beneficial to plant under unfavourable conditions. Overall, the
study highlights the importance of alternative splicing of peroxisomal, chloroplastic
and cytosolic Cu/Zn SODs type at RNA level, and the impact of changes at protein
level. Additionally, the impact of duplication event in regulation and functioning of
two cytosolic CSDs was also analyzed. Collectively, the two mechanisms contribute
towards regulation and functioning of rice CSDs, and further analysis may also
provide more insights into other roles of isoforms lacking SOD function. Certain
CSDs with remarkable properties were identified that may be useful for
biotechnological applications, and collectively the information may be useful for
devising strategies for stress tolerance enhancement of plants.
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Superoxide dismutases (SODs, EC 1.15.1.1) belong to an important group of antioxidant
metalloenzymes. Multiple SODs exist for scavenging of reactive oxygen species (ROS) in
different cellular compartments to maintain an intricate ROS balance. The present study
deals with molecular and biochemical characterization of CuZn SOD encoded by
LOC_Os03g11960 (referred to as OsCSD3), which is the least studied among the four
rice isozymes. The OsCSD3 showed higher similarity to peroxisomal SODs in plants. The
OsCSD3 transcript was up-regulated in response to salinity, drought, and oxidative
stress. Full-length cDNA encoding OsCSD3 was cloned and expressed in Escherichia coli
and analyzed for spectral characteristics. UV (ultraviolet)–visible spectroscopic analysis
showed evidences of d–d transitions, while circular dichroism analysis indicated high
β-sheet content in the protein. The OsCSD3 existed as homodimer (∼36 kDa) with both
Cu2+ and Zn2+ metal cofactors and was substantially active over a wide pH range (7.0–
10.8), with optimum pH of 9.0. The enzyme was sensitive to diethyldithiocarbamate but
insensitive to sodium azide, which are the characteristics features of CuZn SODs. The
enzyme also exhibited bicarbonate-dependent peroxidase activity. Unlike several other
known CuZn SODs, OsCSD3 showed higher tolerance to hydrogen peroxide and thermal
inactivation. Heterologous overexpression of OsCSD3 enhanced tolerance of E. coli sod
double-knockout (ΔsodA ΔsodB) mutant and wild-type strain against methyl viologeninduced oxidative stress, indicating the in vivo function of this enzyme. The results show
that the locus LOC_Os03g11960 of rice encodes a functional CuZn SOD with biochemical characteristics similar to the peroxisomal isozymes.
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Abiotic stress conditions are detrimental to all living organisms, and plants being sessile are more
prone to stress-induced damage [1]. An important aspect of most stress conditions is reactive oxygen
species (ROS)-mediated cellular damage. ROS such as superoxide radical (O
2 ), hydrogen peroxide
(H2O2) and hydroxyl radical (·OH) are cellular metabolic byproducts and physiologically important;
however, when their levels are elevated (e.g. in stress conditions), it leads to ‘oxidative stress’ [2].
Cellular ROS homeostasis is important and maintained by several enzymatic and non-enzymatic antioxidant mechanisms [2]. Unlike other ROS, the O
2 radical predominantly contributes towards oxidative stress in an indirect manner. It spontaneously dismutates to H2O2 that subsequently generates
highly reactive ·OH radical in Fe2+-mediated Fenton reaction [3]. Both H2O2 and ·OH radical are detrimental to several cellular components namely membrane lipids, nucleic acids and proteins [4].
Therefore, O
2 scavenging is important and constitutes the very ﬁrst line of defense, where superoxide
·
dismutases (EC 1.15.1.1) play a crucial role in reducing O
2 and OH levels [5–7]. Superoxide dismutases efﬁciently catalyze the disproportionation of O
2 by increasing the rate constant of the spontaneous dismutation by >1000-fold [3]. Based on the metal cofactors, SODs are categorized into four
types: CuZn, Mn, Fe, and Ni SOD. Plants contain only three SOD types localized to cytosol (CuZn
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SOD), chloroplast (CuZn SOD and Fe SOD), mitochondria (Mn SOD), and peroxisomes (CuZn SOD and Mn
SOD) [6,8,9]. CuZn SODs (also referred to as CSDs) are reported to be the most abundant isozymes in plants
[6]. CuZn SODs generally exist as homodimers containing non-covalently linked Cu2+ and Zn2+ ions in each
subunit [5]; however, the homo-tetrameric [10] and monomeric forms [11] have also been reported. While
Cu2+ is important for the catalytic activity of the enzyme, Zn2+ is involved in its dimerization and structural
stabilization [12,13]. Hydrophobic interactions between the subunits do not contribute towards enzyme activity
as the monomers are also catalytically active [12,14]. Although the various CuZn SOD isozymes show sequence
heterogeneity, structural and functional important residues and secondary structure elements are highly conserved [13].
The CuZn SOD isozymes have been studied and characterized in a variety of plants [7,14–21]. Furthermore,
the role of SODs in protection against oxidative stress including overexpression for enhanced stress tolerance in
transgenic plants has also been studied [7,20,22–27]. However, recent reports on certain CuZn SODs from
plants have provided new information about their unusual stability [15,28], speciﬁc activity [15], and biochemical/biophysical characteristics of mono- and dimeric forms [14]. Such beneﬁcial characteristics of enzymes are
often desirable for agricultural or industrial applications [15,28]. Therefore, analyses of uncharacterized/putative
isozymes would provide information of their biochemical/biophysical characteristics vis-à-vis other known
SODs, and new insights into their role in stress responses.
Rice has four CuZn SODs encoded by different genomic loci: OsCSD1 (LOC_Os03g22810, cytosolic),
OsCSD2 (LOC_Os08g44770, chloroplastic), OsCSD3 (LOC_Os03g11960), and OsCSD4 (LOC_Os07g46990,
cytosolic). Most previous studies have been focused primarily on OsCSD1 and OsCSD2 isozymes [11,18,29].
Information available on OsCSD3 include limited transcript expression data under certain abiotic stresses
[21,30–32]. Therefore, functional characterization of OsCSD3 protein, its characteristics vis-à-vis other CSD
isozymes, and association with stress tolerance in rice would be worth exploring.
Here, we present the ﬁrst report on the functional characterization of OsCSD3 encoded by
LOC_Os03g11960 locus (Figure 1) in the rice genome. We demonstrated that this gene was up-regulated in
response to multiple abiotic stresses. Recombinant protein puriﬁed from Escherichia coli was found to be a
homodimeric CuZn SOD enzyme, active over a broad pH range and relatively more tolerant to H2O2 and
thermal inactivation. Interestingly, the OsCSD3 also exhibited bicarbonate-dependent peroxidase activity. More
importantly, this enzyme showed signiﬁcant protection against oxidative stress in both wild-type and sod
double-knockout (ΔsodA ΔsodB) mutant strains of E. coli. Thus, the rice OsCSD3 is a functional CuZn SOD
with peroxisomal features.

Experimental
Plant material and experimental conditions
Rice genotype NSICRc106 (salt tolerant) used in this study was obtained from International Rice Research
Institute (IRRI, Philippines). Rice seedlings were grown hydroponically in Hoagland media (Himedia, India) in
MLR-351H plant growth chamber (Sanyo, Japan) under a 14 h light and 10 h dark period. Following growth
conditions used: light intensity: 150 mmol m−2 s−1 ( photon ﬂux density), temperature: 28 ± 1°C (light period)
and 26 ± 1°C (dark period) and humidity: 65%. For stress treatment, the 6-day-old rice seedlings were subjected
to salinity (150 mM sodium chloride, NaCl), drought (15% polyethylene glycol, PEG), and oxidative stress
(10 mM methyl viologen, MV). Shoot tissue was collected at different time-points from control and stressed
seedlings, frozen in liquid nitrogen, and stored at −70°C until further use. Chemicals and reagents used (if not
speciﬁcally mentioned) were from Sigma–Aldrich (U.S.A.), and common molecular biology protocols were followed as per Sambrook and Russel [33].

RNA isolation, full-length cDNA isolation and cloning
Total RNA was isolated from rice shoot tissue by the Trizol (Invitrogen, U.S.A.) method and assessed for
quality and quantity. RNA preparation was treated with DNase I (Roche Diagnostics, Germany) to remove
DNA contamination and it was subsequently heat-inactivated. Total RNA (10 mg) was reverse transcribed
using SuperScript II reverse transcriptase (Invitrogen, U.S.A.) and a mixture of anchored oligo(dT)35 and
random nonamers (dN9) (New England Biolabs, U.S.A.) as per the protocol recommended by the manufacturer. The quantity of complementary DNA (cDNA) was estimated on a UV-1800 spectrophotometer
(Shimadzu, Japan) and used for quantitative real-time PCR analysis.
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Figure 1. Schematic diagram of the rice Os03g11960 CuZn superoxide dismutase gene.
Length of the gene and cDNA, organization of exons and introns, location of the oligonucleotide primers used for cDNA
ampliﬁcation, and position of restriction enzyme sites used for cloning and restriction analysis are indicated.

Full-length OsCSD3 cDNA was PCR ampliﬁed using a forward (Os11960-ForP: 50 -GGGAATTCCATATGA
TGGCAGGGAAAGCCGGCGGCC-30 ) and a reverse (Os11960-RevP: 50 -CGGAATTCTTAAACTGCAGA
TCGAAGTCCAATGATAC-30 ) primer (Figure 1) designed using the sequence available at the Rice Genome
Annotation Project website (http://rice.plantbiology.msu.edu) [34]. Underlined bases indicate the sites for
restriction enzymes in the forward (NdeI) and reverse (EcoRI) primers for cloning compatibility in pET28a(+)
vector (Novagen, U.S.A.). PCR was carried out using Pwo DNA polymerase (Roche Diagnostics, Germany) on
a Mastercycler Gradient PCR machine (Eppendorf, Germany) using following conditions: initial denaturation
at 94°C (5 min), 35 cycles of 94°C for 1 min, 60°C for 1 min, 72°C for 1.5 min, and ﬁnal extension at
72°C (5 min).
The PCR product was puriﬁed, double-digested with NdeI and EcoRI, and ligated to pET28a(+) linearized
with the same enzymes. The ligation mixture was transformed into E. coli (DH5α) cells and transformants
were selected on LB agar containing kanamycin (25 mg ml−1). Transformants were screened by colony PCR for
the presence of insert (Os03g11960 cDNA), and also conﬁrmed by restriction analysis of plasmid. The fulllength cDNA product and insert from the recombinant plasmid (referred to as pET28a(+)-OsCSD3) of the two
clones was sequenced and submitted to the GenBank database (accession numbers: KF953542, KF953543). One
of these (KF953542) was used for heterologous expression of rice OsCSD3 in E. coli BL-21(DE3) strain. The rice
cDNA was also cloned in pMAL-c5x plasmid (New England Biolabs, U.S.A.) using the same restriction enzymes
(NdeI and EcoRI) for protein expression and stress tolerance studies in E. coli sodA sodB double mutant.

Quantitative RT-PCR analysis
Quantitative RT-PCR analysis for comparative transcript abundance of four rice CuZn SODs was carried out
using the following sets of primers: (1) OsCSD3 (ForP: 50 -CAACGGCTGCAACTCTACCGGGCC-30 and RevP:
50 - GGTCCTTTATGAAGATATCTGCAACAC-30 ), (2) OsCSD1 (ForP: 50 -GCATGTCAACTGGGCCACACTACA-30
and RevP: 50 -CATGGATATTAGCAACACCATCTTC-30 ), OsCSD2 (ForP: 50 -TGGGTGCATATCAACAGGACC
ACA-30 and RevP: 50 -GGTTGCCTCAGCTACACCTTCAGC-30 ), and OsCSD4 (ForP: 50 -CATGTCAACTGG
ACCACACTTCAA-30 and RevP: 50 -ATTGACATTAGCAACACCATCTGC-30 ). Wherever possible, primers
were designed at the exon–exon junctions with amplicon size <200 bp. Primer speciﬁcity was assessed by
the Primer-BLAST program available at the National Centre for Biotechnology Information (NCBI) website
(http://www.ncbi.nlm.nih.gov/tools/primer-blast).
Quantitative RT-PCR analysis was carried out on a Master cycler ep realplex PCR instrument (Eppendorf,
Germany) using SYBR Green Jumpstart Taq Ready mix (Sigma–Aldrich, U.S.A.) following the recommended
protocol. Following thermal cycling conditions were used: 94°C (2 min), 45 cycles of 94°C (10 s), 60°C (15 s)
and 68°C (20 s). Speciﬁcity of the PCR ampliﬁcation was assessed by melting curve analysis as well as on 2.0%
agarose gel. Relative transcript abundance was estimated by Schmittgen and Livak [35] using Actin-2
(LOC_Os10g36650) as a reference gene (ForP: 50 -CTAGTGGACGTACTACTGGTATTG-30 and RevP: 50 -GATC
CCTACCAGCAAGATCAAGAC-30 ) and validated by using a second reference gene, GAPDH (LOC_Os08g03290)
(ForP: 50 -GTGACAGCAGGTCGAGCATCTTCG-30 ; RevP: 50 -GTCGATGACACGGTTGCTGTAACC-30 ). Analysis
was carried out using two independent biological replicates, where 8–10 rice seedlings were pooled for RNA
extraction in each sample. All the PCRs were run in triplicates and appropriate controls including the no
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template control were included for each set of analysis. Statistical analysis of the qPCR data in control and
treated samples was carried out by Student’s t-test and the differences were considered signiﬁcant only when
the P < 0.05.

Construction of E. coli sod double-knockout (ΔsodA ΔsodB) mutant strain
Single-gene sodA and sodB knockouts of E. coli (BW25113) were obtained from Keio collection [36]. The
mutants contained removable (FLP recombinase-mediated) kanamycin resistance gene (KanR) cassette in place
of the sod gene(s). Plasmid pCP20 that features temperature-sensitive origin of replication, a heat-inducible
Flp-recombinase, and an ampicillin resistance gene (AmpR) as selection marker was used for removal of KanR
cassette. E. coli sod double-knockout (ΔsodA ΔsodB) strain was generated using the FLP-FRT recombination
system as per the protocol described by Narita and Peng [37] with minor modiﬁcations. Brieﬂy, E. coli sodA
mutant containing KanR cassette (in place of sodA gene) was transformed with pCP20 plasmid, followed by
selection on LB agar ampicillin plates at 30°C. Few positive cells were grown at 43°C in LB media, serially
diluted, and plated on LB agar plates for Flp recombinase-mediated removal of KanR cassette, and curing of
pCP20 plasmid. Loss of KanR and AmpR was conﬁrmed by patching clones on LB agar plates containing no
or appropriate antibiotics. These sodA cells were designated as sodA-KanS (S: sensitive). E. coli sodB mutant
was transduced with P1 phage, and the lysate was used to transduce the E. coli sodA-KanS cells as per the
standard protocol. The transformed cells were selected on LB agar kanamycin plates to identify sodA sodB
double-knockout mutants.

Oxidative stress tolerance in E. coli sod double-knockout (ΔsodA ΔsodB)
mutant and wild-type strains
Effect of MV-induced oxidative stress on growth of E. coli sod double-knockout mutant (ΔsodA ΔsodB) and
wild-type BL-21(DE3) strains was carried out as per Goulielmos et al. [38]. Brieﬂy, E. coli double-mutant cells
containing either pMAL-c5x (control vector) or pMAL-c5x-OsCSD3 were grown at 37°C in LB medium containing kanamycin (25 mg ml−1) and ampicillin (50 mg ml−1). Cultures were diluted (1 : 100) in LB–Kan–Amp
media supplemented with 0.2 mM CuCl2 and ZnCl2, grown further until absorbance (A600 nm) reached ∼0.2,
and induced with 0.5 mM isopropyl β-D-thiogalactopyranoside (IPTG) for 4 h, for expression of recombinant
OsCSD3 in E. coli. The cultures were again normalized to absorbance (A600 nm) ∼0.2, treated with different
concentrations (0.0–0.025 mM) of MV in the presence of 0.5 mM IPTG, for 20 h at 25°C, and growth was measured at regular intervals. The cultures were also diluted serially in 0.85% saline and analyzed by spot
test (10 μl of respective dilutions were spotted) on LB agar plate containing both kanamycin (25 mg ml−1) and
ampicillin (50 mg ml−1). Oxidative stress tolerance was also analyzed in wild-type E. coli strains, BL-21(DE3)
containing pET28a(+) (control vector), or pET28a(+)-OsCSD3. Transformed E. coli cells were induced with
0.1 mM IPTG for 16 h at 20°C and normalized to absorbance (A600 nm) ∼0.2. These cells were treated with different concentrations (0.0–0.2 mM) of MV and absorbance (A600 nm) was measured at regular interval.
Additionally, the cultures were serially diluted in saline and analyzed by spot test (10 μl of respective dilutions
were spotted) on LB agar plate containing kanamycin (50 mg ml−1). The experiment was repeated three times
in triplicates. Statistical analysis was carried out by Student’s t-test and the differences were considered signiﬁcant only when P < 0.05.

Lipid peroxidation analysis
Lipid peroxidation was determined by Panat et al. [39] with minor modiﬁcations. The assay is based on quantiﬁcation of malondialdehyde (MDA), an end product of lipid peroxidation that reacts with 2-thiobarbituric acid
(TBA) to produce a red colored adduct. Brieﬂy, E. coli cells were harvested, washed (twice) with phosphate
buffer saline (PBS, pH 7.4), resuspended in 300 ml of PBS, and lysed by sonication in a Branson Digital
Soniﬁer 450 (Branson Ultrasonics Corporation, U.S.A.) using the following settings: amplitude: 35%, ON time
2 s, OFF time 2 s, processing time 5 min. The samples were kept on ice (4°C) during the sonication. Sample
volume of 300 ml was mixed with 900 ml of TBA reagent (0.375% TBA, 0.25 M HCl, 15% trichloroacetic acid
and 6 mM Na2EDTA) and incubated at 95°C for 30 min. Samples were cooled to room temperature and centrifuged at 13 680×g for 20 min at 4°C. MDA equivalents were estimated in the supernatant by measuring the
ﬂuorescence (excitation/emission: 530/590 nm) on a multi-well-plate reader (Inﬁnite M200, Tecan, U.K.). The
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experiment was repeated three times in triplicates. The lipid peroxidation was expressed as mmoles of MDA
equivalents mg−1 protein using 1,1,3,3-tetramethoxypropane (TMP) as a standard.

Bioinformatic studies
The plant CuZn SODs (cytosolic, peroxisomal and chloroplastic) similar to the rice OsCSD3 protein were identiﬁed by the Basic Local Alignment Search Tool, BLASTP [40], and sequences from 9 monocots and 12 dicots
(Supplementary Table S1) were retrieved from the GenBank database at the NCBI website (http://www.ncbi.
nlm.nih.gov). Parameters like molecular weight (Mw) and theoretical isoelectric point ( pI) of the sequences
were estimated by the ‘Compute pI/Mw tool’ at the ExPASy web site (http://web.expasy.org/compute_pi/).
Multiple sequence alignment was done by ClustalX software [41] using default gap opening and gap extension
penalties and edited by BioEdit Software [42]. Sequence divergence and genetic relationships were inferred
using the Molecular Evolutionary Genetic Analysis software (MEGA version 4) [43]. Phylogenetic analysis was
done by the neighbor-joining [44] method and statistical analysis was performed by the bootstrap method [45].
The molecular model of the rice OsCSD3 was generated using the SWISS-MODEL [46] work space
(http://swissmodel.expasy.org/workspace) using a dimeric target sequence of rice SOD, and Solanum lycopersicum CuZn SOD crystal structure (PDB ID: 3PU7) as the template. Template structure included both Cu2+ and
Zn2+ cofactors. Structural superposition of the model onto the template was carried out using the molecular
modeling software O [47]. Figures of the molecular models were rendered using computer program
PyMOL [48].

Puriﬁcation of recombinant protein
E. coli BL-21(DE3) cells containing the recombinant plasmid pET28a(+)-OsCSD3 were grown overnight at
37°C in LB medium with kanamycin (25 mg ml−1) and diluted to 1 : 100 in the fresh LB-Kan medium supplemented with 0.2 mM CuCl2 and ZnCl2. Cells in mid-log phase were induced with 0.1 mM IPTG at 20°C,
harvested after 16 h by centrifugation (4500×g, 10 min), resuspended in the resuspension buffer (50 mM
potassium phosphate; 100 mM potassium chloride, KCl; and 1 mM phenylmethanesulfonyl ﬂuoride, PMSF, pH
8.0), and lysed by sonication with following settings: amplitude: 35%, ON time 2 s, OFF time 2 s, processing
time 15 min (repeated twice). The samples were kept on ice (4°C) during the sonication. Supernatant and
pellet fractions were separated by centrifugation (10 000×g, 20 min, 4°C), resolved on 15% SDS–PAGE, and
stained with Coomassie Blue R-250 (Sigma, U.S.A.). The recombinant rice protein was puriﬁed from the supernatant fraction obtained from a total of 4.0 gFW−1 (gram fresh weight) of IPTG-induced E. coli cells. Afﬁnity
puriﬁcation was carried out using 0.5 ml Ni-NTA afﬁnity resin (Qiagen, Germany) as per the recommended
protocol and analyzed on 15% SDS–PAGE. The puriﬁed protein was dialyzed against resuspension buffer using
2 kDa MWCO dialysis tube (Sigma–Aldrich, U.S.A.) and concentrated using 3 kDa MWCO centrifugal
columns (Vivaspin, GE Healthcare, U.S.A.). Protein samples were quantitated by the Bradford method [49]
using bovine serum albumin (BSA) as a standard.

Determination of metal content in the protein
Copper and zinc content of the protein was estimated on a VG PQExCell Inductively Coupled Plasma-Mass
Spectrometer (ICP-MS) instrument (VG Elemental, U.K.). Brieﬂy, recombinant protein (1 mg) was dialyzed
against deionized water using 2 kDa MWCO dialysis tubing (Sigma–Aldrich, U.S.A.). The protein sample
(in a silica crucible) was charred at 500°C in a blast furnace and the inorganic ash was resuspended with 1%
supra-pure nitric acid solution for ICP-MS analysis. The metal content was expressed as the number of Cu2+
and Zn2+ ions per protein subunit.

Biophysical studies
The native molecular weight of the recombinant OsCSD3 was determined by gel ﬁltration chromatography on
a Superdex™ 75 10/300 GL chromatography column (GE Healthcare) preequilibrated with potassium phosphate buffer (10 mM potassium phosphate; 100 mM KCl, pH 8.0). The column was precalibrated with following standard proteins, BSA (66.5 kDa), chicken egg albumin (45 kDa), carbonic anhydrase (29 kDa), and
cytochrome C (12.4 kDa). The native molecular weight was estimated by plotting a calibration curve of the log
of molecular weight of the standard proteins versus their respective Ve/Vo values (Ve: elution volume, Vo: void
volume). The molecular weight of the monomeric subunit was determined by 15% SDS–PAGE using prestained
protein molecular weight standard (New England Biolabs, U.S.A.). A standard curve of the log of molecular
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weight of the standard proteins versus their Rf values (Rf: migration distance of the protein/migration distance
of the dye front) was used for estimating the subunit molecular weight.
Spectrophotometric characteristics of the recombinant OsCSD3 were analyzed at room temperature (25°C)
on a double-beam UV-1800 spectrophotometer (Shimadzu, Japan). Absorbance spectra of protein (1 mg ml−1)
in potassium phosphate buffer (10 mM, pH 8.0) containing KCl (10 mM) were recorded between wavelengths
of 200 and 800 nm. Circular dichroism (CD) analysis was carried out on a Jasco J-815 CD spectropolarimeter
( Jasco, Japan) at 20°C, using protein sample (concentration: 0.15 mg ml−1) in potassium phosphate buffer
(10 mM, pH 8.0) containing KCl (10 mM). CD spectra was recorded between wavelengths 190–260 nm using a
quartz cuvette ( path length: 0.2 cm) with the following settings: scan speed: 20 nm min−1, data integration
time: 2 s, data pitch: 0.1 nm, and band width: 1.0 nm. The measurements from ﬁve scans were averaged and
corrected for the sample buffer. Protein concentration estimated by the Bradford method [49] was used to
determine the molar ellipticity.

Biochemical assays
In solution, SOD activity of OsCSD3 was determined by the nitro blue tetrazolium (NBT) reduction assay in a
multi-well-plate assay [50]. In brief, puriﬁed protein (0–2 mg) was incubated in 200 ml assay volume containing
sodium phosphate buffer (50 mM, pH 7.8), reduced nicotinamide adenine dinucleotide (NADH, 78 mM), NBT
(50 mM), and EDTA (0.1 mM). Reaction was initiated by the addition of phenazine methosulfate (ﬁnal concentration: 3.3 mM) and absorbance (A560 nm) was measured for 5 min on a multi-well-plate reader (Inﬁnite M200,
Tecan, U.K.). The biochemical assays were carried out using 1 U of the protein. One unit (1 U) of SOD activity
is deﬁned as the amount of protein required to inhibit the NBT reduction by 50%.
The effect of pH was measured in two ways (1: assaying enzyme at different pH and 2: incubation of enzyme
at a pH followed by activity measurement at different incubation time) using the following buffers: sodium
phosphate ( pH 7.0–8.0), Tris–HCl ( pH 7.0–9.0), and sodium bicarbonate ( pH 9.0–10.8). Effect of temperature
on the stability on the protein was evaluated as described earlier [7] with minor modiﬁcation. For instance, the
recombinant protein was preincubated in 50 mM sodium phosphate buffer ( pH 7.8) at different temperatures
(25, 37, 45, 50, 60, and 70°C) before the aliquots were taken for activity measurement. For measuring the effect
of inhibitors like diethyldithiocarbamate (DDC), sodium azide (NaN3), and hydrogen peroxide (H2O2), the
protein (5 U) was preincubated with increasing concentration of DDC (0.0–2.0 mM), NaN3 (0.0–10.0 mM),
and H2O2, (0.0–10.0 mM) for 30 min. Enzyme activity was measured as described above.
In-gel SOD activity assay of OsCSD3 was carried out on non-denaturing as well SDS polyacrylamide gel as
described by Chen et al. [51]. Protein samples were analyzed by electrophoresis on 15% SDS–PAGE [10% for
non-denaturing polyacrylamide gel electrophoresis (PAGE) gels]. The gel was rinsed in distilled water for
15 min (thrice) and incubated in ‘solution A’ (50 mM sodium phosphate buffer, pH 8.0 + 28 mM riboﬂavin +
28 mM tetramethylethylenediamine) for 30 min. Then, ‘solution B’ (50 mM sodium phosphate buffer, pH 8.0
+ 1 mM NBT) was added and the gel was exposed to light (20 min) for color development and photographed
on the gel-documentation system (Syngene, U.K.).
Bicarbonate-dependent peroxidase activity of OsCSD3 was determined by monitoring oxidation of dichlorodihydroﬂuorescein (DCFH) to 20 ,70 -dichloroﬂuorescein (DCF) as per Zhang et al. [52]. In brief, assay was
carried out at 25°C in potassium phosphate buffer (100 mM, pH 7.4) containing 0.1 mM diethylenetriaminepentaacetic acid (DTPA), 50 mM DCFH, 25 mM sodium bicarbonate (NaHCO3), and increasing amount
(0–10 mg) of protein. The reaction was initiated by the addition of H2O2 (1 mM) and ﬂuorescence signal (emission: 524 nm; excitation: 480 nm) of the product DCF was monitored for 5 min. The analysis was carried out
on a multi-well-plate reader instrument (Inﬁnite M200, Tecan, U.K.). The formation of DCF was also monitored by recording the absorbance spectra on a UV-1800 spectrophotometer (Shimadzu, Japan).

Results
Rice OsCSD3 CuZn SOD is up-regulated in response to abiotic stresses
Quantitative RT-PCR analysis estimated the basal transcript levels of four CuZn SOD isozymes in rice seedlings. Transcripts of OsCSD1 and OsCSD2 showed higher abundance and collectively represented >50% of the
total CuZn SOD transcript (Figure 2A). The OsCSD3 transcript was ∼20% of the total transcript (Figure 2A).
The rice CuZn SODs were up-regulated in response to abiotic stress conditions with minor variations in
expression pattern. OsCSD3 showed >1.5-fold to 2.5-fold up-regulation under salinity, drought and oxidative
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Figure 2. Quantitative RT-PCR analysis of rice CuZn SODs.
(A) relative abundance of transcripts of four CuZn SODs in 6-day-old control seedlings: (a) OsCSD3, (b) OsCSD1, (c) OsCSD4,
and (d) OsCSD2. (B–E) Relative transcript levels of four CuZn SODs in rice seedlings subjected to polyethylene glycol (15%),
sodium chloride (150 mM), and MV (10 mM) at 24 and 48 h after stress treatment: (B) OsCSD3, (C) OsCSD1, (D) OsCSD2, and
(E) OsCSD4. Transcript levels were normalized as per Schmittgen and Livak [35] using actin as a reference gene. The
experiment was carried out with two independent biological replicates (each sample had three technical replicates). Data are
represented as normalized transcript level ± SD. Statistical analysis was carried out by Student’s t-test, and signiﬁcant
differences between transcript levels in control and treated samples and/or between two time-points (24 and 48 h of a stress
treatment) are indicated by *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.

stress (Figure 2B). OsCSD1 overall showed a similar pattern with enhanced transcript levels at 48 h under oxidative stress (Figure 2C). OsCSD2 transcript level were ∼1.5-fold up-regulated, except at 24 h (>2-fold) timepoint under salt stress and ∼2-fold at 48 h in response to oxidative stress (Figure 2D). OsCSD4 showed higher
up-regulation than other three isozymes under drought and salt stress (Figure 2E).

OsCSD3 showed high similarity to peroxisomal CuZn SODs
The OsCSD3 cDNA was successfully PCR ampliﬁed (Supplementary Figure S1) cloned, sequenced, and submitted to GenBank (accession numbers: KF953542 and KF953543). The NSICRc106 OsCSD3 polypeptide
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Figure 3. Overexpression, puriﬁcation, and in-gel activity analysis of recombinant OsCSD3.
Arrow indicates the position of OsCSD3 protein. (A) Analysis of total protein isolated from different fractions on 15% SDS–
PAGE; lane U: uninduced BL-21(DE3) pET28a(+)-OsCSD3 cells; lane I: BL-21(DE3) pET28a(+)-OsCSD3 cells induced with
0.1 mM IPTG; lane S: supernatant fraction; lane P: pellet fraction; lane CP: Ni-NTA afﬁnity column puriﬁed protein; lane M:
protein molecular weight standards in kilodaltons (kDa). Twenty-ﬁve (25 mg) protein was loaded on lanes U, I, and S and 10
and 5 mg of protein was loaded on lanes P and CP, respectively. (B) In-gel SOD activity of OsCSD3 on 10% non-denaturing
PAGE. Equal amount (10 mg) of protein was loaded per lane and after the run the gel was divided into two halves, one was
stained with Coomassie Blue (lane 1) and the other was used for activity staining (lane 2) as per Chen et al. [51]. (C) In-gel SOD
activity assay of OsCSD3 on 15% SDS–PAGE in the presence and absence of 10 mM β-mercaptoethanol (β-ME). Equal
amount (10 mg) of protein was loaded per lane and after the run gel was divided into two halves, one was stained with
Coomassie Blue (left panel) and the other was used for activity staining (right panel) as per Chen et al. [51]. Lanes 1 and 3
contain untreated OsCSD3; lanes 2 and 4 OsCSD3 treated with β-ME; lane M: protein molecular weight standards in
kilodaltons (kDa).

contained 164 amino acid residues with a predicted molecular weight of 16.5 kDa. The protein sequence
showed 99.3% identity with Nipponbare OsCSD3 sequence with single variation at 151 position (A151T). The
OsCSD3 showed both length and sequence heterogeneity with CuZn SOD isozymes from other plants
(Supplementary Figure S2). Comparison of OsCSD3 with rice cytosolic CuZn SODs (OsCSD1 and OsCSD4)
showed heterogeneity at ∼37% sites and length variation at N-terminal region (Supplementary Figure S2).
The multiple sequence alignment of CuZn SOD sequences from 9 monocots and 12 dicots (Supplementary
Table S1) identiﬁed conserved and variable regions (Supplementary Figure S2). Phylogenetic analysis placed
the SODs into three clusters: I (cytosolic), II (chloroplastic), and III ( peroxisomal) supported by high bootstrap
values, where monocot and dicot sequences showed distinct divergence (Supplementary Figure S3). The
OsCSD3 CuZn SOD was placed in the monocot speciﬁc sub-cluster within cluster III. This cluster also included
AtCSD3 from Arabidopsis thaliana (known to localize in peroxisomes) [9] and high isoelectric point SODs
(PthipI-SODC1 and Pthip-SODC2) from Populus [53]. CuZn SODs in peroxisomal cluster III exhibited higher
divergence ( p-distance: 0.239) than the cytosolic ( p-distance: 0.149) and chloroplastic isozymes ( p-distance:
0.224). The theoretical pI of CuZn SODs including OsCSD3 protein ( pI: 6.82) in this cluster were generally
higher than cluster I and II sequences, in both monocots (6.38–7.19) and dicots (6.22–7.87). Sequence comparison of monocot and dicot CuZn SODs from peroxisomal cluster III revealed high conservation of important residues involved in coordination with Cu2+ (His-55, His-57, His-72, and His-129) and Zn2+(His-72,
His-80, His-89 and Aps-92), disulﬁde bond formation (Cys-66 and Cys-155) and surface interactions
(Supplementary Figure S4). Sequence heterogeneity was more predominant towards N-terminal than
C-terminal or middle region of the CuZn SODs (Supplementary Figure S4). Despite overall similarity to
peroxisomal isozymes, the characteristic peroxisomal targeting signals could not be detected in OsCSD3.

Recombinant OsCSD3 is a homodimer and contains Cu2+ and Zn2+ cofactors
Rice OsCSD3, cloned in pET28a(+), was overexpressed in E. coli BL-21(DE3) as described in Experimental
section. Recombinant protein (∼18 kDa) was expressed in cells containing pET28a(+)-OsCSD3 plasmid (lane I,
Figure 3A) and was not seen in uninduced cells (lane U, Figure 3A). The yield of the recombinant OsCSD3
was ∼0.6 mg gFW−1 of IPTG-induced E. coli cells. In-gel SOD activity assay on non-denaturing PAGE showed
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Figure 4. UV–visible and CD spectroscopy analysis of OsCSD3.
(A) UV absorption spectra of the protein in 240–300 nm wavelength range: small peaks characteristic of aromatic amino acids
in the protein (Phe and Tyr) are indicated. (B) Optical absorption spectra in the 300–800 nm wavelength range: electronic
transitions indicative of ligand-to-metal interaction (1) and d–d electronic transition for Cu2+coordination (2) are indicated.
(C) CD spectra were recorded on a Jasco J-815 CD spectropolarimeter using following parameters: wavelength range:
190–260 nm, quartz cuvette with 0.2 cm path length, scan speed: 20 nm min−1, data integration time: 2 s, data pitch: 0.1 nm,
band width: 1.0 nm.

that recombinant OsCSD3 is enzymatically active (lane 2, Figure 3B). The SOD activity of OsCSD3 was lost upon
treatment with 10 mM β-mercaptoethanol (lane 4, Figure 3C), suggesting the importance of disulﬁde bond in the
functionality of this protein. These results showed that LOC_Os03g11960 locus in the rice genome contains a
coding sequence that expressed to SOD of expected molecular weight (18.7 kDa: 16.5 kDa, OsCSD3 and 2.2 kDa
from pET28a(+) plasmid) in E. coli. Gel-ﬁltration chromatography analysis showed that protein elutes as a single
peak, corresponding to a molecular mass of ∼36 kDa (Supplementary Figure S5). Since the estimated size of the
subunit was ∼18 kDa (Figure 3C), the OsCSD3 is suggested to be a homodimer in native form. ICP-MS analysis
conﬁrmed the presence of both Cu2+ and Zn2+ metal cofactors at concentration of 0.905 ± 0.18 and 0.945 ± 0.16
per protein subunit. Collectively, these results show that the rice protein is a CuZn SOD.

Recombinant OsCSD3 showed spectral signatures of a functional structure of
CuZn SOD
The OsCSD3 isozyme contained a single tyrosine residue (Tyr-37) and six phenylalanines (at positions 29, 30,
54, 59, 73, and 107) and no tryptophan. The UV (ultraviolet) absorption spectra showed speciﬁc peaks associated with these aromatic amino acid residues in the protein (Figure 4A). The spectra in the visible region
showed evidence of electronic transitions in two regions: (a) ∼620–680 nm, indicative of d–d electronic transition for Cu2+ coordination and (b) ∼380–410 nm, attributed to ligand-to-metal interaction between imidazole
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Figure 5. Biochemical characteristics of OsCSD3.
One unit (1 U) of puriﬁed protein was used for biochemical assays and data are represented as mean ± SD of three
independent replicates. (A) Effect of pH on the activity: SOD activity of the protein was assayed at different pH using
phosphate ( pH 7.0–8.0), Tris–Cl ( pH 7.0–9.0), and bicarbonate (pH 9.0–10.8) buffers. Relative SOD activity was estimated by
considering maximum activity as 100%. (B) Effect of pH on stability: Protein was incubated in different buffers (pH range
7.0–10.8). Aliquots were removed at 1, 5, 18 and 24 h and assayed for SOD activity. Relative SOD activity was estimated by
considering activity at 0 h time-point (before preincubation) as 100%. (C) Effect of temperature: protein was incubated at
different temperatures (20–80°C). Aliquots were removed at 20, 40 and 60 min and assayed for SOD activity. Relative SOD
activity was estimated by considering activity at 0 h time-point (before preincubation) as 100%. The SOD activity was also
plotted as a function of temperature. Dotted line indicates T½ value (temperature at which 50% of enzyme activity was lost).

ring of the histidine (His-62) and Cu2+ (Figure 4B). CD spectroscopic analysis revealed higher β-sheet and low
α-helix content in the rice protein (Figure 4C). These results indicated that the OsCSD3 has all the spectral signatures that qualify it to be a CuZn SOD.

OsCSD3 is a CuZn SOD with higher tolerance to thermal inactivation and
H2O2

Puriﬁed OsCSD3 showed a speciﬁc activity of 4500 ± 500 U mg−1 protein (Supplementary Figure S6). The
enzyme showed maximum activity at pH 9.0; however, it was active over a broad pH range (7.0–10.8) with
60–80% residual activity (Figure 5A). Stability of OsCSD3 was comparable from pH 7.0 to 10.0, and 40–60%
loss in activity was observed beyond pH 10.0 within 18 h of incubation (Figure 5B). OsCSD3 showed tolerance to
thermal inactivation with no substantial loss of activity at 50°C and a T½ value (temperature at which 50% of
activity is lost) of 62°C (Figure 5C). The rice SOD retained 20% activity even on 40 min preincubation at 80°C.
OsCSD3 showed a differential response to SOD-speciﬁc inhibitors. SOD activity of OsCSD3 was inhibited by
DDC (a CuZn SOD-speciﬁc inhibitor) in a concentration-dependent manner (IC50 0.5 mM), with complete
inhibition at 2 mM (Figure 6). The OsCSD3 was relatively insensitive to H2O2 as it exhibited an IC50 (H2O2)
value of ∼7.6 mM (Figure 6). OsCSD3 activity remained unaffected by sodium azide (NaN3) (Figure 6).

3114

© 2018 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society

Biochemical Journal (2018) 475 3105–3121
https://doi.org/10.1042/BCJ20180516

Figure 6. Effect of SOD inhibitors on OsSCD3 activity.
Inhibition proﬁles of OsCSD3 after treatment with DDC (0.0–2.0 mM), hydrogen peroxide (H2O2, 0.0–10.0 mM), and sodium
azide (NaN3 0.0–10.0 mM). Relative SOD activity was estimated by considering activity at 0 h time-point (before preincubation)
as 100%. Vertical arrows indicate IC50 values for DDC (0.5 mM) and H2O2 (∼7.6 mM). Data are represented as mean ± SD of
three independent replicates.

OsCSD3 also exhibited bicarbonate-dependent peroxidase activity as assessed by enzyme-mediated oxidation of
DCFH to DCF (Supplementary Figure S7A,B).

OsCSD3 enhanced oxidative stress tolerance of E. coli sod double mutant and
wild type
The ability of rice OsCSD3 to protect E. coli cells from MV-mediated oxidative stress was investigated. Growth
of wild-type BL-21(DE3) cells containing pET28a(+) or pET28a(+)-OsCSD3 was evaluated in the presence of
increasing MV concentration. Overexpression of OsCSD3 enhanced the tolerance to MV-mediated oxidative
stress (up to 0.2 mM MV) in the wild-type BL-21(DE3) cells (Figure 7A,C). However, the wild-type cells
contain inherent SOD isozymes SODA and SODB which constitutes ∼97% SOD activity in the cell. To evaluate
the protection conferred solely by OsCSD3, a sod double-knockout (ΔsodA ΔsodB) mutant was generated
(detailed in Experimental section), and loss of both SODA and SODB activities was conﬁrmed by the in-gel
SOD assay (Supplementary Figure S8A). E. coli sodA sodB double mutant showed high sensitivity to MV treatment (Supplementary Figure S8B) than the sodA (Supplementary Figure S8C) and sodB single mutants
(Supplementary Figure S8D).
The pET28a(+)-OsCSD3 plasmid construct was compatible for heterologous expression in E. coli BL-21
(DE3) host, but not suitable for sod double mutant (ΔsodA ΔsodB) as it lacked T7 RNA polymerase-dependent
overexpression, and contained selection marker (kanamycin) similar to pET28a(+). Hence, plasmid vector
pMAL-c5x [containing maltose-binding protein (MBP) tag] that was suitable for T7 RNA polymeraseindependent expression and contained an ampicillin selection marker was used. Additionally, the presence of
N-terminal MBP tag kept the recombinant OsCSD3 in the soluble form. For functional analysis in E. coli
double mutant, plasmid pMAL-c5x-OsCSD3 was transformed into sod double mutant and activity of the
OsCSD3 was conﬁrmed (Supplementary Figure S8E). Growth of sod double-knockout mutant containing
pMAL-c5x or pMAL-c5x-OsCSD3 was evaluated in the presence of increasing MV concentration. The double
mutant showed enhanced tolerance at 10 mM MV (Figure 7B,D). The sod double mutant was also evaluated for
oxidative stress-induced lipid peroxidation. MV treatment resulted in increased lipid peroxidation in the sodA
sodB double mutant. However, the cells expressing OsCSD3 showed reduced lipid peroxidation compared with
the control (Figure 8). This indicates that the OsCSD3 is able to protect the E. coli cells from the MV-mediated
oxidative damage.

Homology model shows structural features conserved in OsCSD3
The homology model of OsCSD3 was generated using the crystal structure of S. lycopersicum CuZn SOD (PDB
ID: 3PU7) as a template (Figure 9). The two sequences showed 64% identity (E-value of 2.26834 × 10−39;
Supplementary Figure S9) in the template identiﬁcation module of Swiss model workspace. The template structure, reﬁned to 1.8 Å resolution, included both Cu and Zn cofactors. Homology model was a homodimer
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Figure 7. Analysis of oxidative stress tolerance of E. coli BL-21(DE3) wild-type and sod double-knockout (ΔsodA ΔsodB)
mutant cells containing empty vector or recombinant vector expressing rice OsCSD3.
(A) Spot assay of E. coli BL-21(DE3) wild-type cells containing pET28a(+) or pET28a(+)-OsCSD3 treated with MV (0.0–
0.100 mM). (B) Spot assay of E. coli sod double mutant containing pMAL-c5x or pMAL-c5x-OsCSD3 treated with MV (0.0–
0.050 mM). (C) Comparison of growth of E. coli BL-21(DE3) wild-type cells containing empty vector (pET28a(+) or pET28a
(+)-OsCSD3) in LB media containing IPTG (0.100 mM) and MV (0.0–0.200 mM), by measuring absorbance (A600 nm). The
experiment was repeated three times and data are represented as mean absorbance (A600 nm) ± SD of three replicates.
Statistical analysis was carried out by Student’s t-test, and signiﬁcant differences are indicated by **P < 0.01, ***P < 0.001.
(D) Comparison of growth of E. coli sod double-mutant cells containing empty vector (pMAL-c5x) or pMAL-c5x-OsCSD3 in LB
media containing IPTG (0.5 mM) and MV (0.0–0.025 mM), by measuring absorbance (A600 nm). The experiment was repeated
three times and data are represented as mean absorbance (A600 nm) ± SD of three independent replicates. Statistical analysis
was carried out by Student’s t-test, and signiﬁcant differences are indicated by **P < 0.01.
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Figure 8. Analysis of lipid peroxidation in E. coli sod double-mutant (ΔsodA ΔsodB) cells containing empty vector
( pMAL-c5x) or pMAL-c5x-OsCSD3 grown in control (no MV) and MV-treated (10 mM MV) conditions.
Lipid peroxidation was determined in terms of MDA as per Panat et al. [39] and expressed as mmoles of MDA equivalents
mg−1 protein using TMP as a standard. The experiment was repeated three times and data are represented as mean MDA
equivalents ± SD of three independent replicates. Statistical analysis was carried out by Student’s t-test, and signiﬁcant
differences are indicated by **P < 0.01, ***P < 0.001 and ****P < 0.0001.

covering the residue range 19–160 with QMEA-N-score 4 and QMEAN4-Z-score of 0.782 and −0.21, respectively [54], and showed the Greek key β-barrel structural core typical of CuZn SODs. The alpha carbons of
residues 19–31, 37–160 of both the chains of the model were superposed onto the corresponding residues of

Figure 9. Homology model of 3D structure of OsCSD3 generated using SWISS-MODEL work space.
(A) Predicted homology model (shown as homodimer) of rice OsCSD3 superimposed with the template CuZn SOD structure
(PDB ID: 3PU7) from S. lycopersicum. Two chains of the dimer are shown in cyan and slate color in case of the rice model
while those are shown in magenta and orange color in case of the template. (B) Enlarged view of the active site region showing
histidine and aspartate residues involved in the Cu and Zn coordination. Rice protein residues are shown in cyan carbons,
whereas template residues are shown in magenta carbons.
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the template, thus omitting a beta turn where there is an insertion of a proline residue in case of rice model
(Figure 9A). Structural superposition showed that the positions of active site residues (His-55, His-57, His-72,
His-129, His-80, His-89 and Asp-92 involved in coordination with the metal cofactors (Cu and Zn), cysteines
(Cys-66 and Cys-155) involved in intra-subunit disulﬁde bond), and catalytically important second-sphere
residues (Asp-133 and Arg-152) were highly conserved. The two structures superposed to a root-mean-square
deviation (RMSD) of 0.08 Å. After the superposition, active site of the model could very well accommodate
both the metal cofactors (Cu and Zn) from the template (Figure 9B).

Discussion

Oxidative stress mediated by ROS is minimized by coordinated action of multiple antioxidant enzymes in
plants [2,6]. Since superoxide radical O
2 participates in generation of several ROS and RNS (reactive nitrogen
species), its dismutation catalyzed by SOD reduces their levels [3,55]. Multiple CuZn SOD isozymes dismutate
the membrane impermeable O
2 to minimize the oxidative stress in organelles actively involved in oxidative
metabolism [6,8,56]. Despite importance of peroxisomes in oxidative metabolism [57], the peroxisome-speciﬁc
SOD isozymes have been relatively less studied.
The present study involves functional characterization of a putative CuZn SOD encoded by
LOC_Os03g11960 in the rice. We present evidence to suggest that rice OsCSD3 showed sequence, structural
and biochemical characteristics similar to peroxisomal SODs in plants. Different SODs contribute towards antioxidant activity at different physiological stages [16] and stress conditions [25,27,30,32,58,59]. Isozymes speciﬁc
to subcellular compartments are important for ROS homoeostasis within and for ROS signaling between the
organelles [55]. Changes in SOD activity at one location may affect gradient of H2O2 (also a signaling molecule) leading to modulation of redox-sensitive pathways [55]. Therefore, for a better insight into dynamics of
oxidative stress management at cellular level, it is necessary to understand role of each isozyme.
Among the four rice CuZn SODs, the chloroplastic isozyme was analyzed for tissue-speciﬁc expression
pattern [29], while the cytosolic isozyme was expressed in E. coli to study certain enzyme characteristics [18]. A
rice Fe-SOD was also analyzed for stress responsiveness at transcript level [60]. However, these SODs have not
been characterized in detail for biochemical/biophysical properties. Similarly, OsCSD3 has not been studied
thoroughly, except few reports on effect of anoxia [32], salinity [30], ozone [21] and gamma radiation [31] on
OsCSD3 transcript levels. Stress responsiveness of this locus under drought and oxidative (observed in this
study) indicates this to be a general abiotic stress responsive gene.
The rice OsCSD3 showed homodimeric subunit organization, metal cofactor composition (1 Cu2+and 1 Zn2+
per subunit) and predicted structural features similar to other plant CuZn SODs [7,12,14]. In silico analysis
showed the presence of single intra-subunit disulﬁde bond between Cys66 and Cys165, which seems crucial for
the functional conformation of OsCSD3 protein. Additional biochemical evidences conﬁrmed that OsCSD3 is
indeed a CuZn type of isozyme that also exhibits bicarbonate-dependent peroxidase activity reported in some
other plant CuZn SOD isozymes [14,15].
Despite high conservation in structurally and functionally important residues, certain sequence variations
affecting important characteristics (stability, oligomerization dynamics, speciﬁc activity) have been reported in
some SOD isozymes [7,14,15,28]. Such characteristics have potential for biotechnological applications of the
proteins [14,15,28]. The OsCSD3 showed remarkable properties (wide pH range, thermal stability, higher H2O2
and tolerance) that might qualify this protein to be a stress tolerant enzyme. These features may be attributed
to variations speciﬁc to this isozyme.
Among various CuZn SOD isozymes, peroxisomal types are generally reported to be more thermostable
[7,17,61]. The thermostability of OsCSD3 was comparable to the peroxisomal isozymes. It retained >80% SOD
activity at alkaline pH, generally not observed for CuZn SODs [15,18,62], suggesting that the enzyme is more
tolerant to pH-induced changes on subunit interactions, and Cu2+ leaching that may affect stability/activity
[14,15,56]. At 4–5 mM concentration, H2O2 mediated by oxidation of metal (Cu2+) coordinating amino acid
residues causes irreversible inactivation of most CuZn SODs [7,14,15,17,63]. Higher H2O2 tolerance (∼30%
activity at 10 mM) of OsCSD3 further corroborates its peroxisomal nature. As peroxisomes contain higher
H2O2 levels, the isozymes localized in this organelle are suggested to have adapted for higher H2O2 levels [17].
The alkaline pH optima and higher H2O2 tolerance of OsCSD3 seem suitable for functioning in the alkaline
environment of plant peroxisomes [64]. Despite overall sequence similarity to peroxisomal SODs, the OsCSD3
lacked typical C-terminal peroxisomal signal peptide [57]. Furthermore, its N-terminal region could not be
modeled due to lack of good similarity with the template (Supplementary Figure S9). It may be speculated that
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this enzyme has additional N-terminal region and the possibility of its involvement in an alternative targeting
mechanism of this protein cannot be ruled out.
In addition to generation of H2O2 and ·OH radical, the O
2 , in a membrane permeable protonated form
(HO2 ), can also initiate lipid peroxidation and damage cellular membranes [3]. Oxidative stress-mediated
damage resulting into cellular toxicity and cell death can be minimized by scavenging of O
2 . OsCSD3-mediated
enhanced tolerance of wild-type and sod double-mutant E. coli cells subjected to MV (a redox-cycling agent for

O
2 generation) demonstrated the in vivo O2 scavenging function of this enzyme, resulting into reduced oxidative damage including lipid peroxidation. However, OsCSD3 alone was not sufﬁcient to confer tolerance to
higher levels of oxidative stress in E. coli sod double mutant lacking SODA and SODB. The in vivo O
2 scavenging capability of other SOD isozymes in E. coli cells has also been previously demonstrated [7,38].
This study comprises the ﬁrst report on the expression and characterization of the CuZn SOD encoded by
LOC_Os03g11960 in rice genome. The locus is responsive to multiple abiotic stresses and codes for a functional
homodimeric, CuZn SOD. It also exhibits peroxidase activity and is capable of conferring protection against
oxidative stress as demonstrated in E. coli. Overall sequence similarity, several structural, biochemical features
suggest it to be a peroxisomal isozyme. The peroxisomal SODs are relatively less studied in plants; however,
these are important component of antioxidant system in normal physiology and stress conditions [8,65] and
contribute to ∼18% of total SOD activity [66]. The rice OsCSD3, with higher thermal stability and tolerance to
H2O2, may serve as a better candidate for abiotic stress tolerance enhancement in plants. Furthermore, experimental validation of its cellular localization may provide insights into involvement of non-canonical targeting
sequences/mechanisms in rice, which contains a high diversity of potential PTS sequences [57].
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Alternative splicing (AS) has emerged as a key molecular mechanism in plants to regulate
diverse array of physiological processes as well as response to stress conditions. AS generate more
than one transcript/protein isoform from single gene and can control the levels, activity/function in
multiple ways. Superoxide dismutases (SODs), are important antioxidant enzymes that provide
protection against reactive oxygen species (ROS) mediated cellular damage. In rice, the seven SOD
genes undergo AS and generate fourteen splice variants (SVs), with maximum of nine from four
Cu/Zn SODs (CSDs). In this study, AS of rice Cu/Zn SODs (OsCSDs) were analyzed at both RNA and
protein level to understand their significance in regulation and functioning of Cu/Zn SODs.
At transcript level, AS affected the OsCSD transcript abundance in different rice tissues and
in response to abiotic stresses. AS also affected the transcript stability of some of the OsCSD splice
variants. Collectively, AS mediated modulation in the OsCSD transcript level might be important for
fine tuning the cellular CSD transcript/protein levels in response to various environmental
perturbations.
At protein level, AS mediated alterations (major/minor) in the amino acid sequence of the
alternative splice variants affected the important characteristics of rice peroxisomal CSD (OsCSD3)
and chloroplastic CSD (OsCSD2). AS-mediated large variations in the three OsCSD3-SV isoforms (SV2,
SV3 and SV4), significantly affected the SOD function. Out of four SV isoforms, only OsCSD3-SV1
(constitutive SV) was enzymatically active, whereas other three alternative isoforms (OsCSD3-SV2, SV3 and -SV4) were rendered enzymatic inactive. On contrary, two splice variant isoforms of
chloroplastic CSD (OsCSD2-SV1 and -SV2) with minor variation in four amino acid region (GPTT),
were functionally active. However alternative isoform (OsCSD2-SV2) lacking four amino acids
exhibited substantial differences in protein properties (activity, structural stability etc.) compared to
the constitutive isoform (OsCSD2-SV1). Such AS imparted variations in OsCSD-SV isoforms may be
crucial for dynamic regulation of enzyme activity as per cellular requirements in different situations.
In addition, two rice cytosolic CSDs (OsCSD1 and OsCSD4), originated due to a block
duplication showed variations in the regulatory region of the gene and protein characteristics. The
cytosolic OsCSDs, showed differential response to abiotic stress conditions. At protein level, the
proteins showed variations at 18 sites and seems important for better protein properties (high
enzyme activity, tolerance to pH change and structural stability) of OsCSD4 than OsCSD1.
In summary, this study indicates that alternative splicing is involved in regulation and
functioning of rice Cu/Zn SODs at both RNA and protein levels. In addition, a gene duplication event
resulting in two cytosolic CSDs was found to be important for regulation and functioning of the two
gene.

