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INTRODUCTION
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Cyanobacteria are oxygen-evolving photosynthetic prokaryotes and many of
them fix atmospheric nitrogen. They are one of the most diverse groups of gram-
negative prokaryotes. It is believed that they appeared on earth between 3.2 — 2.4
billion years ago and that the earth’s atmosphere became oxygenated due to their ability
to perform oxygenic photosynthesis (Dietrich et al., 2006). Cyanobacteria are believed
to play a pivotal role in the conversion of early earths reducing atmosphere to an
oxidizing one, thus playing an important role in the evolution of life forms.
(Pommerville, 2010). One of the most impressive microbial innovations in Earth's
history was said to be the emergence of oxygenic photosynthesis in ancient
cyanobacteria as a result of which oxygenic photosynthesis is now the largest source
of O, in the atmosphere today (Hamilton, 2016). The transition of the atmosphere from
the anoxic to oxygenated state had two major effects. Firstly, the highly efficient
aerobic respiration began to flourish over anaerobic respiration. Secondly, the risk of
damage to metabolic machinery from the actions of partially reduced reactive oxygen
species (ROS) was greatly increased. ROS such singlet oxygen (*O.), superoxide anion
radicals(O;"), hydrogen peroxide (H,0,) and hydroxyl radicals (HO") are inevitably
generated during normal oxygen metabolism. ROS react indiscriminately with proteins,
lipids and DNA causing oxidative damage and cell death (Imlay 2003, Latifi et al.
2009). Therefore, for cellular survival, a prompt and efficient ROS- scavenging

mechanism is of critical importance.

Cyanobacteria are often subjected to harsh environmental conditions such as
nutrient limitation, different intensities of light, herbicides, extreme temperatures and
high salinity. These conditions often negatively affect their growth, photosynthesis and

nitrogen-fixation ability in their natural habitats. One of the common reasons for this is
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the production of reactive oxygen species (ROS) that can lead to cell death (Latifi et al.,
2009). For the detoxification of cell-toxic ROS, it is widely believed that the
mechanisms evolved by cyanobacteria are probably amongst the first of its kind. The
defense mechanism of cyanobacteria includes both enzymatic (superoxide dismutase,
catalase, peroxidase) as well as non-enzymatic antioxidants (like carotenoids,
tocopherols etc.). The following sections describe the intracellular production of ROS

as well as the mechanisms cyanobacteria employ to combat it.

1.1  Cyanobacteria

Cyanobacteria are classified within the Kingdom Monera (Prokaryota), Division
Eubacteria, class Cyanobacteria. However, there is still significant debate over
classification at higher taxonomic levels regarding the composition of orders, families,
genera and species (Percival et al., 2013). There are an estimated 150 genera
of cyanobacteria containing approximately 2000 species, of which around 46 have been
reported as being toxicogenic (Hitzfeld et al., 2000; Ernst, 2006).Cyanobacteria are
found in a wide range of ecological habitats - water, soil as well as air. They have been
found to inhabit places like hot springs, deserts and brackish water. Cyanobacterial
habitats also include those that are considered extreme, such as frozen lakes, hot springs
and salt works (Whitton, 1992). Cyanobacteria exist in different forms — they may be
unicellular, filamentous, branched-filamentous or non-filamentous colonial (Carr and
Whitton 1982; Bergman et al., 1997; Whitton and Potts, 2000). Many filamentous
cyanobacteria are known to possess multiple cellular differentiation alternatives like

heterocyst (for N,- fixation), vegetative cells (for photosynthesis), motile trichomes
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called hormogonia and spores / akinetes (perennating bodies) (Adams 2000, Rai et al.,
2000). Some of them, particularly Nostoc possess the ability to fix atmospheric nitrogen
which makes them a potential source of biofertilizers in paddy fields (Singh 1961;
Roger and Ladha 1992). Even though nitrogen is one of the most abundant elements
(predominantly in the form of N, gas) in the atmosphere, plants are able to utilize only
the reduced form (Wagner, 2011). Nitrogen is a macronutrient which is required by
plants including food crops (Broyer and Strout, 1959). Being part of all building blocks
of life — nucleic acids, amino acids and proteins or metabolic products, nitrogen
represents about 2% of plant dry tissue (Miller and Cramer, 2005).The ability to fix
nitrogen thus becomes an important task. Nostoc also has the ability to form symbiotic
associations with a variety of plants and animals, providing fixed nitrogen in the

process to their hosts thereby fulfilling their nitrogen requirements (Rai et al., 2000).

1.1.1 N- fixation and heterocystic cyanobacteria:

There are three different ways by which N, fixation occurs in nature, they are;
(i) through geochemical processes like lightning, (ii) through the action of biological
mechanisms like enzymes which is found only in some microorganisms (example -
nitrogenase), and (iii) through industrial processes like the Haber-Bosch process
(Hoffman et al., 2014). Due to the fact that the availability of fixed nitrogen is the most
common limiting factor in the field of agriculture in the world, it can be claimed that
nitrogen fixation has a profound agronomic, ecological and economic impact (Smil,
2004). Filamentous cyanobacteria possess the ability to form nitrogenase containing

cells called heterocysts. Between stretches of vegetative cells, terminally differentiated
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nitrogen-fixing cells called heterocysts may be formed at semi-regular intervals. This
produces a multicellular pattern of single heterocysts about every ten to twenty
vegetative cells along the filaments (Kumar et al., 2010). The enzyme nitrogenase
converts molecular nitrogen into ammonia. Heterocysts are often reguarly spaced and
they are formed when the organism is subjected to the absence of combined nitrogen
sources such as ammonia, nitrate, nitrite and few amino acids. (Flores and Herrero
1994; Wolk et al., 1994). Nitrogenase shows extreme sensitivity to oxygen, which
affects its level of synthesis as well as activity (Gallon 1992). In filamentous
heterocystous cyanobacteria, the heterocysts protect the enzyme nitrogenase from the
activity of oxygen by safely harboring it. The round, large shape, diminished
pigmentation, cell with thicker envelopes, and cyanophycin granules which are usually
prominent at adjacent poles makes heterocysts typically distinguishable from the
vegetative cells (Kumar et al., 2010). Heterocysts are surrounded by additional
envelope layers which help to protect the enzyme nitrogenase from oxygen (Fay 1992).
The micro-oxic environment required for nitrogen fixation is provided by mature
heterocysts by spatially providing separation between the oxygen-evolving
photosynthesis in vegetative cells and nitrogen fixation. Many metabolic and
morphological changes occur in differentiating cells (Golden and Yoon 1998). During
differentiation, the heterocysts show an increased rate of respiration and oxygen-
producing photosystem PSIl is also dismantled (Wolk et al., 1994). In non-
heterocystous nitrogen-fixing cyanobacteria, nitrogenase is protected by resorting to

temporal separation of N,-fixation and photosynthesis (Gallon 1992).
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1.1.2 Vegetative cells of Cyanobacteria:

There is a mutual interdependence between heterocysts and vegetative cells.
Heterocysts lack PSII and the ability to fix carbon which makes them dependent on
vegetative cells for a source of reductant and carbon. This is probably partially supplied
as sucrose (Cumino et al., 2007; Marcozzi et al., 2009). Vegetative cells in Anabaena
PCC 7120 must also supply glutamate to heterocysts, where it is converted to glutamine
and other amino acids (Martin-Figueroa et al., 2000). Vegetative cells in return obtain
amino acids as a fixed nitrogen source from the heterocysts (Meeks and Elhai 2002).

Movement of molecules between cells along a filament (through a possibly
continuous periplasm) is required for the intercellular signals that control the regulated
spacing of the heterocysts and for the exchange of metabolites (Flores et al., 2006). The
entire photosynthetic machinery of cyanobacteria is present in the vegetative cells. The
phycobilisomes (a supramolecular assembly formed by the light harvesting
phycobiliproteins) captures light energy and transmits it to the photosystems | and Il
(PSI and PSII) where it is converted to chemical energy. PSII, a thylakoid-embedded
complex carries out the oxidation of water. For every two molecules of water, one
oxygen molecule and four protons are evolved. Following this reaction, an electron is
passed via a series of redox reactions to PSI. PSI is a large membrane-bound multi sub-
unit pigment-protein complex. It carries out the light driven oxidation of plastocyanin
and reduction of ferredoxin using the electrons obtained from PSII. NADP" is reduced
to NADPH using a part of the reduced ferredoxin. The rest of the electrons carried by
the reduced ferredoxin are channelled back to the cytochrome bg/f complex in cyclic
electron flow to form ATP around PSI. Through the Calvin cycle, ATP and NADPH

then drives the fixation of CO, into carbohydrates (Golbeck 1992). Only PSI is present
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in the case of heterocysts (Wolk et al. 1994).

1.2 ROS formation in cyanobacteria:

Although respiratory electron transport pathway contributes to the
generation of toxic oxygen species, the major source of ROS in higher plants, oxygen-
evolving photosynthetic cyanobacteria and green algae is the photosynthetic machinery
(Mittler 2002; Apel and Hirt 2004; Simon et al., 2005; Latifi et al., 2009). In higher
photoautotrophs, photosynthesis and respiration are carried out in separate
compartments (chloroplast and mitochondria). Meanwhile in cyanobacteria, these
processes occur simultaneously in its uncompartmentalized cells. Therefore, ROS poses

a higher risk to cyanobacteria.

Energy in the form of light may also contribute as a source of major stress even
though it essential for photosynthesis. Repair of photosystem Il is believed to be
inhibited by singlet oxygen (*O,) which is produced by an energy input to oxygen from
photosensitized chlorophyll (Latifi et al., 2009). When the redox potential of the QA
quinone decreases, the production of *O, and its impact on photoinhibition increases
(Fufezan et al., 2007). If the intensity of light is higher than the level which can be
normally managed by the photosynthetic electron flow, other ROS can be formed along
with the increase of 'O, production This will lead to the inactivation of the
photosystems the reason being that oxygen can be used as an electron acceptor instead
of ferredoxin by which a superoxide anion is generated as a primary product (Latifi et
al., 2009). Termed as the Mehler reaction, the reaction on the donor side of the

photosystem | (PSI) was first described in chloroplasts by Mehler (1951). It has been
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assumed in all oxygenic phototrophs that there is occurrence of the reduction of oxygen
by the PSI electron flow (Latifi et al., 2009). However, there is controversy in the
extent to which Mehler reaction takes place in cyanobacteria. There is a high degree of
O, reduction in cyanobacteria as compared to algae and higher plants; 50% of the
photosynthetic electrons are consumed while only 15% is consumed in plants (Badger

et al., 2000).

The triplet ground state of molecular oxygen serves as an excellent oxidizing
agent in aqueous solutions. It is reduced to several toxic intermediates like O,",H,0,,
HO" and '0,. O,”, a moderately reactive membrane-impermeable ROS is produced by

the transfer of electrons from reduced iron-sulphur centres of PSI to O,(Mehler
reaction). It is also produced as a result of excessive reduction of phaeophytin and
plastoquinone (electron acceptors), particularly during limitation of electron transport

between PSII and PSI. H,O,, a less reactive and membrane- permeable ROS is
produced from either dismutation of O, or from the incomplete oxidation of water in

PSII. HO' is the most reactive amongst the ROS and is generated through the Haber

Weiss reaction:

0,"+ H,0O, —» OH +HO +0,

Fe (1), released in vivo from the inactivation of FesS4 clusters by O," further

catalyzes this reaction (Fenton reaction):

Fe(ll) + H,0, —» Fe(lll) + OH + HO'
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'0,, an unusual ROS is not produced from the electron transfer to O, but from
the excitation of the ground triplet state of oxygen (*0,) by the reaction center triplet
excited state chlorophyll (Mittler 2002; Latifi et al., 2009; Pospisil 2009; Gill and

Tuteja 2010; Vass 2012).

1.3 Effects of ROS on cellular functions:

ROS have multiple effects on the cellular functions in aerobic organisms. They
cause damage to nucleic acids, oxidize proteins and also cause lipid peroxidation. ROS
such as singlet oxygen (*O,), hydroxyl radical (OH), superoxide anion (02) and
hydrogen peroxide (H,0;) has the ability to oxidize the thiol of the cysteine residues of
proteins (—SH) into disulfides (-S-S-), sulfenic (-SOH), sulfonic acids (-SOzH) or
sulfinic acids (-SO;H) (Imlay, 2013). Two cysteinyl residues from a protein and a
molecule of the anti-oxidant tripeptide glutathione (y-L-glutamyl-L-cysteinyl-L-
glycine) or from the same or different proteins can be linked via disulfide bridges
(Chauvat and Chauvat, 2015). At high concentrations, all ROS proves to be harmful to
organisms even though there are some instances in which ROS function as important
signaling molecules. In these cases, gene expression may be altered by the action of
ROS and the activity of specific defense proteins may also be modulated (Apel and

Hirt, 2004).

Photosynthesis is also a target of ROS in oxygenic photoautotrophic
cyanobacteria. It has been shown that H,O, cause disturbances in the cores of
phycobilisomes and also in the transfer of light energy from allophycocyanin to the

terminal emitter and thus finally to photosystems (Liu et al., 2005). Phycobilisomes are
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involved in the capture of light in cyanobacteria. They exist as large extrinsic
complexes that are attached to the outer surface of thylakoid membrane.
Phycobilisomes have a core from which six rods radiate. Allophycocyanin is the major
core, while the rods have phycocyanin. Both phycoerythrin and phycocyanin may be
present in some species (Latifi et al., 2009). The D1 protein which is a part of the
reaction centre Pggo Of PSII is the principal target of ROS. Excess accumulation of ROS
affects D1 by disturbing its de novo synthesis pathway. This disturbance is caused at
the repair step thereby leading to PSII photoinhibition. Both H,0, and 'O, has also been
shown to possess ablilities for inhibiting the translation elongation step of psbA (which
produces D1) (Nishiyama et al., 2006). EF-G which is the translation elongation factor
G was identified to be the common target of ROS (Kojima et al., 2007). Many
cyanobacterial strains possess the ability to replace D1 with a more resilient form

(D1:2) when faced with PSII photoinhibition (Schaefer and Golden, 1989).

Hydroxyl radical (HO"), the most destructive of all ROS is also known to cause
damage to the cyanobacterial membranes by lipid peroxidation. HO" is the main
initiator of lipid peroxidation and it triggers a reaction in the polyunsaturated fatty acids
(PUFA) of the cyanobacterial membranes, producing lipid peroxide radicals (LOQO") in
the presence of oxygen. LOO" disturbs the structure and function of the membrane by
causing a chain reaction which produces more LOO" radicals (Maeda et al., 2005). HO®
as well as H,O,, but not 'O, also cause damages to the purine, pyrimidine and

deoxyribose backbones of nucleic acids.

Regulated production of free radicals in higher organisms and maintenance of
“‘redox homeostasis’’ are essential for the physiological health of organisms (Ames et

al., 1993). A small proportion 23 (2-3%) of free radicals may escape from the
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protective shield of antioxidant mechanisms during these metabolic processes, which
may subject the cellular components to oxidative damage (Valavanidis et al., 2006).
Even though adequate enzymatic and non-enzymatic antioxidant mechanisms have
been developed by biological systems during their evolution to protect their cellular
components from oxidative damage, there is always an imbalance between the
generation of ROS and its neutralization by antioxidant mechanisms within an

organism; called oxidative stress (Davies, 1995).

1.4  Defense against ROS in cyanobacteria:

Mechanisms for coping with the oxidative stresses created by ROS are crucial
for all organisms. Numerous strategies have been developed by cyanobacteria in order
to avoid ROS production and also to scavenge them once they are produced. These
mechanisms include a range of non-enzymatic and enzymatic antioxidants. A variety of
metabolites (ascorbate, carotenoids, glutathione, vitamins, etc.), and enzymes
(superoxide dismutase, catalase and peroxiredoxins) can detoxify the ROS oxidants by
sequentially converting the superoxide anion to hydrogen peroxide and subsequently to

water (Chauvat and Chauvat, 2015).

1.4.1 Non-enzymatic antioxidants:

Caroteniods and a-tocopherol (Vitamin E) are non-enzymatic molecules that act
to minimize the damaging effects of ROS in cyanobacteria. Myxoxanthophyll, B-

carotene and its derivatives (zeanthin, echinenone) are carotenoids that can dissipate

energy from *O, as well as from photosensitized chlorophyll. Zeanthin has been shown
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to play a particularly important role in photoacclimation in Synechocystis sp. 7942
during ultraviolet-B stress (Gotz et al., 1999). In higher plants, tocopherol (a lipid-
soluble organic molecule) has been suggested to take part in scavenging of O, in PSII
reaction centers (Havaux et al., 2005).All green algae, plants and some cyanobacteria
possess the ability to synthesize a-tocopherol (vitamin E) which is an organic lipid-
soluble molecule. This molecule is synthesized exclusively by oxygenic phototrophs. a-
tocopherol has also been found to prevent peroxidation in membrane lipids from a
study in tocopherol-deficient mutant of Synechocystis sp. PCC 6803 when subjected to

both high light and polyunsaturated fatty acids (Maeda et al., 2005).

1.4.2 Enzymatic antioxidants:

All organisms that lead the aerobic lifestyle possess multiple antioxidant
enzymes to scavenge different types of ROS (except HO). Cyanobacteria also possess
an effective stress combat system to cope with the pressure of ROS by the help of
numerous antioxidants. The superoxide dismutases (SOD) acts initially as the first line
of defence against oxidative stress by catalyzing dismutation of O," into H,O, and O,
(Imlay, 2003). The catalases, peroxiredoxins, and Dps proteins protect cells from H,0,
toxicity. Catalases dismutate H,O, to water and oxygen, and free intracellular iron is
scavenged by DPS proteins, which can otherwise interact with H,O, to form HO" (most
toxic of all ROS) through Fenton reaction (Banerjee et al., 2013; Ekman et al., 2014).
The peroxiredoxins (Prx) catalyze detoxification of a broad range of substrates,
including H,0,, peroxynitrite and alkyl hydroperoxides to water or nitrate or

corresponding alcohols, respectively. Unlike catalases, which mainly detoxify H,0,
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(high levels) and exhibit photosynthetic electron transport independent catalysis,
peroxiredoxins mainly scavenge endogenously generated H,O, (low levels) by coupling
catalysis to photosynthetic electron transport (Bernroitner et al., 2009; Latifi et al.,
2009). However, ascorbate-dependent peroxidises which detoxifies H,O, in plant
chloroplasts seems to be absent in cyanobacteria as the gene encoding for this enzyme
is not yet detected in any of the cyanobacterial genomes (Bernroitner et al., 2009; Latifi

et al., 2009).

Although, catalase and peroxidase perform the same function they differ in their
mechanism of action. Peroxidases are believed to play a crucial role in the
detoxification of endogenous hydrogen peroxide, whereas catalases detoxify exogenous
hydrogen peroxide. The enzymes of the former group rely on electrons donated by
ascorbate, glutathione or thioredoxin. Peroxidases can also detoxify other peroxides,
such as alkyl hydroperoxides and peroxynitrite. In general, catalases exhibit lower
affinity for hydrogen peroxide and higher K compared to peroxidases (Bernroitner et

al., 2009).

a) Superoxide dismutases:

Multiple types of SODs are present in cyanobacteria, and many cyanobacteria
possess genes encoding for more than one SOD (Priya et al., 2007). SODs are classified
into four groups according to the metal cofactor their active sites contain: iron-
(FeSOD/SodB), manganese- (MnSOD/SodA), copper and zinc- (Cu-ZnSOD/SodC),
and nickel- (NiSOD) (Latifi et al., 2009). In algae, plants and cyanobacteria,

cambialistic SODs that can use either iron or manganese at the active site of the same
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protein have not been detected (Latifi et al., 2009; Pilon et al., 2011; Regelsberger et
al., 2004, Simon et al., 2005). Regardless of the metal co-factor present, SODs catalyze
the first dismutation of O," into hydrogen peroxide and oxygen. The reaction is as
follows:

20,7+ 2H" —> Hy0,+ 0,

The state of the metal center i.e. whether oxidized or reduced does not affect the
activity of SODs, they are active in both cases. For instance, SodB acts as a reductant
when Fe (I11) is present at the active site to produce H,O,. When Fe (I1) is present at the
active site, the enzyme acts as an oxidant and produces O,. This perpetual switching of
the redox state of the metal cofactor at the active site makes SOD catalytic reaction
proceed at a near diffusion-limited rate of approximately 10° M™ s*(Simon et al.,
2005).

SodB probably constitutes the most ancient SOD group and was thought to have
originated when the earth’s atmosphere was reducing and Fe(Il) was in plenty (Alscher
et al., 2002). SodB is found in both prokaryotes and eukaryotes. While SodB is
localized in the chloroplasts of higher plants, it is found to be present in the cytoplasm
of E.coli and cyanobacteria (Imlay, 2003; Latifi et al., 2009; Pilon et al., 2011). Both
unicellular (e.g., Synechocystis PCC 6803, Synechococcus PCC 7942) and filamentous
cyanobacteria (e.g., Anabaena PCC 7120, Nostoc punctiforme) were found to possess
SodB using bioinformatics-based genome sequence analysis coupled with SOD-
specific biochemical identification. But the opposite was found for marine unicellular
forms (e.qg., species of Prochlorococcus) (Bhattacharya et al., 2004; Moirangthem et
al., 2014; Regelsberger et al., 2004). The physiological significance of SodB has been

studied only in a few cyanobacteria. It has been demonstrated that mutation of SodB in
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Synechococcus sp. PCC 7942 makes it sensitive to oxidative stress induced by methyl
viologen and low temperature (Thomas et al., 1998). SodB overexpression was found
to be detrimental for N,-fixation dependent growth under oxidative stress conditions in
Anabaena PCC 7120; a protective effect, however, was observed in non-N,-fixing
cultures against oxidative stress (Raghavan et al., 2011).

Synechocystis sp. PCC 6803 and Synechococcus sp. PCC 7942 do not possess
SodA unlike SodB. However, most filamentous, N»-fixing cyanobacteria do possess
SodA (Priya et al., 2007). SodA are found in mitochondria but not in chloroplasts in
higher plants (Pilon et al., 2011). The role of SodA in preventing high light and methyl
viologen-induced oxidative damage and cell death has been thoroughly studied in
Anabaena PCC 7120 by insertional inactivation and overexpression (Raghavan et al.,
2011; Zhao et al., 2007). The SODs other than SodA and SodB, i.e., Ni and Cu/Zn have
been detected only in a few cyanobacteria, mostly marine forms. A cambialistic SOD
(can use either Fe or Mn at its active site) has also not been found so far in these

organisms (Priya et al., 2007).

b) Catalases:

Catalases dismutate the hydrogen peroxide produced from SOD activity to
water and oxygen. Three different types of catalases, viz., typical monofunctional haem
catalases, bifunctional haem containing catalase-peroxidases and monofunctional
manganese-containing haem catalases have been described so far in literature
(Bernroitner et al.,2009; Latifi et al.,2009; Perelman et al., 2003; Tichy and Vermaas,
1999). The catalases commonly found in cyanobacteria are either haem- or manganese-

dependent. A gene for haem-containing bifunctional catalase—peroxidise (katG) has
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been found in over 30% of cyanobacterial genomes sequenced so far (Bernroitner et al.,
2009). The KatG protein has been biochemically characterized, and its protective role
against exogenous H,O, has been demonstrated in Synechocystis sp. PCC 6803 and
Synechococcus sp. PCC 7942 (Perelman et al., 2003; Regelsberger et al., 1999; Tichy
and Vermaas, 1999). However, expression of katG was found to be down-regulated in
response to iron starvation in both these cyanobacteria (Nodop et al., 2008; Singh et al.,
2003). Monofunctional manganese-catalase (Mn-catalase) is only found in No-fixing
cyanobacteria; for instance, two Mn-catalases are present in Anabaena PCC 7120
(Bernroitner et al., 2009). It has been shown that the overexpression of alr0998-
encoded Mn-catalase protects Anabaena PCC 7120 from oxidative stress induced by
methyl viologen and H,O, (Banerjee et al., 2012). Similarly, a protective role of
alr3090-encoded Mn-catalase has been demonstrated in desiccation and salinity

tolerance in the same organism (Chakravarty et al., 2016; Katoh, 2012).

C) Peroxidases:

Peroxidases are another set of enzymatic antioxidants that can detoxify
hydrogen peroxide. However, they are dependent upon electrons supplied by
glutathione, ascorbate or thioredoxin for reducing H,O,. In plant chloroplasts,
ascorbate-dependent peroxidases play a crucial role in H,O, detoxification. The
concentration of ascorbate is approximately 250-fold lower in cyanobacteria than in
chloroplasts. No gene-encoding for ascorbate peroxidase has been identified from
cyanobacterial genomes even though there have been reports of ascorbate dependent

peroxidase activity (Bernroitner et al., 2009; Latifi et al., 2009).
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Glutathione peroxidases are found in both plants and animals. They form an
important part of the peroxide detoxifying mechanism. Glutathione peroxidases from
plants use cysteine as a catalytic residue while those of animals uses selenocysteine as a
conserved catalytic residue. Cyanobacterial genomes have been shown to contain
millimolar concentrations of glutathione. Genes highly homologous to glutathione
peroxidase have been found to exist in many cyanobacteria (Bernroitner et al., 2009;
Laltifi et al., 2009; Pérez-Pérez et al., 2009, Tichy and Vermaas, 1999). Biochemical
characterization of two putative glutathione peroxidases, encoded by ORFs slr1171 and
slr1992 from Synechocystis sp. PCC 6803 revealed that these proteins utilize NADPH
as electron doner instead of glutathione (Gaber et al., 2001). These NADPH-dependent
glutathione peroxidase-like proteins were found to play an active role against lipid
peroxidation in Synechocystis sp. PCC 6803 suggesting that they play a vital role
against oxidative stress (Gaber et al., 2004).

Peroxyredoxins(Prx), also called alkylhydroperoxides are present in multiple
numbers in almost all cyanobacteria, suggesting that they may be crucial in defense
against oxidative stress in this class of photosynthetic organisms (Latifi et al., 2009).
They differ from catalases in two accounts: (i) they scavenge endogenously generated
low levels of H,O, and their activity depends on the photosynthetic electron transport,
while catalases mainly detoxify exogenously added H,O, (high levels) and their activity
is not dependent on photosynthetic electron transport, (ii)they have a broad substrate
specificity that includes alkyl hydroperoxides and peroxynitrites unlike catalases. There
are five proteins representing peroxiredoxins in Synechocystis PCC 6803, six in
Synechococcus PCC 7942 and seven in Anabaena PCC 7120 belonging to different

sub-classes, namely, 1-Cys Prx, 2-Cys Prx, Type Il Prx, and PrxQ (Bernroitner et al.,
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2009). These sub-classes of Prx proteins mainly differ in the location and number of the
conserved cysteine residues and, in subunit composition. Except 2-Cys Prx and a few
representatives of Type Il Prx that are dimeric, all other Prx proteins are monomeric
(Banerjee et al., 2013). All Prx proteins share the same basic catalytic mechanism. The
peroxidatic cysteine is oxidized to a sulphenic acid on reaction with the peroxide
substrate. Subsequently, regeneration of the oxidized peroxidatic cysteine is carried out
by a resolving cyeteine that forms a disulphide bond with peroxidatic cysteine, which
then gets reduced by one of the several reductant molecules (glutaredoxin, thioredoxin
etc.). This is followed by the beginning of the next catalytic cycle (Latifi et al., 2009).
The transcript and protein levels of many of the Prx are up-regulated in response to
stress imposed by various ROS generating agents in cyanobacteria (Banerjee et al.,

2013).

d) DNA-binding protein from starved cells (Dps) proteins:

Dps, another class of proteins possess the ability to quench H,O, and take part
in ameliorating oxidative stress in cyanobacteria (Chiancone and Ceci, 2010; Narayan
et al., 2010; Wei et al., 2007). The Dps proteins and bacterioferritins present in
cyanobacteria are a part of the ferritin family proteins (Ekman et al., 2014). DPS
proteins forms a subgroup of the ferritin family in which the fifth helix found in other
ferritins is lacking (Andrews et al., 2003). Unlike other ferritins, DPS proteins utilize
H,0, to oxidize Fe (I1) (Lewin et al., 2005). The bacterioferritins store iron as Fe** by
oxidizing Fe** through their ferroxidase centers (Andrews, 2010).

Even after the characterization of over 20 family members, Dps proteins are

considered to be the major players in the bacterial response to oxidative stress
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(Chiancone and Ceci, 2010). The ferroxidase activity of Dps proteins has remarkable
differences when compared with other members of the ferritin superfamily. O, is
generally used by ferritins as iron oxidant which results in the production of hydrogen
peroxide (Zhao et al., 2003). Bacterioferritins can employ both O,and H,0, (Bunker et
al., 2005), while H,0, is typically preferred by Dps proteins. H,O, is usually about
100-fold more efficient in carrying out iron oxidation as compared to O, (Franceschini
et al., 2006).

It has been demonstrated that FurA modulates the expression of DpsA in
Anabaena PCC 7120 (Hernandez et al., 2007). In a Synechocystis PCC 6803 mutant
defective in MrgA (a Dps family protein), the intracellular iron-quota was not found to
be affected as much as in the bacterioferritin mutant(s) (Keren et al., 2004; Shcolnick et
al., 2009). The mrgA mutant of Synechocystis PCC 6803 was more sensitive to
externally applied oxidative stress, similar to a mutant of Nostoc punctiforme lacking
one of the DPS proteins (encoded by Npun_3730) (Ekman et al., 2014; Shcolnick et al.,
2009, 2007). The intracellular level of DpsA has been shown to rise in Synechococcus
PCC 7942 during stationary phase of growth, and during deficiency of nitrogen,
sulphur or phosphorous. DpsA can bind and protect chromosomal DNA as well (Michel

and Pistorius, 2004).

1.4.3 Energy dissipation:

Adverse conditions such as unsuitable environmental conditions are often
encountered by cyanobacteria in their natural habitats. These conditions create an

imbalance between the rate of electron consumption during fixation of CO, and the

32



photosynthetic electron transport leading to the increased generation of ROS in the
system. Cyanobacteria possess different mechanisms to prevent or detoxify ROS
efficiently and promptly as soon as they are produced. One of these strategies is by a
preventive mechanism known as nonphotochemical quenching (NPQ), by which the
excitation energy is safely dissipated as heat. The cyanobacterial orange carotenoid
protein (OCP) has been shown to protect the system from photodamage by dissipating
excess excitation energy collected by phycobollisomes (PBS) as heat in Synechocystis
sp. PCC 6803(Wilson et al., 2006). In vivo dissociation of the PBS - OCP complex is
carried out by another protein which primarily exists as a dimeric complex - the
fluorescence recovery protein (FRP) (Lu et al., 2017). In Synechocystis sp. PCC 6803,
it has also been show that the high-light inducible proteins (HLIPs) play a crucial role
in photoprotection under stress created by high light (He et al., 2001). An iron-
starvation induced protein A (IsiA or CP43’), which is a homolog of the CP43
chlorophyll-binding protein, forms a part of the energy dissipation mechanism in some
cyanobacteria and protects PSII (Sandstorm et al., 2001). This protein has been shown
to be induced under a variety of stress conditions (high salt, high temperature,
oxidative, high light and iron-limitation) suggesting a protective role for IsiA against

multiple stresses in cyanobacteria (Latifi et al., 2005, 2009).

1.5  Present study:

As discussed earlier, peroxidase detoxifies cell-toxic molecules into simpler and
less toxic molecules, thus it represents an important part of the antioxidant machinery

of cyanobacteria. In chloroplasts of higher plants, ascorbate-dependent peroxidase is
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the principle scavenger of hydrogen peroxide, and ascorbate concentrations are high
(millimolar range) (Pérez-Pérez et al., 2009). In contrast, ascorbate concentration in
cyanobacteria is low (micromolar range), and genes which code for ascorbate
peroxidase is missing from the already sequenced cyanobacterial genomes. The
concentration of glutathione in cyanobacteria range from 2-4 mM, and two glutathione
peroxidase-like proteins have been identified in Synechocystis sp. PCC 6803 and
characterized (Gaber et al., 2001). However, glutathione peroxidase like genes/ proteins

has not been characterized in other cyanobacteria.

Nostoc punctiforme ATCC 29133 (hereafter Nostoc punctiforme) is a
filamentous, heterocystous, nitrogen-fixing cyanobacterium the genome of which has

been completely sequenced. The objectives of the present study are as follows:

1. To detect glutathione peroxidase activity in Nostoc punctiforme ATCC

29133 and to evaluate its response to oxidative stress.

2. Bioinformatics driven identification of gene encoding for glutathione

peroxidase and in silico characterization of the corresponding protein.

3. To clone and overexpress the glutathione peroxidase-like gene in

Escherichia coli.
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CHAPTER 2

MATERIALS AND METHODS
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2.1  Organisms:

Nostoc punctiforme ATCC 29133, the filamentous N,-fixing cyanobaterium
(hereafter referred to as Nostoc punctiforme) was used for the present study. The
cyanobacterium - Nostoc punctiforme used was obtained from Prof. Peter Linbald,
Uppsala University, Sweden. Escherichia coli (hereafter referred to as E.coli) strain
DH5a (genotype: F', endA, hsdR17, supE44, recAl, gyrA96, relAl, argF) was used for
cloning purposes and E.coli strain BL21 (DE3) (genotype: F', ompT, rg’, mg’(DE3) was

used for overexpression of the glutathione peroxidase-like gene (Npun_R4660).

2.2 Culture methods:

2.2.1 Culture medium: Nostoc punctiforme was grown from anexic stock cultures in
BG-110 medium (Rippka et al.,1979). The concentrations of macronutrients in BG-110
medium were (mM): K,HPO,4.3H,0, 0.18; Na,COs, 0.19; MgS0O,.7H,0, 0.30; CaCl,.2
H,0, 0.25;EDTA (disodium salt), 0.003; Citric acid, 0.029; Ferric ammonium citrate,
0.030. The concentrations of micronutrients in BG-110 medium were (uM): H3BO3, 46;
MnCl,.4 H,0, 9.2; ZnSO,.7 H,0, 1.6; CuSO,4.5 H,0, 0.32; Co(NO3) 2.6 H,0, 0.17. The
medium was always buffered with equimolar concentration of HEPES. The pH of the
medium was adjusted to 7.5 before autoclaving. Nostoc sp. was also maintained on agar
slants as well as in liquid BG-110. The temperature of the culture room was maintained
at 25°C and light was provided at a photon fluence rate of 20pmol.m™?s™ on the vessel

surface.

Both strains of E.coli - DH5a and BL21 (DE3) were grown in Luria Bertani

(LB) medium. The composition of the LB medium for 1 liter is as follows:
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10g tryptone, 10g sodium chloride (NaCl) and 5g yeast extract. Then the pH
was adjusted to 7.0 using 5N NaOH. For solid medium, 2% agar was added to the
nutrient broth. Whenever needed, ampicillin was added to a final concentration of
100pg/ml from a stock solution of 25mg/ml made in sterile double distilled water. High

quality water (Millipore) was used for preparation of all media.

2.2.2 Sterilization: All media, solutions glasswares and plasticwares were sterilized
by autoclaving for 15mins at 121 °C (15 pounds per square inch) before use. The heat
labile chemicals were sterilized by ultrafiltration using membrane filters with pore size

of 0.45 um.

2.2.3 Culture conditions: Anexic cultures of Nostoc punctiforme was routinely grown
in liquid BG11lo —medium and maintained on slants containing 1.5% (w/v) agar.
Culture room temperature was maintained at 25 °C and continuous illumination was
provided to the cultures at a photon fluence rate of 20pmol.m™s™. The bacterial cultures
of E.coli DH5a and BL21 (DE3) were cultured in LB-medium at 37 °C, shaking the
culture vessels at 180 rpm. Cells harboring recombinant plasmid were cultured and

maintained with the addition of appropriate antibiotics (kanamycin or ampicillin).

2.3  Growth measurement of Nostoc punctiforme:

The growth of Nostoc punctiforme was measured by estimating the

concentration of chlorophyll a. Chlorophyll a was measured using the method
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described by Mackinney (1941). In brief, 5ml samples were extracted in equal volume
of 100% methanol and incubated for 10 min. The chlorophyll a concentration was
measured spectrophotometrically using Cary 60 spectrophotometer (Agilient
Technologies, USA) in the supernantant of centrifuged extracts at 663 nm by using the

formula: Chlorophyll a (ug ml™) = Absorbance at 663 nm x 12.63.

2.4 Preparation of cell free extracts by cell disruption for protein determination:

The Nostoc punctiforme culture was harvested by centrifugation at 2300xg for
5min at room temperature. The cell pellets were then washed twice with 36mM
potassium phosphate buffer (pH 7.4). To prepare the cell-free extracts, the cells were
resuspended in the same buffer with protease inhibitors (phenylmethylsulphonyl
fluoride, 1 mM leupeptin and 5 uM pepstatin). The cells were disrupted at 4°C by
ultrasonication using a Soniprep 150 (MSE) fitted with a microprobe. The resulting
crude extracts were then centrifuged at 10000xg for 30 min at 4°C. The supernatant

was used for protein determination.

2.5 Protein estimation by Bradford assay:

Using a kit provided by Biorad, the protein concentration was measured in cell-
free extracts. 20 ul of the protein sample was mixed with 1 ml of Bradford reagent
(supplied by the manufacturer) and the mixture was incubated for 5 min. Absorbance
was measured at 595 nm (Bradford, 1976). A calibration curve was prepared by using

Bovine serum albumin (BSA) solution as standard.
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2.6 Native (non-denaturing) Polyacrylamide gel electrophoresis:

Non-denaturing polyacrylamide gel electrophoresis (Native PAGE) of protein
samples obtained from Nostoc punctiforme culture was performed using BioRad mini
gel apparatus (BioRad Laboratories, California, USA). The 10% resolving and 5%
stacking Native-PAGE gels were prepared by following the protocol described in
Sambrook and Russel (2001), except that the gels contained 10% glycerol but no
sodium dodecyl sulphate (SDS). The 10% resolving gel contained 2 ml of Millipore
water, 1.6 ml of 30% acrylamide and N,N’-methylenebisacrylamide mix (1:29), 1.3 ml
of 1.5 M Tris buffer (pH 8.8), 0.05 ml of 10% ammonium persulphate, and 0.002 ml of
TEMED. The composition of a stacking gel was as follows: 1.7 ml of Millipore water,
0.42 ml of 30% acrylamide and N, N’-methylenebisacrylamide mix (1:29), 0.34 ml of
0.5 M Tris buffer (pH 6.8), 0.025 ml of 10% ammonium persulphate, and 0.002 ml of
TEMED. SDS was also omitted from sample loading dye (50mM Tris, pH 6.8; 10%
Glycerol; 0.1% Bromophenol blue) and electrophoresis buffer (25 mM Tris; 250 mM
Glycine, pH 8.3). The cell-free extracts obtained as described above were loaded at
equal concentration of protein and electrophoresis was performed at 4 °C for 2-3h

under constant amperage.

2.7 In-gel glutathione peroxidase assay for identification and evaluation of its

response to oxidative stress:

Nostoc punctiforme cultures were grown in BG11ly medium under conditions
discussed in the previous sections. 1M stock solutions of H;O, and tert-butyl

hydroperoxide were made for glutathione peroxidase activity assay.7 day old Nostoc
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punctiforme cultures were collected and inoculated at a concentration of 1ug chla/ml
into fresh BG 11, medium. Different culture vessels were subjected to a range of
concentrations of hydrogen peroxide (H,O;) and tert-butyl hydroperoxide taken from
the stock culture made. The different concentrations of H,O, used were of 0 puM
(control), 250 uM, 500 uM, 1mM and 5mM and those of tert-butyl hydroperoxide were
of 0 uM (control), 25 pM, 50 uM, 100 uM. The cultures were then incubated at a
photon fluence rate of 20pumol.m™s™. The cells were harvested after a period of 2hours,
broken down, 8ug of the protein was made to run on a 12% NATIVE-PAGE gel and
glutathione peroxidase assay was performed using the protocol used by Das and Bagchi
(2012). The gel was washed with 2.5% Triton X-100 and distilled water for 15mins
each. It was then immersed in 10mM in potassium phosphate buffer (pH 7.2)
containing 2mM o-dianisidine dihydrochloride for 1 hour. It was then washed with
potassium phosphate buffer for 15mins and 0.1mM H,0,. Brown bands indicating the
presence and activity of glutathione peroxidase (EC 1.11.1.9) appeared against a pale

yellow background.

2.8 Bioinformatics analysis:

A bioinformatics-based approach was used for identification and
characterization of the open reading frames encoding for glutathione peroxidase protein
from the complete genome sequence of Nostoc punctiforme as described in Chapter 3.
Two previously characterized glutathione peroxidase-like proteins from Synechocystis

sp. PCC 6803 (slr1171 and slr1992) were used as query sequence.
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2.9 Isolation of genomic DNA from Nostoc punctiforme:

Genomic DNA was isolated from approximately 10 days old culture. Cells were
harvested and resuspended in 1ml freshly prepared solution 1(0.05 M NaCl, 0.05 M
Na;EDTA, 0.05 M Tris-HCI, pH 8.5), depending on the size of the pellet. 10mg/ml
lysozyme was added and kept at 37°C for 2 hrs. After incubation, equal volume of
solutionl with 1% SDS was added. Lysate thawed first at 37°C for 15 mins in water
bath; then it was frozen at -20°C for 15 more minutes. Freezing and thawing was
performed 3 times. Equal volume of Tris-saturated phenol was added to the tubes and
the lysate then allowed to shake gently at 4°C for 15mins. The bacterial lysate was
centrifuged at 10,000 rpm for 15mins. 500ul of the supernatant was transferred to fresh
micro-centrifuge tubes. 1ml (twice the volume) ice cold 100% ethanol was added to the
supernatant in each tube and kept overnight at -80°C. The solution was centrifuged at
12,000rpm for 15 mins and the supernatant was discarded. 1ml of 70% ethanol was
added to the pellet for washing and the tubes were centrifuged again at 12,000 rpm for
10 mins. Supernatant was again removed and kept in an incubator at 37°C until the
ethanol has evaporated and there is no visible fluid inside the tube. The pellet was then
resuspended in 100ul of solution 2(0.1 M NaCl, 0.001M Na,EDTA, 0.01 M Tris-HClI,
pH 8.5) and 400pg/ml RNase and was incubated for 1 hr at 45°C. 50ul phenol and 50pul
chloroform (in 1:1 ratio) were added to each tube (both phases were mixed well) and
centrifuged at 12,000 rpm for 10 mins. 500ul of aqueous phase from each tube was
taken and transferred to fresh tubes. Double the volume of ice cold ethanol (1ml) was
added alongwith 1/10 volume (50ul) 3M Sodium acetate (pH 5.2) and kept overnight at
-80°C. The tubes were centrifuged again at 12,000 rpm for 15 minutes and the

supernatant was discarded. The pellet was washed with 70% ethanol and was
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centrifuged at 12,000 rpm for 15 minutes. Supernatant was removed gently and the tube
was stored at 37°C in an incubator till all the ethanol has evaporated and there was no

fluid visible inside the tube. The pellet was dissolved in 20ul HPLC grade water.

2.10 PCR-based amplification of Npun_R4660:

Gene amplification was carried out by PCR using cyanobacterial genome as
template and gene specific primers. Amplification of Npun_R4660 was carried out by
using genomic DNA as a template, in a total volume of 40ul reaction mixture. The

sequence of the primers used was:

Forward primer- 5-CAT ATG AGT AAC ACA ATT TCG GAT ATC-3'

Reverse primer- 5- CTC GAG CTATTT TGC TAATTC TTT CTC A-3'

The primers alongwith buffer (1X), dNTP mix (0.2mM), MgCl, (0.2mM) and
1U Pfu polymerase was used for DNA amplification. This was carried out in a thermal
cycler with the following temperature profile: Initial denaturation at 95°C for 3 mins,
35 cycles of denaturation for 1min at 95°C, annealing at 50°C and 55°C for 1min and
extension at 72°C for 2mins, and final extension at 72°C for 10mins. The amplified
product was run on a 1% agarose gel alongwith 100bp molecular weight marker at a

constant voltage and visualized following staining with ethidium bromide.
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2.11 Purification of DNA fragment:

The DNA was recovered from the agarose gel using Fermentas DNA extraction kit as

follows -

The DNA was excised from the stained 1% agarose gel with a razor blade.
Agarose was cut as much as out as to get the product band. An approximate volume of
gel slice was determined by weight and the slice was placed into a plastic tube. 3
volumes of binding solution (125ml of 6M sodium iodide solution) was added to 1
volume of gel and incubated for Smins at 55°C in a water bath to dissolve agarose. Sul
of silica powder suspension (1.5 m of specially prepared glass bead suspension in
water) was added to the DNA and incubated at 55°C for 5mins. The incubated solution
was mixed by vortexing every 2mins to keep silica powder in suspension. Silica
powder/DNA complex was spun at 10,000 rpm for 5mins to form a pellet and
supernatant was removed. 500ul of ice-cold wash buffer (15ml of concentrated solution
of Tris, NaCl and EDTA) was mixed by spinning for 5mins at 5500 rpm and the
supernatant was removed. This was repeated 3 times. During each wash, the pellet was
completely resuspended and after the supernatant was removed from the last wash, the
tube was spun again and the remaining liquid was removed with micropipette. DNA
was then eluted into water. The pellet was resuspended in an aliquot of sterile deionised
water and the tube was incubated at 55°C for 5mins followed by centrifugation.
Avoiding the pellet, the supernatant was transferred into a new tube. The elution was
repeated with another aliquot of water. The tube was spun for 30secs in a table-top
centrifuge in order to remove any silica powder remaining in small amounts. The
supernatant was transferred into a new tube. An aliquot was made to run on an agarose

gel of 0.8% and DNA amount was determined.

43



2.12 Ligation of DNA fragments:

Ligation of the vector with the insert was done by using Fermentas Ligation Kit as

follows:

50ng of pJET1.2 vector was combined with PCR product. Volume was adjusted
to 10ul with distilled water. 10ul of 2X reaction buffer was added and mixed. 1ul of T4
DNA ligase was added and mixed thoroughly. Ligation mix was vortexed briefly and
centrifuged for 3-5secs. The ligation mix was incubated at room temperature (22°C) for

5mins. The ligation mix was used directly for transformation.

2.13 Restriction gel:

Sequential digestion was performed in order to retrieve the insert/gene in
vectors, pJET1.2/pET20B. After checking the orientation, the plasmid was digested by

Ndel and Xhol. The component of digestion reaction is as follows:

DNA : 10l

10x buffer : 10ul

RNase :3pl

Water (DDW) : 75ul

Enzyme :2ul

Total - 100ul
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After confirming the complete digestion (by checking in 0.8% agarose gel as
described before), the solution was precipitated by adding 1/10 volume 3M sodium

acetate (pH 5.2) + 3 times ethanol and stored overnight at -20°C.

The plasmid was then digested again with Xhol. The component of digestion reaction is

as follows:

DNA 2 10ul

10x buffer : 10ul

RNase :3ul

Water (DDW) : 75ul

Enzyme :2ul

Total : 100ul

2.14  Preparation of competent cells:

Competant cells of DH5a and BL21 (DE) were prepared as described by
Sambrook and Russel (2001) using CaCl, method with some modifications. A single
DH5a colony was inoculated into 5ml of LB and then it was incubated overnight at
37°C while subjecting it to vigorous shaking at 120 rpm until OD590 = 0.3-0.5(approx.
2 hrs). The culture was transferred to 2 pre-chilled sterile 250ml centrifuge tubes. The
bacterial cells were centrifuged at 5000 rpm for 10mins at 4° to form pellets. The
supernatant was removed and the pellets were kept in ice. The pellets were washed in

cold 0.1M CaCl; and spun at 5000rpm for 10 mins at 4°C.The cells were resuspended
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in ¥ volumes ice-cold 0.1M CacCl; solution and the cells were kept in ice for half an
hour. The cells were again spun at 5000 rpm for 10mins at 4°C. The supernatant was

removed and the cells were resuspended in 1ml ice-cold 0.1M CacCl, solution.

2.15 Transformation of DH5a and BL21 (DE3):

Transformation was carried out according to the protocol of Sambrook and
Russell, 2001. Plasmid DNA/ligation mix was added to 100ul competent cells of DHS5a
and BL21 (DE3) and kept in ice for half an hour. The cells were heat shocked at 42°C
for 2mins. Then the cells were placed back on ice. 1ml LB was added to cells/DNA and
resuspended into it. The cells/DNA was incubated at 37°C for an hour. The transformed
cells were plated onto LB+ Amp plate and the plates were kept inverted at 37°C

overnight.

2.16 Isolation of plasmid:

Plasmid DNA was isolated by alkaline lysis method. 25ml of LB medium
containing ampicillin was inoculated with a single colony of transformed bacteria. The
culture was incubated overnight at 37°C with vigorous shaking. The culture was
transferred into a 15ml tube and the bacteria were recovered by centrifugation at 10,000
rpm for 10mins at 4°C. The medium was removed and the bacterial pellet was
resuspended in 500ul of ice-cold alkaline lysis solutionl [50mM glucose, 25mM Tris-
Cl (pH 8)(from 1M stock) and 10mM ethylene diamine tetraacetic acis (EDTA) (pH 8)

(from 0.5M stock)] by vortexing vigorously, and the suspension was transferred to a
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microcentrifuge tube. 1ml of alkaline lysis solution 2[0.2N sodium hydroxide (NaOH)
(from 5N stock), which was freshly prepared 1% (w/v) sodium dodecyl sulphate (SDS)
(from 10% SDS stock)] was added to the bacterial suspensions and the contents in the
tubes were mixed by inverting them. The tubes were kept at room temperature for
5mins. 750ul of ice-cold alkaline lysis solution 3 [60ml of 5M potassium acetate,
11.5M glacial acetic acid, 28.5ml H,0O stored at 4°C] was added to each tube and mixed
by inverting many times. The tubes were kept in ice for 10 mins. The bacterial lysates
were centrifuged at 10,000 rpm for 10mins at 4°C. The supernatant was transferred into
fresh microcentrifuge tubes. An equal volume of phenol:chloroform (300ul phenol and
300l chloroform) was added to the supernatant. The organic and aqueous phases were
mixed by vortexing and then centrifuged the emulsion at 10,000 rpm for 10mins at 4°C.
The aqueous upper layer was then transferred into fresh tubes. 2 volumes of ice-cold
ethanol were added to the supernatant. The solution was mixed by vortexing and then
allowed to precipitate by keeping at 80°C for 1 hour (or -20°C for overnight). The
precipitated nucleic acid was centrifuged at 10,000 rpm for 15mins and the supernatant
was removed. 500ul of 70% ethanol was added to the pellet for washing and the DNA
was retrieved by centrifuging it at 10,000 rpm for 10mins. The supernatant was again
removed and any beads of ethanol that form on the sides of the tube were removed by
keeping in an incubator at 37°C until all the ethanol has evaporated and no visible fluid

is seen inside the tube. The DNA was stored at -20°C.
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2.17 Chemicals:

The chemicals used during the present study were obtained from Sigma ,Himedia, and

Merck India.
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CHAPTER 3

RESULTS
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3.1 Detection of glutathione peroxidase activity in Nostoc punctiforme and its

response to H,O; and tert-butyl hydroperoxide.

Glutathione peroxidase is an enzyme that catalyzes the reduction of
hydroxyperoxides. Its main function is to protect the cells from endogenously produced
hydroxyperoxides. It forms an important part of the cells machinery which enables it to
cope with oxidative stress. In organisms like cyanobacteria, in which abiotic stress in
the form of ROS is in abundance even in its natural environment, it plays a pivotal role
in the survival of the organism. Glutathione peroxidase proteins have not yet been
characterized from the diazotrophic cyanobacterium Nostoc punctiforme. Its role and
presence have not yet been established experimentally in Nostoc sp. or any
cyanobacteria except Synechocystis sp. PCC 6803 (Gaber et al., 2001). Thus, the task
of finding out so will shed more light on the stress combat system of cyanobacteria and

is of prime significance.

Anexic clonal cultures of Nostoc punctiforme were grown photoautrophically in
BG11, medium, pH 7.5 and exposed to different conditions as described in Chapter 2.
The growth of the cyanobacterial cultures was measured at regular intervals at an
optical density of 750nm. An assay to detect the presence of glutathione peroxidase
activity was carried out using the protocol by Das and Bagchi (2012) as described in

Chapter 2.

The N»- fixing cultures of Nostoc punctiforme produced a single glutathione

peroxidase activity on Native gels. The activity of glutathione peroxidase enzyme was
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identified as a brown band against a pale yellow background. The intensity of the band
could be assumed to be directly proportional to the activity of the enzyme. Upon
treatment with different concentrations of hydrogen peroxide, | found that the
glutathione peroxidase enzyme activity was present in cultures treated with different
concentrations of H,O, up to ImM. AT 5mM, however, no enzyme activity could be
detected. These results indicate that glutathione peroxidase activity was constitutively
produced in Nostoc punctiforme and the cultures treated with low levels of H,0,
(ImM) were able to retain glutathione peroxidase activity similar to control cultures.
Further, the loss of activity at 5mM H,0; suggests that the enzyme is unable to tolerate

high concentrations of H,0O, (Fig 3.1.1).

When cultures of Nostoc punctiforme were treated with a different range of
concentrations of tert-butyl hydroperoxide (25 - 100uM), | found an activity band of
glutathione peroxidase enzyme in all cultures without any change in increase in
intensity compared to control. This suggested that the enzyme is not sensitive to tert-
butyl hydroperoxide and therefore may be involved in the detoxification of the same

(Fig 3.1.2).
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Fig 3.1.1 : In-gel assay of glutathione peroxidase assay upon treatment with H,0,.
8ug of protein was loaded in 12% NATIVE PAGE gels. The enzyme was found to
be active only at lower levels of exposure i.e. up to 1mM hydrogen peroxide
treatment. At higher concentrations of hydrogen peroxide, the activity of glutathione
peroxidase was not seen. Lane 1- Control (Nostoc punctiforme cell free extract);
Lane 2 - Nostoc punctiforme cell free extract + 250 uM H,0,; Lane 3 - Nostoc
punctiforme cell free extract + 500 uM H,0,; Lane 4 - Nostoc punctiforme cell free

extract + 1 mM H,0,; Lane 5 - Nostoc punctiforme cell free extract +5 mM H,0,
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Fig 3.1.2: In-gel assay of glutathione peroxidase assay upon treatment with tert-
butyl hydroperoxide showing its activity. 8ug of protein was loaded in 12%
NATIVE PAGE gels The enzyme was found to be active in all concentrations of
tert-butyl hydroperoxide used, showing its activity.Lane 1-Control (Nostoc
punctiforme cell free extract); Lane 2 - Nostoc punctiforme cell free extract +
25uM tert-butyl hydroperoxide ; Lane 3 - Nostoc punctiforme cell free extract + 50
MM tert-butyl hydroperoxide; Lane 4 - Nostoc punctiforme cell free extract + 100

MM tert-butyl hydroperoxide.
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3.2  Analysis of glutathione peroxidase-like protein from Nostoc punctiforme

ATCC 29133 using bioinformatics-based approach:

The presence of a glutathione peroxidase activity has been detected as described
in the previous section using in-gel assays. Therefore, the next step was to identify the
gene or protein that may be responsible for producing this activity. Since the genome
sequence is completely known for this organism, bioinformatics approach was taken to

identify the gene/ protein.

The amino acid sequences of two previously characterized glutathione
peroxidase-like proteins (slrl171 and slIrl1992) from Synechocystis sp. PCC 6803
(Gaber et. al., 2001) were retrieved from cyanobase
(www.genome.microbedb.jp/cyanobase). Using both these sequences as query, the
glutathione peroxidase-like protein from Nostoc punctiforme ATCC 29133 was
identified as Npun_R4660. The percentage identity of the proteins was calculated using
ALIGN (www.uniprot.org/align/) (Fig. 3.2.1). Npun_R4660 showed the highest
percentage of identity to slr1992 (43.478%) followed by Chlamydomonas reinhardtii
(43.293%). Npun_R4660 showed 42.775% identity with slr1171. Multiple sequence
alignment with several other glutathione peroxidase proteins from known organisms
including those from Eukaryotes as well as Prokaryotes was performed using T-Coffee
(Tommaso, 2011). The alignment revealed a conserved cysteine residue at position 65
of Npun_R4660 marked in red. The catalytic triad of the enzyme was also marked with
red hashtags and the amino acid in similar positions as those in Npun_R4660 were

highlighted as white against a black background (Fig 3.2.2).
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The physico-chemical properties of Npun_R4660 protein was analyzed using
the ProtParam tool at Expasy (www.expasy.ch/tool/ProtParam) and compared with
other known glutathione peroxidase-like proteins, belonging to both Eukaryotes and
Prokaryotes, the amino acid sequences of which were retrieved from NCBI. Analysis of
the Npun_R4660, slr1171 and slr1992 using ProtParam revealed several characters of
the proteins including pl, expected molecular weight and the stability to be similar (Fig.
3.2.3). The prediction of signal peptide in these proteins were carried out using Phobius
software (Kall et al., 2004). The analysis of the three proteins (Npun_R4660, slr1171
and sIr1992) revealed that they do not possess any signal peptide, which would be

required for their localization in the membrane (Fig. 3.2.4 A, B &C).

The 3D structure of Npun R4660 was predicted using SWISS-MODEL
(Schwede et al. 2003) or Phyre2 (Protein Homology/analogY Recognition Engine V
2.0) (Kelley and Sternberg, 2009). The predicted three dimensional structures were
evaluated using Rampage (Lovell et al. 2003). PyMOL (Delano, 2005) and Swiss PDB
Viewer (Guex and Peitsch, 1997) were used for visualization of the modelled
structures. Homology modelling was performed on the basis of significant sequence
similarity using the templates identified. PBD ID 2vim chain A (1.0 A)
(Dimastrogiovanni et al. 2010) with 56.4 % sequence similarity was used as the
template by Phyre2 and PDB ID 2p5r chain B (2.45 A) (Koh et al. 2007) with a
sequence similarity of 52.8% was used as the template by SWISS-MODEL server. The
structure which was predicted consisted of 5 a-helices and 6 B-strands (Fig. 3.2.5). The
monomeric subunit is represented in Fig 3.2.5. The modelled glutathione peroxidase
structure showed remarkable resemblance to the previously described eubacterial

glutathione peroxidase structures in overall fold (Dimastrogiovanni et al. 2010). The
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predicted models form both SWISSMODEL and Phyre2 was assessed using the
Ramachandran plot. The modelled structures had ~97.5% residues in the most
favourable regions and 2.5% residues occurring in the outlier regions (Fig. 3.2.6). To
define a reliable model, the G factor score (a log odds score based on the observed
distribution of stereochemical parameters like bond length, phi-psi torsion angles and
main chain bond angles) should be above -0.50. The degree of unusualness in the
predicted model can be determined using this. The overall average values of G-factors
below -0.5 and -1.0 corresponds to unusual and highly unusual properties of the model,
respectively. The overall average G-factor score was -0.21 and -0.06 for models
predicated by SWISSMODEL and Phyre2, respectively. When the modelled structures
were validated by VERIFY3D, it showed that at least 80% of the amino acids have
scored >= 0.2 in the 3D/1D profile, which is also an indication of good quality of the
modelled structure. The secondary structures of the Npun_R4660 protein were analysed
using PDBsum (www.ebi.ac.uk/thornton-srv/database/egi-bin/pdbsum). Two beta
sheets, one beta alpha beta unit, two beta hairpins, one psi loop, four beta bulges, six
beta strands, eight helices, five helix-helix interacts, eleven beta turns and one gamma
turn were found. The secondary structure is depicted in Fig. 3.2.7. The overall topology
of the modelled protein was deduced (Fig. 3.2.8).

Phylogenetic trees were constructed to bring about light into the relationship
between the glutathione peroxidase-like protein of Nostoc and of those in Synechocystis
using Mega7 (Kumar et al., 2016). Three trees were made according model
recommendation by the model test of Mega 7. The evolutionary history was inferred
using Neighbor joining (NJ), Maximum Likelihood(ML) and Maximum Parsimony

methods . The following describes the criteria for the trees constructed:
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Neighbor-joining method: The evolutionary history was inferred using the
Neighbor-Joining method (Saitou and Nei, 1987). The optimal tree with the sum of
branch length = 7.08065418 is shown. The percentage of replicate trees in which the
associated taxa clustered together in the bootstrap test (500 replicates) are shown next
to the branches (Felsenstein, 1985). The tree is drawn to scale, with branch lengths in
the same units as those of the evolutionary distances used to infer the phylogenetic
tree.. The evolutionary distances were computed using the JTT matrix-based method
(Jones et al., 1992) and are in the units of the number of amino acid substitutions per
site. The rate variation among sites was modeled with a gamma distribution (shape
parameter = 1). The analysis involved 12 amino acid sequences. All positions
containing gaps and missing data were eliminated. There were a total of 149 positions
in the final dataset. [Fig. 3.2.9 (A)] Evolutionary analyses were conducted in MEGA7

(Kumar et al.,2016).

Maximum Likelihood: The evolutionary history was inferred by using the
Maximum Likelihood method based on the Whelan and Goldman model, 2001. The
tree with the highest log likelihood (-2897.28) is shown. The percentage of trees in
which the associated taxa clustered together is shown next to the branches. Initial
tree(s) for the heuristic search were obtained automatically by applying Neighbor-Join
and BioNJ algorithms to a matrix of pairwise distances estimated using a JTT model,
and then selecting the topology with superior log likelihood value. A discrete Gamma
distribution was used to model evolutionary rate differences among sites (5 categories
(+G, parameter = 2.7748)). The rate variation model allowed for some sites to be
evolutionarily invariable ([+1], 12.28% sites). The tree is drawn to scale, with branch

lengths measured in the number of substitutions per site. The analysis involved 12
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amino acid sequences. All positions containing gaps and missing data were eliminated.
There were a total of 149 positions in the final dataset. [Fig. 3.2.9 (B)]. Evolutionary

analyses were conducted in MEGA7 (Kumar et al., 2016).

Maximum Parsimony method: The evolutionary history was inferred using the
Maximum Parsimony method. The most parsimonious tree with length = 539 is shown.
The consistency index is (0.768293), the retention index is (0.518987), and the
composite index is 0.409220 (0.398734) for all sites and parsimony-informative sites
(in parentheses). The percentage of replicate trees in which the associated taxa clustered
together in the bootstrap test (500 replicates) are shown next to the branches
(Felsenstein, 1985). The MP tree was obtained using the Subtree-Pruning-Regrafting
(SPR) algorithm (Nei and Kumar, 2000) with search level 1 in which the initial trees
were obtained by the random addition of sequences (10 replicates). The analysis
involved 12 amino acid sequences. All positions containing gaps and missing data were
eliminated. There were a total of 149 positions in the final dataset [Fig. 3.2.9 (C)].

Evolutionary analyses were conducted in MEGA7 (Kumar et al., 2016).

In all of the phylogenetic trees obtained, there were two clades which were
divided into sub-clades and sub sub-clades. The clustering suggested that Npun_R4660
is more closely related to slr1992 than slrll71. It may be deduced from the
evolutionary trees that the slr1992 and NpunR_4660 might have originated from a
common ancestor. The phylogenetic trees deduced from MP showed difference from
the trees given by NJ and ML methods. This may be attributed to the fact that both NJ
and ML methods used the parameters given by the Mega 7 model test while none was

given for MP method.
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GPX source Percentage Identical Similar
identity with positions positions
Npun_R4660 (%)
slr1171(Synechocystis) 42.775 74 50
slr1992 (Synechocystis) 43.478 70 45
Citrus 41.618 72 94
Tobacco 38.857 68 53
Chlamydomonas reinhardtii 43.293 71 47
Yeast 43.03 71 49
Human PHGPX 31.863 65 51
Rat 29.851 60 50
Escherichia coli 42.077 77 48
Bacillus subtilis 39.157 65 60
Saccharomyces cerevisiae 42.169 70 55

Fig 3.2.1. Table showing the percentage of identity of the proteins of different

organisms including Eukaryotes and Prokaryotes with the glutathione peroxidase-

like protein from Nostoc punctiforme ATCC 29133. Npun_R4660 showed the

highest similarity (expressed in terms of percentage) to slr1992, a glutathione

peroxidase-like protein from Synechocystis sp. PCC 6803.
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Fig 3.2.2: Multiple sequence alignment of the amino acid sequence of Npun_R4660 with the GPX-like

proteins from eukaryotic algae, yeast, higher plants and animal GPXs. Partial alignment of the deduced

Npun_R4660 sequence with the GPX of Bacillus subtilis, Chlamydomonas reinhardtii, Citrus, E.coli, rat,

tobacco, yeast (Saccharomyces cerevisiae), slrl171 and slr1992 from Synechocystis PCC 6803 and

human PHGPX using T-Coffee. The red hashtags in the rows marked with red letters against a grey

background indicate the catalytic triad (X indicates Sec, as Cys is replaced by Sec in Eukaryotes).

Residues found in the same position as Npun_R4660 are shown as white letters over a black background.
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Protein id Npun_R4660 slr1171 slr1992

Protein Glutathione Glutathione Glutathione

name peroxidase-like peroxidase-like peroxidase-like
protein protein protein

Source Nostoc  punctiforme | Synechocystic sp.PCC | Synechocystic sp.PCC

(organism) | (Cyanobacteria) 6803 (Cyanobacteria) | 6803 (Cyanobacteria)

Number of | 161 169 154

amino acids

Molecular | 18.1 KDa 18.45KDa 16.64 KDa

Weight

Theoretical | 6.16 6.58 4.63

pl

Instability | 27.45 (Protein is|20.73 (Protein is |28.39 (Protein is

index (IT) | stable) stable) stable)

Aliphatic 81.74 76.80 89.22

index

Localization | Non-cytoplasmic Non-cytoplasmic Non-cytoplasmic

Signal Not present Not present Not present

peptide

Fig. 3.2.3 - Physico-chemical properties of Npun_R4660, slr1171 and sIr1992 as

derived from ProtParam & Phobius software showing the Protein id, protein name,

organism from which it is derived, number of amino acid residues, molecular weight,

theoretical pl, instability index, aliphatic index, localization and whether or not signal

peptide is present.
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Fig 3.2.4 (A) : Prediction of Npun_R4660 using Phobius software
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Fig 3.2.4 (B): Prediction of slr1992 Fig 3.2.4 (C): Prediction of slr1171
using Phobius software using Phobius software

Fig 3.2.4 : Analysis of the sequence of glutathione peroxidase-like proteins
(Npun_R4660) from Nostoc punctiforme ATCC 29133, slr1171 and sIr1992 from
Synechocystis PCC 6803 using Phobius software showed that all three proteins are non-

cytoplasmic and lack signal peptides.
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Fig 3.2.5: Modelled Npun_R4660 protein showing the conserved cysteine residue

at position 65.
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Fig 3.2.6: Ramachandran plot of the modelled Npun_R4660 protein from Nostoc
punctiforme ATCC 29133. The modelled structures had ~97.5% residues in the most

favorable regions and 2.5% residues occurring in the outlier regions.
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Fig 3.2.7: Secondary structure of the modelled protein Npun_R4660, a glutathione
peroxidase-like protein from Nostoc punctiforme ATCC 29133 revealed the presence of
two beta sheets, one beta alpha beta unit, two beta hairpins, one psi loop, four beta
bulges, six beta strands, eight helices, five helix-helix interacts, eleven beta turns and

one gamma turn.
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Fig 3.2.8 - Topology of the modelled glutathione peroxidase-like protein

(Npun_R4660) from Nostoc punctiforme ATCC 29133.
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Fig 3.2.9 (A) - Phylogenetic tree constructed using Neighbor-joining method with a
bootstrap value of 500 showing the distance i.e. identity of the protein coded by

Npun_R4660 to other queries.
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Fig 3.2.9 (B) - Phylogenetic tree constructed using Maximum Likelihood method with

a bootstrap value of 500 showing the distance i.e. identity of the protein coded by

Npun_R4660 to other queries.

68



37 sl1171 Gpx

15 Rat cGpx

slr1992 Gpx

34

Wl FEcali Gpx

Mpun R4BED Gpx

B.subtilis Gpx

Hurnan PHGpx

35

5 — Citrus Gpx

L Tobhacco Gpx

Chlamydormonas Gpx

az — east Gpx

B L Saccharomyces cerevisiae

Fig 3.2.9 (C) - Phylogenetic tree showing the distance i.e. identity of the protein coded

by Npun_R4660 to other queries using Maximum parsimony method.

Fig 3.2.9 (A, B, C): Phylogenetic trees constructed using Neighbor-joining, Maximum
likelihood and maximum parsimony methods to show the distance between

Npun_R4660 and other query sequences.
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3.3 Cloning and overexpression of the glutathione peroxidase-like protein

(Npun_R4660) from Nostoc punctiforme ATCC 29133.

The presence of a glutathione peroxidase-like protein was deduced using
activity analysis and bioinformatics approach. But in order to characterize it further, it
has to be cloned and overexpressed. An open reading frame (ORF) encoding for a
putative glutathione peroxidase in Nostoc punctiforme ATCC 29133 was identified as
Npun_R4660 by bioinformatics approach. From the genomic DNA of N. punctiforme,
the 486 bp ORF was amplified by polymerase chain reaction. Ndel and Xhol sites were
present at the 5° and 3’respectively at the end of the forward and reverse primers used
for cloning. The PCR amplified product was sub-cloned into pJET cloning vector. The
ORF was further introduced into pET-20B vector for overexpression of the
corresponding protein in Escherichia coli BL21 DE3 strain. Induction of E.coli cultures
was done by Isopropylthiogalactoside (IPTG) and, Sodium dodecyl sulphate—
polyacrylamide gel electrophoresis of cell-free extracts, after which an approximately
18 kDa protein was detected in the cytoplasm. This matched with the theoretical
molecular weight of the glutathione peroxidase-like protein. This protein was not
present in control cultures transformed with pET-20B without the cyanobacterial ORF.
These results suggest that foreign enzymes such as glutathione peroxidase can be
produced in large amounts for biotechnological purposes successfully even in cells of a
different origin like E.coli. Details of the methods used and steps performed are as

written in Chapter 2.
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Genomic DNA was successfully isolated (Fig.3.3.3.1). The desired gene
(Npun_R4660) was amplified using PCR-based techniques (fig. 3.3.3. 2). Digestion
was successfully done using restriction enzymes Ndel and then with Xhol (Fig. 3.3.3.
3). The fragment was retrieved by gel purification after the Ndel/Xhol digestion (Fig
3.3.3.4). Digestion was done with another restriction enzyme (EcoRV) in order to test
our results (Fig 3.3.3.4). The presence and overexpression of the protein was studied
and viewed using SDS-PAGE (Fig. 3.3.3.5). With the exception of the two glutathione
peroxidase-like proteins of Synechocystis PCC 6803, no other glutathione peroxidase-
like protein has been characterized from cyanobacteria till date thus proving this study
to be of great significance. The attempt to clone the glutathione peroxidase-like protein
from Nostoc punctiforme ATCC29133 was done successfully. Futhermore, the
glutathione peroxidase-like protein was also produced in bulk in E.coli. The

biochemical characterization of the protein can now be comfortably carried out.

71



Genomic
DNA

486

Lane 1: Genomic DNA Lane 1: PCR product

Lane 2: Genomic DNA Lane 2: PCR product
Lane 3: Low Range ruler

Fig 3.3.2: PCR amplification of
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Fig3.3.3: Restriction digestion of 4660-pJET clones with Xhol



486 bp

Fig 3.3.4: Restriction digestion of Np4660-pET20b
clone.Lane 1- I kb ladder; Lane 2-500 bp fragment;
Lane 3- Np4660-pET20b/EcoRV digest; Lane 4-
Np4660-pET20b/Ndel, Xhol digest; Lane 5- Np4660-
pET20b (undigested); Lane 6- pET20b/ EcoRV digest;
Lane 7- pET20b/ Ndel, Xhol digest; Lane 8- pET20b
(undigested)

97 kDa
66 kDa

43 kDa

29 kDa

20.1 kDa
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17.6 kDa

Fig 3.3.5: Overexpression analysis of Np4660-pET20b by
SDS-PAGE. 12% gel was run and protein induced at 29°C
and 37°C. Lane 1- Np4660-pET20b (supernatant fraction)
29°C; Lane 2- Np4660-pET20b (pellet fraction) 29°C;
Lane 3- Np4660-pET20b (supernatant fraction) 37°C;
Lane 4- Np4660-pET20b (pellet fraction) 37°C; Lane 5-
pET20B (supernatant fraction) 37°C; Lane 6:-pET20b
(pellet fraction) 37°C; Lane 7- Marker
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CHAPTER 4

DISCUSSION
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Cyanobacteria have been endowed with the ability to detoxify various reactive
oxygen species. The enzymatic line of defense against ROS - superoxide dismutases,
catalases and peroxidases work in concert with each other to remove these harmful
ROS. However, no enzymatic scavengers are known that can detoxify hydroxyl
radicals. SODs catalyze the dismutation of superoxide anion (O;7) into hydrogen
peroxide and oxygen and catalases dismutate the H,O, produced from SOD activity to
water and oxygen. Peroxidases also possess the ability to detoxify H,0O,. Peroxidases
scavenge endogenously generated low levels of H,O, while catalases mainly detoxify
exogenously added H,O, (high levels). Peroxidases also have a broad substrate

specificity that includes alkyl hydroperoxides and peroxynitrites unlike catalases.

A gene coding for a glutathione peroxidase-like protein (Npun_R4660) was
isolated from Nostoc punctiforme ATCC 29133. The glutathione peroxidase-like
protein consisted of a 486bp encoding 161 amino acids with a calculated molecular
mass of approximately 18 KDa. The deduced amino acid shared 43.48% identity with
that of sIr1992, a glutathione peroxidase-like protein from Synechocystic PCC 6803.
The deduced amino acid sequence for Npun_R4660 showed 29 - 43 % identity to the
glutathione peroxidase-like proteins from yeast, eukaryotic algae, higher plants and
mammals. However, the selenocysteine residue of mammalian glutathione peroxidase-
like proteins was replaced by cysteine in Npun_R4660 at the catalytic site.
Npun_R4660 was also found to have two highly conserved amino acid residues GIn(Q)
at position 71 and Trp(W) at position 123. This coincided with the glutathione

peroxidase-like proteins of the other query sequences.
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Ascorbate peroxidase is the major enzyme responsible for scavenging H,O,
while glutathione peroxidase (GPX) is the major H,O; scavenger in animals (Ursini et
al., 1995; Shigeoka et al., 2002). For protection against lipid peroxidation due to alkyl
hydroperoxides and lipid hydroperoxides, GPX also plays an important role (Gaber et
al., 2004). In the cDNA of higher plants, several of them have been found to code for
GPX similar to those found in animals (Criqui et al., 1992; Holland et al., 1993; Churin
et al., 1999; Li and Sherman, 2000). Similarly, these genes coding for GPX were also
found in Saccharomyces cerevisiae (Inoue et al., 1999) as well as in Chlamydomonas
(Yokota et al., 1988). Even though plant genes carry Cys residue instead of Sec residue
as compared to mammalian GPXs, the GPX-like proteins of plants still show highest
similarity to them. However, the replacement of Sec by Cys in plant systems render the
GPX-like enzyme activity to be lower than those in mammalian systems (Maiorino et

al.,1995).

Two NADPH-dependent glutathione peroxidase-like proteins (slrl171 and
slr1992) had been characterized from Synechosystis sp. PCC 6803 by Gaber et al.,
2001. These two proteins have been found to be unable to utilize glutathione, alkyl
hydroperoxides or unsaturated fatty acid hydroperoxides. Catalase-peroxidase and
thioredoxin peroxidase has also been identified as H,O, and/or alkyl hydroperoxide
scavengers in Synechosystis sp. PCC 6803 (Jakopitsch et al., 1999; Yamamoto et al.,
1999). Increase in response to tert- butyl hydroperoxide, H,O,, methyl viologen , high
osmolarity, high light or high salinity been reported in photosynthetic organisms
including algae with respect to the steady-state levels of glutathione peroxidase mRNA
and/or GPX protein (Sugimoto and Sakamoto,1997; Roeckel-Drevet et al., 1998;

Leisinger et al., 1999).
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It was shown that slr1171 and slr1992 proteins seem to respond to the oxidative
stress caused by high light, MV treatment, and high salinity by scavenging the lipid
hydroperoxide generated in the process (Gaber et al., 2004). Tert- butyl hydroperoxide,
an alkyl hydroperoxide has been found to readily react with transition-metal reductants
or catalysts to form radicals thereby causing oxidative damage over long distances
(Asada, 1994). Thus, it becomes essential for the cell to possess defense mechanisms
by which the peroxide intermediates can be degraded. Alkyl hydroperoxides can be
utilized by both slr1171 and slr1992 proteins (Gaber et al., 2001). However in slr1992,
the levels of transcript and protein were found to be unaffected by treatment with tert-
butyl hydroperoxide (Gaber et al., 2004). This suggested that slr1992 may have some
different functions as compared to slr1171 i.e. slrl171 may play more role than slr1992
for protection against ROS created by this tert- butyl hydroperoxide. Npun_R4660 was
also found to be unaffected by different levels of tert- butyl hydroperoxide. When
Npun_R4660 was subjected to different concentrations of tert- butyl hydroperoxide, the
level of activity was seen to be almost the same as the control cultures suggesting that
the enzyme is not sensitive to tert-butyl hydroperoxide and therefore may be involved
in the detoxification of the same along with other antioxidative enzymes. However,
when the same was subjected to treatment with different concentrations of H,0,, we
could see from the activity band that there was loss of transcript activity indicating
sensitivity to H,O,. When Npun_R4660 was compared to slr1171 and sIr1992 using
several bioinformatics software, it showed more similarity to slr1992. On the basis of
this, we identified the protein Npun_R4660 from Nostoc punctiforme as as encoding for

a glutathione peroxidase-like protein.
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The glutathione peroxidase-like protein (Npun_R4660) was then modelled
using the sequence retrieved from Cyanobase. The three dimensional structure was
constructed using SWISS-Model and Phyre. The model was evaluated using Rampage
(Lovell et al. 2003) and viewed using PyMOL (Delano, 2005) and Swiss PDB Viewer
(Guex and Peitsch, 1997). While validating the modelled structure by using
VERIFY3D, at least 80% of the amino acids have scored >= 0.2 in the 3D/1D profile,
which is an indication of good quality of the modelled structure The Ramachandran
plot of the modelled protein when analysed as well which showed that ~97.5% of the
amino acids fall in the favourable region thus, confirming the stability of the modelled
protein. The secondary structure and the topology was also deduced using PDBsum
which revealed the presence of 2 beta sheets, 1 beta o beta unit, 2 beta hairpins, 1 psi
loop, 4 beta bulges, 6 beta strands, eight helices, 5 helix-helix interacts, 11 beta turns
and 1 gamma turn. Homology modelling was performed on the basis of significant
sequence similarity using the templates identified. The evolutionary trees deduced
using Mega7 confirmed the likelihood that Npun_R4660 and slr1992 are more closely

related and similar than with slr1171.

The genomic DNA of Nostoc punctiforme was isolated. PCR was performed
with specific primers to amplify Npun_R4660. It was then cloned and overexpressed
successfully in the cytosol of E.coli, an organism of non-photosynthetic source. The
protein may be further characterized in future with regard to its glutathione peroxidase-
like activity. Overexpression of this gene in cyanobacteria or generation of mutants

would allow us to understand its physiological roles in a more precise manner.
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CHAPTER 5

SUMMARY
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Glutathione peroxidases are constitutive enzymes that detoxify lipid
hydroperoxides and thus play a significant role in the antioxidant machinery of aerobic
organisms. It has been known to convert endogenously produced H,O, to simpler
molecules which are less harmful. An in silico based approach revealed that the
genome of the diazotrophic, oxygenic, heterocystous cyanobacterium Nostoc
punctiforme ATCC 29133 possesses one open reading frame(ORF) encoding for a
putative glutathione peroxidase-like gene (Npun_R4660). The present study aims to
characterize the protein using methods like molecular cloning and heterologous
overexpression. An attempt has also been made to analyze the activity of the enzyme
in stress conditions created by exogenously incorporating prooxidants into its
environment. Analysis of the properties of the protein using bioinformatics was also

performed. The findings are summarized below:

1. The presence of the glutathione peroxidase-like protein was established in
Nostoc punctiforme ATCC 29133 using in-gel assays that would detect its activity. The
assay confirmed the presence of an active glutathione peroxidase in the organism.
Prooxidants like H,O, and tert-butyl hydroperoxide were used to subject the organism
to abiotic stress in the form of ROS. As glutathione peroxidase enzyme is believed to
play an important role in the defence against ROS in aerobic organisms, the level up to
which the enzyme actively takes part in the detoxification of ROS produced by
hydrogen peroxide and tert-butyl hydroperoxide were also monitored. Glutathione
peroxidase was actively engaged in the removal of ROS when H,0, was added to its
environment to a concentration of ImM. In case of the stress produced as a result of the
addition of tert-butyl hydroperoxide, glutathione peroxidase activity was actively seen

in all the concentrations used. It can thus be concluded that glutathione peroxidase is
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present in the cyanobacterium Nostoc punctiforme ATCC 29133 and that it plays an

active part in the detoxification of ROS produced in its system.

2. A gene corresponding to the glutathione peroxidase-like protein was identified
in Nostoc punctiforme ATCC29133 using Synechocystis PCC 6803 as the query
sequence. The physico-chemical properties of the glutathione peroxidase-like protein
showed a certain level of similarities in terms of molecular weight, pl, stability index
etc. from the previously characterized glutathione peroxidase-like proteins from
Synechocystis PCC 6803. Multiple sequence alignment of the protein with several other
known glutathione peroxidase proteins, both from Eukaryota and Prokaryota showed a
highly conserved cysteine at position 65. A phylogenetic tree drawn from the sequences
also showed that the glutathione peroxidase-like protein of Nostoc punctiforme ATCC
29133 is closely related with the glutathione peroxidase-like proteins of Synechocystis
PCC 6803 by clustering together. Phobius software did not detect any signal peptide in
the protein and classified it as a non- cytoplasmic protein. The protein was successfully
modelled and the Ramachandran plot of the modelled protein confirmed the its

stability.

3. The glutathione peroxidase-like protein from Nostoc punctiforme ATCC 29133
was cloned and overexpressed successfully in E.coli. After successfully isolating
genomic DNA, the DNA fragment containing open reading frame Npun_R4660 was
amplifed using specific primers. Amplified DNA fragments were cloned and plasmids
were constructed to express Npun_R4660. The plasmids were digested with appropriate

restriction enzymes and cloned into E.coli systems. A protein of approximately 18KDa
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was produced in the soluble phase of the cytosol of E.coli in bulk quantity. Therefore,
this strategy of recombinant protein production in E.coli may be used in producing

protein in bulk quantity for characterization or for any other uses.

82



REFERENCES

Adams DG (2000) Symbiotic interactions. In: Theecology of cyanobacteria. Whitton
and Potts M eds. Kluwer Academic Publishers, Dordrecht, The Netherlands. pp. 523-

561.

Alscher RG, Erturk N, Heath LS (2002) Role of superoxide dismutases (SODs) in

controlling oxidative stress in plants. J Environ Bot. 372: 1331-01341.

Ames BN, Shigenaga MK, Hagen TM (1993) Oxidants, antioxidants, and the

degenerative diseases of aging.Proc Natl Acad Sci USA, Sep 1; 90(17): 7915-7922.

Andrews SC. (2010) The Ferritin-like superfamily: evolution of the biological iron

storeman from a rubrerythrin-like ancestor. Biochim Biophys Acta. 1800: 691-705.

Andrews  SC, Robinson  AK, Rodriguez-Quinones F  (2003)Bacterial  iron

homeostasis.FEMS Microbiol. Rev., 27 pp. 215-237.

Apel K, Hirt H (2004) Reactive oxygen species: metabolism, oxidative stress and signal

transduction. Annu Rev Plant Biol. 55:373-399

83



Asada K (1994) Production and action of active oxygen species in photosynthetic
tissues. In C Foyer, PM Mullineaux, eds, Causes of Photooxidative Stress and

Amelioration of Defense Systems in Plants. CRC Press, Boca Raton, FL, pp 77-104

Badger MR, von Caemmerer S, Ruuska S, Nakano H (2000) Electron flow to oxygen in
higher plants and algae: rates and control of direct photoreduction (Mehler reaction)

and rubsico oxygenase. Philos Trans R Soc Lond B Biol Sci 355: 1433-1446.

Banerjee M, Balal A, Apte SK (2012) Mn-catalase (Alr0998) protects the
photosynthetic, nitrogen-fixing cyanobacterium Anabaena PCC 7120 from oxidative

stress. Environ Microbiol. 14:2891-2900.

Banerjee M, Raghavan PS, Ballal A, Rajaram H, Apte SK. (2013) Oxidative stress
management in the filamentous, heterocystous, diazotrophic cyanobacterium,

Anabaena PCC 7120. Photosynth Res. 118:59-70.

Bergman B, Gallon JR, Rai AN, Stal LJ (1997) Nitrogen fixation by non heterocystous

cyanobacteria. FEMS Microbiol Rev, 19: 139 - 185.

84


http://www.ncbi.nlm.nih.gov/pubmed/?term=Banerjee%20M%5BAuthor%5D&cauthor=true&cauthor_uid=24122336
http://www.ncbi.nlm.nih.gov/pubmed/?term=Raghavan%20PS%5BAuthor%5D&cauthor=true&cauthor_uid=24122336
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ballal%20A%5BAuthor%5D&cauthor=true&cauthor_uid=24122336
http://www.ncbi.nlm.nih.gov/pubmed/?term=Rajaram%20H%5BAuthor%5D&cauthor=true&cauthor_uid=24122336
http://www.ncbi.nlm.nih.gov/pubmed/?term=Apte%20SK%5BAuthor%5D&cauthor=true&cauthor_uid=24122336
http://www.ncbi.nlm.nih.gov/pubmed/24122336

Bernroitner M, Zamocky M, Furtmuller PG, Peschek GA, Obinger C (2009)
Occurrence, phylogeny, structure and function of catalases and peroxidases in

cyanobacteria. J Exp. Bot. Vol 60, No. 2, pp 423-440.

Bhattacharya J, GhoshDastidar K, Chatterjee A, Majee M, Majumder AL. (2004)
Synechocystis Fe superoxide dismutase gene confers oxidative stress tolerance to

Escherichiacoli. Biochem Biophys Res Commun. 316: 540-544.

Bradford MM. (1976) A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding. Anal Biochem. 72:

248-254.

Broyer TC, Strout PR. (1959) The Macronutrient Elements. Annual Review of Plant

Physiology Vol 10: 277-300.

Bunker J, Lowry T, Davis G, Zhang B, Brosnahan D, Lindsay S, Costen R, Choi S,
Arosio P, Watt GD (2005) Kinetic studies of iron deposition catalyzed by recombinant
human liver heavy and light ferritins and Azotobacter vinelandiibacterioferritin using

0, and H,0; as oxidants. Biophys. Chem., 114: 235-244

Carr NG, Whitton BA. (1982) The biology of cyanobacteria. Blackwell Scientific

Publications, Oxford, UK.

85



Chakravarty D, Banerjee M, Bihani SC, Ballal A (2016) A salt-inducible Mn-catalase

(KatB) protects cyanobacterium from oxidative stress. Plant Physiol. 170: 761-773.

Chauvat CC, Chauvat F (2015) Responses to Oxidative and Heavy Metal Stresses in

Cyanobacteria: Recent Advances. Int. J. Mol. Sci.16, 871-886.

Chiancone C, Ceci P (2010) The multifaceted capacity of Dps proteins to combat
bacterial stress conditions: Detoxification of iron and hydrogen peroxide and DNA

binding. Biochim Biophys Acta. 1800: 798 — 805.

Churin Y, Schilling S, Borner T (1999) A gene family encoding glutathione peroxidase
homologues in Hordium vulgare (barley) FEBS Lett 459: 33 - 38.

Criqui MC, Jamet E, Parmentier Y, Marbach J, Durr A, Fleck J (1992) Isolation and
characteization of a plant cDNA showing homology to animal glutathione peroxidases

Plant Mol Biol 18: 623 - 627.

Cumino AC,Marcozzi C, Barreiro R, Salerno GL(2007) Carbon cycling in Anabaena
sp. PCC 7120. Sucrose synthesis in the heterocysts and possible role in nitrogen

fixation. Plant Physiol 143: 1385-1397.

Das P.K., Bagchi S.N. (2012) Role of bacterioferretin as co-migratory protein and

glutathione perosidase-reductase system in promoting bentazone tolerance in a

mutant of Synechococcus elongates PCC7942.ProtoplasmaVol. 249 Issue 1, 65-74.

86



Davies KJ (1995) Oxidative stress: the paradox of aerobic life. Biochem Soc Symp

61:1-31.

Delano WL. The PyMOL molecular graphics system. DeLano Scientific; San Carlos,

CA, USA: 2005.

Dietrich LE, Tice MM, Newman DK. (2006) The co-evolution of life and earth. Curr

Biol.16:395-400.

Dimastrogiovanni, D., Anselmi, M., Miele, A.E., Boumis, G., Petersson, L.,
Angelucci, F., Nola, A.D., Brunori, M., Bellelli, A. Combining crystallography and
molecular dynamics: the case of Schistosoma mansoni phospholipid glutathione

peroxidase.(2010) Proteins 78: 259-270.

Ernst WH (2006) Evolution of metal tolerance in higher plants. For. Snow Landsc. Res.

80, 3: 251-274.

Ekman M, Sandh G, Nenninger A, Oliveira P, Stensj0 K. (2014) Cellular and
functional specificity among ferritin-like proteins in the multicellular cyanobacterium

Nostoc punctiforme. Environ Microbiol. 16: 829-844.

Fay P (1992) Oxygen relations of nitrogen fixation in cyanobacteria. Microbiol Rev 56:

340-373.

87



Felsenstein J (1985) Confidence limits on phylogenies: An approach using the

bootstrap. Evolution 39:783-791.

Flores E, Herrero A (1994) Assimilatory nitrogen metabolism and its regulation. In :
The molecular biology of cyanobacteria. Bryant DA ed. Kluwer Academic Publishers,

Dordrecht, The Netherlands. pp 487-517.

Flores E, Herrero AWolk CP, Maldener | (2006) Is the periplasm continuous in

filamentous multicellular cyanobacteria? Trends Microbiol 14: 439-443.

Franceschini S, Ceci P, Alaleona F, Chiancone E, llari A (2006) Antioxidant Dps
protein from the thermophilic cyanobacterium Thermosynechococcus elongatus

FEBS J., 273: 4913-4928.

Fufezan C, Gross CM, Sjodin M, Rutherford AW, Krieger-Liszkay A & Kirilovsky D
(2007) Influence of the redox potential of the primary quinone electron acceptor on

photoinhibition in photosystem I1. J Biol Chem 282: 12492-12502.

Gaber A, Tamoi M, Takeda T, Nakano Y, Shigeoka S (2001) NADPH-dependent
glutathione peroxidase-like proteins (Gpx-1, Gpx-2) reduce unsaturated fatty acid

hydroperoxides in Synechocystis PCC 6803. Febs Lett. 499: 32-36.

Gaber A,, Yoshimura K, Tamoi M, Takeda T, Nakano Y, Shigroka S (2004) Induction

and functional characterization of two reduced nicotinamide adenine dinucleotide

88



phosphate-dependent glutathione peroxidase-like proteins in Synechocystis sp PCC

6803 during progression of oxidative stress. Plant Physiol. 136: 2855- 2861.

Gallon JR (1992) Reconciling incompatible nitrogen fixation and oxygen. New Phytol.

122: 571-609.

Gill SS, Tuteja N (2010) Reactive oxygen species and antioxidant machinery in abiotic

stress tolerance in crops. Plant Physiol Biochem. 48: 909 - 930.

Golbeck JH (1992) Structure and function of Photosystem I. Ann Rev Plant Phtsiol Mol

Biol. 43:293-324.

Golden JW, Yoon HS (1998) Heterocyst formation in Anabaena. Curr Opin Microbiol

1: 623-629.

Gotz T, Windhovel U, Boger P, Sandmann G (1999) Protection of photosynthesis
against ultraviolet-B radiation by carotenoids in tranformants of the cyanobacterium

Synechocystis sp. PCC 7492. Plant Physiol. 120: 599- 604.

Guex, N. and Peitsch, M.C. (1997) SWISS-MODEL and the Swiss-PdbViewer: An

environment for comparative protein modeling. Electrophoresis 18, 2714-2723.

89



Hamilton TL, Bryant DA, Macalady JL (2016) The role of biology in planetary
evolution : cyanobacterial primary production in low-oxygen Proterozoic oceans.

Environ Microbiol 18(2) :325-340.

Havaux M, Eymery F, Porfiriva S, Rey P, Dormann P (2005) Vitamin E protects
against photoinhibition and photooxidative stress in Arabidopsis thaliana. Plant Cell.

17: 3451 -3469.

He Q, Doganov N, Bjorkman O, grossman AR (2001) the high light induced
polypeptides in Synechocystissp. PCC 6803, expression and function in high light.J

Biol Chem 276: 306 — 314.

Hernandez JA, Pellicer S, Huang L, Peleato ML, Fillat MF. (2007) FurA modulates
gene expression of alr3808, a DpsA homologue in Nostoc (Anabaena) sp. PCC 7120.

FEBS Lett. 581: 1351-1356.

Hitzfeld BC, Hoger SJ, Dietrich DR (2000) Cyanobacterial toxins : removal during
drinking water treatment, and human risk assessment. Environ Health Perspect. 2000

Mar; 108 Suppl 1:113-22.

Hoffman BM, Lukoyanov D, Yang ZH, Dean DR, Seefeldt LC (2014) Mechanism of

Nitrogen fixation by nitrogenase : The next stage. Chem Rev. 114(8):4041-4062.

90



Holland D, Ben-Hayyim G, Faltin Z, Camoin L, Strosberg AD, Eshdat Y (1993)
Molecular characterization of salt stress-associated protein in citrus: protein and cDNA
sequence homology to mammalian glutathione peroxidases. Plant Mol Biol 21: 923 -

927.

Imlay JA(2003) Pathways of oxidative damage. Annu. Rev Microbiol. 57: 395-418.

Imlay JA (2013) The molecular mechanisms and physiological consequences of

oxidative stress: Lessons from a model bacterium. Nat. Rev. Microbiol. 11, 443-454.

Inoue Y, Matsuda T, Sugiyama KI, Izawa S, Kimura A (1999) Genetic analysis of
glutathione peroxidase in oxidative stress response of Saccharomyces cerevisiae. J Biol

Chem 274: 27002 - 270009.

Jakopitsch C, Ruker F, Regelsberger G, Dockal M, Peschek GA, Obinger C (1999)
Catalase-peroxidase from the cyanobacterium SYnechocystis sp. PCC 6803: cloning,
overexpression in Escherichia coli, and kinetic characterization. Biol Chem 380: 1087 -

1096.

Jones DT, Taylor WR, and Thornton JM (1992) The rapid generation of mutation data

matrices from protein sequences. Computer Applications in the Biosciences 8: 275-282.

91



Kéll L, Krogh A, Sonnhammer EL. (2004) A combined transmembrane topology and

signal peptide prediction method. J Mol Biol. 338: 1027-1036.

Katoh H, Hagino N, Grossman AR, Ogawa T (2001) Genes essential to iron transport

in the cyanobacterium Synechocystis sp. strain PCC 6803. J Bacteriol. 183: 2779-2784.

Kelley LA and Sternberg MJE. Protein structure prediction on the web: a case study
using the Phyre server. Nature Protocols 4, 363 - 371 (2009)

Keren N, Aurora R and Pakrasi HB. (2004) Critical roles of bacterioferritins in iron

storage and proliferation of cyanobacteria. Plant Physiol. 135:1666-1673.

Koh, C.S., Didierjean, C., Navrot, N., Panjikar, S., Mulliert, G., Rouhier, N.,
Jacquot, J.P., Aubry, A., Shawkataly, O., Corbier, C. Crystal structures of a poplar
thioredoxin peroxidase that exhibits the structure of glutathione peroxidases: insights

into redox-driven conformational changes.(2007) J.Mol.Biol. 370: 512-529.

Kojima K, Oshita M, Nanjo Y, Kasai K, Tozawa Y, Hayashi H, Nishiyama Y (2007)
Oxidation of elongation factor G inhibits the synthesis of D1 protein of photosystem I1.

Mol Microbiol. 65; 936-947.

92



Kumar K, Herrera RA, Golden JW (2010) Cyanobacterial heterocysts. Cold Spring

Harb Perspect Biol. 2(4): a000315.

Kumar S, Stecher G, Tamura K (2016) MEGA7: Molecular evolutionary genetics

analysis version 7.0 for bigger datasets. Mol Biol Evol. Jul; 33(7): 1870 - 4.

Latifi A, Ruiz M, Zhang CC. (2009) Oxidative stress in cyanobacteria. FEMS

Microbiol Rev. 33; 258-278.

Leisinger U, Ru” fenacht K, Zehnder AJB, Eggen RIL (1999) Structure of a glutathione
peroxidase homologous gene involved in the oxidative stress response in
Chlamydomonas reinhardtii. Plant Sci 149: 139-149.

Lewin A, Moore GR, Le Brun NE (2005)Formation of protein-coated iron minerals.

Dalton Trans. pp. 3597-3610.

Li H and Sherman LA (2000) A redox-responsive regulator of photosynthesis gene

expression in the cyanobacterium Synechocystis sp. PCC 6803. J Bacteriol 182: 4268 -

4277.

Liu XG, Zhao JJ, Wu QY (2005) Oxidative stress and metal ions effect the cores of

phycobilisomes in Synechocystis sp. PCC 6803. FEBS Lett. 579:4571-4576.

93



Lovell SC, Davis IW, Arendall WB 3rd, de Bakker PI, Word JM, Prisant MG,
Richardson JS, Richardson DC (2003) Structure validation be Calpha geometry: phi,

psi and Cbeta deviation.

Mackinney G (1941) Absorption of light by chlorophyll solutions. J Biol Chem.

140:315-322.

Maeda H, Sakuragi Y, Bryant DA, DellaPenna D (2005) Tocopherol protects
Synechocystis sp. strain PCC 6803 from lipid peroxidation. Plant Physiol. 138:1422-

1435.

Maiorino M, Aumann KD, Brigelius-Flohé R, Doria D, van den Heuvel J, McCarthy J,
Roveri A, Ursin F, Flohé L (1995) Probing the presumed catalytic triad of selenium-
containing peroxidases by mutational analysis of phospholipid hydroperoxide

glutathione peroxidase (PHGPx). Biol Chem Hoppe Seyler 372: 651 - 660.

Marcozzi C, Cumino AC, Salerno GL (2009) Role of NtcA, a cyanobacterial global
nitrogen regulator, in the regulation of sucrose metabolism gene expression in

Anabaena sp. PCC 7120. Arch Microbiol 191: 255-263.

Martin-Figueroa E, Navarro F, Florencio FJ (2000) The GS-GOGAT pathway is not

operative in the heterocysts. Cloning and expression of glsF gene from the

94



cyanobacterium Anabaena sp. PCC 7120. FEBS Lett 476: 282-286.

Meeks JC, Elhai J (2002) Regulation of cellular differentiation in filamentous
cyanobacteria in free-living and plant-associated symbiotic growth states. Microbiol

Mol Biol Rev 66: 94-121.

Michel KP, Pistorius EK. (2004) Adaptation of the photosynthetic electron transport
chain in cyanobacteria to iron deficiency: The function of IdiA and IsiA. Physiol Plant.

120: 36-50.

Mittler R (2002) Oxidative stress, antioxidants and stress tolerance. Trends in Plant Sci.

Sept;7(9) : 405-410.

Miller AJ, Cramer MD (2005) Root nitrogen acquisition and assimilation. Plant Soil

274: 1-36.

Moirangthem LD, Bhattacharya S, Stensjo K, Lindblad P, Bhattacharya J(2014) A high
constitutive catalase activity confers resistance to methyl viologen-promoted oxidative
stress in a mutant of the cyanobacterium Nostoc punctiforme ATCC 29133. Appl

Microbiol Biotechnol. 98: 3809-3818.

95


http://www.ncbi.nlm.nih.gov/pubmed/?term=Michel%20KP%5BAuthor%5D&cauthor=true&cauthor_uid=15032875
http://www.ncbi.nlm.nih.gov/pubmed/?term=Pistorius%20EK%5BAuthor%5D&cauthor=true&cauthor_uid=15032875
http://www.ncbi.nlm.nih.gov/pubmed/15032875
http://www.ncbi.nlm.nih.gov/pubmed/?term=Moirangthem%20LD%5BAuthor%5D&cauthor=true&cauthor_uid=24384747
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bhattacharya%20S%5BAuthor%5D&cauthor=true&cauthor_uid=24384747
http://www.ncbi.nlm.nih.gov/pubmed/?term=Stensj%C3%B6%20K%5BAuthor%5D&cauthor=true&cauthor_uid=24384747
http://www.ncbi.nlm.nih.gov/pubmed/?term=Lindblad%20P%5BAuthor%5D&cauthor=true&cauthor_uid=24384747
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bhattacharya%20J%5BAuthor%5D&cauthor=true&cauthor_uid=24384747
http://www.ncbi.nlm.nih.gov/pubmed/24384747
http://www.ncbi.nlm.nih.gov/pubmed/24384747

Narayan OP, Kumari N, Rai LC (2010) Heterologous expression of Anabaena PCC
7120 all3940 (a Dps family gene) protects Escherichia coli from nutrient limitation and

abiotic stresses. Biochim Biophys Res Commun. 394: 163 — 1609.

Nei M and Kumar S (2000) Molecular Evolution and Phylogenetics. Oxford

University Press, New York.

Nishiyama Y, Allakhverdiev SI, Murata N (2006) A new paradigm for the action of
oxygen species in the photoinhibition of photosystem Il. Biochim Biophys Acta.

1757:743-749.

Nodop A, Pietsch D, Hocker r, Becker A, Pistorius EK, Forchhammer k, Michel KP
(2008) Transcript profiling reveals new insights into the acclimation of the mesophilic
fresh-water cyanobacterium Synechococcus elongatus PCC 7492 to iron starvation.

Plant Physiol. 147: 747-763.

Percival SL, Yates MV, Williams DW, Chalmers RM, Gray NF (2013) Microbiology
of Waterborne Diseases:microbiological aspects and risks (Second Edition). Academic

Press.

Perelman A, Uzan A, Hacohen D, Schwarz R (2003). Oxidative stress in
Synechococcus sp strain PCC 7492: varoius mechanisms for H,O, detoxification with

different physiological roles. J Bacteriol. 185: 3654-3660.

96


https://www.sciencedirect.com/science/book/9780124158467
https://www.sciencedirect.com/science/book/9780124158467

Pérez-Pérez ME. Mata-Cabana A, Sanchez-Riego AM, lindahl M, Florencio FJ (2009)
A comprehensive analysis of the peroxiredoxin reduction system in the cyanobacterium
Synechocystis sp strain PCC 6803 reveals that all five peroxiredoxins are thioredoxin

dependent. J Bacteriol. 191: 7477- 7489.

Pilon M, Ravet K, Tapken W (2011) The biogenesis and physiological function of

chloroplast superoxide dismutases. Biochim Biophys Acta. 1807:970-998.

Pommerville JC (2010) Alcamo's Fundamentals of microbiology. Jones and Barlett

Publishers. Chapter 10, p304.

Pospisil P (2009) Production of reactive oxygen species by photosystem II. Biochim

Biophys Acta. 1787: 1151 - 1160.

Priya B, Premanandh J, Dhanalakshmi RT, Seethalakshmi T, Uma L, Prabaharan D,
Subramanian G. (2007) Comparative analysis of cyanobacterial superoxide dismutase

to discriminate canonical forms. BMC Genomics. 8: 435.

Raghavan PS, Rajaram H, Apte SK (2011) Nitrogen status dependent oxidative stress
tolerance conferred by overexpression of MnSOD and FeSOD proteins in Anabaena sp.

strain PCC 7120. Plant Mol Biol. 77: 407-417.

Rai AN, Soderback E, Bergman B (2000) Cyanobacterium-plant symbiosis. New

Phytol. 147 : 449-481.

97



Regelsberger G, Laaha U, Dietmann D, Ruker F, Caninin A, Caiola MG, Furtmuller
PG, Jakopitsch C, Peschek GA, Obinger C. (2004) The iron superoxide dismutase from
the filamentous cyanobacterium Nostoc PCC 7120. Localization, overexpression, and

biochemical characterization. J Biol Chem. 279: 44384-44393.

Regelsberger G, Obinger C, Zoder R, Altmann F, Peschek GA (1999) Purification and
characterization of a hydroperoxidase from the cyanobacterium Synechocystis PCC
6803: identification of its gene by peptide mass mapping using matrix assisted laser
desorption ionization time-of-flight mass spectroscopy. FEMS Microbiol Lett. 170: 1-

12.

Rippka R., Deruelles J., Waterbury J.B., Herdman M. and Stanier R.Y. (1979) Generic
assignments, strain histories and properties of pure cultures of cyanobacteria. J. Gen.

Microbiol. 111: 1-61.

Roeckel-Drevet P, Gagne G, de Labrouhe D, Dufaure J, Nicolas P, Drevet J (1998)
Molecular characterization, organ distribution and stress-mediated induction of two
glutathione peroxidase encoding mMRNAs in sunflower (Helianthus annuus). Physiol

Plant 103:385-394

Roger PA, Ladha JK (1992) Biological N,-fixation in wetland rice fields :estimation
and contribution to nitrogen-balance. Plant and Soil 141:41-55.
Saitou N and Nei M (1987) The neighbor-joining method: A new method for

reconstructing phylogenetic trees. Molecular Biology and Evolution 4:406-425.

98



Sandstorm S, Park Y1, Oquist G, Gustaffson P (2001) CP43’, the isiA gene product,
functions as a excitation energy dissipater in the cyanobacterium Synechococcus sp.

PCC 7942. Photochem Photobiol 24: 431 — 437.

Schaeffer MR, Golden SS. (1989) Differential expression of members of a

cyanobacterial psbA gene family in response to light. J. Bacteriol 171: 3973-3981.

Shcolnick S, Shaked Y, Keren N. (2007) A role for mrgA, a DPS family protein, in the
internal transport of Fe in the cyanobacterium Synechocystis sp. PCC 6803. Biochim

Biophys Acta. 1767: 814-819.

Shcolnick S, Summerfield TC, Reytman L, Sherman LA, Keren N. (2009) The
mechanism of iron homeostasis in the unicellular cyanobacterium Synechocystis sp.

PCC 6803 and its relationship to oxidative stress. Plant Physiol. 150: 2045-2056.

Schwede T, Kopp J, Guex N, Peitsch MC (2003) SWISS-Model: AN automated protein

homology-modelling server. Nucleic Acids Res. 31(13): 3381-5.

Shigeoka S, Ishikawa T, Tamoi M, Miyagawa Y, Takeda T, Yabuta Y, Yoshimura K
(2002) Regulation and function of ascorbate peroxidase isoenzymes. J Exp Bot 53:

1305 - 13109.

99



Simon FW, Grzebyk D, Schofield O (2005) The role and evolution of superoxide

dismutases in algae. J Phycol. 41: 453- 465.

Singh AK, Mcintyre LM, Sherman LA (2003) Microarray analysis of the genome-wide
response to iron-deficiency and iron reconstitution in the cyanobacterium Synechocystis

sp. strain PCC 6803. Plant Physiol. 132: 1825- 1839.

Singh Rn (1961) Role of blue-green algae in nitrogen economy of Indian agriculture.

Indian Council of Agricultural Research, New Delhi, India.

Smil V (2004) Enriching the earth: Fritz Haber, Carl Bosch and the transformation of

world food Production; MIT Press: Cambridge, MA.

Sugimoto M, Sakamoto W (1997) Putative phospholipids hydroperoxide glutathione
peroxidase gene from Arabidopsis thaliana induced by oxidative stress. Genes Genet

Syst 72: 311-316

Thomas DJ, Avenson TJ, Thomas JB, Herbert SK (1998) A cyanobacterium lacking
iron superoxide dismutase is sensitized to oxidative stress induced with methyl
viologen but is not sensitized to oxidative stress induced with norflurazon. Plant

Physiol. 116:1593-1602.

100



Tichy M, Vermaas W (1999) In vivo role of catalase-peroxidase in Synechocystis sp.

strain PCC 6803. J Bacteriol. 181: 1875-1882.

Tommasso PD, Moretti S, Xenarios I, Orobitg M, Montanyola A, Chang J, Taly J,
Notredame C (2011) T-Coffee: a web server for the multiple sequence alignment of
protein and RNA sequences using structural information and homology extension.

Nucleic Acid Res. 39(Web Server Issue): W13- W17.

Ursini F, Mariorino M, Brigelius-Flohé R, Aumann KD, Roveri A, Schomburg D,

Flohé L (1995) Dlversity of glutathione peroxidase. Methods Enzymol 252: 38 - 53.

Vass | (2012) Molecular mechanism of photodamage in the photosystem Il complex.

Biochim Biophys Acta. 1817 : 209 - 217.

Valavanidis A, Vlahogianni T, Dassenakis M, Scoullos M (2006)Molecular biomarkers
of oxidative stress in aquatic organisms in relation to toxic environmental pollutants.

Ecotoxicol Environ Saf. Jun;64(2):178-89.

Wagner SC (2011) Biological nitrogen fixation. Nature Education Knowledge 3 (10)

:15.

Wei X, Mingjia H, Xiufeng L, Yang G, Qingyu W (2007) Identification and
biochemical properties of Dps (starvation-induced DNA binding protein) from

cyanobacteriun Anabaena sp. PCC 7120. IUMB Life 59: 675 — 681.

101



Whelan S and Goldman N (2001) A general empirical model of protein evolution
derived from multiple protein families using a maximum-likelihood approach.

Molecular Biology and Evolution 18:691-699.

Whitton BA (1992) Diversity, ecology and taxonomy of the cyanobacteria. In Mann
NH, Carr NG (eds) Photosynthetic Prokaryotes. Biotechnology Handbooks, vol 6.

Springer, Boston MA.

Whitton BA, Potts M (2000) The ecology of cyanobacteria. Kluwer Academic

Publishers, Dordrecht, The Netherlands.

Wilson A, Ajlani G, Verbavatz JM, Vass |, Kerfeld C, Kirilovsky D (2006) A soluble
carotenoid protein involved in phycobilisome-related energy dissipation in

cyanobacteria. Plant Cell. 18: 992 — 1007.

Wolk CP, Ernst A, Elhai J (1994) Heterocyst metabolism and development In: The
molecular genetics of cyanobacteria. Bryant DA ed. Kluwer Academic Publishers,

Dordrecht, The Netherlands. pp 769-823.

Yamamoto H, Miyake C, Dietz KJ, Tomizawa KI, Murata N, Yokota A (1999)
Thioredoxin reductase in the cyanobacterium Synechocystis sp. PCC 6803. FEBS Lett

447: 269 - 273.

102



Yokota A, Shigeoka S, Onishi T, Kitaoka S (1988) Selenium as inducer of glutathione
peroxidase in low-CO,-grown Chlamydomonas reinhardtii. Plant Physiol 86: 649 -

651.

Zhao G, Bou-Abdallah F, Arosio P, Levi S, Janus-Chandler C, Chasteen ND (2003)
Multiple pathways for core mineral formation in mammalian apoferritin, the role of

hydrogen peroxide. Biochemistry, 42 : 3142 -3150.

Zhao W, Guo Q, Zhao J (2007) A membrane-associated Mn-superoxide dismutase
protects the photosynthetic apparatus and nitrogenase from oxidative damage in the

cyanobacterium Anabaena sp. PCC 7120. Plant Cell Physiol. 48: 563-572.

103



CURRICULUM VITAE

Name : Esther Lalnunmawii

E-mail : essie.zadeng@gmail.com
Date of birth : 02-04-1987

Nationality . Indian

Sex : Female

Contact address : Department of Biotechnology

Mizoram University, Tanhril

Aizawl-796004

Permanent address : D/o Dengchhuana (L)

F-84/A, Khatla

Aizawl, Mizoram

796001

Educational Qualifications : UGC-CSIR NET-JRF (2009)

104



Examination Name of the | Year of | % of marks | Division/ Class/ Subject(s)
Board/ Passing obtained Grade
University
High School/ Matric MBSE 2003 88.6% Distinction General
HSSLC MBSE 2005 73.4% 1st Div Science
B.Sc NEHU 2008 2% 1st Div Zoology,
(University 2" | Chemistry, Botany
Rank)
M.Sc NEHU 2010 72.2% 1st Div Biotechnology
( University 8"
Rank)
Pre-PhD MzU 2011 69% Grade A Biotechnology

Publications : 6

1) Lalnunmawii E, Bhattacharya J (2018) Cloning and overexpression studies on
the glutathione peroxidase-like protein from the cyanobacterium Nostoc punctiforme

ATCC 29133. Science and Technology Journal Vol.6 Issue:l January 2018 pp 57-61 .

2) Mandal SD, Lalmawizuala R, Vabeiryureilai M, Kumar NS, Lalnunmawii E
(2015) An Investigation of the Antioxidant Property of Carica papaya Leaf Extracts

from Mizoram, Northeast India. Journal of Botanical Sciences Vol 4 Issue 2 pp 43-46.

3) Chhakchhuak L, Mandal SD, Sanga Z, Lalnunmawii E, Lalhruaitluanga H,
Guruswami G, Sudalaimuthu N, Gopalakrishnan C, Mugasimangalam RC, Kumar NS
(2015) The complete mitochondrial genome of the Indian honey bee, Apis cerena

cerana (Hymenoptera: Apidae: Apinae). Mitochondria DNA

105




4) Mandal SD, Panda AK, Lalnunmawii E, Bisht SS, Kumar NS (2015) lllumina-
based analysis of bacterial community in Khuangcherapuk cave of Mizoram, Northeast

India. Genomics Data

5) Singh SS, Mandal SD, Lalnunmawii E, Kumar NS (2018) Antimicrobial,
antioxidant and probiotics characterization of dominant bacterial isolates from
traditional fermented fish of Manipur, North-East India. Journal of Food Science and

Technology. March

6) Ibrahim KS, Laishram A, Lalnunmawii E, Kumar NS (2015) In silico
characterization of human cytochrome P450 monooxygenases. Science Vision Vol 15

No 4 pp178 — 188.

106



List of papers presented:

1) Oral presentation on ' Response of glutathione peroxidase in Nostoc punctiforme
ATCC 29133 to oxidative stress created by hydrogen peroxide, methyl viologen and
tert-butyl hydroperoxide' in 4th Asian PGPR Conference held on 11th & 12th May,

2018 at Mizoram University. (Appreciation award was received)

2) Poster presentation on ' Isolation, amplification, cloning and overexpression of the
glutathione peroxidase-like protein from the cyanobacterium Nostoc punctiforme
ATCC 29133' in 4th Asian PGPR conference on 11th & 12th May, 2018 at Mizoram

University.

107



Characterization of a glutathione peroxidase-like protein from
a diazotrophic cyanobacterium Nostoc punctiforme ATCC
29133 and its role in stress survival

Abstract of the thesis submitted in partial fulfillment of the
requirement of the Degree of Doctor of Philosophy

in Biotechnology

by

Esther Lalnunmawii

Ph.D Registration No : MZU/ Ph.D/ 374 of 30.5.2011

Department of Biotechnology
School of Life Sciences

Mizoram University



Characterization of a glutathione peroxidase-like protein from a
diazotrophic cyanobacterium Nostoc punctiforme ATCC 29133 and its

role in stress survival

ABSTRACT

Cyanobacteria photosynthetic prokaryotes which has the capacity to
produce oxygen . Many of them possess the ability to fix atmospheric nitrogen which
makes them a potential source of biofertilizers in paddy fields. Cyanobacteria are found
in a wide range of ecological habitats - water, soil as well as air. They have been found
to inhabit places like hot springs, deserts and brackish water. Cyanobacterial habitats
also include those that are considered extreme, such as frozen lakes, hot springs and salt
works. They are often subjected to abiotic stress in the form of environmental factors
such nutrient limitation, different intensities of light, herbicides, extreme temperatures
and high salinity. The growth of cyanobacteria and also its ability to fix atmospheric
nitrogen is often inhibited by these factors The stress produced by different factors can
lead to the formation reactive oxygen species which at high levels are detrimental to the
organism and can cause cell death. Cyanobacteria, at the same time possess a wide range
of enzymatic antioxidants as well as non-enzymatic antioxidants to tackle oxidative stress
if and when it arises in cells. The non-enzymatic antioxidants include tocopherols, carotenoids

etc. while the enzymatic antioxidants comprises of superoxide dismutase (SOD), catalases and

peroxidases.



Reactive oxygen species (ROS) such as superoxide anion (0,"), H,0,,

hydroxyl free radicals (HO") and singlet oxygen (*O,) are amongst the most notorious
ROS which can cause harm if not removed. The respiratory electron transport pathway
contributes to the generation of toxic oxygen species in cyanobacteria. But the major
source of ROS in higher plants, oxygen-evolving photosynthetic cyanobacteria and
green algae is the photosynthetic machinery. ROS have multiple effects on the cellular
functions in aerobic organisms. They cause damage to nucleic acids, oxidize proteins
and also cause lipid peroxidation. Numerous strategies have been developed by
cyanobacteria in order to avoid ROS production and also to scavenge them once they
are produced. The enzymatic antioxidants work in concert with each other to detoxify
these ROS. The superoxide dismutases (SOD) acts initially as the first line of defence
against oxidative stress by catalyzing dismutation of O," into H,O, and O,. The
catalases, peroxiredoxins, and Dps proteins protect cells from H,O; toxicity. Catalases
dismutate H,O, to water and oxygen, and free intracellular iron is scavenged by DPS
proteins, which can otherwise interact with H,O, to form HO'. The peroxiredoxins (Prx)
catalyze detoxification of a broad range of substrates, including H,O,, peroxynitrite and
alkyl hydroperoxides to water or nitrate or corresponding alcohols, respectively. Unlike
catalases, which mainly detoxify H,O, (high levels) and exhibit photosynthetic electron
transport independent catalysis, peroxiredoxins mainly scavenge endogenously

generated H,O, (low levels) by coupling catalysis to photosynthetic electron transport.



Although, catalase and peroxidase perform the same function they differ
in their mechanism of action. Peroxidases are believed to play a crucial role in the
detoxification of endogenous hydrogen peroxide, whereas catalases detoxify exogenous
hydrogen peroxide. The enzymes of the former group rely on electrons donated by
ascorbate, glutathione or thioredoxin. Peroxidases can also detoxify other peroxides,
such as alkyl hydroperoxides and peroxynitrite. In general, catalases exhibit lower

affinity for hydrogen peroxide and higher K¢, compared to peroxidases.

Peroxidase detoxifies cell-toxic molecules into simpler and less toxic
molecules, thus it represents an important part of the antioxidant machinery of
cyanobacteria. In chloroplasts of higher plants, ascorbate-dependent peroxidase is the
principle scavenger of hydrogen peroxide, and ascorbate concentrations are high
(millimolar range) (Pérez-Pérez et al., 2009). In contrast, ascorbate concentration in
cyanobacteria is low (micromolar range), and genes which code for ascorbate peroxidase
is missing from the already sequenced cyanobacterial genomes. The concentration of
glutathione in cyanobacteria range from 2-4 mM, and two glutathione peroxidase-like
proteins have been identified in Synechocystis sp. PCC 6803 and characterized.
However, glutathione peroxidase like genes/ proteins has not been characterized in other

cyanobacteria.



Nostoc punctiforme ATCC 29133 (hereafter Nostoc punctiforme) is a
filamentous, heterocystous, nitrogen-fixing cyanobacterium the genome of which has
been completely sequenced. Therefore, the present study becomes of critical importance.

The findings of the study are summarized below:

1) The presence of the glutathione peroxidase-like protein was established
in Nostoc punctiforme ATCC 29133 using in-gel assays that would detect its activity.
The assay confirmed the presence of an active glutathione peroxidase in the organism.
Prooxidants like H,O, and tert-butyl hydroperoxide were used to subject the organism to
abiotic stress in the form of ROS. As glutathione peroxidase enzyme is believed to play
an important role in the defence against ROS in aerobic organisms, the level up to which
the enzyme actively takes part in the detoxification of ROS produced by hydrogen
peroxide and tert-butyl hydroperoxide were also monitored. Glutathione peroxidase was
actively engaged in the removal of ROS when H,0, was added to its environment to a
concentration of ImM. In case of the stress produced as a result of the addition of tert-
butyl hydroperoxide, glutathione peroxidase activity was actively seen in all the
concentrations used. It can thus be concluded that glutathione peroxidase is present in
the cyanobacterium Nostoc punctiforme ATCC 29133 and that it plays an active part in

the detoxification of ROS produced in its system.

2) A gene corresponding to the glutathione peroxidase-like protein was
identified in Nostoc punctiforme ATCC29133 using Synechocystis PCC 6803 as the

query sequence. The physico-chemical properties of the glutathione peroxidase-like



protein showed a certain level of similarities in terms of molecular
weight, pl, stability index etc. from the previously characterized glutathione peroxidase-
like proteins from Synechocystis PCC 6803. Multiple sequence alignment of the protein
with several other known glutathione peroxidase proteins, both from Eukaryota and
Prokaryota showed a highly conserved cysteine at position 65. A phylogenetic tree
drawn from the sequences also showed that the glutathione peroxidase-like protein of
Nostoc punctiforme ATCC 29133 is closely related with the glutathione peroxidase-like
proteins of Synechocystis PCC 6803 by clustering together. Phobius software did not
detect any signal peptide in the protein and classified it as a non- cytoplasmic protein.
The protein was successfully modelled and the Ramachandran plot of the modelled

protein confirmed the its stability.

3) The glutathione peroxidase-like protein from Nostoc punctiforme
ATCC 29133 was cloned and overexpressed successfully in E.coli. After successfully
isolating genomic DNA, the DNA fragment containing open reading frame Npun_R4660
was amplifed using specific primers. Amplified DNA fragments were cloned and
plasmids were constructed to express Npun_R4660. The plasmids were digested with
appropriate restriction enzymes and cloned into E.coli systems. A protein of
approximately 18KDa was produced in the soluble phase of the cytosol of E.coli in bulk
quantity. Therefore, this strategy of recombinant protein production in E.coli may be

used in producing protein in bulk quantity for characterization or for any other uses.
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