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Cyanobacteria, which originated >3 billion years ago, were among the first organisms to
produce oxygen (as byproduct of photosynthesis) in an otherwise reducing environment.
Hence, very likely, these organisms have developed elaborate mechanisms to protect their
cellular machinery from ROS. The heterocystous, filamentous, cyanobacterium Anabaena
performs two vital functions, namely photosynthesis and nitrogen fixation, which are
extremely sensitive to ROS. Nitrogen-fixing strains of cyanobacteria such as Anabaena are
economically valuable and eco-friendly source of biofertilizers in the paddy fields of South
East Asia (Venkatraman, 1979). Various abiotic stresses (heavy metals, drought, salt, extreme
temperatures, high light intensity, herbicides etc.), which lead to over-production of ROS
(Choudhury et al., 2013); adversely affect the biofertilizer potential of Anabaena. Therefore,
understanding the molecular machinery involved in overcoming oxidative stress in Anabaena
is important for development of newer biofertilizers for use under adverse field conditions.

Reactive oxygen species (ROS), include superoxide (O2’), hydrogen peroxide (H>0:) and the



hydroxyl radical (OH), and are continuously produced as by-products of normal cellular
metabolic activities during aerobic growth. Moreover, formation of ROS is further exacerbated
when organisms are exposed to stresses such as light, elevated temperature, salinity,
desiccation, radiation etc. Unless effectively scavenged, ROS can damage all major classes of
cellular components. Organisms have evolved different strategies that include enzymatic
(catalases, superoxide dismutases and peroxidases) and non-enzymatic (e.g. glutathione and

ascorbate) defense mechanisms to detoxify ROS.

Peroxiredoxins (Prxs), also called thiol peroxidases, are proteins that detoxify ROS, such as
hydrogen peroxide, alkyl hydroperoxides and peroxinitrites. Prxs belong to the Trx
(Thioredoxin)-fold superfamily and are ubiquitously present in all domains of life. Prxs possess
a catalytic cysteine residue, the peroxidatic cysteine (Cp) that is involved in detoxification of
peroxides. During reaction cycle, C, residue reacts with the peroxide substrate and is oxidized.
Many Prxs also have another conserved cysteine residue, the resolving cysteine (C;), which
forms an intermolecular or intramolecular disulfide bond with the oxidized C, during the
reaction cycle. Regeneration of the reduced form of the catalytic cysteine residues is ultimately
facilitated by reductants such as thioredoxin, glutaredoxin, cyclophillins etc (Dietz, 2011,

Lindahl, and Cejudo 2013).

The role played by the various proteins in overcoming oxidative stress in the filamentous,
heterocystous, diazotrophic, cyanobacterium Anabaena PCC7120 has generated lot of interest
in the recent past (Cha et al. 2007; Agrawal et al. 2014; Panda et al. 2014). Investigating the
contribution of peroxiredoxins in overcoming oxidative stress in Anabaena PCC7120 is a
major research activity being pursued in our laboratory (Banerjee et al. 2012a; Banerjee et al.

2012b; Banerjee et al. 2013, Banerjee et al., 2015). The genome of Anabaena PCC 7120 shows

V1



the presence of 10 peroxiredoxin genes (alll1541, alr2503, all2375, all2556, alr3183, alr4404,

alr4641, alr4642, alr1206, all0513) (Cui et al. 2012). Of these, the role of alr3183 and alr4642

in overcoming oxidative stress was addressed in the present study. Although, Alr3183 had been

partially characterized earlier (Cha et al. 2007), its role in oxidative stress resistance per se in

Anabaena PCC7120 had not been ascertained. On the other hand, the ORF alr4642 (encoding

a Prx-like peroxiredoxin) or its orthologs had not been characterized from any bacterial species.

Overall objectives of the thesis:

1)

2)
3)

Cloning of alr3183 and alr4642 into E. coli over-expression vector for over-expression of
Alr3183/Alr4642  proteins, their  purification and  biophysical/biochemical
characterization.

Expression analysis of Alr3183 and Alr4642 in response to different stresses in Anabaena.
Construction of suitable plasmid vectors to over-express the above- proteins in Anabaena

and study stress tolerance of the corresponding over-expression strains vis-a vis the wild-

type.

Thesis is divided into 5 chapters inclusive of a General Introduction containing review of

literature (Chapter 1). The material and methods are described in the Chapter II. Chapters III

and IV deal with Results obtained while characterizing Alr3183 and Alr4642 respectively and

the relevant discussion. A Summary of major findings of this work is presented at the end,

which is followed by a list of references that were used in the study.

Chapter 1: General Introduction

This chapter provides a brief introduction on cyanobacteria and explains why they continue to

be a good model system to study responses to abiotic stress. A brief introduction on ROS,

pathways that generate ROS and the physiological consequence of oxidative stress i.e.

vii



excessive generation of ROS is described here. The machinery that detoxifies ROS, both non-
enzymatic and enzymatic, is discussed. The various types of Prxs and their mechanism of
catalysis are highlighted. In addition, the physiological role played by Prxs in different
organisms is elaborated. In light of the available information, the objectives and scope of the

present study in cyanobacteria is stated.

Chapter 2: Materials and Methods

This chapter describes the materials and experimental methods employed in the study. The
source of different bacterial strains, plasmids, enzymes, chemicals culture media and the
growth conditions utilized in the study are described here. The procedures followed for
polymerase chain reaction (PCR), isolation and cloning of DNA fragments in to plasmid
vectors, conjugation of plasmids into Anabaena PCC7120 and selection of exconjugants are
described. Methodology used to evaluate the oxidative stress resistance of Anabaena strains is
detailed. The different techniques involved in over-producing the Alr3183/Alr4642 proteins
and their subsequent purification are described. Protocols to evaluate the peroxidase activity of
Prxs employing different reductants are detailed. Electrophoresis techniques followed by
Western/Northern analysis are elaborated. Techniques of gel exclusion chromatography,
dynamic light scattering, CD-spectropolarimetry, surface plasmon resonance (SPR) etc are
elaborated in this chapter. The different analytical procedures and bioinformatic analyses used

in the study are also stated.

Chapter 3: Cloning and characterization of a/r3183/Alr3183 from Anabaena PCC7120
This chapter describes and discusses the results obtained on characterization of the Alr3183
protein from Anabaena. Introduction to BCP (bacterioferritin comigratory protein)/PrxQ type

of peroxiredoxins and brief review of literature is presented in this chapter. Bioinformatic
viil



analysis indicated Alr3183 to belong to the PrxQ family, wherein the Cp was located within the
GCT motif. Further, the cysteine residue at 46™ amino acid position was suggested to be C,
whereas the cysteine at 51% position was proposed to be C:. The alr3183 gene from Anabaena
PCC7120 was PCR amplified with suitable primers and cloned into the E. coli expression
vector, pET16b. This vector adds 10 His codons in frame upstream of the 5’ end of the gene
cloned. Therefore, when expressed, the protein of interest carries a His-tag (at N-terminal) and
can be purified by affinity chromatography using IMAC/Ni-NTA agarose. To evaluate the role
of catalytic cysteines in the Alr3183 protein, codons corresponding to both the Cys residues
were separately mutated to serine by employing a PCR-based strategy that involved the use of
mutagenic primers. Similarly, a mutant Alr3183 wherein both the Cys residues were changed
to Ser was also generated. The DNA fragments thus obtained, alr3183C46S, alr3183C51S and
alr3183CDM (cysteine double mutant) were also cloned into pET16b. After confirming the
nucleotide integrity by sequencing, all the plasmid constructs were transformed into E. coli
BL21(pLysS) for overproduction of proteins. All the over-expressed proteins could be detected
with the penta-His antiserum. Furthermore, these proteins were present in the soluble fraction
of E. coli whole cell extracts and could be purified to near homogeneity by affinity
chromatography. The purified Alr3183 protein was employed to raise specific antiserum in
rabbits at a commercial facility. All the three above-mentioned proteins immune-cross reacted

with anti-Alr3183 antiserum on Western blots.

When resolved on reducing SDS-polyacrylamide gels, all the three proteins migrated with an
apparent molecular mass of ~19 kDa, which corresponded to their monomeric size.
Incidentally, the Alr3183 protein appeared as two closely spaced bands on reducing SDS-
polyacrylamide gels. MALDI-TOF MS-based peptide mass fingerprinting analysis confirmed

both the bands to be Alr3183. Results with 4-acetamido-4'-maleimidyl-stilbene-2,2'-
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disulfonate (AMS) showed Alr3183 to form intra-molecular disulfide bonds. On non-reducing
polyacrylamide gels, only Alr3183 appeared at its monomeric position whereas both
Alr3183C46S and Alr3183C51S appeared as dimers. Thus, in the absence of one catalytic
cysteine, the other catalytic cysteine (of one monomer) can form intermolecular disulfide bond
with its counterpart (from another monomer) and dimerize, whereas, when both the cysteines
are present, intramolecular disulphide bond is formed. Gel exclusion chromatography and
dynamic light scattering studies also showed Alr3183 to exist as a monomer whereas
Alr3183C46S and Alr3183C51S were dimeric. CD spectropolarimetry showed the Alr3183
protein to primarily be an a-helical protein. Reducing the protein with DTT did not significantly
alter its secondary structure. Interestingly, Alr3183C46S and Alr3183C51S, in spite of being
dimeric, showed only minor changes in the secondary structure when compared with Alr3183,
indicating that dimer formation does not cause major alterations in the secondary structure of

this protein.

Alr3183 protein showed peroxidase activity with TrxA among the three different reductants
(GSH, DTT and TrxA) tested for H>O detoxification. To monitor physical interaction between
TrxA and Alr3183 Surface Plasmon Resonance (SPR) analysis was used. The Trx A protein was
immobilized on a bare gold sensor chip while the purified Alr3183 protein was present in the
mobile phase for interaction. A concentration-dependent increase in the SPR signal confirmed
the physical interaction between Alr3183 and TrxA. The Alr3183 protein was reduced with
DTT and allowed to interact with TrxA. Interestingly, the DTT-reduced protein showed
decreased binding to TrxA as compared to the control Alr3183 protein (i.e. not treated with
DTT). Interaction of Alr3183C46S and Alr3183C51S with TrxA was also performed. At
comparable protein concentrations, both Alr3183C46S and the wild-type Alr3183 protein

showed similar response units at the end of the assay period. However, a distinctly reduced



interaction was observed when Alr3183C51S was present in the mobile phase. The
Alr3183CDM protein bound to TrxA in a manner very similar to that shown by Alr3183C51S.
In conclusion, the presence of the resolving cysteine residue appears to enhance the binding of

the Alr3183 protein to TrxA.

Alr3183 could decompose H>0», t-butyl hydroperoxide and cumene hydroperoxide in TrxA-
dependent manner. On exposure to elevated temperatures, Alr3183 remained fully functional
till 40°C, but a severe drop in its activity was observed beyond 45°C, and the protein was
completely inactive when exposed to 60°C. Interestingly, unlike other Prxs, such as Alr4641
and All1541 from Anabaena, Alr3183 protein was active even after treatment with 10 mM
H»0,, suggesting that C,was not easily over-oxidized by H>O». The Alr3183C46S protein (that
lacks Cp) showed complete absence of peroxidase activity whereas Alr3183C51S (wherein C;
was absent) showed partial activity. However, this activity was 10-fold lower than that observed
with the Alr3183 protein. Moreover, Alr3183C51S required relatively higher concentration of
TrxA (2 uM or more) to show any peroxidase activity. In contrast, the wild-type protein showed

peroxidase activity even with 0.5 uM TrxA.

Expression of the Alr3183 protein was monitored in Anabaena in response to stresses such as
H>02, methyl viologen, salt etc. No induction of the Alr3183 protein was observed when the
total proteins from the stress-treated cells were probed with the Alr3183 antiserum, suggesting
the inability of these agents to enhance Alr3183 production in Anabaena. Interestingly, Alr3183
protein was found to be distinctly induced in response to y-radiation. Nitrogen status of the
medium did not alter the induction of the Alr3183 protein and even in the under nitrogen-fixing
conditions (i.e. absence of combined nitrogen.), production of Alr3183 was observed on

exposure to y-radiation.

xi



Antisense approach was employed to reduce expression of the Alr3183 protein on exposure to
gamma radiation. The a/r3183 ORF was cloned in the reverse orientation (i.e. antisense)
between a strong light inducible PpsbAl promoter and the gfpmut? gene in pAMI1956
(construct denoted pAMAS3183), which was subsequently conjugated into Anabaena
PCC7120 (to give rise to AnAS3183"). As compared to the wild-type Anabaena, a distinct
decrease in the synthesis of the Alr3183 protein was observed in AnAS3183" on exposure to y-
radiation. On exposure to 6 kGy dose, AnAS3183" showed a reduction in growth as compared

to the wild-type, suggesting a role for Alr3183 in overcoming radiation stress.

As the inherent levels of the Alr3183 protein were low in Anabaena, it was desired to verify if
over-expression of Alr3183 could protect Anabaena from oxidative stress. The complete
alr3183 ORF was cloned in between a strong light inducible P47 promoter and the gfpmut2
gene in pAM1956 (construct denoted pAM3183), which was subsequently conjugated into
Anabaena PCC7120 (to give rise to An3183"). In An3183", both alr3183 and gfp are co-
transcribed but independently translated resulting in co-expression of both proteins. The
An3183" cells that appeared on the selection plates were verified by monitoring expression of
GFP microscopically. Intense GFP expression in the filaments under fluorescence microscope
showed the presence and transcription of constructs inside the cell. When probed with the
Alr3183 antiserum on Western blots, the recombinant An3183" showed considerable
production of the Alr3183 protein. The An3183" strain showed 5-6 times less levels of ROS
than the wild-type strain when exposed to ImM H>O». Under nitrogen-deficient as well as
nitrogen-supplemented conditions, H>0O2 caused destruction of photosynthetic pigments and
cell death in the wild-type Anabaena cells, but An3183" was protected from these deleterious

effects.
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The 3183C46S protein was also over-produced in Anabaena employing the same strategy used
to over-express Alr3183. This protein was readily produced in Anabaena (An3183C46S).
However, unlike the An3183™ strain, the An3183C46S™ was sensitive to the oxidative effects
of H20», indicating that expression of Alr3183C46S was ineffective in offering any protection
from oxidative stress. Thus, peroxidase activity of Alr3183 appears to be essential to protect

Anabaena from the lethal effects of H>O».

In conclusion, Alr3183 was a monomeric, TrxA-dependent peroxidase whose catalytic
cysteines, C, and C;, form an intramolecular disulfide bond. The presence of both C, and C;
prohibits intermolecular disulfide bond formation, but if either of the catalytic cysteine is
absent, the protein becomes dimeric due to formation intermolecular C;-C; or Cp-Cp linkages.
C, is essential for reacting with the peroxidatic substrate whereas the presence of C; appears to
enhance the protein’s capability to interact with TrxA. Reduction of the intra-molecular
disulfide bonds decrease the ability of Alr3183 to interact with TrxA, which may be important
to facilitate dissociation of the two proteins once the disulfide exchange has occurred. /n vivo,
Alr3183 was found to be a stress-inducible protein whose synthesis was upregulated by y-
radiation. Over-expression of Alr3183 protected Anabaena from oxidative stress in nitrogen-
supplemented as well as nitrogen-deficient conditions, indicating the potential of An3183" to

function as stress-resilient biofertilizer.

Chapter 4: Cloning and characterization of alr4642/Alr4642 from Anabaena PCC7120

This chapter describes characterization of Alr4642 protein from Anabaena. In Anabaena,
alr4642 was located immediately downstream of ORF encoding 2-Cys-Prx i.e. alr4641.
BLAST search showed the ORF alr4642 (642-bp, encoding 213 amino acids) from Anabaena

PCC7120 to belong to the thioredoxin superfamily and share homology with the Prx-like2
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proteins from many other cyanobacteria. Interestingly, similarity of Alr4642 with the other Prx-
like2 proteins was observed only from its second methionine, which was 35 amino acids away
from the first annotated methionine. The protein initiating from the second methionine was
therefore designated as AlrT4642, (T for truncated). The Prx-like2 domain of Alr4642 extended
from 75" to 196™ amino acid. Alr4642 showed presence of CXXC motif similar to that present
in thioredoxin (Trx). Although, this protein showed conserved peroxidatic cysteine (second C
of the CXXC motif), the other two conserved residues (i.e. T & R) of the catalytic triad were

absent.

The promoter search program, BPROM, identified a promoter that was located right at the
beginning of the full-length a/r4642 ORF with the -35 region overlapping with the start codon
of alr4642 (i.e. the 1%* ATG) Although, the -10 of the identified promoter showed a good match
with the consensus -10 promoter sequences, the -35 region showed poor match with its
respective consensus, indicating that the promoter was inherently a weak promoter. A LexA
box that overlapped directly with the -10 sequence was identified bioinformatically.
Electrophoretic moblity shift assays (EMSAs) showed that LexA protein from Anabeana PCC
7120 bound to the alr4642 promoter DNA. Northern blotting and hybridization techniques
were employed to verify in vivo transcription of alr4642. In control cells or in response to
oxidizing agents such as H,O,, methyl-viologen and tertiary-butyl hydroperoxide, the alr4642
transcript could not be detected. Thus, possibly due to the presence of a weak promoter and/or

possible repression by the Lex A protein, the alr4642 ORF was not expressed in Anabaena.

Prx-like proteins have not been characterized from any bacterium. Hence, it was desired to
purify the Alr4642 protein for biochemical analysis. As homology with the other Prx-like
proteins was observed from the second methionine (Met*®), along with the full-length alr4642

OREF, a truncated alr4642 i.e. alrt4642 (537-bp, encoding a protein extending from 36"residue
Xiv



to 213" residue i.e. 178 amino acids) was also cloned in E. coli expression vector pET16b for
overproduction of N-terminally His-tagged, Alr4642 (10HisAlr4642) or AlrT4642
(10HisTAIr4642). On induction with IPTG, production of the full-length Alr4642 protein or
the AlrT4642 protein was clearly observed on denatured polyacrylamide gels. However, in
spite of abundant production, 10HisAlr4642 or 10HisAlrT4642 were both insoluble in E. coli
and located exclusively in the inclusion bodies. Attempts to obtain Alr4642/TAlr4642 in
soluble form for purification by (a) lowering the temperature during growth (b) by reducing
IPTG concentration, and (c) by employing an alternate medium (e.g. auto-induction medium)
were not successful. Similarly, purification under denaturing conditions was also unsuccessful.
The over-expressed Alr4642 was eluted from the SDS-polyacrylamide gels and employed to
generate polyclonal antiserum in mice. The AlrT4642 protein (along with the thrombin
cleavage site) was expressed as a fusion protein with the His-tagged trigger factor (TF, a
chaperone) to obtain AlrT4642 in soluble form. The TF-AlrT4642 was soluble when expressed
in E. coli and could be purified to near homogeneity by affinity chromatography. The fusion
protein TF-AlrT4642 was treated with thrombin slurry to cleave AlrT4642 from the His-tagged
TF. Although, the proteins were successfully cleaved, the TF remained tightly bound to the

AlrT4642 and could not be separated by affinity chromatography or gel filtration.

As Alr4642 could not be expressed in soluble form in E. coli, attempts were made to purify
Alr4642 after expressing it in Anabaena. The complete alr4642 ORF was cloned in between a
strong light inducible P47 promoter and a gfpmut2 ORF in pAM1956 (construct denoted
pAMAIr4642), which was subsequently conjugated into Anabaena PCC 7120. When
exconjugants were probed with the Alr4642 antiserum on Western blots, the recombinant
An4642" (but not the wild-type Anabaena) showed production of a shorter Alr4642 protein,

whose size (20.3 kDa) matched with that of AlrT4642, and not the full length Alr4642. This
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indicated that the codon corresponding to the second methionine was the actual start codon in

vivo in Anabaena.

As the above-mentioned results suggested that AlrT4642 (but not Alr4642) was expressed in
Anabaena, the His-tagged AlrT4642 protein was over-expressed in Anabaena for purification.
To accomplish this, the alrt4642 ORF with 6 additional His codons at its 3’ end [i.e.
alrt4642(6His)] was cloned downstream of Ppw4; promoter in pAM1956 (pAMT4642) and
conjugated into Anabaena. Expression of AlrT4642(6His) was verified on Western blots with
the Alr4642 antiserum wherein production of a 21.2 kDa protein was observed (the addition of
the 6-His tag increased the size of the protein by ~0.9 kDa). This protein was observed in the
cytosolic fraction of Anabaena extracts indicating that AlrT4642 remained soluble when over-
expressed in Anabaena. The AlrT4642 protein could be purified to near homogeneity by
affinity chromatography employing the Ni-NTA matrix. The identity of purified AlrT4642 was
confirmed by probing it with anti-Alr4642 and anti-polyhistidine antibodies. The purified
AlrT642 was checked for its ability to protect DNA from oxidative damage using the metal
catalyzed oxidation (MCO) assay. In the absence of the AlrT4642(6His) protein or in the
presence of BSA (control protein), complete degradation of the plasmid DNA was observed in
the metal catalyzed oxidation (MCO) assay. However, when the Alr4642(6His) protein was
present, distinct protection of DNA was observed. This protein failed to show TrxA-dependent
Prx activity when TrxA from E. coli was used, however, a DTT-dependent peroxidase activity
was observed. The recombinant AnT4642(6His)" and the wild-type Anabaena PCC7120 were
assessed for oxidative stress resistance in response to hydrogen peroxide. After 2 days of
treatment, a pronounced bleaching, indicating loss of photosynthetic pigments, was observed
in the wild-type cells but not in AnT4642(6His)", indicating that that over-expression of

AlrT4642 can protect Anabaena from oxidative stress.
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In summary, the alr4642 ORF from Anabaena PCC7120 encoded a protein that showed
homology to Prx-like family of Prxs. Sequence analysis showed the presence of another
methionine residue, 35 amino acids downstream of the first annotated methionine. Both full
length Alr4642 and AlrT4642 (truncated Alr4642, initiating from the second methionine)
remained insoluble when over-expressed in E. coli, and could not be purified. Interestingly,
expression of the complete alr4642 ORF in wild type Anabaena resulted in the production of
the truncated AlrT4642 protein, suggesting that the second ATG was the actual in vivo start
codon of alr4642 in Anabaena. When over-expressed in Anabaena, AlrT4642 (with a C-
terminal His-tag) was soluble and could be purified by affinity chromatography. The purified
AlrT4642 protected the plasmid DNA from oxidative damage and Anabaena cells over-
expressing AlrT4642 showed improved tolerance to H>O, than the wild-type. These data
indicate that AlrT4642 is indeed an antioxidant protein that is capable of protecting Anabaena

from oxidative stress.

Chapter 5: Summary and Conclusions

The major results obtained during the course of this work and their interpretation and
significance is reported in this chapter. Future prospects of research that have risen from the

work embodied in this thesis are also discussed.

References: This section will follow chapter 5 and all the relevant literature referred to during

the course of this study will be cited here.
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Chapter 1 - General Introduction




1.1 Oxygen toxicity, oxidative stress and reactive oxygen species

Molecular oxygen (O>) is indispensable for the existence of aerobic organisms, but it is also
potentially dangerous since reactive oxygen species (ROS) resulting from it are source of cell
and tissue injury [1]. It is well known that obligate anaerobes and microaerophiles have
considerably reduced tolerance to oxygen. Even aerobic organisms tolerate oxygen only up to
a limited extent [2]. In the presence of high concentration of oxygen (i.e. hyperoxia) aerobes
too show reduced growth, and beyond a threshold concentration, death may occur, this
phenomenon, is termed as oxygen toxicity [3, 4]. Oxygen toxicity arises due to the formation
of ROS at increased concentration of oxygen [5]. Incomplete reduction of oxygen to water
formed ROS [6, 7]. Superoxide anion radical («O2’), hydrogen peroxide (H20.), and hydroxyl
radical (OH') are the biologically important ROS [8, 9, 10]. Singlet oxygen, the excited form
of O having spin paired pi-antibonding electrons [11], is generated in photosynthetic

organisms.

Molecular oxygen is stable molecule with two unpaired electrons in its pi-antibonding
orbitals. These two unpaired electrons exist in the same spin state (Fig. 1.1.1). Due to this
structure, oxygen can accept only one electron at a time, making it a weak electron accepter.
Since most biological molecules are poor univalent electron donors, oxygen cannot
efficiently oxidize them. However, the unpaired electron of oxygen can readily react with the
unpaired electrons of transition metals and organic radicals. In contrast, O, H.O>, and OH
are much stronger univalent oxidants [12] than dioxygen, as evidenced from their values of
reduction potentials (Fig. 1.1.2) [13]. Various reactive oxygen species important in biological

systems are summarized in Table 1.1.
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Fig. 1.1.1. Molecular-orbital diagrams of ROS species. Molecular-orbital diagrams of molecular oxygen

(Oy), superoxide («Oy), peroxide (O,?), and singlet oxygen (*O,) [14].

K e .t-ﬁ e +H*
202
-0.16V -0.94V

u HO: L—» H,0

+0.38V

H,0 e +H*

+2.33V

Fig. 1.1.2. Reduction potentials for oxygen species. 1 M dioxygen is used as the standard state for the first step

[13].

ROS are continuously produced in aerobic cells (13, 12, 15) and their generation is enhanced

during stressful conditions. ROS can damage biomolecules [16] which if not repaired

effectively, can ultimately lead to cell death. Cumulatively, this is known as oxidative stress.

Thus, oxidative stress is an imbalance between ROS generation and its removal or

detoxification or repair of damage by a biological system [17, 18].
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Table 1.1: Various reactive oxygen species important in biological systems.

Superoxide anion

(*02)

Formed in many autoxidation reactions and by the electron transport chain (ETC).
Relatively unreactive but can release Fe?* from iron-sulfur proteins and ferritin.

Undergoes dismutation spontaneously or by enzymes to form H.O,

Hydrogen peroxide
(H202)

Two-electron reduction state, formed as a result of O dismutation or by direct

reduction of O.. Lipid soluble and thus able to diffuse across membranes.

Hydroxyl radical

(*OH)

Three-electron reduction state, formed mainly by Fenton reaction and

peroxynitrite decomposition. Extremely reactive, will attack most cellular,

components

Organic hydroperoxide

Formed when radicals react with cellular components (such as lipids and DNA)

(ROOH)
Alkoxy and RO, |lOrganic radicals. Produced in the presence of oxygen by radical addition to
Peroxy radicals ROO- |[double bonds or hydrogen abstraction. Participate in lipid peroxidation reactions

Hypochlorous acid

HOCI

Formed from H.O, by myeloperoxidase. Lipid soluble and highly reactive. Will
readily oxidize protein constituents, including thiol groups, amino groups and

methionine.

Peroxynitrite

ONOO-,

Formed in a rapid reaction between *O;" and NOe. Lipid soluble and similar in
reactivity to hypochlorous acid. Protonation forms peroxynitrous acid, which can

undergo homolytic cleavage to form hydroxyl radical and nitrogen dioxide.

Table Source: [19]




1.2 Sources of ROS in living system

Multiple mechanisms lead to ROS generation in a cell and tissue specific manner in
organisms [20]. Molecular oxygen is unreactive and hydroxyl radical is short lived (in vivo
half-life of 10° sec), thus the rate at which «O2 and H.O; are formed inside the cell decides
the level of oxidative stress that an organism experiences. In living cells ROS are generated

by different sources (Fig. 1.2.), most relevant are those detailed below:
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Fig. 1.2. Sources of oxidative stress. Sources for oxidative stress in bacteria include (1) intracellular enzyme
autoxidation, (2) environmental redox reactions, (3) H20- released by competing microbes (e.g. Lactic acid

bacteria), (4) phagosomal NADPH oxidase, and (5) redox-cycling antibiotics [20].

1.2.1 Mitochondrial (Respiratory) production of ROS

Oxidative phosphorylation produces usable energy in mitochondria. During this process,
proton transport occurs across the inner membrane by the means of electron transport chain
(ETC). In ETC, electrons are channeled through a series of proteins via oxidation-reduction
reactions, final destination being O2 and concomitantly generation of water. Under normal

conditions approximately, 1-5% of electrons ‘flowing' through the ETC are diverted to form
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O at complex | (NADH/ubiquinone oxidoreductase) and complex Il

(ubiquinol/cytochrome ¢ oxidoreductase) [12, 21, 22].

ROS Generation in complex | occurs at outer active parts of the enzyme at each end of the
cofactor chain. Two distinct but mutually inexclusive sites of O reduction are suggested in
complex | as supported by the model for structure of the hydrophillic arm of the respiratory
complex | from Thermus thermophilus [23]. According to this model, most of the enzyme
cofactors are solvent inaccessible, and are not able to react with molecular oxygen. The outer
active parts of the enzyme at each end of the cofactor chain: either the reduced flavin moiety
or the quinine-binding site seems to be the two sites of ROS generation in complex | [24].

Production of <Oz in bcl complex (complex I11): This is the possible site of <O  generation in
the periplasm of gram negative bacteria. Auto-oxidation of ubiquinol probably occurs in the
momentary presence of semiquinones at Qn and Qp, which due to their radical nature react
avidly with molecular oxygen. The high auto-oxidation of the bcl complex in the presence of
antimycin, an inhibitor that blocks electron flow to the Q. site, thereby forcing the
accumulation of ubisemiquinone at Qp supports this hypothesis [25, 26]. The superoxide
anions formed are released on the positively charged face of the membrane, i.e. periplasm.
The superoxide generated has tendency to get electrostatically attracted to the catalytic iron
atom present in the Fe-S clusters. After binding to this cluster, the superoxide radical can
univalently oxidize the Fe-S cluster, making it unstable. This ultimately leads to the

degradation of clusters and the catalytic iron atom is lost [26, 27].



1.2.2 Production of ROS inside the phagocytic cells (NADPH oxidases or

NOX complexes)

The NADPH oxidases are membrane-bound enzymes facing the extracellular space in plasma
membranes as well as the phagosome membranes (vesicles used by neutrophils to engulf the
microbes). Under normal conditions, the NOX is latent in neutrophils and is activated to
assemble in the membranes during respiratory burst [28]. NADPH oxidase can transfer
electrons from NADPH inside the cell across the membrane and couple this to molecular
oxygen, generating superoxide anion. Myeloperoxidase (MPO) is most abundantly expressed
in neutrophils and it produces hypochlorous acid from H;O, and CI ions during the
respiratory burst. Using hydrogen peroxide, MPO also produces tyrosyl radical by oxidation

of tyrosine. Both the products, H202 and the tyrosyl radical are cytotoxic.

1.2.3 lonizing radiation (IR)

lonizing radiations (X-or-gamma rays) are high energy radiations that have enough energy to
free electrons from molecules, thereby creating free radicals. lonizing radiation can damage
molecules directly or indirectly, through radiolysis of water [29]. Radiolysis of water that
occurs in the presence of IR is a major source of ROS production. In this process, water loses
an electron and becomes highly reactive. Then through a three-step chain reaction, water is
sequentially converted to the ‘OH, H202 and «O2" [30]. Since water comprises major portion
of all organisms, the probability of radiolysis is quite high under the presence of ionizing

radiation.



1.2.4 Photosynthetic production of ROS

The oxygenic photosynthesis is essential for life on earth [31, 32]. Photosynthesis is an
important contributor of cellular oxidants [32]. Both the reaction centers of PSI and PSII are
the major sources of ROS production in plants. Photoreduction of oxygen to hydrogen
peroxide occurs in PSI [33]. Later, Asada [34] showed <O to be the primary reduction
product, and its disproportionation produced H2O2 and O. In PSII, the ground (triplet) state
oxygen is excited to singlet state by the reaction center chlorophyll (Chl) of triplet excited
state [35, 36, 37]. Singlet oxygen is unstable and specifically reacts with organic molecules
with double bonds. Singlet oxygen is produced in high amount of in plants exposed to high
light. These ROS species reduces the photosynthetic efficiency of chloroplasts and excess of

singlet oxygen may result in cell death [35].

1.2.5 Futile cycle or redox cycling

Many flavoenzymes and their cofactors are auto-oxidized by aromatic compounds to their
anion free radicals [38]. Radicals thus generated can further reduce molecular oxygen to
superoxide, and the (unchanged) parent compound is simultaneously regenerated. This
behavior of flavoenzymes and their cofactors has been described as futile cycle or redox
cycling. Examples of redox cycle-inducing molecules includes herbicide paraquat (methyl
viologen together with other viologens) and quinones such as menadione [38]. Autoxidation
of flavoenzymes yields a mixture of «O, and H.O>. More H20», rather than +O, is produced
by NADH dehydrogenase, sulfite reductase, and xanthine oxidase, whereas, succinate

dehydrogenase and fumarate dehydrogenase release more «O>" than H20..

Not only the sites of intracellular «O2" or H20O> generation, but also the rate at which they are
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produced, differ from organism to organism. Hence, even in similar environments, different
organisms may experience dissimilar levels of <O, and H2O; stress. This ultimately gives rise

to differences in the levels of oxygen tolerated by various species [19].

1.3 Damaging effects of different ROS

Molecular oxygen by itself has a little impact on aerobes. Flint et al. [27], have shown that
dioxygen can oxidize the (4Fe-4S) clusters of several dehydratase with a rate constant of

about 1 M st

1.3.1 Effects of superoxide

Superoxide itself is not very reactive, but it can inactivate dehydrogenase enzymes or in its
protonated form, hydroperoxyl HO», which has a pKa of 4.8 can also initiate lipid
peroxidation [39, 40]. Thus, at physiological pH, the majority of superoxide will exist as <Oz
(i. e. superoxide anion). Earlier, it was thought that superoxide primarily delivered electrons
to adventitious iron on DNA [41]. Later, studies in E. coli indicated that superoxide caused
damage to DNA by leaching iron from storage proteins (i.e. Fe-S clusters, which are the
major source of free iron) or enzymes such as aconitase B and fumarase A/B [42]. This
released iron can now deposit on the surface of the DNA and catalyse the Fenton reaction in
association with H20O, [42]. This damage to key enzymes causes tricarboxylic acid cycle to
lose function during oxidative stress, and hence, non-fermentable substrates can no longer
support growth [42].

Recently Baron et al., [43] have suggested acid burst in yeast occurs due to superoxide

generation. In mammalian systems, mitochondrial superoxide production causes cellular



oxidative damage and may be the underlying reason for degenerative diseases and aging [42].

1.3.2 Hydrogen peroxide-mediated damage

1.3.3 Hydroxyl radical

The negative charge of O reduces its activity with electrons rich molecules, whereas the
reactivity of H2O. is reduced by the strength of its oxygen-oxygen bond, but the <OH
oxidizes most bio-molecules at diffusion limited rates [45]. Hydroxyl radical formation
within a cell occurs mainly by Fenton reaction [46]. Hydroxyl radicals generation by Fenton
reaction require iron (or another divalent metal ion, such as copper) and a source of reducing
equivalent (possibly NADH) to regenerate the metal [47]. Fenton reaction cause protein
carbonylation and membrane peroxidation, its most significant impact is on DNA, because
even a single unrepaired DNA lesion can be mutagenic or lethal [47]. A short time exposure
to millimolar levels of H>O creates enough DNA damage to heavily mutagenize or even kill
most bacteria [19]. The “free iron,” i.e. the iron that is not incorporated into enzymes or iron-
storage proteins, catalyses the Fenton reaction. Nucleic acid are the favored targets of Fenton-
mediated damage because nucleic acids have tendency to bind metals, and binding of metals
such as iron and copper metals leads to generation of hydroxyl radicals via Fenton reaction
when H>O> is present in the vicinity. Hydroxyl radical, due to its non-specific and high
reactivity, is unlikely to diffuse far from its origin in vivo. Hence, once HO' is generated on
DNA, damage to this vital biomolecule is inevitable. HO- can abstract electron from both the
sugar and base moieties, and can also react with the unsaturated bases [48, 49]. The resultant
radicals finally decompose in multifarious ways and thereby causing different types of
lesions. Interestingly, the low reduction potential of guanine facilitates electron movement

from G to nearby base radicals, thereby reversing the radical at the original site of oxidation
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but leaving guanine with an unpaired electron, which ultimately results in the formation of 8-
hydroxyguanine.

Generation of hydroxyl radical occurs by Haber-weiss reaction in the presence of hydrogen
peroxide and ferric ion.

In the first step reduction of ferric into ferrous ion with <Oy :

Fe¥* ++.0; — Fe?*" +0;

The next step is the Fenton reaction:

Fe?* + H,0, — Fe** + OH + ‘OH
Hydroxyl radical is generated inside the body in hypoxic conditions [50]. Moreover, this free
radical can be generated in vitro under the reducing condition in the presence of ascorbic acid
and iron ions. In fact the hydroxyl radical can be made without any additional redox agent.
This is considered as special case of a Fenton reaction where one electron from the hydroxyl
group of water is transferred to the ferric ion with the formation of a divalent iron and a
hydroxyl radical [51]. Thus, the free iron, also called as labile iron, plays an important part in

generation of the hydroxyl radical [52].

Membrane damage: Free radicals directly attack polyunsaturated fatty acids in cellular
membranes, initiating their (lipid) peroxidation [53]. In mammalian systems, lipid
peroxidation is the most prominent result of oxidative stress. During the propagation step, the
lipid peroxyl radical extracts an electron from adjacent lipids. Notably, the presence of bis-
allylic methylene carbon (present only on polyunsaturated lipids) makes this reaction
kinetically efficient. Thus, polyunsaturated lipids that contain such carbon atoms are the main
targets of the hydroxyl radical [53]. Contrary to these, studies with model systems indicate

that the monounsaturated lipids found in most bacterial membranes are unreactive [54].
11



Therefore, in the bacterial kingdom, peroxidation occurs only in the polyunsaturated fatty

acids present within the thylakoid membranes of photosynthetic bacteria.

The primary effect of membrane damage is the decrease in the membrane fluidity, which
alters membrane characteristics and disrupts association of the membrane bound proteins
with the membrane. Amplification of lipid peroxidation causes formation of more radicals,
and polyunsaturated fatty acids are degraded to a variety of products. Some of these, such as
aldehyde, are very reactive and can damage proteins [55]. Aldehydes, unlike the reactive free
radicals, are fairly long lived and hence can travel from the site of their production to other

targets that are quite away from the initial free-radical event.

1.4 Oxidative stress alleviating machinery

Living organisms have developed a vast array of mechanisms to protect themselves from
oxidative stress. These include methods that keep the concentration of ROS at acceptable
levels or mechanisms that repair the oxidative damages [19]. These cellular antioxidant
defense mechanisms against ROS may be non-enzymatic or enzymatic. Non-enzymatic
antioxidants consists of relatively small molecules such as NADPH and NADH pools,
carotene, ascorbic acid, tocopherol, and glutathione (GSH) whereas specific enzymes
(catalases, peroxiredoxins, superoxide dismutase etc.) form the major component of

enzymatic antoxidants [56].
1.4.1 Non-enzymatic antoxidants

These include organic molecules like GSH, Vitamin C, Vitamin E, carotenoids, NADPH and

12



NADH pools that are constitutively present inside the cell and help to maintain a reducing

intracellular environment.

1.4.1.1 Glutathione (GSH)

Glutathione is important antioxidant in all organisms [57, 58, 59, 60, 61, 62]. Glutathione is a
tripeptide (L-glutamyl-L-cysteinyl-glycine), having a gamma peptide linkage between the
carboxyl group of the glutamate side-chain and the amine group of cysteine. The cysteine
residue is attached by normal peptide linkage to the glycine residue [63].

GSH is the major endogenous antioxidant inside the cells and is present at high
concentrations (mM) in animal and plants [64, 65, 66, 67]. GSH maintained a strong reducing
environment inside the. The GSH cysteine thiol can donate a reducing equivalent (H* + €°) to
ROS other exogeneous antioxidants as vitamin C and E, to keep them in reduced (active)
state [68]. GSH also keeps the disulfide bond of proteins in reduced state. Glutathione itself
becomes oxidized by donating an electron and readily reacts with another oxidized
glutathione to form glutathione disulfide (GSSG). This is possible due to the high glutathione
content present within cells. Oxidized glutathione is reduced back to GSH by glutathione
reductase (GR), using NADPH as an electron donor. Ratio of reduced glutathione to oxidized
glutathione GSSG-to-GSH is the measure of cellular toxicity and an increased value is
indicative of oxidative stress. In normal cells/tissues, more than 90% of the total glutathione
pool is present as GSH (i.e. in the reduced form) whereas less than 10% exists in the disulfide

form (GSSG).

1.4.1.2 Ascorbic acid (Vitamin C)

VitC is naturally occurring organic compound having mild anti-oxidant properties. At
13
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physiological pH, ascorbate ion, the predominant species is stabilized by resonance between
the two canonical forms, making ascorbic acid more acidic than otherwise expected if the
compound had only isolated hydroxyl group [69]. Due to the resonance-stabilized nature of
its own radical ion, semidehydroascorbate, ascorbic acid can transfer a single electron to
various acceptors. Ascorbic acid when oxidized forms a radical cation with the loss of one
electron and results in the formation of dehydroascorbic acid with the loss of a second

electron.

The ascorbate when oxidized is relatively unreactive. However, being a good electron donor,
it able initiate free radical reaction in the presence of metal ion. Thus, besides having
antioxidant properties, ascorbate is also a potentially toxic pro-oxidative compound. Humans
do not have the ability to synthesize ascorbic acid, it is an essential part of nutrition and its

deficiency causes scurvy.

1.4.1.3 Vitamin E (VItE)

Vitamin E is a generic term for chain breaking antioxidants and comprises four tocopherol
isomers and four tocotrienol isomers. These tocopherols and tocotrienol isomers differ in the
number and position of methyl substitutions on the chromanol head [70]. Tocopherols and
tocotrienols are closely related chemically, however, they differ in their biological
effectiveness [71]. VIitE is fat soluble hence, it is incorporated into cell membranes and

protect membranes from oxidative damage.

1.4.1.3.1 a-Tocopherol

a-Tocopherol performs its functions as antioxidant in the glutathione peroxidase pathway
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[72] and protects the cellular membranes from lipid peroxidation. The a-tocopheroxyl
radicals thus generated are recycled back to the active reduced form through reduction by

other antioxidants, such as ascorbate, retinol and ubiquinol.

1.4.1.3.2 Tocotrienols

These are the potent antioxidants of the VitE family [73]. Studies have suggested their role in
protecting neurons from damage [74]. These are also known to help in reduction of
cholesterol [75] by inhibiting the activity of HMG-CoA reductase. Vitamin E is also
incorporated into the ultra-high molecular weight polyethylene (UHMWPE) used in hip and
knee replacements, to help resist oxidation. VItE is present in a variety of foods including

vegetable oils, cereals, meat, poultry, eggs, fruits, vegetables, and wheat germ oil [76].

1.4.1.4 Flavonoids

Flavonoids are phenolic substances occurring ubiquitously in the plant kingdom. Flavonoids
have been isolated from wide range of vascular plants known to have strong antioxidant
effects [77, 78,]. In humans, flavonoids are degraded into various phenolic compounds,
which possess strong anti-oxidative role [79]. Flavonoids naturally occur in fruit, vegetables,
and beverages such as tea and wine [79]. The flavonoids have long-term effects on mortality
[80] and flavonoid intake inversely correlated with mortality due to coronary heart diseases
[81].

In photosynthetic organisms, various substances like carotenoids, tocopherols and

plastoguinone quench singlet oxygen.

1.4.1.5 Carotenoids
15



Carotenoids are class of more than 600 naturally occurring yellow, orange, and red pigments
synthesized by plants, algae, and photosynthetic bacteria [82]. Two classes of carotenoids are,
carotenes (a-carotene, B-carotene, and lycopene) and xanthophylls (B-cryptoxanthin, lutein,
and zeaxanthin). In plants, carotenoids form the major class of compounds that protect
against photo-oxidative damage [83] Carotenoids quench the singlet oxygen formed during
photosynthesis. a-Carotene, B-carotene, B-cryptoxanthin, lutein, lycopene, and zeaxanthin are

the most common dietary carotenoids.

1.4.2 Enzymatic Antioxidants

The main enzymatic machinery that detoxifies the ROS are SOD, catalases and peroxidases
[84, 19]. Superoxide dismutases (SOD) catalyzes the dismutation of *O." into Oz and H.0>
[85, 86] while catalases are involved in the decomposition of H.O, to H.O and O..
Peroxidases include a large family of enzymes that catalyze reduction of H.O2, various

organic peroxides or reactive nitrogen species, using different reductants.

1.4.2.1 Superoxide dismutases (SOD)

Superoxide dismutases (EC 1.15.1.1) which catalyzes dismutation of <Oy, is an important
antioxidant that is present in nearly all aerobic organisms [87]. The Lactobacillus planarum
and related lactobacilli, do not contain SOD, and use a different mechanism to prevent
damage from reactive O [88, 89]. The dismutation reaction converts the toxic <O, into
molecular oxygen and hydrogen peroxide. The general reaction catalyzed by SOD is written

as follows.
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M™D+*.SOD + «0,” — M™-SOD + O3
M™-SOD + <Oy + 2H* — M(™D*-SOD + H;0,.
where M = Cu (n=1) ; Mn (n=2) ; Fe (n=2) ; Ni (n=2).

The rate constant of spontaneous dismutation of *O2 to O, and H.0; is quite high (~10°
M~Is™! at pH 7) and the reaction of *O2” with non-radicals is spin forbidden. This implies that,
in biological systems the main reaction of *O2" is with itself (dismutation) or with another
biological radical such as NO' or with a transition-series metal. Superoxide dismutase has the
largest Kca/Km of any known enzyme ~7 * 10° Ms?, with the reaction being diffusion

limited.

Three different superoxide dismutases exists and are characterized by the presence of a
different metal ion. The Cu-Zn SODs (human and bovine erythrocytes) are blue, The Mn(l11)-
containing SODs (E. coli, rat liver mitochondria) [90, 91], are wine-red whereas the SODs
that have Fe(ll1) [92]. (e.g. E. coli) are yellow [92]. Superoxide dismutase is observed in all
oxygen-metabolizing cells [93] and have also been found in anaerobic bacteria [94]. SOD
enzymes has been isolated from numurous sources such as: E. coli [93], Saccharomyces
cerevisiae [95], Streptococcus mutans [96], wheat germ [97], and Neurospora crassa [98],

signifying that it is a widely characterized enzyme.

1.4.2.2 Catalases

Catalases are ubiquitous enzyme that catalyzes the decomposition of hydrogen peroxide to
water and oxygen (2 H202> — 2 H20 + O»). Catalase is a highly reactive enzyme; one catalase
can convert approximately 5 million molecules of hydrogen peroxide to water and oxygen

each second. The catalases are of two types; one type that contain heme (heme-catalses)
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whereas the other type lack heme, but show the presence of Mn in their active site (i.e non-
heme or Mn-catalases). The heme-catalases contain four porphyrin heme (iron) groups that
allow enzyme to react with hydrogen peroxide. Meanwhile, Mn-catalases are hexameric

proteins with four-helix bundle fold, characteristic of the ferritin-like superfamily [99].

Reaction of catalase with peroxide occurs in two stages and is similar to the cytochrome c

peroxidase mechanism. The mechanism proposed for heme-catalase is shown below.

Fe(lll)-E + H20, —  O=Fe(IV)-E(.+) + H20

O=Fe(IV)-E(.+) + H20, —  Fe(Il)-E + O2 + H20

1.4.2.3 Peroxidases

Peroxidases are a large family of enzymes catalysing a reaction of the form: ROOR” + (2¢-) +
2H" — ROH + R’OH. The usual substrate for these enzymes can be hydrogen peroxide or in
some cases organic hydroperoxides (t-butyl hydroperoxide) or even lipid hydro-peroxide
(linoleic acid hydroperoxide). To take part in peroxidase reaction, peroxidases may use a
heme cofactor or may use redox active cysteine or selenocysteine in their active site. The
nature of the electron donor may vary, for e.g. horshradish peroxidase has an accessible
active site and can use variety of organic compounds as electron donors and acceptors. In
contrast, the active of cytochrome c peroxidase site is quite closed, thereby only small

molecules can donate electrons to it.

Glutathione peroxidase uses glutathione as an electron donor, and are usually selenium-
containing enzymes [100]. But, some members of this family are known to contain a

catalytically active cysteine. Glutathione peroxidases can detoxify both hydrogen peroxide
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and organic hydroperoxide substrates. The glutathione peroxidase catalyzed reaction is:

2GSH + H202 — GS-SG + 2H20

The 2 peroxiredoxins are subject of this thesis, presented below is the detailed information

about peroxiredoxins.

1.5 Peroxiredoxins (Prxs)

As this thesis deals with characterization of two peroxiredoxin proteins (Alr3183 and

Alr4642); a detailed overview of this important class of proteins is presented below.

Peroxiredoxins (Prx, EC 1.11.1.15) are family of thiol-specific antioxidant proteins (TSA). In
literature, these have also been referred to as alkyl hydroperoxide reductase, AhpC (especially
in bacteria); thiol peroxidases and thioredoxin peroxidases. These ubiquitous enzymes were
first identified in yeast [101, 102] and subsequently in plants [103, 104], animal cells [105],

and prokaryotes.

Prxs exert their protective antioxidant role in cells through their peroxidase activity as

indicated by the reaction:

ROOH + 2H* — ROH + H0

In this reaction, hydrogen peroxide, peroxynitrite or a wide range of organic hydroperoxides
(ROOH) are reduced and detoxified. A redox-active cysteinyl residue of peroxiredoxins
present in the primary catalytic center reacts with the peroxide substrate. The cysteine residue
is oxidized to sulfenic acid whereas the peroxide is converted to its corresponding ‘non-toxic’

alcohol or water as in the case of H2O>. The sulfenic acid of the peroxidatic cysteine needs to
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be regenerated. The electron donors capable of reducing the sulfenic acid back to cysteinyl
residue donor includes GSH, thioredoxin, tryparedoxin and the analogous CXXC motif-
containing proteins such as glutaredoxins and the bacterial AhpC protein. The specificities for

the various e- donor vary considerably between the peroxiredoxin subfamilies.

Prx from yeast in 1988 [101] was found to protect the glutamine synthetase enzyme from
oxidative damage caused by Fe(111)/O2/DTT-mediated oxidase system (i.e. metal catalyzed
oxidation). Since the protection was specific for thiol containing mixed-function oxidation
systems, the authors proposed that the protector protein [101] functions as a sulfur or an
oxygen radical scavenger. Prxs are mainly cytosolic, but few of them may also be found in
other cellular compartments (within mitochondria, chloroplasts or peroxisomes). Some of
them are also associated with nucleus and membranes. Peroxiredoxins are produced at high
levels in cells and they are among the ten most abundant proteins in E. coli, and compose 0.1-
0.8% of the soluble protein in other mammalian cells [106]. Many organisms produce more
than one type of Prx. Six Prxs have been identified in mammalian cells, 10 Prx isoforms are

observed in Arabidopsis, whereas 3 different Prxs are found in yeast and E. coli.

Function of Prx overlaps with catalases and glutathione peroxidases, the two classes of
enzymes that have been thoroughly characterized [107]. Abundance of Prx proteins and the
presence of a multitude of Prx within cells underscore the importance of Prx in cellular
physiology. It is suggested that that AhpC, and not catalase, is responsible for decomposition
of endogeneously generated H2O- in E. coli [108]. Peroxiredoxins, capable of reducing a
broad range of toxic peroxides and peroxinitrites, appear to be fairly indiscriminate with
respect to the hydroperoxide substrate.

Initially based on the number of cysteine residues involved directly in catalysis, Prxs proteins
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were divided into the 1-Cys and 2-Cys Prxs. Newer structural and mechanistic data, now

supports division of 2 -Cys Prxs into the ‘typical’ and ‘atypical’ 2-Cys Prxs.

Detailed sequence analysis indicates that Prxs possess a thioredoxin (Trx)-like fold i.e.
belong to the thioredoxin superfamily and are homologues of Trx and glutathione peroxidase
(Gpx). Multiple sequence alignment and structural alignment have shown
cysteine/selenocysteines of Prx and Gpx to to be structurally similar and both are predicted to

work by similar mechanism [109, 110].

The peroxidase reaction mechanism of Prxs is composed of two steps centered around a
redox-active cysteine called the peroxidatic cysteine (Cp). In the first step the thiol group of
Cp (Cp—SH) attacks the peroxide substrate via nucleophillic attack and gets oxidized to a
sulfenic acid intermediate (C,S-OH). On the basis of available data, all Prx types share the
first basic step and hence, the N-terminal cysteine residue (i.e. Cp) is conserved in all Prxs
[111]. For the reaction to proceed, a base is required to deprotonate the C, as well as an acid
to protonate the leaving RO™ group. All Prxs have a conserved active site-arginine residue.
The guanidine group of the conserved arginine stabilizes thiolate form of the Cp, thereby
lowering its pKa [112]. The sequence and structure of the active site is highly conserved
among all Prx classes. In the reduced (SH) form, the peroxidatic cysteine is in a narrow,
solvent-accessible pocket formed by a loop-helix structural motif. The basic reaction

mechanism of Prxs is presented in Fig. 1.5.

21



R R
B:-. ~0 o .
\ T B Hu B A
H'“. :xl- |'FI:H HJH
3 HN —> S —> |
Cys H o H =3 HNM
?_H‘x Cy= M, Cys H
H) Arg H .M ‘trg ud i

Fig. 1.5. Reaction mechanism of Prxs. The thiolate form of Cp is stabilized by arginine residue and an
unknown electron donor, the peroxide reacts with thiolate and converts to corresponding alcohol and Cp is
oxidized (112).

The oxidized form of the Prx (cysteine sulfenic acid) is inactive and requires the donation of
electron from reduced partner to restore its catalytic activity and to allow its entry into next
catalytic cycle. The regeneration of Prx (i.e. conversion of CpS-OH to Cp-SH) is the second
step in the peroxiredoxin mechanism and this step distinguishes the three enzyme classes. In
many cases, the presence of another conserved cysteine residue ‘the resolving cysteine (Cr)’
is required. Depending on the type of Prx, C; forms an intermolecular or an intramolecular
disulfide bond with the Cp. This disulfide bond is ultimately reduced by specific reductants

and the active thiol form of the enzyme is regenerated.

The classical 2-Cys Prx are dimeric proteins wherein C, and C; are located on different
subunits and condense to form an inter-subunit disulfide bond. The atypical 2-Cys Prx are
monomers and Cp and C; are both located on a single polypeptide chain. Reduction of both
types of 2-Cys Prxs involves one flavoprotein disulfide reductase and one additional protein
(or a domain) containing a CXXC motif (e.g. thioredoxin reductase and thioredoxin, AhpF,
tryparedoxin etc. Another category of Prx i.e. 1-Cys Prx also exists. These Prxs have only
one catalytic cysteine (Cp) and the mechanism by which the CpS-OH is reduced to Cp-SH

after the peroxidatic reaction is quite different from that of 2-Cys Prxs. Reductants of 1-Cys

22



Prxs include low molecular weight thiols, but physiological partners are unidentified as yet.

Crystal structure studies indicate that all classes of Prxs are similar proteins, having a Trx fold
with additional secondary-structure elements present as insertions. The most striking
differences is in their oligomeric states. The atypical 2-CysPrxs are monomeric enzymes,
whereas both the typical 2-Cys and the 1-Cys Prxs are domain-swapped homodimers in
which the C terminus of one subunit reaches across the dimer interface to interact with the

other subunit.

1.5.1 Typical 2-Cys Peroxiredoxin

Typical 2-Cys Prx is the largest class of Prxs. This class represents the first Prx to be
described and hence termed as the classical Prxs. In this protein, C, is present generally near
residue 50 whereas and C; is nearer to residue 170 [112]. These are functional homodimers
containing two identical active sites. In the second step of the peroxidase reaction, the Cp
sulfenic acid (C,S-OH) from one subunit is attacked by the resolving cysteine (Cy-SH)
present at the C terminus of the other subunit and intermolecular disulfide bond (CpS-SCy) is
formed through condensation reaction. The intersubunit disulfide bond is further reduced by
one of the several cell-type specific disulfide reductants (e.g. AhpF, tryparedoxin, thioredoxin

or AhpD) regenerating the active enzyme.

The typical 2-Cys Prxs are reported to exist in two different oligomeric forms i.e. dimeric and
decameric, with the oligomeric state being linked to its redox state. The dimer is
characterized by a compact structure and parallel orientation of the characteristic B-sheet of
both subunits [112]. This structural feature allows formation of the intermolecular disulfide

bridge during the catalytic cycle. In the typical 2-Cys Prx, the C; is located in this C-terminal
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arm. The amino acid residues Pro-44, Thr-48 and Arg-127 are conserved in all Prxs and are
termed as the catalytic triad. The pyrrolidine ring of Pro-44 limits the solvent and peroxide
accessibility of the Cp and shields the reactive C,S-OH intermediate from further oxidation

by peroxides. The decameric form of 2-Cys-Prx is doughnut-like in shape while the dimer is
characterized by a compact structure.

o
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Inter molecular
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Fig. 1.5.1. Reaction mechanism of typical 2-Cys Prx. H,O, decomposition leads to formation of stable

sulfenic acid that subsequently reduced by thiol containing reductants.

In the presence of excess peroxide substrate, the C,S-OH form gets further oxidized to
CpS-OO0H, which is the sulphinic acid form of the catalytic cysteine [113]. Overoxidation,
unless reversed, results in inactivation of the enzyme. The over-oxidized form of the active
cysteine (i.e. CpS-OOH) is converted to sulfenic acid sulfiredoxins [114]. Metabolic labelling
of mammalian cells with (**S), has shown that the sulfinic form of the PrxI, formed during
the exposure of cells to H20, is rapidly reduced to the catalytically active thiol form [115]. In
plants, 2-Cys Prx are post-translationally targeted to chloroplasts, and are believed to play
important role in protecting the photosynthetic membrane against photo-oxidative damage

[116].
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1.5.2 Atypical 2-Cys Prx

The second class of Prxs is the atypical 2-Cys Prxs. These proteins essentially follow the
same mechanism as that of the typical 2-Cys Prxs, except that these are monomeric [117, 118,
119, 120]. As both C, and C; are contained within the same polypeptide, the condensation
reaction results in the formation of an intramolecular disulfide bond. Although the C, of
typical and atypical 2-Cys Prxs is not conserved in sequence, they are functionally
equivalent. To recycle the disulfide bond, all the known atypical 2-Cys Prxs appear to use

thioredoxin as an electron donor [121].

N N
H,0, H,0 H,0
SpH E { jP Thioredoxin d S,H
SH r SH

Intra molecular
disulfide bond

Fig. 1.5.4 Reaction mechanism of atypical 2--Cys Prx. H,O, decomposition leads to formation of stable

sulfenic acid that subsequently reduced by thiol containing reductants.

1.5.3 1-Cys Prx

Prxs of this class contain only C, whereas the C; is absent [122] (Fig. 1.5.3). Their C,S-OH
formed because of peroxide detoxification is stable in contrast to transient CpS-OH in 2-Cys
Prx enzymes. The CpS-OH is presumably reduced by a not yet clear thiol-containing redox
partner although proposed electron donors include glutathione, cyclophilin and lipoic acid
[123, 124, 125, 126]. It is speculated that one thiol forms a transient mixed disulfide bond

with the enzyme, followed by its reduction by a second thiol, thus regenerating the enzyme.

25



H,0

Thiol electron
S,H 5 2 S,0H donor 2 SyH

Stable sulfenic
acid derivative

Fig. 1.5.5 Reaction mechanism of 1-Cys Prx. H,O, decomposition leads to formation of stable sulfenic acid

that subsequently reduced by thiol containing reductants.

1.5.4 Prx-like Prxs

These types of proteins show sequence similarity to peroxiredoxins. Such proteins have not
been characterized from any organism thus far. Generally, the active site region of these Prxs
show similarity to active site of other Prxs. These proteins are further divided into Prx-likel
and Prx-like2. In Prx-likel, C, coincides with the first cysteine in the CXXC motif whereas

in the Prx-like2 proteins, the putative Cp, is the second cysteine of the CXXC motif.

1.5.5 Function of Prxs

Prxs, a vital part of the antioxidant defense systems in many organisms, are also involved in
balancing hydroperoxide production during photosynthesis [124]. Prxs, modulate the level of
intracellular level of H2O. and play a key role in cell signaling in eukaryotic cells and are

involved in cellular signaling and differentiation, displaying opposite effects [127, 128]. Prxs
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have been found to be involved in the 24-hour internal circadian clock of organisms [129,
130]. Prxs have been shown to protect proteins and DNA from damage in vitro as well as in
vivo [104]. Peroxiredoxins can be regulated by redox status, oligomerization states, and

phosphorylation [112].

1.6 Bacterioferritin co-migratory proteins (BCPs)

BCP/PrxQ proteins are thioredoxin-dependent atypical thiol-peroxidases [117, 131]. The first
BCP homolog was identified in E. coli as a protein with a molecular mass of 18 kDa, which
co-migrated with the bacterioferitin protein on SDS-polyacrylamide gels [132]. Hence, even
before its function was known, this protein was named as BCP. As E. coli BCP is the
prototype and the best studied member of this class of Prx, other atypical 2-Cys Prx are also

termed as BCPs.

E. coli BCP is a monomer, which detoxifies both hydrogen peroxide and alkyl
hydroperoxides employing TrxA as the electron donor [117]. E. coli BCP was found to be
monomeric even in the oxidized state, regardless of the presence or the absence of DTT. Non-
reducing SDS-PAGE and analytical ultracentrifugation studies of reduced and oxidized BCP
showed that the E. coli BCP exists as a monomer in solution, eliminating the possibility of
intersubunit disulfide bond formation. [120]. E. coli BCP contains three cysteine residues
(Cys-45, Cys-50, and Cys-99) of which only first cysteine, Cys-45, is absolutely required for
activity, and it is thought to be C, [117]. In contrast, mutation of Cys-99 had no effect on
enzymatic activity, whereas mutation of the Cys-50 residue reduced the activity of the
enzyme to ~60% of its original activity. Hence, Cys-50 appears to be C;. As only Cys-45 is
essential for activity, BCP also appears to act via 1-Cys pathway, where only the Cys-45 (i.e.
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Cyp) is utilized during catalytic turnover [117].

Homologoues of BCP are uiquitous in the prokaryotic kigdom, including_pathogenic bacteria
such as Mycobacterium Tuberculosis, Hemophilus influenzae, Helicobacter pylori, where
these Prxs are described as species-specific marker of pathogenicity. Studies in Helicobacter
pylori have linked BCP with bacterial pathogenicity, and BCP was shown to contribute
significantly to the ability of the bacteria to colonize the host’s stomach [133]. A number of
BCP homologs are found in the genomic sequences of lower eukaryotes [134, 135] and plants

[102, 118].

Since the name BCP does not provide any insight into its function, homologs of BCP present
in plant systems were designated as Peroxiredoxin Q i.e. PrxQ [102]. Poplar, PrxQ is
expressed only in leaves and is localized in the chloroplasts and the guard cells of stomata
[118]. The BCP homolog of Arabidopsis was discovered from the cDNA library as a pre-
protein, containing N-terminal signal peptide, which on cleavage formed the mature 17 kDa
PrxQ protein. This protein showed a TrxA-dependent activity and could use H20> as well as
organic peroxides as substrates. No GSH-dependent peroxidase activity was observed, and
both Cp and C, were essential for TrxA-dependent peroxidase activity. The PrxQ proteins are
known to be monomeric and this status does not change even when the protein in oxidized
[118]. MALDI analysis has shown the PrxQ protein from Sedium lineare to form an

intramolecular disulphide bond [102].

1.7 Cyanobacteria

Cyanobacteria are ancient organisms that originated more than 3 billion years ago [132].
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They are also known as Blue Green Algae (BGA) due to the abundance of water soluble blue
pigment phycocyanin and green pigment chlorophyll a [133]. Cyanobacteria represent the
first simplest oxygenic photosynthetic bacteria [134]. They were the chief primary producers
of organic matter and the first organisms to release molecular oxygen by oxygenic
photosynthesis into the reductive atmosphere thereby converting the ancient reducing world
into an oxidizing one and thus paving the way for evolution of oxygen utilizing organisms
[135]. The general features of plasma and thylakoids membranes of cyanobacteria are similar
to those of plant chloroplasts in terms of lipid composition and assembly of proteins. [136].
Cyanobacteria possess a higher plant-like photosynthetic apparatus in a prokaryotic cell. Like
higher plants, cyanobacteria possesss light harvesting pigments such as chlorophyll a,
carotenoids, and phycobillisomes and carryout oxygenic photosynthesis using water as
electron donor. Chloroplasts found in plants and eukaryotic algae are believed to have

evolved from cyanobacterial ancestors via endosymbiosis [137].

Cyanobacteria are diverse group of microorganisms comprising of 1500 species with various
morphologies and species-specific characteristics such as cell movement, cell differentiation,
nitrogen-fixation. They exist in increasing order of complexities ranging from unicellular to
multicellular cell types. All cyanobacteria have photosynthetic capabilities [138]. Some
cyanobacteria have ability to convert the atmospheric nitrogen to ammonia with the help of
an oxygen sensitive nitrogenase enzyme complex. These nitrogen-fixing cyanobacteria serve
as providers of nitrogen biofertilizer in the cultivation of rice and beans [139] and are
economically important as nitrogen biofertilisers in paddy fields [140] of South East Asia. In
a related application, the nitrogen-fixing cyanobacteria have been employed to
simultaneously reclaim saline/alkaline soils presents in some parts of India and to increase

their N status [141, 142].
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One major thrust area of today research in biological deals with the stress-tolerance
mechanisms of organisms to variety of environmental stresses. Cyanobacteria are found in
almost all aquatic and terrestrial habitats: fresh water, oceans, damp soil, bare rock, soil and

even antarctic rocks [143]. They also form phototrophic biofilms or occur as planktonic cells.

During the course of their evolution, cyanobacteria have been exposed to many unfavourable
environmental conditions (extreme heat, cold, pesticides, heavy metals etc). For these reasons
cyanobacteria provide a suitable model system, for plants to study the fundamental aspects of
adaptive responses to stresses of various kinds. Among the stresses oxidative stress in
cyanobacteria, ROS are routinely generated by photosynthetic electron transport, when the
intensity of light-driven electron transport exceeds the rate of electron consumption during
CO: fixation. As cyanobacteria in their natural habitat are often exposed to changing external
conditions, their ability to perceive ROS and to rapidly mobilize antioxidant defense systems

is important for their survival.

Being photoautotrophs, cyanobacteria have to not only detoxify the reactive oxygen species
(ROS) generated by oxygen reduction during respiration chain but also eliminate those ROS

generated by the photosynthetic electron transport [144].

1.8 Anabaena PCC 7120 and proteins involved in protection from oxidative

stress

The filamentous, heterocystous, nitrogen fixing strain of cyanobacteria such as Anabaena,
serve as naturally abundant source of nitrogen biofertilizers in paddy fields, particularly in

India. Anabaena PCC 7120 is a filamentous heterocyst-forming, photoautotrophic
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cyanobacterium that carries out two physiologically vital processes i.e. photosynthesis and

nitrogen fixation [145]. Incidentally, both these processes are sensitive to oxygen.

Anabaenas are known to be resistant to different abiotic stresses like nutrient deficiency,
salinity, drought and temperature up shift [146]. A number of abiotic stresses such as heavy
metals, drought, salt, extreme temperatures, high light intensity, herbicides and toxins lead to
generation of reactive oxygen species (ROS). Recent studies have shown Anabaena PCC
7120 to to be highly resistant to gamma radiation (LDso) of 6kGy and desiccation [147] both

of which are known to generate high concentrations of ROS.

As techniques for genetic manipulation including an efficient conjugation system is available,
Anabaena PCC 7120 long been used to study the genetics and physiology of cellular
differentiation, pattern formation and nitrogen fixation [148, 149]. The nucleotide sequence
of the entire genome of a filamentous cyanobacterium, Anabaena sp. strain PCC 7120, has

been determined [150], which has further facilitated the study of various genes and proteins.

As Anabaena PCC 7120 can tolerate several environmental stresses that are known to
generate ROS, it is likely to encode many different proteins to detoxify ROS [151]. In fact,
Anabaena does encode number of proteins that are known to participate in detoxifying ROS.
Among the enzymatic antioxidants, Anabaena PCC 7120 possesses 2 SODs and 2 catalases

and 10 peroxiredoxins [152, 153, 17, 155, 156, 157].

Superoxide dismutases (SOD) form the first line of defense against ROS. SODs help to
remove the superoxide radical by converting it to a more stable hydrogen peroxide via a
dismutation reaction. Anabaena PCC 7120 has two SODs, namely FeSOD and MnSOD that
differ in co-factor requirement. MnSOD is present in the periplasmic lumen as well as cytosol

while FeSOD is cytosolic. Both MnSOD and FeSOD activity was reported in the vegetative
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cells as well as in the heterocysts [156, 158]. Mn-SOD was found to offer protection against
methyl viologen under nitrogen fixing conditions whereas Fe-SOD provided protection under

nitrogen-supplemented conditions [157].

The genome of Anabaena 7120 shows the presence of two ‘Mn-catalases’, alr0998 (KatA)
and alr3090 (KatB). Both the catalases from Anabaena have been studied in some detail
[152, 159] and over-expression of both the KatA and KatB have been shown to protect the

Anabaena from oxidative stress [152, 159].

The cell-free extracts of Anabaena PCC 7120 show negligible catalase activity under normal
conditions [159] indicating that the role of catalases in detoxification of H.O, may be rather
limited under normal conditions of growth. The presence of several Prx genes does suggest
that these proteins could be the principal players responsible for detoxification of H2O; in

Anabaena PCC 7120 [160].

Earlier, eight genes/ORFs i.e. all1541, alr2503, all2375, all2556, alr3183, alr4404 and
alr4641, alr4642 had been annotated as prxs in Anabaena PCC 7120. Recently 2 more prx-
like ORFs (all0513 and alr1206) were identified by Cui et al, [160]. Based on sequence
homology and presence of conserved sequence motifs, Prxs from Anabaena PCC 7120 are
classified into four groups as described in the introduction section 1.4 [144]. Typical 2-Cys
Prx (Alr4641), 1-Cys Prx (Alr4404), BCP/PrxQ proteins (Alr2503, Alr2375, All2556 and
Alr3183), and type Il Prx (All1541) and Prx-like (Alr4642, All0513 and Alr1206). The Prx

proteins that have been characterized from Anabaena so far are discussed below.

The typical 2-Cys Prx, Alr4641 is prone to over-oxidation by H202 and shows the presence of
GGVG and YF motifs, which is characteristic of over-oxidation sensitive enzymes. Pascual

[161], demostrated that Alr4641 is indeed over oxidized with excess of H2Ox.
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Moreover, the 2-Cys Prx from Anabaena is readily and reversibly over-oxidized in vivo in
response to high light intensity and hydrogen peroxide. The Alr4641 shows both peroxidase
(using NTRC as reductant) as well as a chaperone function [162]. Interestingly, unlike 2-Cys
Prxs other, the switch from ‘peroxidase’ to ‘chaperone’ function is dependents on its redox

state and independent of its oligomeric status [162].

The low catalase activity of Anabaena PCC 7120 is compensated by the abundant presence of
Alr4641 [161]. The Alr4641 protein from Anabaena PCC 7120 is induced in response to
various abiotic stresses and the alr4641 promoter is active in vegetative as well as heterocysts
[162]. Alr4404, the single 1-Cys-Prx from Anabaena PCC 7120, contains VCT (Val-Cys-Thr)
motif [17]. Alr4404 is a GSH-dependent peroxidase that is induced under conditions of
oxidative stress [163]. This protein is more active against H.O> than other peroxides. Alr4404
is located in heterocyst as well as vegetative cells in Anabaena. Over-expression of All4404
has shown to protect E. coli as well as Anabaena from abiotic stresses [164, 165]. All1541
(encoded by all1541) is a glutaredoxin (Grx) domain-containing type Il peroxiredoxin
(having the conserved TCS motif) from Anabaena PCC7120 [162]. Among cyanobacteria,
only Nostoc and Anabaena species contain this type of fused Prx-Grx. All1541 detoxified
various peroxides using glutathione (GSH) as reducing agent and the Grx domain was
essential for this activity. In Anabaena PCC7120, the all1541 transcript was induced under
conditions of oxidative stress, furthermore, recombinant Anabaena PCC7120 strains over-
expressing All1541 showed superior oxidative stress tolerance to H>O. as compared to the

wild-type strain [162].

The 4 BCP/PrxQ homologs (Alr3183, AIr2503, All2375 and AlI2556) from Anabaena
contain the GCT motif. These proteins have been shown to be Trx-dependent peroxidases

capable of detoxifying hydrogen peroxide and other organic peroxides [166, 144].
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1.9 This Study

As described above, the role played by the various proteins in overcoming oxidative stress in
the filamentous, heterocystous diazotrophic, cyanobacterium Anabaena PCC 7120 has
generated lot of interest in the recent past [167, 168, 159]. Our laboratory has been
investigating the role played by peroxiredoxins in overcoming oxidative stress in this
bacterium [151, 152, 153]. Of the several prx genes present in the genome of Anabaena, the
role of alr3183 and alr4642 in overcoming oxidative stress was addressed in this study.

Earlier, gene array studies from our lab had shown alr3183 to be induced in response to
gamma radiation (Dr. Hema Rajaram, unpublished observations), so it was desired to verify
its role in radiation/oxidative stress resistance in Anabaena PCC 7120. On the other hand, the
ORF alr4642 (encoding a Prx-like peroxiredoxin) or its orthologs had not been characterized
from any bacterial species, hence efforts were initiated towards understating the function of

this gene in Anabaena PCC 7120.

Overall objectives of the thesis:

1) Cloning of alr3183 and alr4642 into E. coli plasmid vectors for over-expression of
Alr3183/AIr4642  proteins,  purification  of  AIr3183/Alr4642 and  their
biophysical/biochemical characterization.

2) Expression analysis of Alr3183 and Alr4642 in response to different stresses in

Anabaena.

3) Construction of suitable plasmid vectors to over-express the above-mentioned proteins in

Anabaena and to study the stress tolerance of the corresponding over-expression strains.
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The work carried out is described in the following chapters:

Chapter 2: This chapter describes the materials and experimental methods employed in the
study. The different analytical procedures and bioinformatic analyses used in the study are
also stated.

Chapter 3: Over-expression, purification and molecular characterization of the Alr3183
protein along with the relevant discussion is described in this chapter.

Chapter 4: Results describing the over-expression, purification and characterization of the

Alr4642 protein are detailed and discussed in this chapter.
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Chapter 2 - Materials & Methods
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2.1 Materials

2.1.1 Chemicals

Luria-Bertani broth components and agar was procured from Becton Dickinson and
Company (BD, USA). Chemicals such as CaCl2, protein standard marker (SDS-7), glycine,
Tris, IPTG, DTT and antibiotics (kanamycin, ampicillin, chloramphenicol and neomycin),
GSH, E. coli ThioredoxinA (TrxA), E. coli Thioredoxin reductase (TR), NADPH, were
purchased from Sigma chemicals. Trizol reagent was supplied by Invitrogen and the
Peroxoquant kit was purchased from (Thermo Scientific). Nitrocellulose membrane was
obtained from GE healthcare limited whereas X-ray film, developers, fixers were supplied by

Kodak, India. Other molecular biology grade fine chemicals were purchased locally.

Plasmid isolation kit, gel purification kit, Ni-NTA agarose beads were purchased from
Qiagen, Germany. Protein assay kit was obtained from Lowry’s (Lowry, USA). Restriction
enzymes (BamHlI, Sall, Smal, Xhol, EcoRI), DNA molecular weight markers 100 bp ladder
and 1 kb ladder was purchased from New England Biolabs, (NEB, UK). DNTPs, MgCl,, T4-
DNA ligase. Q-Sepharose, terminal transferase, digoxigenin (DIG) labeled ddUTP, anti-DIG
antibody, nitrocellulose membrane, and NBT-BCIP solutions were obtained from Roche life

sciences, UK. Tag DNA polymerase was purchased from BRIT (India).

2.1.2 Bacterial strains, plasmids and primers used in the study

The wild-type Anabaena PCC 7120 was used from our lab collection. Escherichia coli strain

DH5a was used as cloning host and E. coli BL21 (plysS) was used for over-production of the
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recombinant proteins. All the bacterial strains used in this study are shown in Table 2.1. The

pET16b vector (Novagen) was used for over-expression of recombinant proteins in E. coli.

The pFPN plasmid was used to add a light inducible promoter, Ppsba1, upstream of the gene of

interest for subsequent cloning into the promoter-less Anabaena/E. coli shuttle vector,

pAM1956 (courtesy Prof. James Golden, A&M University, Texas). The vector pAM1956 was

used for over-expression of the proteins in Anabaena. All the plasmids used in this study are

listed in Table 2.3.

Table 2.1 Bacterial strains used in this study.

Strain Description Source
E. coli strains
DH5a F~ recA41 endAl gyrA96 thil hsdR17 (rk” Lab collection
mk-) supE44 relAA lacU169
BL21(pLysS) Cmr F- ompThSdSB (rB- mB-) gal dcm Novagen
(DE3) pLysS
HB 101 F-mcrBmrr hsdS20(rB- mB-) recA13 leuB6 | Lab collection
ara-14 proA2 lacY1 galkK2 xyl5 mtl-1
rpsL20(SmR) glnV44 A-
HB101R2 Donor strain carrying pRL623 (encoding [169]
methylase) and pRL443 (conjugal plasmid)
Anabaena strain
Anabaena PCC7120 Wild-type strain [170]
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An3183* Nm', Anabaena PCC 7120 harbouring This study
pAM3183
An3183C46S* Nm', Anabaena PCC 7120 harbouring This study
pPAM3183C46S
AnAs3183* Nm", Anabaena PCC 7120 harbouring This study
pAMAS3183
And642* Nm', Anabaena PCC 7120 harbouring This study
pPAM4642
AnT4642* Nm', Anabaena PCC 7120 harbouring This study
PAMT4642(6His)
AnT4642(6His)* Nm', Anabaena PCC 7120 harbouring This study
pPAMT4642(6His)

Table 2.2 Primers used in this study

Primer Sequence (5°-3”)
Alr3183fwd CGGGATCCCATATGCCAGTTAAAGTTGGAGACTC
Alr3183rev CGGGATCCCTATTTACTCGCCAACTGTTGC
3183C46Sfwd ACACCAGGATCTACAGCAGAATC
3183C46Srev GATTCTGCTGTAGATCCTGGTGTATC
3183C51Sfwd AGCAGAATCTTCCGCTTTCCGCG
3183C51Srev CGCGGAAAGCGGAAGATTCTGCT
3183Promfwd CGAGCTCGGTCAACAACCACAGCATCGAGAAC
3183Promrev GGGGTACCCCAACTTTAACTGGCATATAAAATTAATAAAC
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Antisense3183fwd

CGCATATGCTATTTACTCGCCAACTGTTGC

Antisense3183rev

CGGGATCCATGCCAGTTAAAGTTGGAGACTC

alr3183_mut_fwdup

CCGCTCGAGCTGCTATATACATATCGCCCGC

alr3183_mut_rev_up

AACTGCAGCTATACATTTCTTTATATTCTAGGACTATTTG

alr3183_mut_fwd_down

AACTGCAGCCCGGGCGGTGATGAAATTTACCACCTGCC

alr3183_mut_rev_down

CGGGATCCGAAGCAGGAAGTCAAAACAGCCATTG

alr4642fwd CGGGATCCCATATGAACGCAGATAGACACAG
alr4642rev CGGGATCCTTAATCAAATTTTCCTAACAACTTTTCG
alrT4642fwd GCGCGGCATATGTTAACTTCAACAGATTTCAGTGG

alrT4642rev(6His)

GGATCCTTAATGATGGTGATGGTGATGATCAAATTTT

CCTAACAACTTTTCG

46421 exA212site_fwd

CTTTATTTAGAAACCTTCCAAC

46421 exA212site_rev

ACTTCAACAGATTTCAGTGGC

4642 exA3site_rev

GAATTTTCACAGAAAAGCAATATTGC

Table 2.3 Plasmids used in the study

Plasmid Description Source/Reference
pET16b E. coli over-expression vector Novagen
pFPN Anabaena integrative expression vector [171]
pAM1956 E. coli /Anabaena shuttle vector [172]
pET3183 pET16b carrying alr3183 This study
PET3183C46S PET16b carrying alr3183C46S This study
pET3183C51S PET16b carrying alr3183C51S This study
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pET3183CDM pET16b carrying alr3183CDM This study
PET4642 PET16b carrying alr4642 This study
PETT4642 PET16b carrying alrt4642 This study
PETTF-T4642 pET16b carrying alrTF-t4642 This study
pFPN3183 pFPN carrying alr3183 This study
pFPN3183C46S pFPN carrying alr3183C46S This study
pFPN4642 pFPN carrying alr4642 This study
pFPNT4642(6His) pFPN carrying alrt4642(6His) This study
pFPNT4642 pFPN carrying alrt4642 This study
pAM3183 pAM1956 carrying alr3183 This study
pAM3183C46S PAM1956 carrying alr3183C46S This study
pAM3183C51S pPAM1956 carrying alr3183C51S This study
pAM3183CDM PAM1956 carrying alr3183CDM This study
pAM4642 PAM1956 carrying alr4642 This study
PAMT4642 PAM1956 carrying alrT4642 This study
PAMT4642(6His) PAM1956 carrying alrT4642(6His) This study

41




2.2 Methods
2.2.1 Bioinformatic approaches
2.2.1.1 Primer designing

The primers required for the amplification of different genes were designed based on the
nucleotide sequence of the concerned genes available at www.kazusa.or.jp/cyanobase. The
GC percentage, Tm values, secondary structure and the possibilities of dimer formation
(among primers) were analyzed using DNAMAN software (Lynnon Biosoft, Germany). Two
different restriction enzyme site (Ndel and BamHI) that were not present within the gene of

interest (verified using NEB cutter v 2.0. URL: http://www.tools.neb.com/NEB

cutter2/index.php) were incorporated at the 5’ end of the forward (Ndel) or the reverse primer

(BamHI). Additional bases were added to the primer sequence to facilitate digestion with the
appropriate restriction endonuclease. The list of primers used this study are presented in table

2.2.

2.2.1.2 Amino-acid sequence analysis, multiple sequence alignment and

phylogeny analysis

Amino acid sequence was analyzed using BLAST (http://blast.ncbi.nlm.nih.gov/blast) or
SMART (http://smart.embl-heidelberg.de/) algorithms [173, 174]. Multiple sequence
alignment  was  performed  with  the  ClustalW  software  available at

www.ch.embnet.org/software/ClustalW.html.

2.2.1.3 Promoter analysis
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The alr4642 promoter was identified by a promoter search program available at

www.softberry.com. Anabaena LexA-binding sequence (TAGTACTAATGTTCTA) [175]

was used to identify similar sites in the alr4642 promoter region using the lalign software

(www.ebi.ac.uk/Tools/psa/lalign)

2.2.2 Medium and growth conditions

Anabaena sp. strain PCC7120 was grown in BG-11 medium [176], pH 7.2 with combined
nitrogen (17 mM NaNOs) i.e. BG-11N" or in the absence of combined nitrogen (BG-11N").
For growth on solid medium, 1.5% agar (Difco) was added to the BG-11N'/BG-11N-
medium. Cultures were grown at 27°C = 2°C under continuous illumination (30 uE m™2 s%).
Depending upon the requirement, cultures were grown under static conditions or aerated (2 L
min™t) or kept shaking (150 rpm). E. coli strains DHSa or BL21 (plysS) were grown in Luria

Bertani (LB) medium at 37°C at 100-120 rpm with appropriate antibiotics (if required).

Antibiotics were used at 100 pg mL-1 carbenicillin (Cb), 33 pg mL-1 chloramphenicol (Cm)
or 50 ug mL-1 kanamycin (Km) for E. coli and 25 pg mL™* neomycin (Nm) in agar media or
12.5 pg mL? in liquid BG-11* media for selection of Anabaena ex-conjugants. All glassware

and solutions were sterilized by autoclaving at 120°C for 20 minutes.

2.2.3 Recombinant DNA techniques - Cloning of gene into E. coli

Standard molecular biology techniques were used for cloning of genes into E. coli [177].
Briefly the ORFs were amplified using gene specific primers by PCR (see 2.2.1.1 for primer

designing). For directional cloning into the desired vector appropriate restriction
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endonuclease sites were incorporated in the specific primer used. The amplified gene product
was eluted from the gel and digested with appropriate restriction enzymes, ligated to the
similarly digested vector, and transformed into chemically competent E. coli cells. The
transformants were analyzed by colony PCR using gene specific primers. The plasmid was
isolated from the PCR-positive colonies and analyzed by restriction-digestion. Finally, the
cloned inserts were sequenced to confirm the nucleotide integrity of the gene. Individual

steps are detailed below.

2.2.3.1 Isolation of chromosomal DNA

Total DNA was isolated from Anabaena PCC 7120 cells using method described by Apte and
Haselkorn [178]. All the reagents used are detailed in Table 2.4. Briefly ten ml of Anabaena
PCC 7120 culture (10 pg/ml chlorophyll equivalent) was centrifuged for 10 min at 5000 rpm.
The pellet was dissolved in 10 ml of NaCl (1M) and centrifuged immediately at 5000 rpm for
10 min. The pellet was washed twice with TES (20 ml) and resuspended in 10 ml of T1oE2s.
Subsequently, 1ml of freshly prepared lysozyme (2 mg/ml in T10E1) was added to above, and
the cell-suspension was incubated with gentle shaking at 37°C for 1h. Freshly prepared, 1.2
ml of sarcosyl/proteinase K mix (130 mg lauryl sarcosine in 0.5 ml of 20 mg/ml proteinase K
solution) was added to the cell-suspension and incubation continued for another hour. Equal
amount of phenol (equilibrated with 100 mM Tris-HCI, pH 8.0) was added to suspension,
gently mixed and centrifuged (5000 X g 5 min) to separate aqueous (DNA) phase from
organic (phenol) phase. Aqueous layer was extracted with phenol once more and
subsequently with chloroform: isoamyl alcohol (24:1). Chromosomal DNA was spooled after
gently mixing the aqueous layer with 1/10™ volume of sodium acetate (3M), pH 5.2 and 2.5

volumes of chilled absolute ethanol. The spooled DNA was washed with 70% ethanol, air
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dried and dissolved in T1oEx.

2.2.3.2 Agarose gel electrophoresis

Agarose gels were prepared in TBE 1X (Tris Borate EDTA) buffer. DNA samples were
mixed with appropriate volume of bromophenol blue dye containing 10X DNA loading
buffer. Electrophoresis was carried out using at 80 V for 30 minutes to 2 h at room
temperature. To visualize the DNA gels were stained with ethidium bromide (0.5 pg/ml in 1X
TBE) and visualized under ultraviolet transilluminator and photographed on a Gel Doc
(Fusion SL, Vilber Lourmat). In order to quantify the DNA and estimate its size, DNA

molecular weight markers 100 bp ladder, and 1 kb ladder (NEB) were used.

Table 2.4: List of reagents used for nucleic acid purification and electrophoresis

Reagent Composition
TES 10 mM Tris, 25 mM EDTA, pH 8.0, 150 mM NacCl
TioE2s 10 mM Tris-HCI, 25 mM EDTA, pH 8.0
T10Ex 10 mM Tris-HCI, ImM EDTA
TE100 100 mM Tris-HCI, 100 mM EDTA, pH 8.0

10X loading dye 0.4% bromophenol blue, 0.4% Xylene cyanol, 50% Glycerol

1X Tris borate 8.9 mM Trizma base, 8.9 mM Boric acid, 0.2 mM EDTA

EDTA buffer (TBE)

2.2.3.4 PCR amplification, gel extraction of DNA and plasmid isolation

PCR amplification was performed using 200 ng of Anabaena PCC 7120 genomic DNA.
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Primers at 0.1 pM concentrations and dNTPs at 200 uM concentration were used. Primer
sequences used are summarized in Table 2.2. The amplification was carried out for 30 cycles
and involved repeating steps of denaturation at 95°C, annealing in the range of 52-64°C
(depending on individual primer set) and extension at 72°C. The PCR products thus obtained
were resolved on 0.8%-1.0% agarose gel and visualized under UV illumination after EtBr
staining. The DNA amplicon was excised from the gel using sterile scalpel. The amplified
PCR product was eluted from the gel piece with the DNA gel extraction kit (Qiagen) by
following the protocol as described by the manufacturer. Plasmid DNA was isolated by the

alkaline lysis method with the help of a plasmid DNA isolation kit (Qiagen).

2.2.3.5 Restriction enzyme digestion

Restriction digestion was carried out using kit from New England Biolabs Ltd following
manufacturer’s protocol. The digested DNA was mixed with with the appropriate amount of
loading dye and resolved on 0.8% agarose gel. DNA fragments were visualized under UV
trans-illuminator. The DNA marker (100 bp and/or 1kb, NEB) were used to estimate sizes of

the products.

2.2.3.6 Ligation of restriction digested DNA fragments to respective vectors

The ligation reaction was carried out using quick DNA ligase (T4 DNA ligase, Roche
Biochemicals) as per the manufacturer’s protocol. The insert to vector ratio was maintained
in molar ratio 3:1- 5:1 for sticky end ligation. Total DNA concentration was kept at 200 ng/20

ul. After incubation period, the ligation mix was directly used for transformation.

2.2.3.7 Transformation of E. coli cells and screening of positive transformants
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The ligated DNA (100-200 ng) or plasmid (50 ng) was used to transform the competent E.
coli cells. Competent cells of E. coli were prepared using calcium chloride/Rubidium chloride
[179]. Transformation of E. coli cells was performed using standard protocol [180]. Colony
PCR was performed to assess the putative transformants. Using E. coli cells as template, PCR
reaction was performed with the gene specific primer set for the corresponding ORFs as
described earlier. The amplification products obtained were analyzed by agarose gel
electrophoresis. Colony PCR that yielded a product of appropriate size indicated successful
cloning of the respective gene. Plasmid was isolated from positive clones, and the release of

the appropriately-sized DNA insert was verified by restriction digestion and sequencing.

2.2.3.8 DNA sequencing

Clones were sequenced on both strands using the automated DNA sequencer by Sanger’s
dideoxy method at commercial facility (Bangalore Genei, Bangalore). The sequence identity
of cloned fragments with Anabaena sp. strain PCC 7120 genome sequence was evaluated

using the BlastN program at cyanobase.

2.2.4 Site-directed mutagenesis

Site-directed mutagenesis using overlapping PCR with mutagenic primers was performed to
replace the cysteine codon (AGA) of alr3183 with serine (GGA). The recombinant
pETalr3183 was subjected to two step PCR-directed mutagenesis using mutagenic
oligonucleotide primers (listed in Table 2.2) containing mismatch base (i.e. GGA instead of
AGA) at the desired location. The mutagenic PCR involved the generation of two PCR
products that overlapped in sequence containing the same mutation introduced by the

mutagenic PCR primers. A subsequent re-amplification of these fragments with alr3183
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cloning primers (see Table 2.2) resulted in the enrichment of the full-length alr3183 having

desired mutations. The mutation thus introduced was confirmed by sequencing.

2.2.5 RNA isolation and Northern blotting
2.2.5.1 Isolation of RNA from Anabaena PCC 7120

Fifty ml Anabaena PCC 7120 (4-6 ug chlorophyll a/ml) were harvested by centrifugation
(5000 x g) and immediately shock frozen in liquid nitrogen. One ml of RNA isolation reagent
Trizol (Invitrogen) was added to the cells along with 0.5 ml of autoclaved glass beads (~ 500
um, Sigma). The cell suspension was vortexed (hard, 3 min x 3), and RNA isolated as per the
recommended protocol. The RNA pellet was resuspended in DNAsel reaction buffer (0.1M
sodium acetate pH 5.0, 5 mM MgSOs) and subjected to DNAsel treatment (RNAse free, 5U,
Roche) treatment. At the end of 45 min, LiCl (2M final concentration) was added to the tubes
and the tubes kept at -20°C for at least 1 hour. The RNA was collected by centrifugation
(15000 x g, 20) min) at 4°C. The RNA pellet was washed with 75% ethanol, air dried and
dissolved in RNAase free water.

Following relationship was used to determine the concentration of RNA

Axo= 1 =40 ug/ml RNA.

2.2.5.2 Electrophoretic separation of RNA

RNA samples were electrophoretically resolved in formaldehyde MOPS buffer on a 1.2%
agarose gel. The gel was pre-run for 15 min at 100 V before loading RNA samples. RNA
samples were prepared in RNA loading dye (1X) and incubated at 65°C for 10 min before

loading. Electrophoresis was carried out in MOPS buffer (1X) for 4h at 5 V/cm. After
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electrophoresis, gel was stained with ethidium bromide for 30 min and then destained with

water. RNA ladder (NEB) was used to calculate the size of RNA fragments.

Table 2.5: Reagents used in RNA electrophoresis.

MOPS (10X) | 200 mM MOPS, 50 mM sodium acetate, 10 mM EDTA, pH 7.0

RNAloading | 2X MOPS (2ml of 10X MOPS), 64% Formamide, (6.4 ml), 8%
dye (2X, 10 ml) | sucrose (0.4 ml of 50% sucrose solution), 4.4% formaldehyde (1.2 ml
of 37% formaldehyde), 0.2% xylene cyanol 0.2% bromophenol blue,

RNAse free 1 ml of DEPC (Diethylpyrocarbonate, Sigma) was added to 1 litre of
water double distilled water, mixed thoroughly, allowed to stand for 18h at
37°C and autoclaved

2.2.5.3 DIG labeling of probes

The DNA fragment to be used as a probe for hybridization was denatured by boiling for 10
min and followed by immediate chilling on ice. To this, hexanucleotide random primer and
digoxigenin (DIG) labeling mix were added, as per the recommended by manufacturer
protocol (Roche biochemicals), and this mix was incubated at 37°C for 20 hrs. The labeled

DNA was purified using Sephadex G-50 columns to remove the unincorporated nucleotides.

2.2.5.4 Northern blotting and hybridization

The electrophoretically separated RNA molecules containg agarose gel, was blotted by
capillary blotting in SSC (10X) overnight onto positively charged nylon membrane. The
transferred RNA was UV-cross linked to the nylon membrane. Pre-hybridization was
performed at 50°C for 1 h in DIG Easy Hyb buffer (Roche). The DIG labeled DNA probe was

hybridized to the RNA on membrane overnight in DIG Easy Hyb buffer at 50 °C. After
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hybridization, the membranes were washed twice with solution A (2X SSC, 0.1% SDS) for
15 min at room temperature and twice with solution B (0.1X SSC, 0.1% SDS at 66°C) for 15
min at 66°C. The chemiluminescent detection was carried out using DIG systems user’s guide

for filter hybridizations (Roche) as per the instructions provided.

2.2.6 Protein extraction, resolution and detection of cellular proteins
2.2.6.1 Extraction of total or soluble proteins from Anabaena PCC 7120

For the preparation of the whole cell extracts, cells were harvested by centrifugation at 5000
rpm for 5 mintues, washed twice with Tris (20 mM pH 8.0) and re-suspended in appropriate
volume of 20 mM Tris. Glass beads (100 mm) were added equivalent to the volume of initial
pellet, mixed by vigorous vortexing (5 times) with intermittent incubation on ice. This cell
suspension was mixed with equal volume of the SDS sample buffer and boiled for 5 minutes
at 95°C for 5 minutes. The supernatant obtained after 5 min of centrifugation (12000 x g) was
used as total cell-extract. Total soluble proteins were isolated from Anabaena using following
protocol (at 4°C). Briefly, the cells were harvested by centrifugation at 6000 rpm for 5
minutes and the cell pellet was re-suspended in buffer (Tris 20 mM, pH 8.0). Subsequently,
cell suspension was frozen in liquid nitrogen and thawed on ice. This process was repeated 3
times. For more effective lysis, glass beads (equal in volume to the initial cell pellet) were
added and cells were subjected to vigorous vortexing (3 cycles of 3 m. each) with incubation
on ice (5 minutes each) after each vortex step. Finally, the cell suspension was centrifuged at

10000 rpm for 20 min and supernatant thus obtained was used as soluble protein.

2.2.6.2 Estimation of protein content
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The protein estimation was carried out as described earlier [181] with slight modifications.
Briefly the purified protein sample or cellular extract was added to 500 pl of deionized water.
The protein was subsequently precipitated by adding 50 pl of 1.5 mg/ml of Deoxycholate
(DOC, SIGMA, India) and 50ul of 92% Trichloroacetic acid solution (TCA, SRL, India),
followed by centrifugation at 12000 x g for 15 minutes. The precipitated protein was
subsequently resuspended in 500 pl of Lowry’s reagent (SIGMA Aldrich, India) and another
500 pl of deionized water was added to the tube. After incubation for 30 min, 250 pl of Folin
C solution (18 ml 2N Folin C and 90 ml of water) was added and the reaction mix was
incubated for 30 minutes. The samples were analyzed spectrophotometrically at 750 nm. The
linear standard graph of protein concentration was made by using defined concentrations of

BSA.

2.2.6.3 Electrophoretic separation and visualization of protein (SDS-PAGE)

SDS-PAGE analysis is an important technique for resolving proteins under denaturing
conditions 30% acrylamide solution (containing 0.8% bis-acrylamide), 1.5 M Tris-HCI pH
8.8, and 10% SDS were used to prepare (12-14%) resolving gels. APS (0.1% final
concentration) and TEMED (10 pl per 20 ml of gel mix) were used as free radical generator
and catalyst respectively. The gel solution was poured between two glass plates (10 x 8cm)
having 1 mm thickness and allowed to polymerize for at least 1h. The top portion of the gel
was buffered with water saturated butanol or isopropanol to avoid contact with air. After
polymerization, the top layer of water saturated butanol/isopropanol was drained off. The
stacking gel solution (4% acrylamide/bisacrylamide, 125 mM Tris-HCI, pH 6.5, and 0.1%
SDS) was poured on top of the resolving gel by appropriately diluting stock solutions of 30%

acrylamide, 0.5 M Tris-HCI pH 6.8, 10% SDS and was allowed to polymerize for at least 0.5
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h. Appropriate wells were generated while pouring the stacking gel solution by using standard
sized combs. After removing the comb, the space between the gel plates and combs was
flushed with distilled water and then comb was removed slowly to avoid any damage to
wells. The wells thus formed were rinsed twice with distilled water to any loose gel pieces.
The gel with properly formed wells were subsequently used for resolving proteins under
denaturing conditions. After estimation of protein using Lowry’s (SIGMA, USA), equal
amount of protein (20 pg to 60 pg) was mixed with 5X loading dye (0.06 M Tris-Cl pH 6.8,
2% SDS, 40% glycerol, 0.025% bromophenol blue) and denatured by heating at 100°C for 5
m. The sample proteins were then loaded into SDS-polyacrylamide gels desired percentage of
acrylamide gel and resolved in 1X Tris glycine buffer (25 mM Tris, 250 mM glycine, 0.1%
SDS) at 30 mA current with voltage 150 V till the dye front reached gel. After completion of
electrophoresis, the protein bands were visualized by staining with Coomassie blue staining
solution (0.5% Coomassie blue, 50% methanol, 10% acetic acid) followed by de-staining

(10% methanol, 10% acetic acid) or processed for immunoblotting as described below.

1.2.6.4 Western blotting and immunodetection

The polyacrylamide gel after electrophoresis was equilibrated in transfer buffer for 1h (See
table 2.5). The proteins were tranferrred to nitrocellulose membeane using electroblotting at
300-350 mA for 1 h. After transfer blot was stained with nonspecific protein staning reagent
Poncaeu-S to verify the transfer of protein. Subsequently, blot was immersed in Tris-saline
buffer (TSB) containg 1% blocking reagent for 1h. Desired primary antibody, at appropriate
dilution (1:5000) in 1X blocking buffer was added and the blot was incubated overnight at
4°C. The blot was washed twice with TBS buffer for 20 min each, followed by incubation

with secondary antibody in TBS buffer for 1h. The blot was washed again (twice) with TBS
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buffer for 15 min each. The blot was briefly rinsed with reaction buffer and color reaction

carried out using NBT/BCIP (Nitro blue tetrazolium chloride/5-bromo-4-chloro-3-indolyl

phosphate, toluidine salt) stock solution in dark. The reaction was stopped by rinsing the

blot in water.

Table 2.6: Reagent for protein electrophoresis and western blotting

Reagent

Composition

2X Cracking Buffer

0.5 M Tris-HCI,, pH 6.8, 5% (w/v) 2-mercaptoethanol, 2% (w/v)
SDS, 20% Glycerol, 0.1% BPB,, 0.076 EGTA, 0.2% Sodium

azide, 0.02% PMSF

Running Buffer

0.3% Trizma base, 1.44% Glycine, 0.1% SDS

Destaining Solution

I: 10% Glacial acetic acid, 50% Methanol

I1: 10% Glacial acetic acid, 10% Methanol, 2% Glycerol

Coomassie  Brilliant

Blue G250

0.2% Coomassie Brilliant Blue G250, 20% Glacial acetic acid,

40% Methanol

Transfer Buffer

0.125 M Trizma Base, 0.192 M Glycine, 20 % methanol

Tris Saline Buffer

0.05 M Trizma Base, 0.9% NaCl

Maleic Acid Buffer

0.1 M Maleic acid, 0.15 M NaCl

Reaction Buffer

0.1 M Trizma Base, 0.1 M NaCl

2.2.6.5 Extraction of spot, trypsin digestion and peptide mass fingerprinting and

peptide mass-finger printing, MASCOT identification

For MALDI identification of two bands that appeared on SDS-PAGE, the purified Alr3183
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was resolved on SDS-PAGE (12% gel), stained with Coomassie R-250. After destaining, the
two bands corresponding to the Alr3183 protein were excised out of the gel using a sterile
scalpel. The gel pieces were digested in gel with trypsin overnight. The trypsin-digested
protein used for generation of peptide mass finger print in a MALDI- mass spectrometer
(Bruker-Daltonics). The peptide peaks obtained were searched for masses of peptides using

MASCOT server.

2.2.7 Protein over-expression and purification

2.2.7.1 Over-expression, solubility and purification of the Alr3183 protein from

E. coli

Single colony of E. coli BL21(pLys) carrying the appropriate plasmid was picked from a petri
plate, transferred into 5 ml Luria Broth (LB) and grown for 16-18 h at 37°C. Two ml of this
culture was seeded into main culture of 200 ml of fresh LB broth (i.e. 2% inoculum) and
incubated at 37°C for another 4h, or till the absorbance of the culture at 600 nm (Asoo)
reached ~ 0.6. At this stage, a aliquot of cells was kept as un-induced control. The inducer,
isopropyl B-D-1-thiogalactopyranoside (IPTG, 1 mM) was added to the culture and
incubation continued for another 4h. Cells were harvested by centrifugation at 5000 rpm for
10 minutes and the cell pellet was stored at -80°C. A small aliquot of these cells was kept for

SDS-PAGE analysis to determine the extent of protein induction.

To verify if the protein was present in the soluble or the insoluble fraction, the cell pellet
(stored at -80°C) was suspended in 25 ml ice-cold lysis buffer (50 mM Tris-Cl pH 8, 200 mM

NaCl, 1 mM PMSF, 2 mM B-mercaptoethanol) and lysed by sonication on ice (10 sec bursts
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at 200-300 W with a 10 sec cooling pulse between each period). The cell lysate was
centrifuged at 5000 x g for 5 minutes to remove the unlysed cells and the supernatant thus
obtained was further centrifuged at 12,000 x g for 20 minutes. The supernatant contained the
soluble proteins whereas the pellet contained the insoluble or the inclusion body fraction.
Both the soluble and the insoluble fractions were resolved on SDS-PAGE to determine the

solubility of the recombinant protein.

The soluble recombinant protein was purified from supernatant fraction by affinity
chromatography. The supernatant was allowed to interact with the Ni-NTA matrix (300 pl
slurry, Qiagen, Germany) for 18 h at 4°C. To remove the non-specifically bound proteins, the
matrix was washed with ~20 ml of the native lysis buffer solution followed by washing with
wash buffers containing increasing concentration of imidazole (Sigma Chemicals, St, Louis,
MO). The slurry was washed five times with 5 mL buffer B (50 mM Tris, 200 mM NacCl, 5
mM imidazole; pH 8.0) and three times with 5 mL buffer C (50 mM Tris, 200 mM NacCl, 20
mM imidazole; pH 8.0). Final elution was performed in buffer D (50 mM Tris, 200 mM
NaCl, pH 8.0 containing 250 or 500 mM imidazole). The eluted protein was dialyzed against
20 mM Tris—HCI (pH 8.0) with 4 buffer changes (150 ml each) for a total time of 18 h. For
gel-exclusion analysis, the purified protein was dialyzed against buffer containing 20 mM
Tris—HCI 150 mM NacCl, pH 8.0 The affinity purified proteins were separated on a 12% or

15% SDS-PAGE to verify their purity.

2.2.7.2 Over-expression, solubility and purification of the Alr4642 protein

2.2.7.2.1 Purification trials of Alr4642 protein from E. coli in denaturing

conditions
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To purify Alr4642 in denaturing conditions, 50 ml of overnight IPTG-induced E. coli
BL21/pET4642 culture was harvested, the cell pellet was dissolved in 6M Guanidium
hydrochloride (Gn.HCI) and allowed to bind to the Ni-NTA resin. After appropriate washing,

flow through, wash and elution fractions were analyzed on SDS-polyacrylamide gels.

2.2.7.2.2 Over-expression, solubility and purification of Alr4642 protein from

Anabaena PCC7120

For purification of AlrT4642(6His), AnT4642 (6His)" cells were grown with aeration (2 L
min1) in the presence of light for 8-10 days until chlorophyll a density of 8-10 pg mL™* was
reached. Cells were harvested by centrifugation, washed thoroughly with lysis buffer and
stored at -80°C. Solubility of over-expressed Alr4642 was verified as described (2.2.7.1).
Purification of AlrT4642 using Ni-NTA affinity chromatography was performed as described
for Alr3183 with little modifications. The frozen Anabaena cell pellet was thawed on ice and
resuspended in 25 ml ice-cold lysis buffer (50 mM Tris-Cl pH 8, 200 mM NaCl, 1 mM
PMSF, 2 mM pB-mercaptoethanol) and lysed by sonication on ice. The cell lysate was
centrifuged at 12,000 x g for 30 min to remove the debris, and the supernatant was allowed to
interact with the Ni-NTA matrix (300 pl slurry, Qiagen, Germany) for 18 h at 4 °C. To
remove the non-specifically bound proteins the matrix was washed with almost 50 ml of
native lysis buffer solution. Subsequently, the matrix was washed five times with 5 mL buffer
B (50 mM Tris, 200 mM NaCl, 5 mM imidazole; pH 8.0) and three times with 5 mL buffer C
(50 mM Tris, 200 mM NaCl, 20 mM imidazole; pH 8.0). Final elution was performed in
buffer D (50 mM Tris, 200 mM NaCl, 250 mM imidazole; pH 8.0). The eluted protein was
dialyzed against 20 mM Tris—HCI (pH 8.0) with 4 buffer changes (150 ml each) for a total
time of 18 h.
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2.2.8 Antibody generation against Alr3183 and Alr4642

Purified Alr3183 or Alr4642 proteins were individually loaded in all the wells of a 14% or a
12% denaturing polyacrylamide gel. After electrophoresis, single lane was cut out of the rest
of the gel and stained briefly with Coomassie brilliant blue (CBB-R 250) to locate the
position of the protein. Once the protein band was visualized, this lane was kept next to the
rest of the unstained gel. The stained protein band served as a marker that located the position
of the protein on the unstained gel. The desired portion of the gel (expected to contain the
purified protein) was excised with a sterile scalpel. The excised gel was sliced into small
pieces and incubated in a buffer (Tris-NaCl, 20 mM; NaCl, 50 mM; pH 8.0,) over-night at
25°C with mild agitation. The elution of protein was confirmed by resolving a small aliquot
on SDS-polyacrylamide gels. The quantity of protein was estimated by the modified Lowry’s
method. The proteins were lyophilized and 1-2 mg of each protein (Alr3183 and Alr4642)
was given to a commercial facility (Banglore Genei, India) for production of specific
antiserum. The anti-Alr3183 was raised in rabbit whereas the anti-Alr4642 was raised in
mouse. The polyclonal antiserum thus obtained was tested for its ability to cross-react with

the purified protein (i.e. the protein used for generation of antiserum) on Western blots.

2.2.9 Biophysical methods

2.2.9.1 Determination of oligomeric status of purified proteins by gel-exclusion

chromatography

Oligomeric status of AIr3183 and its cysteine mutants was determined by gel permeation
chromatography employing the Superdex-200 gel-exclusion column with a bed volume of 24
ml (GE Healthcare, UK). Bovine serum albumin (66 kD), carbonic anhydrase (29 kD), and
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cytochrome C (12.4 kD) were used as protein standards. Approximately 250 ul (1 pg/pl) of
each protein was individually passed through the column at a flow rate of 0.6 ml per min. All

the fractions were collected and resolved on 14% SDS-PAGE.

2.2.9.2 Hydrodynamic size of Alr3183, Alr3183C46S and Alr3183C51S using

dynamic light scattering

Hydrodynamic size of Alr3183/AIr3183C46S/Alr3183C51S was determined using dynamic
light scattering (Malvern zetasizer, nanoseries) at 0.4 pg/ul concentration of protein in buffer

(20 mM Tris, pH 8). 1 ml cuvette was used for this purpose.

2.2.9.3 Circular Dichroism (CD) spectral analysis

For CD-spectral analysis, the purified proteins were dialyzed against a buffer containing 20
mM Tris-Cl (pH 8), and CD spectra in the far-UV (190-250 nm) and near-UV (230-350 nm)
region were recorded on a Jasco J-720 spectropolarimeter using cylindrical quartz cuvettes of
path length 1 and 10 mm respectively. Each spectrum is the average of five successive scans
performed at a scan speed of 20 nm/minute. Appropriate baseline subtraction and noise

reduction analysis were performed.

2.2.9.4 Surface plasmon resonance (SPR) analysis to verify interaction between

Alr3183 and E. coli TrxA

SPR analysis with a bare gold sensor chip was performed using the Autolab Esprit SPR
system. At 20°C, about 200 response units of TrxA was loaded onto the bare gold chip
employing the EDC-NHS chemistry (Autolab ESPIRIT User manual SPR) followed by
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extensive washing with buffer H (20 mM Tris, 100 mM NaCl, pH 7.5). The
Alr3183/AIr3183C46S/Alr3183C51S/Alr3183CDM proteins were injected separately onto
the TrxA-bound sensor chip at 33.3 uL min? flow rate in independent experiments. The
Alr3183 proteins were allowed to interact with the immobilized TrxA for 300 s before
washing off with buffer H containing 0.1% SDS. The Alr3183 protein was reduced with DTT
(20 mM) in the above-mentioned buffer for 1 h and the excess DTT was subsequently
removed by dialysis. The DTT-reduced protein was also allowed to interact with the
immobilized TrxA. The data were processed using Autolab kinetic evaluation software (V5.4)

provided with the instrument.

2.2.9.5 Electrophoretic mobility shift assays (EMSAS)

To confirm the ability of the purified LexA to bind to the putative LexA-binding sequence
electrophoretic mobility shift assays (EMSAs) were performed. Two complementary
oligonucleotides (39 nt each) that encompassed the putative LexA-binding site were annealed
to form the double stranded i.e. dsLexA-binding DNA. The purified Anabaena LexA protein
(kindly provided by Mr. Arvind Kumar and Dr. Hema Rajaram) in increasing amounts was
allowed to bind to the above-mentioned 38 bp dsDNA in DNA binding buffer (Roche). After
the assay, the contents of each reaction were resolved on agarose gel and visualized by

staining with ethidium bromide.

2.2.10 Biochemical Assays

2.2.10.1 Modification of the proteins with AMS (4-acetamido-4'-

maleimidylstilbene-2,2'-disulfonate).
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The alkylating agent AMS, which covalently binds to the reduced form of the protein
(containing a free thiol group), was used to verify whether Alr3183 formed an intramolecular
disulfide bond or not. Purified proteins were incubated in a reaction mixture containing
100 MM DTT or 2 mM H20- at 20°C for 20 min. After the incubation period, proteins were
precipitated with 10% TCA and dissolved in 20 pl of a freshly prepared solution containing
1% SDS, 50 mM Tris/HCI (pH 7.5) and 15 mM AMS. Proteins were initially incubated with
agitation at 20°C for 30 min after which they were transferred to 37°C for 10 min. Finally,
proteins were resolved by SDS/PAGE (14% gel) under non-reducing conditions and

visualized by staining with CBB.

2.2.10.2 MCO (metal-catalysed oxidation) assay for antioxidant activity

The pBSK (plasmid pBluescript) was subjected to MCO in the presence of Fe®* and DTT
wherein the highly reactive hydroxyl radicals ((OH, formed by the Fenton reaction) degrade
the DNA. Purified proteins (0.2-2 pug) were incubated with 5 mM DTT and 3 uM FeCls for
30 min at room temperature (25°C). pBSK DNA (1 pg) was added to each of the reaction
mixtures and the samples were further incubated for 4 h. Subsequently, the DNA integrity

was assessed by electrophoresis of reaction samples on agarose gels.

2.2.10.3 Peroxidase activity

For the DTT-dependent peroxidase assay, a reaction mixture (1 ml) containing 50 mM
HEPES/NaOH buffer (pH 7.0) and the desired concentrations of Prx proteins were pre-
incubated with DTT (3 mM) for 10 min at 37°C, followed by the addition of H20. (200-250
#M). The residual H20> remaining in tubes was measured with the peroxoquant kit (Thermo

Scientific). The amount of residual H,O> remaining in the reaction was estimated from a
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standard calibration curve prepared using known concentrations of H.O.. For GSH-
dependent peroxidase activity, the typical reaction mixture contained 50 mM HEPES/NaOH
(pH 7.0), NADPH (0.25 mM), glutathione reductase (GR, 0.2 uM), 1 ug of purified Alr3183
protein and GSH (5 mM). The reaction was started by the addition of 200 M H>0- and the
decrease in the absorbance of NADPH (at 340 nm) was monitored. The TrxA-dependent
peroxidase activity of various Alr3183 constructs was measured by monitoring the decrease
in absorbance of NADPH at 340 nm using TrxA (1-5 uM) and H20, (200 «M) as the
substrate. For calculation of kinetic parameters, the reaction was started by the direct addition
of H202 (ranging from 5 to 250 M) and the activity was monitored for 5 min. A molar
absorption coefficient of 6220 cm*M™ for NADPH was used to calculate the enzyme
activity [166]. For verifying its resistance to H2O2, the purified Alr3183 protein was
incubated with 5 mM H2O> for 4 h, dialyzed to remove H2O> and analyzed for the TrxA-
dependent peroxidase activity. Purified Alr3183 was incubated at different temperatures (30,
40, 45, 50, 60, 70°C) for 10 minutes and the TrxA-dependent activity was measured as

described above.

2.2.11 In vivo role of Prxs in Anabaena PCC 7120
2.2.11.1 Treatment with various stresses

Three-day-old cultures of the wild-type Anabaena PCC 7120 (WT) as well as various
recombinant strains were inoculated in a fresh growth medium at a chlorophyll a density of 3
pg mL and subjected to stresses such as hydrogen peroxide (H20.), tertiary-butyl
hydroperoxide (tBx), Cumene-hydroperoxide (CuX) in tubes (without shaking) under
illumination for 2 days. For radiation and desiccation stresses, cells were centrifuged and re-

suspended at a chlorophyll a density of 10 ug mL ™.
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2.2.11.2 Overexpression of proteins in Anabaena PCC7120

In order to evaluate the in vivo role of Alr3183/AIr4642, it was desired to over-express these
proteins in Anabaena. Briefly, appropriate plasmid constructs were made to over-express
specific proteins in the wild-type Anabaena. These were subsequently transferred to
Anabaena by tri-parental conjugation. The alr3183 knock down construct was made by

overexpressing antisense alr3183 RNA in Anabaena PCC7120.

2.2.11.2.1 Construction of pAM1956 vectors for transfer to Anabaena

The DNA fragment corresponding to the ORF were excised out of the appropriate pET16b
construct by employing the restriction enzymes and the fragment was inserted downstream of
the strong light inducible psbAl promoter (Ppsba1) in the pFPN vector [171], employing the
above-mentioned restriction enzymes (Ndel and BamHI). Subsequently, the desired ORF
along with the Ppspa1 promoter was transferred as a Xmal-Sall fragment from pFPN plasmid
to similarly digested E. coli/Anabaena shuttle vector pAM1956 [172] to obtain the plasmid to
be conjugated into Anabaena PCC 7120. The presence of the appropriate gene in this
construct was verified using restriction digestion and nucleotide sequencing. The pAM1956
vector also contains a gene encoding green fluorescent protein (GFP) which can be monitored
by fluorescence microscopy and thus GFP expression can be used as a marker to identify
cells that contain the plasmid of interest. The GFP fluorescence can be visualized under

fluorescence microscope (Aex = 488 nm; Aem = 507 nm).

Using a conjugal E. coli donor strain [HB101(pRL623+pRL443)], the pAM1956 constructs
having protein of interest were conjugated into Anabaena PCC7120 individually as described

earlier [148]. Ex-conjugants were selected on BG-11/N* agar plates supplemented with
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neomycin (25 pg/ml) on HATF membranes. Individual isolated colonies that appearing on the
HATF membrane were inoculated in BG11N" liquid with the antibiotic neomycin (12.5
pg/ml) and repeatedly sub-cultured in the same medium. The transformed Anabaena strain
thus obtained was maintained on BG-11/N" plates containing neomycin. For detection of
desired protein, total protein extracts or cytosolic extract of or the wild-type or recombinant

Anabaena PCC 7120 was made and probed with the specific antiserum on Western blots.

2.2.11.3 Measurement of growth

The photoautotrophic growth of wild type Anabaena PCC7120 and its various recombinant
strains were monitored by determining the content of chlorophyll a per ml of culture as
described by Mackinney [182]. Growth of E. coli strains was measured by estimating

absorbance at 600 nm of appropriate dilutions.

2.2.11.4 Fluorescence microscopy

The fluorescence microscopy of the wild-type Anabaena 7120 was performed under green
light excitation (excitation 511 +8 nm). This wavelength is specifically absorbed by the blue
pigment phycocyanin which transfers the energy to chlorophyll a. The chlorophyll a shows a
typical red autofluorescence (emission ~710). The red auto fluorescing image of filament was
recorded by a Carl Zeiss Axioscop 40 microscope with 40X and 100X objectives. The green
fluorescent protein (GFP) expressing images of Anabaena 7120 were obtained under blue
light excitation (excitation 480 + 8 nm) and the fluorescence (emission 511 £8 nm) was
captured with a charge-coupled device (CCD) Axiocam MRc (Zeiss) camera attached to the

microscope.
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2.2.11.5 Estimation of total ROS content using DCHFDA method

Total ROS content of the whole cells were estimated using 2',7-Dichlorofluorescin diacetate
(DCHFDA, SIGMA Aldrich, USA), a cell-permeable, non-fluorescent probe. DCHFDA is
de-esterified intracellularly and turns to highly fluorescent 2’,7'-dichlorofluorescein upon
oxidation. This allows sensitive and rapid quantitation of oxygen-reactive species in response
to any conditions that perturbs the ROS status of the cell. Briefly, 1 ml of cells were taken in
1.5 ml eppendorf tubes, DCHFDA (10 uM final concentration) was added to cells and the
suspension was incubated at 37°C in dark with shaking (150rpm). After 1 h of incubation,

florescence was estimated in triplicates (Aex =490 nm, Aem = 520 nm).
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Chapter 3 - Characterization of Alr3183
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3.1 Introduction

The Alr3183 protein belongs to the PrxQ subfamily of Prxs i.e. it is an atypical 2-Cys Prx.
The first atypical 2-Cys Prx was identified in E. coli as a protein with a molecular mass of 18
kDa, which comigrated with the bacterioferritin protein [129, 102]. Hence, even before its
function was known, this protein was named as bacterioferitin comigratory protein (BCP). As
E. coli BCP is the prototype and the best studied member, this family of proteins is termed as
the BCP family. Subsequently, the E. coli BCP protein was found to be a member of
AhpC/TSA family with a general alkyl hydroperoxidase activity that required thioredoxin A
(TrxA) as an electron donor [116, 183, 184, 185, 119]. The plant homologs of BCP are named
as PrxQ proteins. BCP/PrxQ proteins in general are 149 to 154 amino-acid long polypeptides
that contain two catalytic cysteines, the peroxidatic cysteine (Cp) and the resolving cysteine
(Cr), which form an intramolecular disulphide bond. The peroxidatic cysteine of these
proteins is located in the conserved GCT motif. However, the position of the resolving
cysteine is not conserved and, interestingly, in some members, the resolving cysteine may not
be not present at all [186, 166, 187]. Unlike other Prxs, BCP/PrxQ members exists as a
monomer and the regeneration of the sulfenic acid form of the Cp takes place by intra-
molecular disulphide bond formation. BCP/PrxQ proteins generally use thioredoxin as
reducing agent and are therefore considered to be thioredoxin-dependent thiol peroxidases

[116, 183, 84, 185, 119].

Although not found in mammals, the PrxQ homologs have been observed in plants [102, 103,
,188, 189] and other non-pathogenic bacteria [116, 166, 187], including cyanobacteria [166,
190]. The poplar PrxQ protein is targeted to chloroplasts, suggesting its possible role in

maintaining the redox status of that organelle [103, 191, 192]. Over-expression of Gentiana
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triflora (Gt) PrxQ resulted in resistance to fungal infection and methyl viologen in Nicotiana
tabacum [193], whereas over production of Suaeda salsa PrxQ led to tolerance to cold stress
in Arabidopsis [194].

Although Anabaena possesses two genes encoding catalases, the inherent catalase activity in
Anabaena appears to be low under normal conditions of growth [153, 161]. In view of this, it
is proposed that Prxs could be the principal proteins that detoxify H>O> in Anabaena [195].
This reasoning is supported by the occurrence of many genes encoding Prxs in Anabaena
[166]. All the major categories of Prxs are found in Anabaena, including four that belong to
the BCP/PrxQ subtype (i.e. Alr2503, All2375, AlI2556 and AIr3183) [150, 166, 17].
Chloroplasts are the organelle with highest content of Prxs in plant cells and the antioxidant
system in chloroplasts, is supposed to have evolved from cyanobacteria. Similar to
Anabaena, chloroplasts also show the presence of the multiple PrxQ proteins and low
catalase activity [195, 153]. The Alr3183 protein (Q8YSAG6) from Anabaena PCC 7120 was
named as GCT1 [166], due to the presence of C, in the conserved GCT motif. In
phylogenetic analysis, Alr3183 clustered with plant PrxQs, suggesting that plants PrxQs
probably originated from their cyanobacterial counterparts [196]. The characterization of the

Alr3183 protein from Anabaena PCC 7120 is described in this chapter.

3.2 Bioinformatic analysis of the alr3183/Alr3183

3.2.1 Genomic context

The alr3183 ORF (gi Q8YSAG) that encodes the Alr3183 protein is located on Anabaena
main chromosome at the chromosomal location 3852775...3853236, on the direct strand. The

schematic representation of the location of the alr3183 ORF is shown in the Fig. 3.2.1.1 The
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alr3183 OREF is located downstream of the ORF encoding glucose inhibited division protein
B (alr3182), whereas all3184, ORF that encodes light-repressed protein (LrtA) is located

downstream of the alr3183, but is present in the reverse orientation.

alr3182 ’\ alr3183 all3184
%sbp 109bp
glucose inhibited bacterioferritin light-repressed
division protein B co-migratory protein protein LrtA
(738 bp) (462 bp) (642 bp)

Fig. 3.2.1. Schematic representation of the alr3183 gene on the genome of Anabaena PCC 7120. The
alr3183 (yellow) and its neighboring ORFs are shown with their sizes (in bp). The intergenic regions are

depicted by dashed lines and the direction of arrowheads depicts the direction of transcription.

3.2.2 Homology search and multiple sequence alignment of Alr3183

Analysis with the BLASTp algorithm (http://blast.ncbi.nlm.nih.gov/Blast.cgi) using the
Alr3183 amino acid sequence from the cyanobase database
(http://genome.microbedb.jp/cyanobase/Anabaena/genes/alr3183.faa) as subject sequence
and all non-redundant GenBank protein sequences as target database revealed that the
Alr3183 protein belonged to the bacterioferritin comigratory protein (BCP) subfamily of

peroxiredoxin family, indicating that it was an atypical 2-Cys Prx.

Multiple sequence alignment of Alr3183 homologs from different organisms is shown in the
Fig. 3.2.2. The Alr3183 homologs appear to be present in bacteria, archaea, plants and lower
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eukaryotes, but surprisingly not found in animals. More significant matches (> 60% identity,
> 80% positives) were seen with the BCP/PrxQ type of proteins from cyanobacteria but
lower homology was observed with the non-cyanobacterial  homologs

(http://blast.ncbi.nlm.nih.gov/Blast.cgi).
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Fig. 3.2.2. Multiple sequence alignment of the Alr3183 protein with BCP/PrxQ proteins from various
organisms. Alignment was performed using ClustalW using standard parameters Anabaena PCC7120
(Alr3183, Q8YSAG6), Ava_3881 (aba23486.1), Synpcc7942 (WP_006516077), Streptomyces sp. NRRL F-5123
(WP_031519847.1), Myxococcales (gb|KPK14909.1), Escherichia coli (AAC75533), Haemophilus influenza
(AAC21920), K. pneumonia (Gl: 152971345), Mycobacterium tuberculosis H37Rv (CAA16017), Salmonella
enterica Typhimurium str. LT2 (Q8XF67), S. cerevisiae (CAA86239), Poplar (AY530803), Oryza sativa
(NP_001057052.1), Zea mays (NP_001150063.1), Arabidopsis thaliana (NP_189235.1), Sedium lineare
(BAA90524) were employed for comparison. The residues of catalytic triad (T, C, and R) are shown in red, the

two catalytic cysteines are depicted in an enlarged font, and the catalytic GCT motif is boxed.

On the basis of homology with homologous BCP/PrxQ proteins, cysteine residues at
positions 46 (Cys-46) and 51 (Cys-51) of AIr3183 appeared to be the putative C, and C,
residues, respectively. The Cp (Cys-46) was present in the GCT motif, which is characteristic
of the BCP proteins. The 4 amino acids spacing between the two putative catalytic cysteines

placed Alr3183 into the a-subgroup of the BCP/PrxQ proteins [183, 186].
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3.2.3. Primary sequence analysis of the Alr3183 protein

The 462-bp long alr3183 ORF along with its amino acid sequence (153 amino acids, mol. wt.
16.7 kDa) is shown in Fig. 3.2.3 The residues of the catalytic triad (T, C, and R) are located at
amino acid residue no. 43, 46 and 115, respectively. The Cp, is the 46" amino acid residue
from the N-terminal and the C; is situated 4 amino-acids away from it (The 51" amino acid

residue).

1 ATGCCAGTTAAAGTTGGAGACTCTGCGCCTGATTTTACTTTACCTGCACAAAATGGCTCA
1 M P VKV G D S A PDTFTL PAQNGS

61 TCGGTGAGCCTGAGTGATTTTCGGGGTAAAAAGGCTGTGGTGCTGTACTTTTATCCTAAG
21 S v S L S D F R G KKAVY LY F Y PK

121 GATGATACACCAGGATGTACAGCAGAATCTTGTGCTTTCCGCGATCGCTATGAAGTTTTT

a1 DDTPAESCAFRDRYEVF

181 CAAACTGCTGGGGCGGAAATTATTGGTGTCAGTGGTGACTCTAACGAATCTCACCAAAAA
61 QT A G A E I'l1l GV S GD SNE SH QK

241 TTTGCTTCTAAATACAATTTACCTTTTACTTTGTTGAGCGACAAAGGCGACCAAGTACGC
81 F A S K YNULZP FTLL S DK G D Q VR

301 AAACTATACGGCGCAACAGCCGCTTTTGGTTTGTTTCCCGGTCGCGTTACTTACGTCATC
101 K LY G A T A AFG L FP GRV TY VI

361 GACCAACAGGGAGTAGTGCAGTACGTTTTTGATTCCATGTTCAACTTCCAAGGACACGTC
121 pQ Q G V V. Q YVF DSMFNFQGH V

421 GAGGAAGCGTTGAAAACTCTGCAACAGTTGGCGAGTAAATAG
141 E E A L K T LQQL A S K®*

Fig. 3.2.3. Sequence analysis of alr3183/Alr3183. The 462 bp long alr3183 ORF that encodes 153 amino-acid
long polypeptide. Peroxidatic and resolving cysteine’s are depicted in larger font size; the catalytic GCT motif
having the peroxidatic cysteine is shown in box. Residues of the catalytic triad (T, C, and R) of Prxs are depicted

in red color.
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3.2.4 Domain analysis using SMART program

Analysis with the SMART program (http://smart.embl-heidelberg.de/) showed the Alr3183
protein to have the AhpC/TSA domain (extending from the 6™ amino acid to the 129" amino
acid). This AhpC/TSA family contains proteins related to bacterial alkyl hydroperoxide
reductase (AhpC) and yeast thiol-specific antioxidant (TSA). AhpC/TSA domain is

characteristic of the thioredoxin-like super-family.

AhpC/TSA domain

Peroxidatic Resolving
cysteine cysteine

416 511

GCT C

129 153

- e—— o

Fig. 3.2.4. Schematic representation of the Alr3183 protein. The predicted 153 amino-acid long Alr3183
protein consists of an AhpC/TSA domain. The position and the amino acid residue number of the conserved
‘GCT’ motif (typical of the BCP/PrxQ type of Prx), and the putative peroxidatic and resolving cysteine residues

are indicated.

3.2.5. Protparam parameters

The biophysical parameters for Alr3183 protein were calculated using protparam tool at
Expasy server (http://web.expasy.org/cgi-bin/protparam/protparam) using amino acid
sequence of Alr3183 protein obtained from Cyanobase database as the query sequence. The
Alr3183 protein was a polypeptide of molecular weight 16768.8 Da. The theoretical pl was
5.63. Total negatively charged residues (Asp + Glu) wwere 17 and positively charged

residues (Arg + Lys) were 15 and the protein did not contain any Trp residues. As predicted
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by SOSUI (http://harrier.nagahama-i-bio.ac.jp/sosui/cgi-bin/adv_sosui.cgi), the protein

did not have any transmembrane regions and appeared to be cytosolic.

3.3 Cloning of alr3183 in expression vector pET16b and over-expression in

E. coli

3.3.1. Cloning of alr3183 in E. coli expression vector pET16b.

For biochemical and biophysical characterization of proteins, it is essential to obtain the
protein of interest in pure form and in large amounts. For this purpose, it was desired to over-
produce the Alr3183 protein with an in frame His-tag in E. coli. The His-tag would not only
enable purification of the Alr3183 protein by affinity chromatography using the Ni-NTA
matrix but also facilitate easy detection with the monoclonal anti-polyhistidine antiserum on
Western blots.

The alr3183 ORF was PCR amplified using gene specific primers alr3183fwd and
alr3183rev. (Table 2.2 in material and methods and Fig. 3.3.1A). Amplification of ~ 0.5 kb
DNA was observed only when both the reverse and the forward primers were used in the
PCR reaction, whereas no amplification was observed when only the single (forward or
reverse) primer was present in the reaction mix (Fig. 3.3.1A). The PCR product was eluted
from the gel, digested with the restriction enzymes Ndel & BamHI, ligated into similarly
digested pET16b vector and transformed into E. coli DHS5a cells. Next morning the colonies
that appeared on the (carbenecillin) plate were verified for the presence of the alr3183 ORF
using colony PCR. Colonies (Fig. 3.3.1B) that showed the presence of the alr3183 amplicon
in the PCR were subsequently employed for plasmid isolation. The purified plasmid

(PET3183) was assessed for the presence of the alr3183 insert by restriction digestion (Fig.
74



3.3.1C) and the nucleotide integrity of the cloned fragment was confirmed by sequencing.

12 3 45

<— 462 bp
«—alr3183

Fig. 3.3.1. Cloning of alr3183 in pET16b. (A) PCR amplification of alr3183 from genomic DNA of Anabaena
PCC 7120. Lane 1, DNA marker (100 bp ladder, NEB); lane 2, PCR with only alr3183fwd; lane 3, PCR with
only alr3183rev; lanes 4 & 5, PCR with both alr3183fwd and alr3183rev. (B) Colony PCR. E. coli colonies that
arose after transformation were analyzed for the presence of the alr3183 gene. The primers alr3183fwd and
alr3183rev were used for amplification. The colony no is depicted on top of the lanes and the specific PCR
product obtained is shown by an arrow. (C) Restriction digestion of pET3183. Lanel, Mol. wt. marker (100 bp
ladder & 1 kb ladder, NEB); lane 2, undigested pET3183; lane 3, pET3183 digested with Ndel and BamHI. The

462 bp alr3183 insert released after digestion is indicated.

3.3.2 Over-expression of Alr3183 in E. coli and immuno-detection with the

monoclonal anti-polyhistidine antiserum

When any gene is inserted between the Ndel-BamHI restriction sites of pET16b, 10 His
codons are added in frame to the 5’ end of the gene and hence, the over-expressed protein
carries an N-terminal 10-His tag. This addition increases the size of the protein by ~2.5 kDa.
For overproduction of Alr3183, pET3183 was transformed into the appropriate expression

host, E. coli BL21pLysS. E. coli BL21 pLysS/pET3183 cells were grown in LB medium at
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37°C till the culture ODsoo reached 0.6. Subsequently, temperature was reduced to 20°C and
30 minutes later, the culture was induced with IPTG. Aliquots were removed after 4h or 24 h
and the total cellular proteins were analyzed on SDS-polyacrylamide gels under reducing
conditions. As seen in the Fig. 3.3.2A, two very closely spaced protein bands of ~19 kDa
were found to be induced in the presence of IPTG. To confirm the presence of the histidine
tag, the total cellular proteins were electro-blotted onto nitrocellulose membrane and probed
with the monoclonal anti-polyhistidine antiserum. On developing the blot, two bands of ~19
kDa, identical to those observed in Fig. 3.3.2A, were visualized (Fig. 3.3.2B), thus
confirming the presence of the His-tagged Alr3183 protein. It should be noted that no signal

was seen in the lane where the empty vector (i.e. —ve control) was used for expression.
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Fig. 3.3.2. Over-expression of Alr3183 in E. coli. (A) The E. coli strain BL21pLysS/pET3183 was induced with
IPTG (1 mM) and aliquots were removed at the time points indicated. The total cellular proteins were
solubilized in Lamelli’s buffer, resolved on SDS-PAGE and visualized after staining with CBB. The two
Alr3183 bands (~19 kDa) are shown by arrows. (B) Western blot. Total protein extracts from cells induced with
IPTG or the uninduced (control) cells were resolved on SDS-PAGE, transferred onto nitrocellulose membrane
and probed with the monoclonal anti-His antibody. Lanel, Molecular weight standard; lane2, E. coli
BL21/pET16b; lane3, E. coli BL21pET3183. The Alr3183 bands observed on developing the blot are shown by

arrows.
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3.4 Purification of the His-tagged Alr3183 using affinity chromatography

3.4.1 Solubility of the over-expressed recombinant Alr3183 protein in E. coli

After over-expression in E. coli, a protein may exist either in soluble form (i.e. remain
cytosolic) or may form inclusion bodies. Unlike the proteins present in the inclusion bodies,
proteins that remain soluble are expected to be properly folded and can be purified under
native conditions. To verify if the over-expressed Alr3183 was present in the soluble fraction
(or formed inclusion bodies), E. coli cells overproducing Alr3183 were lysed by sonication
and the cytosolic fraction was separated from the inclusion bodies. When resolved on
denaturing polyacrylamide gels, the over-expressed AIlr3183 was observed to be
predominantly present in the soluble fraction (Fig. 3.4.1), thus allowing purification trials

under native conditions.
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Fig. 3.4.1. Localization of the Alr3183 protein in E. coli. The E. coli BL21pLysS/pET3183 cells were induced
with ImM IPTG at 20°C for 18 h. Total cell lysate was separated into soluble or insoluble fraction. These
fractions were solubilized in Lamelli’s buffer containing DTT, resolved on SDS-PAGE and stained with CBB.

Lane 1, induced cells; lane 2, Inclusion-body (insoluble fraction); lane 3, soluble fraction.
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3.4.2 Purification of Alr3183

Purification of Alr3183 was performed by affinity chromatography using the Ni-NTA matrix
under native conditions. E. coli cells overproducing the Alr3183 protein were lysed by
sonication and the soluble fraction obtained was loaded onto Ni-NTA slurry. After thorough
washing with imidazole containing buffers, the protein was eluted by the elution buffer
containing imidazole 250 mM. Different fractions were analyzed on SDS-PAGE and as seen
in Fig. 3.4.2, the Alr3183 protein could be obtained in relatively pure form in the elution

fractions.
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Q\O

XY N
Washes Q)o Q}o

" -‘<—Alr3183

Fig. 3.4.2. Purification of Alr3183. Alr3183 was purified using affinity chromatography. Aliquots
from different fractions (as indicated) were solubilized in Lamelli’s buffer containing DTT, resolved
on 12% SDS-PAGE and visualized by staining with CBB. The molecular mass of standard is indicated
on the left side of the gel.

3.5 Generation of anti-Alr3183 anti-serum in rabbit

To detect expression of the Alr3183 protein in vivo in Anabaena, it was desired to raise
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polyclonal antiserum against the purified Alr3183 protein. To obtain the highly pure Alr3183
protein for this purpose, the affinity-purified Alr3183 protein was resolved on SDS-
polyacrylamide gels and eluted there from. A small aliquot of from this this elution was
resolved by SDS-PAGE to verify the presence of the Alr3183 protein (Fig. 3.5A). This
protein was subsequently employed to raise specific anti-serum in rabbit at a commercial
facility (Merck, Bangalore).

For antiserum generation in rabbit, 1 mg of Alr3183 was used for primary immunization
whereas 500 pg protein was employed for each of the 3 subsequent booster doses. The
antiserum supplied by the company was tested by cross-reacting it with the purified Alr3183
protein on Western blots. At 1:5000 dilution, the antiserum could easily detect 50 ng of the
purified protein (3.5B). The pre-immune serum, employed as a control (1:5000 dilution), did

not cross-react with the Alr3183 protein.
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Fig. 3.5. Alr3183 used for antiserum generation and titre of antiserum obtained from rabbit. (A) Protein
sample used for antiserum generation lanesl molecular wt. standard lane2 purified AIr3183. (B)
Immunodetection of the purified Alr3183 protein with the specific antiserum. Different concentrations of the
purified Alr3183 protein (1, 250 ng; 2, 100 ng; 3, 50 ng) were resolved on SDS-PAGE, electro-blotted onto
nitrocellulose membrane, probed with Alr3183 antiserum (1:5000 dilution) and developed with NBT-BCIP. The

Ponceau S-stained gel is shown as loading control in lower panel.
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3.6 The Alr3183 protein forms intra-molecular disulphide bond

In general, Prxs are characterized by the presence of two catalytic cysteine residues, which
may form inter-molecular or intra-molecular disulphide bonds. To investigate if this protein
formed intermolecular dimers, Alr3183 was resolved on SDS-PAGE in the presence or the
absence of DTT (reducing agent) (Fig. 3.6A). Under reducing (+DTT) conditions, the
Alr3183 protein appeared as two closely spaced bands (monomeric forms) while no dimeric
forms were observed. However, under non-reducing conditions (-DTT), the Alr3183 protein
was visualized mainly as a single band (monomeric form) that co-migrated with the lower

band of the two bands observed in presence of DTT.

The alkylating agent AMS (4- acetamido-4'-maleimidyl-stilbene-2, 2'-disulfonate) was used
to verify the possibility of Alr3183 to form an intra-molecular disulphide bond (Fig. 3.6B).
AMS specifically and covalently binds to the reduced form of a protein (i.e. a protein
containing a free thiol group). On being alkylated with a molecule of AMS, the molecular
weight of the protein increases by approximately 0.5 kDa. Hence, the AMS-bound and the
AMS-free form of the protein can be identified on SDS-PAGE on the basis of their different
mobility. The oxidized form (treated with H20.) or the reduced form (treated with DTT) of
the Alr3183 protein was reacted with excess of AMS and resolved on SDS-PAGE. The DTT-
treated form of the protein displayed retarded mobility as compared to the H.O»-treated form
of Alr3183. This showed that AMS bound to reduced, but not oxidized, form of the Alr3183
protein. The unavailability of the free thiol group to bind to AMS in the oxidized state

indicated the presence of an intra-molecular disulfide bond in the Alr3183 protein.
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Fig. 3.6. Formation of inter or intra molecular disulphide bond in Alr3183. (A) SDS-PAGE analysis of
purified Alr3183 under reducing, non-reducing and oxidizing conditions. Alr3183 (2 ug) treated with DTT (10
mM), H20; (2 mM) or left untreated (as indicated on top of the gel) was solubilized in Laemmli’s sample buffer
without DTT, electrophoretically separated by SDS-PAGE (12% gel) and visualized by staining with CBB.
Reduced (red) and oxidized (ox.) protein is indicated by an arrow. Molecular weight standards are shown at left
of the gel. (B) AMS modification of Alr3183. Purified Alr3183 protein was incubated with H,O2 (2 mM) or
DTT (100 mM), reacted with AMS (AMS- 4-acetamido-4'-aleimidylstilbene-2, 2'-disulfonic acid) and
precipitated with TCA. The precipitated proteins were solubilized in Laemmli’s sample buffer and resolved by

SDS-PAGE (14% gel) and visualized by staining with CBB.

3.7 Mass-spectrometric analysis of the two Alr3183 bands observed on

SDS-PAGE

Matrix-assisted laser desorption/ionization -time of flight-mass spectrometry (MALDI-TOF-
MS) technique was employed to determine the identity of the two protein bands (~19 kDa)
observed on SDS-PAGE under reducing conditions. The Purified Alr3183 protein was
solubilized in sample buffer containing DTT and resolved on SDS-polyacrylamide gels and
stained with CBB-250. Both the bands were excised with a scalpel, digested with trypsin and
subjected to MS-analysis. The mass spectrum obtained was searched against nrNCBI

database using MASCOT server (http://www.matrixscience.com/server.html). Mass-
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spectrometric analysis revealed both the bands to be the AIr3183 protein from Anabaena

PCC7120.
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Fig. 3.7. Identification of the 2 bands in Alr3183 preparations. (A) The purified Alr3183 was resolved on
denaturing PAGE and visualized after staining with CBB. Lanel, molecular weight marker; lane 2, Alr3183
protein (1 pg). The 2 bands are depicted by arrows. (B) Mass-spectra obtained after the tryptic digestion of the
individual Alr3183 bands.

82



Table 3.1: Positions and masses (expected and calculated) of peptides in upper band.

Start | End | Observed Mr(expt) Mr(calc) ppm Peptide
5 28 | 2467.3825 | 2466.3753 | 2466.1663| 84.7 K.VGDSAPDFTLPAQNGSSVSLSDFR.G
32 40 | 1099.7163 | 1098.7090 | 1098.6114| 88.9 K.AVVLYFYPK.D
4 54 | 1586.7464 | 1585.7391 | 1585.6137| 79.1 K.DDTPGCTAESCAFR.D
55 80 | 2837.5325 | 2836.5253 | 2836.3264| 70.1 R.DRYEVFQTAGAEIIGVSGDSNESHQK.F
57 80 | 2566.3847 | 2565.3774 | 2565.1983| 69.8 R.YEVFQTAGAEIIGVSGDSNESHQK.F
85 95 | 1310.8043 | 1309.7970 | 1309.6918| 80.3 K.YNLPFTLLSDK.G
85 100 | 1866.1136 | 1865.1063 | 1864.9683| 74.0 K.YNLPFTLLSDKGDQVR.K
101 115 | 1568.9735 | 1567.9662 | 1567.8511 73.4 R.KLYGATAAFGLFPGR.V
102 | 115 | 1440.8640 | 1439.8567 | 1439.7561 69.8 K.LYGATAAFGLFPGR.V
146 | 153 | 888.5987 887.5915 | 887.5076 94.5 K.TLQQLASK.-

Table 3.2: Positions and masses (expected and calculated) of peptides in lower band.

Start | End | Observed | Mr(Expt) | Mr(calc) [ppm| M Peptide

5 | 28 | 2467.3668 | 2466.3595 |2466.1663 [78.3 | 0 K.VGDSAPDFTLPAQNGSSVSLSDFR.G
32 | 40 | 1099.7188 | 1098.7115 |1098.6114 |91.2| 0 K AVVLYFYPK.D

41 | 54 | 1586.7507 | 1585.7434 (1585.6137 (81.8 | O K.DDTPGCTAESCAFR.D

55 | 80 | 2837.5291 | 2836.5219 |2836.3264 (689 | 1 R.DRYEVFQTAGAEIIGVSGDNESHQK.F
57 | 80 | 2566.3829 | 2565.3756 |2565.1983 |69.1| 0 R.YEVFQTAGAEIIGVSGDSNESHQK.F
85 | 95 |1310.8079 | 1309.8007 {1309.6918 |83.1| 0 K.YNLPFTLLSDK.G

85 | 100 | 1866.1328 | 1865.1255 |1864.9683 [84.3 | 1 K.YNLPFTLLSDKGDQVR.K

101 | 115 | 1568.9922 | 1567.9849 |1567.8611 | 854 | 1 R.KLYGATAAFGLFPGR.V

102 | 115 | 1440.8764 | 1439.8691 |1439.7561[785]| 0 K.LYGATAAFGLFPGR.V
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3.8 Secondary structural analysis of the AIr3183 protein using CD-

spectropolarimetry

Circular dichroism is shown by molecules containing chiral chromophores (light absorbing
groups) and is the difference in the absorption of right-handed circularly polarised light (R-
CPL) and left-handed circularly polarised light (L-CPL) [197]. Different structural elements
in proteins show different CD spectra. Thus, each molecular structure has a circular
dichroism signature, and this signature can be used to identify various structural elements
present and to follow changes in the structure of macromolecules in different conditions [198,
199, 200]. The most widely studied circular dichroism signatures are the proteins secondary
structural elements (a-helix and the P sheet). The CD spectra below 260 nm (far-UV) can be
used to predict the percentages of each secondary structural element in the structure of a

protein.

Purified Alr3183 protein in native (untreated) or reduced (treated with DTT) form was
subjected to CD analysis, and on the basis of CD spectrum obtained (Fig. 3.8), the relative
content of the different types of secondary structures (a-helix, B-strand, turns and unordered
residues) were calculated using the program CDNN. Results showed the native Alr3183 to
exist primarily as alpha helical structure (a- helix, 42.40%; B-turn, 15.40% and random-coil,
27.60%, (Table 3.3). The CD spectra of the DTT-reduced protein (Table 3.3) was also very
similar to that of the native (i.e. non-reduced) Alr3183, indicating that reduction/oxidation did

not appreciably change the secondary structure of Alr3183 (Fig. 3.8).
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Fig. 3.8. CD spectropolarimetric analysis of Alr3183. Native (untreated) or reduced (treated with DTT) form
of the purified Alr3183 protein (0.4 ug/pl) was subjected to CD analysis. The relative content of different types
of secondary structures (a-helix, - strand, turns and unordered residues) were calculated using a program

CDNN.

Table 3.3: Secondary structural elements in native (untreated) and reduced (DTT

treated) Alr3183.

Native
180-260 nm |185-260 nm [190-260 nm |195-260 nm [200-260 nm [205-260 hm [210-260 nm
Helix n.d. n.d. 42.40%) 42.20%) 39.20% 39.70% 39.20%
Antiparallel | n.d. n.d. 3.70% 5.50%) 7.00% 6.60% 6.80%
Parallel n.d. n.d. 7.00%) 6.80% 7.40% 7.40% 7.50%
Beta-Turn n.d. n.d. 15.30%) 15.30%) 15.80% 15.70% 15.80%
Rndm. Coil | n.d. n.d. 27.60% 27.30% 28.80% 29.00% 29.40%
Total Sum - - 96.00% 97.30% 98.30% 98.50% 98.70%
DTT
180-260 nm [185-260 nm [190-260 nm |195-260 nm [200-260 nm |205-260 nm [210-260 nm
Helix n.d. n.d. 45.40%) 46.60%) 43.10% 41.90% 40.20%
Antiparallel | n.d. n.d. 4.80% 4.90% 5.00% 5.40% 5.90%
Parallel n.d. n.d. 7.10% 6.70% 6.20% 5.90% 5.70%
Beta-Turn n.d. n.d. 14.70%) 14.00%) 13.70% 13.90% 14.60%
Rndm. Coil | n.d. n.d. 24.40% 25.40% 30.20% 31.50% 29.90%
Total Sum - - 96.30% 97.70% 98.30% 98.70% 96.20%
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3.9 Biochemical analysis of Alr3183

3.9.1 ThioredoxinA (TrxA) dependent peroxidase activity

Among the three reducing agents tested (DTT, GSH and TrxA), the purified Alr3183 protein
could detoxify H202 only with TrxA (Fig. 3.9.1A). As shown in Fig. 3.9.1B, the TrxA-
dependent peroxidase activity showed an obvious protein concentration-dependence. Ability
of Alr3183 to detoxify different peroxide substrates was also ascertained. Along with H203,
Alr3183 could also decompose organic peroxides such as t-butyl hydroperoxide (t-Bx) and

cumene hydroperoxide (CHP) using TrxA as the reducing agent Fig. 3.9.1C.
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Fig. 3.9.1. Peroxidase activity of the Alr3183 protein. (A) Peroxidase activity of the purified Alr3183 protein
with different reductant systems using H.O, as substrate. (B) Protein concentration dependent peroxidase
activity of Alr3183. Decomposition of H,O, (200 «M) in the presence of increasing concentrations of Alr3183
was monitored. Reaction was measured by monitoring the decrease in absorbance of NADPH at 340 nm. The
amount of protein used in a reaction is indicated in the figure. (C) Decomposition of different substrates:
Hydrogen peroxide (H20>), tertiary butyl hydroperoxide (Thx) and cumene hydroperoxide (CHP) by Alr3183

was monitored by measuring the decrease in NADPH.
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3.9.2 Activity of Alr3183 after exposure to elevated temperatures

It was desired to verify if the Alr3183 protein remained functional after exposure to elevated
temperatures. Different aliquots of the purified protein were incubated at predetermined
temperatures (30, 40, 45, 50, 60, 70° C) for 10 minutes (Fig. 3.9.2) and subsequently assayed
at the room temperature. The activity decreased slightly on exposure to 40°C, but a sharp
decrease in the activity was observed at 45 °C. The AIr3183 protein was completely

inactivated at 70 °C. These results show that Alr3183 is not a thermostable protein
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Fig. 3.9.2. Alr3183 is not a thermostable protein. Purified Alr3183 was incubated at different temperatures
(30, 40, 45, 50, 60, 70° C) for 10 minutes, after which peroxidase activity was monitored.

3.9.3 Kinetic parameter for H.O, decomposition

Different kinetic parameters of the peroxidase activity of Alr3183 with respect to
decomposition of H,O> were determined (Fig. 3.9.3 and Table 3.4). The reaction was started
by the direct addition of H20> (ranging from 5 to 250 uM) and the activity was monitored for
5 min. A molar absorption coefficient of 6220 cm™-M™ for NADPH at this wavelength was
used to calculate the enzyme activity.

87



0.90

Alr3183 (ug)

0.85 o

0.80

0.75 —

Az M

0.70

0.65

0.60

1
0 50

1
100

T |
150 200
Time (Seconds)

I
250

I 1
300 350

1lv (MM/sec)

N N W
o » o

-
o

y =160.52x + 11.423
R?=0.9618

0 0.05 0.1
/s (1/uM)

Fig. 3.9.3. Kinetic parameters for H,O, decomposition were estimated at varying concentration
of H20, using NADPH decomposition assay. (A) Change in the absorbance NADPH at 340 nm with

time. (B) The corresponding Lineweaver Burk plot.

Table. 3.4. Kinetic parameter for H202 decomposition

Kinetic Vmax Kwm Kcat Catalytic efficiency
Parameters (UM/min) (LM) Vmax/Er (Secl) (Kcat/Ky) *10°
5.25 14 0.42 30

3.9.4 Kinetic parameter with respect to utilization of TrxA

To calculate the various kinetic parameters for the TrxA-dependent peroxidase activity of

Alr3183 with respect to utilization of TrxA, the concentration of the substrate, H.O2, was

kept constant while the concentration of TrxA was varied in the reaction mix. The reaction

was started by the direct addition of H>O> (250 uM) and the activity was monitored for 5 min

(Fig. 3.9.4). The kinetic parameters obtained are are shown in (Table 2.5)
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Fig. 3.9.4. Kinetic parameters for TrxA utilization. Kinetic parameters for TrxA utilization were estimated by
monitoring decomposition of H,0, (250 uM) at varying concentration of TrxA using NADPH decomposition
assay. (A) Decrease in the absorbance of NADPH (340 nm) with time. (B) Plot of initial rate versus substrate

concentration. (C) The corresponding Lineweaver Burk plot of B.

Table 3.5 Kinetic parameter for TrxA utilization

Kinetic Vmax Kwm Kcat Catalytic efficiency
Parameters | (UM/min) (uM) Vmax/Er (Sec'1) (Kcat/Kpy) *103
15 4.7 9.6 * 103 2.04

3.9.5 AIr3183 is not inactivated by high concentrations of hydrogen

peroxide.

Prxs are known to be inactivated by an excess of peroxide substrate. The —SH group of C,
gets over-oxidized (i.e. converted to its sulfinic acid form), which renders C, incapable of

attacking another molecule of peroxide. The purified Alr3183 protein was treated with 5 mM
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H>O, for 4 h and subsequently monitored for TrxA-dependent peroxidase activity (Fig.
3.9.5). Interestingly, The H2O»-treated Alr3183 protein showed TrxA dependent activity that
was very similar to that observed with the control Alr3183 protein, suggesting that the

catalytic cysteine was not prone to over-oxidation.
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Fig. 3.9.5. Effect of H202 treatment on peroxidase activity of Alr3183. Peroxidase activity of the untreated
Alr3183 protein or the protein exposed to H.0 (5 mM) for 4h was monitored.

3.10 Analysis of the physical interaction of Alr3183 and TrxA using surface

plasmon resonance

Surface Plasmon Resonance (SPR), a powerful technique for measuring biomolecular
interactions, enables monitoring of label-free interactions in real time between two
biomolecules [201]. Technically, the term Surface Plasmon Resonance (SPR), refers to an
optical phenomenon that permits monitoring of changes in refractive index, which occurs
only when two molecules interact. The technique has found widespread use in protein-protein
interaction studies [202].

The physical interaction of Alr3183 with TrxA was studied by Surface Plasmon Resonance

(SPR) technique. The TrxA protein was immobilized on a bare gold sensor chip while the
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purified Alr3183 proteins were present in the mobile phase for interaction. A concentration-

dependent increase in the SPR signal confirmed the physical interaction between Alr3183 and

TrxA (Fig. 3.10.1).
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Fig. 3.10.1 Interaction of Alr3183 with immobilized TrxA. Different concentrations of the Alr3183 protein (as

indicated in the figure) were injected onto the Alr3183-immobilized sensor chip at 33.3 pl/min flow rate in
independent experiments.

Ability of the reduced Alr3183 protein to interact with TrxA was also verified. The Alr3183
protein was reduced with DTT and allowed to interact with TrxA. Interestingly, the DTT-
reduced protein showed decreased binding to TrxA as compared to the control Alr3183

protein (i.e. not treated with DTT) (Fig.3.10.2).
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Fig. 3.10.2 Comparison of TrxA binding of untreated and reduced Alr3183 using SPR. The Alr3183
protein was reduced with DTT and subsequently the DTT was removed by dialysis. The reduced protein was

allowed to interact with TrxA immobilized on to the gold sensor chip.

3.11 Role of cysteine residues in the catalysis

The atypical 2-Cys proteins have 2 cysteines that take part in catalysis. The Alr3183 has Cp, at
46" position whereas Cr is located 4 amino acids away from it (i.e. it is the 51% amino acid).
To verify the role of the Cys residues in Alr3183, the Cp or C, was replaced with serine (S) to
give rise to Alr3183C46S (C, replaced by Ser) or AIr3183C51S (C: replaced by Ser)
employing a PCR-based site-directed mutagenesis strategy (described in section 3.11.1).
Another mutant form of Alr3183 wherein both the cysteines were converted to serine (i.e.
cysteine double mutant, AIr3183CDM) was also constructed. The peroxidatic TrxA-
dependent peroxidatic activity of these mutant proteins and their ability to interact with TrxA

was analysed.
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3.11.1 Generation of alr3183C46S, alr3183C51S and alr3183CDM

Replacement of the Cys residue (s) of Alr3183 with Ser by PCR-mediated site-directed
mutagenesis was performed using the strategy described in Fig. 3.11.1. The mutation at the
desired location was obtained by using mutagenic primers that contained the Ser codon in
place of the Cys codon. The alr3183 ORF was subjected to two-step PCR using the above-
mentioned oligonucleotide primers (mentioned in Table 2.2). The first mutagenic PCR
reaction involved generation of two PCR products that overlapped in sequence containing the
desired mutation. A subsequent re-amplification of these fragments with alr3183fwd/rev

primers resulted in the enrichment of the full-length alr3183C46S or alr3183C51S.

Fl'ld PM CH5
— ——p
Prevcas Py

PCR1 PCR2
{Prwts Prew c3) {Pewd 351 Pl

PCR3
(Prus Pam)

Fig. 3.11.1.1. Strategy in PCR mediated site specific mutagenesis. The template DNA was subjected to 2
PCR reactions separately with mutagenic primers that overlapped in sequence at the desired location. The

amplified products were mixed in 1:1 ratio and subjected to the PCR3 reaction with native primers.
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Briefly, for generation of alr3183C46S, 2 PCR reaction were performed one with
3183C46Sfwd & alr3183rev (PCR1), and second with alr3183fwd & 3183C46Srev (PCR2),
finally. The amplicon from PCR1 and PCR2 were mixed in equal proportion and subjected to
third PCR reaction with alr3183fwd and alr3183rev (PCR3). Similarly, for generation of
alr3183C51S PCR1 was done with 3183C51Sfwd and alr3183rev whereas PCR2 performed
with alr3183fwd and 3183C51Srev. PCR1 and PCR2 products were pooled and subjected to
PCR 3 for amplification of alr3183C51S with native primers (alr3183fwd and alr3183rev).
For constructing alr3183CDM, the alr3183C46S DNA was employed as a template for the
initial PCRs (PCR1 and PCR2) with the primers used to generate alr3183C51S.
Subsequently, the two products obtained were pooled and subjected to PCR with alr3183fwd

and alr3183rev.

All these PCR products were individually cloned into the pET16b vector at the Ndel and
BamHI sites. Transformants were verified by colony PCR for the presence of the alr3183
gene (Fig. 3.11.1.2). The purified plasmid from a PCR-positive colony was verified by
restriction digestion with appropriate enzymes for the presence of the gene. All the respective

inserts were sequenced to confirm the presence of the desired mutation.
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Fig. 3.11.1.2. Generation of alr3183C46S, alr3183C51S and alr3183CDM. PCR of (A)
DHS50/pETalr3183C46S (B) DH5a/pETalr3183C51S (C) DHS0/pETalr3183CDM, colonies using alr3183fwd
and alr3183rev primers. Lane 1, marker 100 bp (NEB); lane 2, PCR of colony no #1; lane 3, PCR of colony no
#2; lane 4, PCR of colony no #3; lane5, PCR of colony no#4. The PCR product is shown by arrow. (D)
Restriction digestion of isolated plasmids. Lanel, 100 bp ladder NEB; lane 2, 1kb ladder; lane 3, pET3183CDM
undigested control; lane 4, pET3183CDM digested with Ndel and BamH]I; lane 5, pET3183C46S digested with
Ndel and BamH]I; lane 6, pET3183C51S digested with Ndel and BamHI. The ~460 bp insert released after

digestion is shown by an arrow.

3.11.2 Purification of Alr3183C46S, Alr3183C51S and Alr3183CDM from

E. coli

The AIlr3183 cysteine variants were over-expressed in E. coli and purified by affinity
chromatography as described for Alr3183 (Fig. 3.11.2 A-C). These proteins were probed with
the Alr3183 antiserum or the Anti-His antibody on Western blots. As is seen in Fig. 3.11.2D,
all the proteins cross-reacted with Alr3183 antiserum as well as with the Anti-His antibody,
thus confirming the presence of the recombinant proteins.
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Fig. 3.11.2. Purification of various cysteine mutants of Alr3183 protein from E. coli.
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Purification of (A)

Alr3183C46S (B) Alr3183C51S and (C) Alr3183CDM. The BL21pETalr3183C46S, BL21pETalr3183C51S and
BL21pETalr3183CDM cells were induced with IPTG (1 mM final concentration) and the respective proteins

purified by affinity chromatography employing the Ni-NTA matrix. 20 pl of the different fractions (as indicated

in the figures) were resolved by electrophoresis and the proteins were visualized by staining with CBB.

Molecular weight markers are shown at the left side of the gels. (D) Western blot analysis of the various Alr3183

proteins. The soluble fraction of the IPTG-induced cells was mixed with Laemmli’s buffer (without DTT),

resolved on 12% SDS-PAGE, transferred to nitrocellulose membrane and probed with the AIr3183 antiserum

(upper panel) or the Anti-His antibody (lower panel). Lane molecular weight standard; lane2, Alr3183; lane 3,
Alr3183C46S; lane4, Alr3183C51S; lane5, Alr3183CDM.
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3.11.3 Biophysical analysis of the wild-type AIr3183 and its cysteine

mutants

3.11.3.1 The Alr3183 and Alr3183CDM are monomeric whereas Alr3183C46S

and Alr3183C51S are dimeric.

The purified proteins were incubated with DTT (to reduce the protein) or left untreated and
visualized on non-reducing SDS-PAGE. Both the cysteine mutants (Alr3183C46S and
Alr3183C51S) were mostly present as dimers when left untreated whereas Alr3183 and
Alr3183CDM were monomeric. In reduced conditions (i.e. in the presence of DTT) all the

proteins were present in their monomeric forms (Fig. 3.11.3.1A and B).
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Fig. 3.11.3.1. SDS-PAGE analysis of purified Alr3183 and its cysteine variants under reducing or non-
reducing conditions. (A) Alr3183, Alr3183C46S and Alr3183C51S (5 ug each), untreated or reduced with DTT
(100 mM) as indicated on the bottom of the gel, were solubilized in Laemmli’s sample buffer without DTT,
electrophoretically separated by SDS/PAGE (12% gel) and visualized by staining with CBB. Molecular weight
standards are shown at left of the gel. (B) Alr3183CDM (2 pg), untreated or reduced (100 mM DTT) as
indicated on the bottom of the gel, and resolved on SDS-PAGE as mentioned in (A).
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3.11.3.2 Analysis of the various AIr3183 proteins by size-exclusion
chromatography

Prxs are known to form different oligomeric forms and the presence of these can be detected
by size exclusion chromatography [120, 203, 204, 205]. To verify if Alr3183 or its cysteine
mutants could form oligomers, the purified AIr3183, AIr3183C46S, Alr3183C51S and
Alr3183CDM were subjected to size-exclusion chromatography on Superdex 200 column.
Elution profile of Alr3183 and mutant proteins was compared with the elution profile
obtained from standard proteins of known size (Fig.3.13.1). Largely, the AIr3183 and
Alr3183CDM appeared at monomeric position while Alr3183C46S and Alr3183C51S were
dimeric. These results were in good agreement with data obtained from SDS-PAGE analysis,

which also indicated these proteins to exist mostly as monomers (Alr3183 & Alr3183CDM)

or dimers (AIr3183C46S and Alr3183C51S).
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Fig. 3.11.3.2. Gel-exclusion chromatography. Elution profile of the various Alr3183 proteins on a Superdex
200 10/300 GL column. The column was pre-equilibrated with buffer (20 mM Tris, 50 mM NaCl, pH 7.2) and a
100 pl aliquot of protein (200 pg) was injected. The retention volumes obtained with standard proteins were

employed to draw a standard curve (depicted in the insert) that was used to determine the masses of the proteins.
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3.11.3.3 Determination of volumetric distribution of sizes of Alr3183,

Alr3183C46S, and Alr3183C51S

Hydrodynamic sizes of Alr3183, Alr3183C46S, and Alr3183C51S were determined using
dynamic light scattering. The size of native Alr3183 was found to be 3.7 nm, whereas the size
of AIr3183C46S and Alr3183C51S was 7.4 and 7.6 nm respectively. This result supports the
earlier polyacrylamide gel electrophoresis and size-exclusion data wherein too Alr3183 was

present as monomer while both Alr3183C46S and Alr3183C51S were observed to be dimeric.
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Fig. 3.11.3.3. DLS analysis of the Alr3183, Alr3183C46S and Alr3183C51S. The dynamic light scattering
(DLS) profile of the purified Alr3183, Alr3183C46S and Alr3183C51S (in 20 mM Tris, pH 7.2).

3.11.3.4 CD spectropolarimetry of Alr3183, Alr3183C46S and Alr3183C51S

To see whether the absence of either of the two catalytic cysteines caused any change in the
secondary structure of AIr3183, CD-spectropolarimetry technique was employed. As
evidenced from the Fig. 3.11.3.4, change of the any of the catalytic cysteines to serine did not
cause any major change in the secondary structure of the protein. It appears that formation of

disulfide linkages do not have any bearing on the overall secondary structure of the Alr3183
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protein.
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Fig. 3.11.3.4. CD-spectropolarimetry of the Alr3183, Alr3183C46S and Alr3183C51S. Purified proteins
(100 pl) were taken at equivalent concentration (0.4 pg/pl), were analyzed using CD-spectropolarimeter in far-
uv light region.

3.11.4 Biochemical analysis of the Alr3183 cysteine mutants.

3.11.4.1 Alr3183C46S and Alr3183CDM are inactive whereas Alr3183C51S

shows reduced activity

As Alr3183 showed TrxA-dependent peroxidase activity, ability of the Alr3183C46S,
Alr3183C51S and Alr3183CDM to detoxify H2O. using TrxA as reductant was monitored.
The Alr3183C46S or the AIr3183CDM protein was completely inactive whereas, when
compared with Alr3183, Alr3183C51S showed more than 5-fold reduced activity than that

observed with the wild-type Alr3183.
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Fig. 3.11.4.1. TrxA dependent peroxidase activity of Alr3183 and mutants. TrxA dependent peroxidase
activity of Alr3183, Alr3183C46S, Alr3183C51S and AIr3183CDM were measured by monitoring the
decomposition of NADPH. The reaction was started by addition of 250 uM H,O, Please note that the no
protein control, Alr3183C46S and Alr3183CDM showed an identical response.

In this assay, the wild-type Alr3183 protein could completely decompose most of the H>Oz in
10 minutes whereas AIrC46S3183 protein was completely inactive. The Alr3183C51S
showed substantially reduced activity and could detoxify ~20% of the initial H2O2. Activity
of wild-type protein was 35 pM H202 decomposed/min/ug protein while that of
Alr3183C51S was 7 uM H20> decomposed/min/ug protein (Fig. 3.11.4.1). These results
indicate that Cys-46 is indeed the Cp as its mutation causes protein to lose its activity
completely. On the other hand, considerable (but not complete) loss of activity on mutating
Cys-51 shows that it is the C;. These observations, supported by bioinformatic predictions,

indicate Cys-46 and Cys-51 are indeed the Cp the C; residues, respectively.
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3.11.4.2 Alr3183C51S requires higher concentration of TrxA for peroxidase

activity

Increasing concentrations of TrxA were used in H>O, decomposition reaction with the wild-
type AlIr3183 or the Alr3183C51S. In the absence of TrxA, no activity was observed with
both the proteins, whereas, on increasing the concentration of TrxA, a concomitant increase
in the peroxidase activity of AIr3183 was observed. Unlike the AIlr3183 protein,
Alr3183C51S required relatively higher concentration of TrxA to show any peroxidase
activity i.e. peroxidase activity was observed only when TrxA concentration was 2.5 UM or

more (Fig. 3.11.4.2).
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Fig. 3.11.4.2. Comparison of Peroxidase activity of Alr3183 and Alr3183C51S at different concentration of
TrxA.

3.12. Surface Plasmon Resonance analysis to monitor the physical interaction of the
various Alr3183 proteins with TrxA

SPR experiments were performed to assess if the absence of cysteine residues affected ability
of the Alr3183 protein to interact with TrxA. Interaction of Alr3183C46S, Alr3183C51S and

Alr3183CDM with TrxA is shown in the Fig. 3.14A. At a comparable concentration, both
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Alr3183C46S and the wild-type Alr3183 protein showed similar response units at the end of
the assay period (Fig. 3.14). However, a distinctly reduced interaction was observed when
Alr3183C51S or AIr3183CDM was present in the mobile phase Fig. 3.12A. The
Alr3183CDM protein bound to TrxA in a manner similar to that shown by Alr3183C51S Fig.
3.12A. To confirm that equal amount of each purified protein was used in the SPR assays,
equal volumes of the respective protein preparations were resolved on SDS-PAGE. On
staining with CBB, the content of all the proteins appeared to be similar; indicating that

comparable amount of each protein was used in the assays (Fig. 3.12B).
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Fig. 3.12. Interaction of Alr3183 cysteine mutant with TrxA. TrxA (250 uM) was immobilized onto the bare
gold chip employing the EDC-NHS chemistry. 10 pg of each protein were injected onto the TrxA-bound sensor
chip at 33.3 puL/min flow rate in independent experiments. (B) 2.5 ul of each of the protein preparation (1mg/ml)
used for SPR analysis was resolved on SDS-PAGE and visualized by staining with CBB.

3.13 Deciphering the In-vivo role of Alr3183 in Anabaena PCC 7120

3.13.1 Expression of Alr3183 in response to different stresses.

Prxs are known to be induced in response to different stresses in several organisms, including
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cyanobacteria [206, 144, 185]. In Anabaena PCC 7120, Prxs such as All1541 and Alr4641 are
induced by oxidative stresses mediated by H2.O2 or methyl viologen (MV) [152, 162]. To
verify if the same held true for Alr3183, expression of the Alr3183 protein, on exposure to
different oxidative stresses was monitored in the wild-type Anabaena PCC 7120. Three day
old cultures of Anabaena PCC 7120 were subjected to various agents that cause oxidative
stresses i.e. methyl viologen (MV), t-butyl-hydroperoxide (tBx), cumene hydroperoxide
(CuX) and hydrogen peroxide. After 6 h, cells were harvested; total protein was isolated,
resolved on SDS-polyacrylamide gels, transferred to a nitrocellulose membrane and probed
with the AIr3183 anti-serum. No induction, but in fact a decrease in the amount of the
Alr3183 protein was observed on exposure to these agents. Thus, Alr3183 is apparently not

induced in response to oxidizing agents in Anabaena.

Fig. 3.13.1. Induction of Alr3183 protein in Anabaena. Total proteins (50 ug per lane) were resolved by
SDS/PAGE (12% gel), electro-blotted on to nitrocellulose membrane, and probed with anti-Alr3183 antiserum
(1:2000 dilution). The 17 kDa Alr3183 band is shown by an arrow. PonceauS-stained part of the nitrocellulose

membrane is shown as a loading control in the bottom.
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3.13.2 Over-expression of Alr3183 in the wild-type Anabaena PCC7120

Although the purified Alr3183 protein showed good peroxidase activity in vitro, this protein
was poorly expressed in Anabaena. Moreover, as described earlier, there was a further
reduction in the in vivo content of Alr3183 on exposure to the oxidizing agents. Apparently,
Alr3183 was not synthesized in adequate amounts so as to offer protection from oxidative
stresses. Hence, to gain insights into the ability of AIr3183 to protect Anabaena from
oxidative stress, it was desired to over-express Alr3183 in Anabaena PCC 7120. For this
purpose, a plasmid vector to over-express the Alr3183 protein was constructed. Subsequently,
this vector was transferred to Anabaena by tri-parental conjugation and the over-expression
of the Alr3183 protein in the recombinant Anabaena strain (An3183") was confirmed using
the AIr3183 antiserum. The oxidative stress tolerance of the An3183" was assessed and
compared with that of the wild-type Anabaena. All these aspects are presented in the ensuing

sections.

3.13.2.1 Cloning of alr3183 into pAM1956

The methodology employed to obtain a suitable plasmid construct to over-express Alr3183 in
Anabaena is shown in Fig. 3.15.1. The plasmid, pAM1956, an Anabaena/E. coli shuttle
vector, which carries the promoter-less gfpmut2 was used for this purpose. As this plasmid
does not have a promoter, a strong promoter was required to be inserted upstream of the
alr3183 OREF prior to transfer to pAM1956. The strong Anabaena promoter, Ppsha1, Was used
to drive the expression of the alr3183 gene in vivo. Earlier, the Ppspar promoter was cloned in
the Anabaena PCC 7120 integrative vector pFPN [171]. Using Ndel and BamHI restriction
sites, the alr3183 ORF was released from the pET3183 and cloned downstream of the Ppsba1

in pFPN (to give rise to pFPN3183). Subsequently, the alr3183 ORF along with the Ppsbaz
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promoter was excised out of pFPN3183 (with Xmal and Sall restriction enzymes) and cloned
upstream of gfpmut2 in the similarly digested pAM1956 (to obtain pAM3183). In pAM3183,
the alr3183 and gfp are co-transcribed, but independently translated, resulting in production
of both the proteins. Hence, the presence of pAM3183 can be verified by monitoring GFP

expression by fluorescence microscopy.

PAM1956

{Chaurasia et al., 2008) {106 kb) (11.8 kb)
(4.8 kh).

Fig. 3.13.2.1.1. Schematic representation of steps involved in preparation of construct for over-expression of
Alr3183 in wild-type Anabaena. (A) Cloning of alr3183 into pFPN. The alr3183 orf was excised out of
pETalr3183, and ligated into similarly digested pFPN, to obtain pFPN3183. (B) PpsbAl-alr3183 was excised
from pFPN3183 using Xmal/Sall digestion and sub-cloned into pAM1956 vector, (C) In the resulting vector,
pAM3183, PpsbAl promoter drives expression of alr3183 as well as gfpmut2.
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Fig. 3.13.2.1.1. Cloning of alr3183 into pFPN and pAM. (A) Restriction digestion of pFPN3183. Lanel, 100
bp ladder (NEB); pFPN3183 digested with Ndel and BamHI. 450 bp long ORF is shown by arrow. (B)
Restriction digestion of pAM3183. Lanel, 1kb DNA ladder (NEB); lane 2, 100bp DNA ladder (NEB); lane3,
empty; lane 4, pAM3183 digested with Xmal and Sall; lane 5, undigested pAM3183. The 1.1 kb insert released

is indicated by an arrow.

3.13.2.2 Over-expression of the Alr3183 protein in Anabaena PCC 7120.

For over-expression of Alr3183 in Anabaena, the pAM3183 construct was conjugated into
Anabaena using a conjugal E. coli donor by tri-parental mating. The ex-conjugants
(An3183") were selected on BG11N™ agar medium supplemented with neomycin. Individual
isolated colonies that appeared on the plate were inoculated in BG11IN* medium with
neomycin. The presence of pAM3183 was verified by monitoring expression of green
fluorescence protein (GFP) under fluorescence microscope (Fig. 3.13.2.2A). On visual
inspection, An3183" (Anabaena PCC7120 carrying pAM3183) cells showed green GFP
florescence, indicating presence of pAM3183. In contrast, the untransformed wild-type
Anabaena PCC 7120 strain appeared red due to the auto fluorescence of chlorophyll a (Fig.
3.13.2.2A).

For detection of Alr3183 protein in An3183", the cytosolic extract of An3183" was probed
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with anti-Alr3183 antiserum. On developing the Western blot, an intense ~17 kDa band
corresponding to Alr3183 was clearly observed in An3183* cells whereas no such signal was
observed in the wild-type cells. The ~17 kDa signal was not observed when the blot was
probed with the control pre-immune serum suggesting that the ~17 kDa band was indeed

Alr3183 and not some non-specific cross-reaction (Fig. 3.13.2.2B).
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Fig. 3.13.2.2. Over-expression of Alr3183 in wild-type Anabaena. (A) Fluorescence micrographs. The
recombinant An3183* or wild-type Anabaena (WT) cells were grown in BG-11 medium for 3 days and
fluorescence microphotographs (500X magnification) using Hg-Arc lamp (excitation BP, 450-490 nm and
emission LP, 515 nm) were captured. (B) Over-expression of the Alr3183 protein in An3183* strain. The WT
Anabaena PCC 7120 or Anabaena PCC 7120 cells over-expressing Alr3183 (An3183*) cells were harvested,
cell-free extracts were prepared, proteins (20 ug per lane) were resolved by SDS/PAGE (12% gel), and immuno-
detected with the anti-Alr3183 antiserum (1:10000 dilution) or pre-immune serum (as indicated). Lane 1, His-
tagged Alr318 purified from E. coli; lane 2, wild-type Anabaena PCC 7120; lane 3, An3183".

3.13.3 Oxidative stress tolerance of the An3183" and its comparison with

the wild-type Anabaena PCC7120

3.13.3.1 Total ROS levels in response to H,0;
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The intracellular levels of ROS in the wild-type Anabaena PCC7120 or An3183" cells
exposed to H202 (1 mM) were assessed with the fluorogenic probe DCHFDA. Under control
conditions, ROS levels were very low in both types of cells. However, on exposure to 1 mM
of H202, about 5-6 fold higher levels of ROS were observed in the wild-type Anabaena
PCC7120 cells as compared to An3183" cells (3.13.3.1). These results suggest that

overproduction of Alr3183 reduces H20.-mediated ROS generation in Anabaena.
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Fig. 3.13.3.1. Intracellular ROS formation in response to H20.. The wild- type Anabaena PCC 7120

(An7120) or An3183+ cells were cells were grown for 3 days in BG11 medium and treated with H,0, (1 mM)
for 1h. Subsequently, cells were incubated with DCHFDA (10 pM final concentration) for 20 min and
fluorescence emission (Aex = 490 nm, Aem = 520 nm) was measured on a spectrofluorimeter. The relative

fluorescence of control (untreated cells) nd H.O,-treated cultures is shown in the figure.

3.13.3.2 Oxidative stress tolerance of the An3183*

Exponentially growing cultures of the wild-type Anabaena or An3183" grown in BG-II/N*
were subjected to H.O> at 1 mM final concentration stress under stationary conditions. Two

days treatment with H,O> showed pronounced bleaching (Fig. 3.13.3.2.1A) caused by a sharp
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reduction in the chlorophyll a content in the wild-type Anabaena PCC7120 stressed with
H>0>, but the An3183" cells were fairly protected (Fig. 3.13.3.2.1B). After treatment with
H20,, filaments of the wild-type Anabaena PCC 7120 were completely fragmented and wide-
spread lysis was observed. In contrast, filaments An3183" culture remained intact and cell
lysis was not observed. (Fig. 3.13.3.2.2A). At the same point of time, the Alr3183 protein was
clearly present in An3183" cells while none was observed in the corresponding wild-type
cells (Fig. 3.13.3.2.2B). The An3183" cells successfully survived treatment with 1 mM H20>
and could grow on agar plates whereas the wild-type cells showed complete loss of survival

upon such treatment and did not form any colonies on plate (Fig. 3.13.3.2.3.).
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Fig. 3.13.3.2.1 Treatment of An3183* with 1 mM H:0.. (A) Three-day old wild-type Anabaena PCC7120
(WT) or An3183* were inoculated in fresh growth medium, subjected to H.O- stress for 2 days and subsequently
photographed. C, control; H.0,, 1 mM H,O, (B) The chlorophyll a content of the wild-type Anabaena
PCC7120 (WT) and An3183* shown in (A) was determined immediately (Day 0) or after 2 days of exposure to
H,0, (Day 2).
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Fig. 3.13.3.2.2. Cell-lysis and Western blot. (A) WT or An3183* or cells were grown for 3 days in BG11
medium and subsequently treated with H.O, (1 mM). After 2 days, these cultures were viewed under light
microscope (500X magnification). (B) The cell-free extracts were prepared from the wild-type Anabaena (WT)
or An3183* treated with 1 mM H,0O; were resolved (20 xg per lane) by SDS/PAGE and immuno-detected with
the anti-Alr3183 antiserum (1:10 000 dilution). The ~17 kD Alr3183 is shown by an arrow.

An3183*

Control HZOZ

Fig. 3.13.3.2.3. Survival of Anabaena cultures in response to H202 (1mM). 100 ul culture of control or H,0,-
treated Anabaena cells (after 2 days of treatment with H,O,) were plated on BG11N* agar plates. The plates

were incubated under continuous illumination for 14 days and photographed.

Not only under nitrogen supplemented conditions, under nitrogen-deficient conditions too,
An3183* was protected from the toxic effects of H.O,, whereas the wild-type remained
susceptible.
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Fig. 3.13.3.2.4. WT or An3183* or cells were grown for 3 days in BG11/N- medium and subsequently
treated with H202 (1 mM). The cultures were photographed after 2 days.

3.13.4 Over-expression of Alr3183C46S does not protect Anabaena from

oxidative stress.

To confirm that the peroxidase activity of Alr3183 was indeed essential for protection from
oxidative stress, the Alr3183C46S protein (that lacks the peroxide activity) was over-
expressed in Anabaena. The strategy employed to over-express Alr3183 was also followed to
over-produce Alr3183C46S in Anabaena. The alr3183C46S gene was cloned downstream of
the strong light inducible PpsbAl promoter in the pFPN vector (Fig.3.13.4.1). This ORF
along with the Ppsoa1 promoter was subsequently sub-cloned into E. coli-Anabaena shuttle
vector, pAM1956 (construct denoted as pAM3183C46S) Fig.3.13.4.2. This plasmid was

conjugated into Anabaena PCC 7120 to obtain the An3183C46S" strain.
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Fig. 3.13.4.1. Cloning of alr3183C46S into pFPN and pAM. (A) Cloning of alr3183C46S into pFPN. PCR of
E. coli pFPN3183C46S colonies with alr3183 cloning primers i. e. alr3183fwd and alr3183rev. Lane 1, 100 bp
ladder (NEB); lane2, PCR of colony # 1; lane3, PCR of colony # 2; lane 4, PCR of colony #4. The PCR product
is shown with arrow. (B) Cloning of alr3183C46S into pAM1956 (1) PCR of E. coli pAM3183C46S colonies
using Alr3183fwd and Pairsissrev. Lane 1, 100 bp ladder (NEB), lane2, PCR of colony # 1; lane3, PCR of colony
# 2; lane 4, PCR of colony #4. The PCR product is shown by arrow.

The recombinant strain, An3183C46S™, showed expression of the GFP, and the Alr3183C46S
protein too was readily produced in An3183C46S™ (Fig. 3.13.4.2A and B). The ability of
An3183C46S* to withstand oxidative stress was verified. Logarithmic phase cultures of the
wild-type Anabaena or An3183C46S™ were subjected to H2O2 (1 mM) stress under stationary
conditions in BG11/N* medium. Treatment with H,O, for 2 days resulted in pronounced
bleaching of filaments and a sharp reduction in the chlorophyll a content in the wild-type
Anabaena as well as the recombinant An3183C46S™ (Fig. 3.13.4.3A and B). These results
indicated that An3183C46S™ was not able to protect the Anabaena from H.O,-mediated

damage and was as sensitive as the WT Anabaena.
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Fig. 3.13.4.2. Over-expression of Alr3183C46S in Anabaena. (A) The An3183C46S™ culture was visualized
under fluorescence microscope microscope using Hg-Arc lamp (excitation BP, 450-490 nm and emission LP,
515 nm). (B) Cell-free extracts from wild- type Anabaena (WT) or An3183C46S* were resolved by SDS-PAGE
(30 pg per lane), electro blotted on to nitrocellulose membrane, and probed with the Alr3183 antiserum
(1:10000 dilution). The ~17 kDa Alr3183C46S band is shown by an arrow.
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Fig. 3.13.4.3. Over-expression of Alr3183C46S in Anabaena. (A) Three-day old wild-type Anabaena PCC
7120 (WT) or An3183C46S* were subjected to ImM H20, stress in tubes and photographed after 2 days. (B)
The chlorophyll a content of the wild-type Anabaena (WT) or An3183C46S* shown in (A) was determined
immediately (Day 0) or after 2 days of exposure to H,O, (Day 2).

114



3.14 AIr3183 is induced in response to ionizing radiation and mitomycin C

Earlier micro-array experiments from our laboratory had shown alr3183 to be induced in
response to ionizing-irradiation. To verify if Alr3183 was indeed induced in vivo, the wild-
type Anabaena PCC 7120 was irradiated with different doses of gamma radiation and
inoculated in fresh medium. Subsequently, production of the Alr3183 protein during recovery
was verified on Western blots with the Alr3183 antiserum. Interestingly, Alr3183 protein was
found to be distinctly induced in response to y-radiation (Fig. 3.14.1A). At lower doses (0.5
and 1 kGy), the AlIr3183 protein was observed 3 h post irradiation and could be clearly
observed till day 3, after which it subsequently disappeared by day 5. With increasing dose of
y-radiation (3 and 6 kGy), the levels of Alr3183 protein remained high for a longer duration
and gradually decreased with time. For example, noteworthy amount of the Alr3183 protein
was observed even after 8 days of exposure to 6 kGy dose of y-radiation (Fig. 3.14.1A).
Nitrogen status of the BG11 medium did not affect the induction of the Alr3183 protein and
even in the absence of combined nitrogen (i.e. under nitrogen-fixing conditions); production

of Alr3183 was observed on exposure to y-radiation (Fig. 3.14.1B).
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Fig. 3.14.1. Induction of Alr3183 in Anabaena PCC7120 in response to gamma radiation. (A)
Four-day old Anabaena PCC7120 cells grown in BG11N* medium were subjected to different doses
of gamma radiation, total proteins were extracted at the time points indicated in the figure and probed
with the Anti-Alr3183 antiserum. (B) Anabaena PCC7120 culture was grown in BG11N™ medium
(lacking combined nitrogen) for 4 days, exposed to 6 kGy of gamma radiation and processed as

mentioned in (B).

Ability of mitomycin C, another agent that causes DNA double stranded breaks, to induce
expression of Alr3183 was monitored in Anabaena. As shown the Fig. 3.14.1, addition of

mitomycin clearly induced expression of the Alr3183 protein in Anabaena.
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Fig. 3.14.2. Induction of Alr3183 in Anabaena PCC7120 in response to mitomycin C. Four-day old
Anabaena PCC7120 cells grown in BG11N* medium was treated with mitomycin C (2.5 pug/ml), total proteins
were extracted at the time points indicated in the figure probed with the Anti-Alr3183 antibody.

3.16 Knock-down of alr3183 in Anabaena PCC7120 and the response of the

knock-down strain to gamma radiation

Antisense RNA-mediated approach was employed to reduce expression of the Alr3183
protein on exposure to gamma radiation. The complete alr3183 ORF was cloned in the
reverse orientation (i.e. antisense) downstream of the light inducible Ppsha1 promoter in the
pFPN vector (pFPNAS3183) (Fig.3.15.1A). The DNA fragment containing the Ppspat
promoter and antisense alr3183 was afterwards transferred to pAM1956 (construct denoted
pAMAS3183), upstream of the gfp. The pAMAS3183 was sequenced to confirm the
appropriate orientation of the alr3183 ORF in this construct. The pAM3183 is schematically
depicted in Fig.3.15.1A. The pAMAS3183 construct was subsequently conjugated into
Anabaena PCC7120, to give rise to AnAS3183". The efficiency of the antisense-mediated
decrease in the production AIr3183 was monitored on Western blots after exposure to
radiation. As compared to the wild-type Anabaena, a distinct decrease in the synthesis of the
Alr3183 protein was observed in AnAS3183" on exposure to y-radiation (Fig.3.15.1B). The

wild-type Anabaena PCC7120 and AnAS3183* were both exposed to 3 kGy dose and their
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growth was monitored over a two-week period post irradiation. The AnAS3183" showed a
decreased growth as compared to the wild-type (Fig. 3.15.2), suggesting a role of Alr3183 in

overcoming radiation stress.

PAMAS3183
(11.8 kb)

Fig. 3.15.1. Cloning of AS3183 in Anabaena. (A) Schematic representation of the AnAS3183* construct.
Various elements and size of the plasmid are shown. (B) PCR of DH50 pAMalrAS3183 colonies using alr3183
cloning primers. Lane 1, 100 bp ladder (NEB), lane 2, PCR of colony #1; lane 3, PCR of colony #2, lane 4,
PCR of colony #3; lane 5, PCR of colony # 4. PCR product is shown by arrow.

Fig. 3.15.2. Reduction of Alr3183 in AnAS3183* strain in response to gamma radiation. Four-day old
Anabaena PCC7120 and AnAS3183* cells, grown in BG11N* medium were left untreated or exposed to gamma
radiation (3.0 kGy), total proteins were extracted at day 1 of post-irradiation recovery probed with the Anti-
Alr3183 antibody.
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Fig. 3.15.3. Growth of Anabaena on exposure to radiation. The wild-type (WT) or the AnAS3183* strain
was exposed to 3 kGy dose of gamma radiation and allowed to recover in fresh BG-11/N* medium under usual

growth conditions. Growth was measured as increase in the content of chlorophyll a for 12 days.

3.14 Discussion

The PrxQ/BCP proteins are widely distributed in bacteria, archaea, plants and lower
eukaryotes. Initially, BCP/PrxQ proteins were observed to be present in few pathogenic
bacteria such as Mycobacterium tuberculosis and were hypothesized to play a role in
pathohenesis [116, 102]. Presently, analysis of sequenced genomes shows them to be present
in many different genera of bacteria, including several non-pathogenic ones [116].
Interestingly, such proteins appear to be absent in higher animals [116]. PrxQ proteins have
been found in all the sequenced cyanobacterial genomes [160], suggesting that these may
play an important role in cyanobacterial physiology. Among cyanobacteria, Alr3183 like

proteins are observed both in filamentous cyanobacteria (e. g. Anabaena), as well as in
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unicellular cyanobacteria (e.g. Synechococcus). In this study role of Alr3183, a PrxQ-like

protein from a filamentous cyanobacterium Anabaena was evaluated.

The alr3183 ORF from Anabaena PCC 7120 was cloned and over-expressed in E. coli. The
overexpressed Alr3183 protein was located in the soluble fraction and could be purified using
affinity chromatography (Fig. 3.4.2.1) However, the purified protein was observed as two
bands at its monomeric position when resolved on reducing PAGE (Fig. 3.16.1A). Mass-
Spectrometric analysis identified both the bands as Alr3183. Electrophoretic mobility of a
reduced protein (i.e. free —SH group present) is known to be differ from that of its oxidized
form (i.e. when disulfide linkages are present) [207, 208]. The oxidized form, because of its
more compact structure moves slightly faster than the reduced form. As the two bands at the
monomeric position were conclusively identified to be Alr3183, the lower band likely to
correspond to the oxidized Alr3183 protein (i.e. Cp-C; form disulphide bond) whereas the
upper bond is possibly the reduced form of Alr3183 (i.e. Cp-SH and C-SH are free and not
disulfide bonded). It should be noted that at the concentration used, DTT could not
completely reduce Alr3183, and some oxidized AIr3183 (i.e. lower band) was always
observed on gels along with the reduced form. However, in the absence of DTT, only a
single band that matched the position of the lower band of the DTT-treated sample was
observed. These results indicate that the AIr3183 protein isolated from E. coli exists in

oxidized form.

The nature of the disulfide bond formed (i.e. intermolecular/intramolecular) by a Prx not only
depends on the Prx subfamily that particular Prx belongs to, but also depends on the

availability of the catalytic cysteines. For example, the wild-type All1541 (Type Il Prx from
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Anabaena) is distributed among its monomeric and dimeric forms. However, a mutant version
of this protein that lacks the Cp is monomeric, whereas All1541 without the C; isdimeric
[152]. In Alr4641, the 2-Cys-Prx from Anabaena PCC 7120, dimerization occurs due to
disulphide bond formation between the Cp of one subunit and the C; of another subunit [162].
But, if any of the two-cysteine residue is lost, the 2-Cys-Prx protein is unable to dimerize
[162]. The wild-type Alr3183 exists as a monomer, and interestingly, in contrast to All1541 or
Alr4641, when either of the cysteine residue is lost (Alr3183C46S or Alr3183C51S) the
protein forms intermolecular disulfide bond and becomes dimeric (Fig.3.12.1A and 3.12.1).
So, the presence of both the cysteines appears to preclude the formation of intermolecular

disulfide bond and intermolecular disulfide bond formation predominates in Alr3183.

The Alr3183 protein showed a high TrxA-dependent peroxidase activity, whereas the DTT-
dependent or the GSH-dependent peroxidase activity was very low (Fig.3.9.1A). These results
are in agreement with the study of Cha et al. [166] who also showed PrxQ proteins from
Anabaena to show a TrxA-dependent activity. The wild-type Alr3183 showed the best
peroxidase activity, AIr3183C51S showed considerably reduced activity whereas
Alr3183C46S was completely inactive (Fig.3.13.1). Thus, the formation of disulfide bonds
alone is not adequate for peroxidase activity; these bonds have to form in the right context,
with the right partner. The presence of both Cp and C; prohibits intermolecular disulfide bond
formation, but, if either of the catalytic cysteine is absent, the protein becomes dimeric due to

formation intermolecular C,-Cp or C-C; linkages.

The SPR technique can be gainfully utilized to explore the influence of the cysteine
residues/disulfide bonds on the ability of Prxs to interact with Trxs. Recently, Hara and

Hisabori [209] used this technique to observe the interaction of chloroplast peroxiredoxin Q
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(PrxQ) from Arabidopsis thaliana with its cognate Trx, Trxhl. However, in their study, the
PrxQ protein failed to interact with the wild-type Trxhl protein, but interaction could be
observed only with a mutant Trxh1cs that lacked the second cysteine in its catalytic domain.
In contrast, in the present study, the wild-type AIr3183 protein readily interacted with the
immobilized TrxA. During the reaction cycle, for regenerating the free thiol form of Cp, the
oxidized Prx has to interact with TrxA (for reduction), and once reduced, Prx has to dissociate
from TrxA, so that Prx can undergo the next round of reaction [210]. The purified Alr3183
protein (which exists in oxidized state), showed enhanced association with TrxA as compared
to the Alr3183 protein that was reduced with DTT (Fig. 3.10.2). Thus, reduction of Alr3183
appears to decrease its ability to interact with TrxA, which in turn may facilitate the

dissociation between the two once the disulfide bond exchange has occurred.

The Alr3183 lacking the C; (AIr3183C51S) also functions as a peroxidase, albeit poorly.
Similar to AIr3183C51S, the C; mutants of PrxQ from Poplar or Rhodobacter sphaeroides
also dimerize and show peroxidase activity. All the PrxQ homodimers that lack the resolving
cysteine are suggested to form an atypical active site that contains the two peroxidatic
cysteine residues [183]. It should be noted that Alr3183C51S requires higher concentration of
TrxA to show detectable peroxidase activity in vitro (Fig. 3.9.4.1). Interestingly, the
Alr3183C51S (or Alr3183CDM) that lack Cshow decreased ability to interact with TrxA than
the wild-type Alr3183 protein or the Alr3183C46S, which have C; (Fig.3.10.1). Taken
together, these two aspects underscore the importance of C; for promoting interaction between
Alr3183 and TrxA for efficient peroxidase function. The presence of C, appears to facilitate
the recruitment of TrxA, which would rapidly reduce the oxidized cysteines, consequently
speeding up the reaction.

On exposure to excess of HxO,, the thiol group of the peroxidatic cysteine undergoes
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overoxidation to form sulphinic acid (SOsH) [161, 152]. This modification renders the Prx
inactive, i.e. it can no longer function as a peroxidase [161]. In fact, both Alr4641 and All1541
from Anabaena PCC 7120 have been shown to be easily inactivated by high concentrations of
H20,, [152, 162]. In comparison, the Alr3183 protein remained active even after exposure to 5
mM H202, indicating that it was more recalcitrant to over-oxidation than the two above-

mentioned Prxs, and can work in more oxidizing conditions than other 2-Cys Prx.

Why does Anabaena encode so many PrxQ proteins? The presence of multiple PrxQs in
Anabaena, apparently catalyzing similar reactions, may not be a case of redundancy. A
particular PrxQ may be induced in response to a specific stress in Anabaena. For example,
All2375 alone is induced by NaCl and diamide whereas Alr2503, All2375 and All2556 are all
induced by t-butyl hydroperoxide, but AIr3183 is not [166]. Among the various
stresses/oxidizing agents tested, the Alr3183 protein was induced only in response to gamma
radiation. lonizing radiation such as gamma radiation not only causes double stranded breaks
(dsbs) in DNA, but also causes severe oxidative stress [17]. Along with other ROS, exposure
to gamma radiation also leads to the formation of H20O2 and lipid peroxides [211], both of
which are substrates of Alr3183 [166]. Moreover, reduced growth of the AnAS3183 strain in
response to 3 kGy gamma radiation does argue for a role of Alr3183 in overcoming oxidative
stress. The induction of Alr3183 by gamma radiation, but not by peroxides is perplexing.
Interestingly, Alr3183 expression was also observed when Anabaena PCC 7120 was exposed
to mitomycin C, an agent that causes DNA double strand breaks (Fig. 3.13.5.2). Thus, there
appears to be a link between expression of Alr3183 and the formation of DNA dsbs in

Anabaena.

In particular, the filamentous strains of cyanobacteria, including Anabaena, are very sensitive

to the oxidative effects of H>O. [212, 153]. Under normal (i.e. unstressed) conditions,
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Anabaena shows very poor catalase expression and no catalase activity can be detected on
zymograms [153]. In fact, H2O, and methyl viologen also fail to induce catalase expression in
Anabaena. As Anabaena shows a preponderance of genes that encode Peroxiredoxins, it is
believed that these may be the proteins that defend Anabaena from peroxides such as H2Oo.
H202 and methyl-viologen both induce Alr4641 & AIll1541, but do not elicit production of
Alr3183 in Anabaena PCC 7120. Likely, Alr4641 and All1541 (but not Alr3183) could be the
principal players that protect cell from H2O2 under normal physiological conditions. However,
it should be noted that induction of Alr4641 or AlI541 that normally occurs in response to
externally added H>O> is not adequate to protect Anabaena from its toxicity. Addition of as
little as 1 mM of H>O> causes rapid degradation of chlorophyll a, resulting in complete
collapse of Anabaena cultures and cell death (Fig. 3.13.1) However, if Alr3183 is over-
expressed in Anabaena, cells are protected from the damaging consequences of H20», both
under nitrogen-supplemented as well as nitrogen-deficient conditions. Unlike the wild-type,
on exposure to H202, the An3183* strain showed substantially reduced ROS formation, lower

damage to pigments and consequently, the cells remained viable d (Fig.3.13.2).

Although known to function primarily as peroxidases, Prxs are now also known to be
involved in redox signalling [213] or function as chaperones [214, 162] or phospholipases
[215]. In fact, other activity as the phospholipase or the chaperone activity of Prxs has been
shown to be independent of the catalytic cysteine residues. To exclude the possibility that
Alr3183 would mediate its protective role (against H2O2) independent of the peroxidase
activity, the mutant Alr3183C46S protein (that lacks the peroxidase activity) was over-
expressed in Anabaena. Like the wild-type strain, the Alr3183C46S™ strain was also very
susceptible to H»O.. This demonstrates that the protective role of Alr3183 protein in

Anabaena against H.O> mediated oxidative stress is due to the peroxidase activity mediated
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by peroxidatic cysteine. This highlights the importance of peroxidatic cysteine of Alr3183
protein for in vivo detoxification of H2O2 in Anabaena. In response to different abiotic
stresses, the alr3183 gene transcript was not enhanced in  Anabaena.
Gamma radiation (a physical agent that causes oxidative stress) can increase production of the

alr3183 transcript/ Alr3183 protein (Fig. 3.12.3).

Treatment of the Anabaena PCC 7120 with H2O2 (a) increased production of ROS (b)
decrease in photosynthetic activities and (c) loss in viability. In the cyanobacterium
Microcystis aeruginosa, H>O> treatment caused enhanced ROS accumulation, which results in
destruction of pigment synthesis and led to cell death [216]. However, all the above
mentioned deleterious effects were alleviated in An3183" strain, indicating that Alr3183 can

protect Anabaena from oxidative stress.

In conclusion, Alr3183 was found to be a monomeric, TrxA-dependent peroxidase whose Cp
and C;, formed an intramolecular disulfide bond. The presence of both C, and C; prohibited
intermolecular disulfide bond formation, but, if either of the catalytic cysteine was absent, the
protein became dimeric due to the formation of intermolecular Cp-C, or C,-C; linkages. Cp
was essential for reacting with the peroxidatic substrate whereas the presence of C; appeared
to improve the protein’s capability to interact with TrxA. In vivo, Alr3183 was found to be a
stress-inducible protein whose synthesis was upregulated by y-radiation. Over-expression of
Alr3183 protected Anabaena from oxidative stress in nitrogen-supplemented as well as
nitrogen-deficient conditions, indicating the potential of An3183" to function as stress-

resilient biofertilizer.
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Chapter 4 - Characterization of Alr464?2
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4.1 Introduction

The Alrd642 protein from the heterocystous filamentous cyanobacterium Anabaena
PCC7120 is a member of the Prx-like family of peroxiredoxins. Prx-like family of
peroxiredoxins represent the recently identified sub-family of peroxiredoxins [160]. Initially,
members of this family were annotated as hypothetical proteins. The Prx-like proteins contain
the CXXC motif, which is characteristic of thioredoxins (Trx) and glutaredoxins (Grx)
proteins [160]. The Prx-like proteins belong to the thioredoxin (TRX)-like superfamily,
which is a large and diverse group of proteins that show the presence of a TRX fold.
Members of this family also show the characteristic AhpC/TSA domain
(https://mwww.ncbi.nlm.nih.gov/ Structure/cdd/wrpsb.cgi).

The Prx-like proteins are further subdivided into Prx-likel and Prx-like2. In Prx-likel, the
conserved peroxidatic cysteine aligns with the first cysteine of the CXXC motif, whereas, in
the Prx-like2 proteins, the peroxidatic cysteine corresponds to the second cysteine of the
above-mentioned motif. Although these proteins (Prx-likel and Prx-like2 proteins) have the
conserved peroxidatic cysteine, the other two conserved residues of the catalytic triad (Tyr &
Arg) of peroxiredoxins are absent. The Alr4642 protein is a Prx-like2 subfamily of
Peroxiredoxins.

In Prx-like2 proteins, the CXXC motif is present close to the N-terminal end of the protein,
usually between amino residues 44-67. 17 Prx-like2 proteins have been annotated (i.e. 6.96%
of the total peroxiredoxins found) among the 37 cyanobacterial genomes sequenced so far,
Interestingly, all the five filamentous cyanobacteria whose genome has been sequenced
(Anabaena sp. PCC 7120, Anabaena variabilis ATCC 29413, Arthrospira platensis NIES-39,
Nostoc punctiforme ATCC 29133, and Trichodesmium erythraeum IMS101), show the

presence of the Prx-like2 proteins.
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As mentioned in the introduction, the role played by various peroxiredoxins in overcoming
oxidative stress in the filamentous, heterocystous diazotrophic, cyanobacterium Anabaena
PCC7120 has generated lot of interest in the recent past [166, 152, 167, 162]. However, in
spite of garnering all this attention, some Prxs from Anabaena, especially those belonging to
the Prx-like family, have not been studied at all. In fact, not only from Anabaena, Prx-like
proteins have not been characterized from any bacterium so far. Hence, it was desired to

elucidate the role of Alr4642, a Prx-like2 protein from Anabaena PCC 7120.

4.2 Bioinformatic analysis of Alr4642

4.2.1 Chromosomal location, nucleotide and amino acid sequence

In Anabaena PCC7120, alr4642 (642 bp) is located between nucleotide position 5545507 to
5546148 on the main chromosome (Fig. 4.2.1.1) and is annotated as putative thiol-specific
antioxidant protein. Just upstream of alr4642 lies the gene alr4641 that encodes 2-Cys-Prx
protein (i.e. Alr4641), whereas alr4643, ORF that encodes the chaperone, DnaJ, is present
downstream of the alr4642 ORF, but in the reverse orientation,

(http://genome.microbedb.jp/cyanobase/Anabaena/genes/alr4642).
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alr4641 (612 bp) alr4642 (642 bp)
191bp 107bp

2-Cys-Prx Prx-like2 Dnal

(Peroxiredoxin) (Putative thiol (Chaperone)
specific antioxidant)

Fig. 4.2.1.1. Schematic depiction of alr4642 on Anabaena PCC7120 chromosome. Along with the alr4642
ORF, ORFs present in the vicinity of alr4642 are also shown. The respective nucleotide sizes are indicated in
the figure. The protein encoded by the respective ORF is depicted below the ORF. Arrowheads indicate

direction of the transcription. The length (in bp) of the intergenic region (dashed line) is also represented.

The 642 bp long nucleotide sequence of the complete alr4642 ORF along with its translated
213 amino acid sequence (obtained from http://genome.microbedb.jp/cyanobase
/Anabaena/genes/alrd642) is shown in the Fig. 4.2.1.2. The Alr4642 protein has methionine
residues located at the 1% and the 36" amino acid position, respectively. The putative catalytic
cysteine (second cysteine in the CXXC motif) is the 111" residue of the polypeptide chain.
Hereafter, the full-length protein (initiating from first methionine codon) is designated as
Alrd642, whereas the protein initiating from the second methionine is designated as

AlrT4642, (T for truncated). The AlrT4642 is 178 amino acids long.
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Alr4642 start

]
1 ‘ATGAACGCAGATAGACACAGATATAAAATCAGTGTTAACTCCGGTGTTCATCTGTGGTTT

1 M N A D R H R Y K I S v N S H w F
AlfTa842% art

61 TATCATTGCATTTACTATCAGTTAGTTGATAATTTTGAACGGTT?&EGTTAACTTCAACA

21 Y H C I Y Y Q L v D N F E R F M L T S T

121 GATTTCAGTGGCTTATTAAATGAAAGGTTCTTTCGTAATTTCCTGCCTATTCCCGCTAGT
41 D F S G L L N E R F F R N F L P I P A S

181 AACGAATTAAGACTAGATGTAGGAACACCAGACTTTCAATTACCAGATATTACTAATGGA
61 N E L R L D V G T P D F Q L P D I T N G

241 ACGTTAGTTAAACTATCAAATTACCGAGGCAAACAGCCCATATTACTGGCATTTACGCGA
81 T L v K L S N Y R G K Q P I L L A F T R

301 ATTTTCACAGAAAAGCAATATTGCCCCTTTTGCTTTCCTCATATCAAAGCTTTAAATGAG
101 I F T E K Q YJ]C p F CJ|JF P H I K A L N E

361 AACTACGAACAATTTACTAATCGGGGGATAGAAGTTCTATTAGTTACGAGTACTGACGAA
121 N ¥ E Q F T N R G I E VvV L L VvV T S T D E

421 AAGCAAAGTCAAATAGTTGTTAAAGATTTAGGCTTAAAAATGCCTTTACTTAGTGATCCA
141 K Q¢ s ¢ I v v K DL G L K M P L L S D P

481 AGTTGTCGGGCATTTCGTACCTATCAAGTAGGGCAAGCCTTGGGAGCGCCTTTACCAGCC
161 s C R A F R T Y Q V G Q A L G A P L P A

541 CAATTTGTCTTAGATAAAGATGGTAGATTGCGTTACAAGCATTTATTTTCGTTTTTTGAT
181 Q F v L b K D GG R L R Y K H L F S F F D

601 CACAATGCTAGCGTCGAAAAGTTGTTAGGAAAATTTGATTAA
201 H N A s vV E K L L G K F D *

Fig. 4.2.1.2 Primary sequence analysis of alr4642/Alr4642. The 213 amino-acid long Alr4642 polypeptide is
shown as one letter symbol along with its coding nucleotide sequence. The First and the second methionine are
shown in red colour. The CXXC motif (CPFC in Alr4642), which is a characteristic of Prx-like2 proteins is
boxed. The full-length protein (i.e. initiating from first methionine codon) is designated as Alr4642 whereas the
protein initiating from the second methionine is designated as AlrT4642, (T for truncated). The AlrT4642 is 178

amino acids long.

4.2.2 Alr4642 protein shows similarity to other Prx-like2 proteins from its
second methionine residue

BLASTYp search for proteins homologous to Alr4642 using its amino acid sequence as query
and the  cyanobacterial genome  sequences as the  target  sequence

(http://blast.nchbi.nim.nih.gov/Blast.cgi) revealed the Alr4642 protein to be a putative thiol-

specific antioxidant (TSA) protein having similarity to Prxs (Fig 4.2.2). Among Prxs, the
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Alrd642 protein showed extensive homology to Prx-like2 family of peroxiredoxins, which
are hypothetical proteins with sequence similarity to Prxs. Interestingly, the BLASTp analysis
showed the Alr4642 protein to display similarity with other Peroxiredoxins from its second
methionine residue that was 35 amino acids away from the first (Fig. 4.2.2). Also, most of the
homologous cyanobacterial proteins showed similarity to Alr4642 only from the 36" amino
acid. The ORF initiating from the second ATG codon was therefore designated as alrt4642
(wherein t stands for truncated). Not surprisingly, in this analysis, the highest similarity
(identity, 70-80%, positives, 80-90%) was observed with related proteins from filamentous
cyanobacteria e.g. Nostoc, Anabaena, Fischerella etc. Relatively lower homology was
observed with similar proteins from unicellular cyanobacteria such as Thermosynechococcus

elongates (identity, 58%, positives, 74%).
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Fig. 4.2.2. Multiple sequence alignment. ClustalW software was employed to obtain alignment of Alr4642-like
proteins from different bacteria. Identical amino acids are depicted by (*), conservered amino acids are depicted
by (:), whereas semi-conserved amino acids are depicted by (.). The CXXC motif is boxed. The proteins
compared include, Anabaena [Anabaena sp. PCC 7120 _BAB76341.1]; An_variabilis (Anabaena variabilis
ATCC 29413 _CP000117.1); Nostoc [Nostoc punctiforme_WP_012412313.1]; Microchaete [Microchaete sp.
PCC 7126_ WP_026100224.1];  Chlorogloeopsisfritschii [Chlorogloeopsis fritschii; WP_016874252.1];
Hassallia byssoidea [Hassallia byssoidea; WP_039741944.1]; Fischerella [Fischerella sp. PCC 9431_
WP_026720910.1]; Cylindrospermumstagnale [Cylindrospermum stagnale; WP_015208910.1];
Mastigocladuslaminosus [Mastigocladus laminosus_ WP_044447082.1]; Rivularia [Rivularia sp. PCC;
WP_015118879.17116]; Chrysosporumovalisporum [Chrysosporum ovalisporum ILC-164; AJW31582.1],
Gloeocapsa [Gloeocapsa sp. PCC 7428; WP_015189048.1]; Scytonemahofmanni [Scytonema hofmanni;
WP_017744500.1]; Oscillatorianigro-viridis [Oscillatoria nigro-viridis; WP_015178161.1]; Cyanothece
[Cyanothece sp. PCC 8802; ACV01365.1]; Thermosynechococcuselongatus [Thermosynechococcus elongatus_
P_011057129.1]. The name of the bacterium and accession no. of the protein as mentioned in the
UniprotKB/Swissprot databases is shown in parenthesis.
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4.2.3 Domain analysis on the Alr4642

Domain analysis using blastp and SMART revealed the Alr4642 protein to possess the
Cd02970: Prx-like2 domain, which extended from amino acid position no. 68 to 196 (e value
of 1.30 e-27; Fig. 4.2.3). The putative proteins that show sequence similarity to Prxs show the
presence of this domain. These proteins contain CXXC motif similar to Trx (for e.g. CPFC in

Alr4642) and second cysteine of this motif corresponds to the catalytic cysteine of Prxs.

1 68 110 107 196 213
lT i 1 + ¢
< >
Prx_like2 domain

Fig. 4.2.3. Domain analysis of Alr4642. Position of the Prx-like2 domain on the primary sequence of the
Alrd642 is shown. The position and the amino acid residue number of the CXXC motif (CPFC) in the primary
sequence of the Alr4642 protein are depicted.

4.2.4 The alr4642-like homologs appear to be absent in non-cyanobacterial

genomes

To identify Alr4642 homologs in non-cyanobacterial organisms, a BLASTp search was
performed using Alr4642 protein as the subject and NCBI non-redundant protein database as
target. The cyanobacterial genomes were excluded in this search. Alr4642 showed some
similarity to different types of proteins such as AhpC, 2-Cys Prxs, BCP proteins, redoxin,
thiol-disulfide oxidoreductase resA, etc. However, in all these cases, the overall homology

was quite poor and was limited to short stretches of amino acids. The pair-wise sequence
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alignment of the top four non-cyanobacterial Alr4642 homologs with Alrd642 is shown in
Fig. 4.2.4. In fact, best homology was observed with the annotated AhpC gene from
Chloroflexus. It was observed that not only the homology between the respective protein
pairs was poor but the overall coverage was also very less. These observations do suggest that
genes encoding the Prx-like2 homologs are likely to be present only in cyanobacterial

genomes.

(1) wunnamed protein product
sequence ID: Icl|Query_215031 Length: 180 Number of Matches: 1

Range 1: 11 to 173 Graphics
Score Expect Method Tdentities Positives Gaps
119 bits(298) 1e-38 Compositional matrix adjust. 57/165(35%) 97/165(58%) 2/165(1%)

cuery 46 LMNERFFRNFLPIPASNELRLDVGTPDEFOLPDITNGTLVELSNYRGECPILLAFTRIFTERE 105
+M +F N LF o PDF LEFD NG vV LS++RGE+ +LL FTRI+THE
sbijct 11 INGEFIENLLFRGTERENVEVGDLAFPDFSLED—GNGNSVILSSFRGER—VLLVEFTRIYTDE &8
ey 10& oY PFCFPHIFATLNEN Y ECOFTNRGIEVLLVISTDEROSOIVVEDLGLEMPLLEDPSCRAE 15
OF C+PH+ +L +++ +F EV4++V +T + ++ +7 +L3D + F
skbjct (=] IICPLCY PEHLES LERDFSEFOELDTEV IVVNTTSARMTIREIVASSAFPFTMLEDEQWEVE 128
Cuery 166 RIYOVGOALGAPLPAQFVLDEDGRLEYRHLESFFDHNASVERLLG 210
¥ +& A GRFLFP QF++ ++G++ + + F ++ S E++
Shijct 12% ELYGLGAARGAPLPGOFIVGREGEILEVY TCDREFPNHESNEEMERZ 173

(2) unnamed protein product
Sequence ID: Icl|Query_ 148743 Length: 198 Number of Matches: 1

Range 1: 8 to 168 Graphics
Score Expect Method Identities Positives Gaps
105 bits(261) Se-33 Compositional matrix adjust. 55/162(34%) &87/162(53%) 13/162(8%)

Cuery 46 LNERFFRNFL—FPIPASNELRLDVGTPDFOLP——————————— DITNGTLVFELSNY RGEOP 23
I. ++F + P I + PDEF LP + (=3 + LS RG+ P

Sbhjct =1 L ToDRF INELVRPRGPANVEAVGSEAPDFTLPY AQFLSGPPEDRVEYGRTITLSATLRGE—P (=1

Crasery 24 I AFTRIFTEROYCPFFCFPHIFATLNENY EQFTNRGIEVLLVITSTDEROQSOIVVEDLGLFE 153
++I +RIF +CF © FHI+ AT ¥ +F+ R + +L+V+3STD + + v+ L

sbhijct a7 VVLNLSRIFSERVFCPNCAFHLAAT.RTOYNEFSRRNVHLLVVSSTDLETTSYVAREVLRAP 126

Cuery 154 MPLLSDPSCRAFRTYOVGOATL.GAPLPAOFVLDEDGRLRYFRHT. 195
P+LSDFP + F ¥ +5 B GAFPLP F++D = +R+ +
Skhjct 1z7 FPILSDPDWEVEFTGYGMGEAFGAPLPGVEIIDRAOCGI IRWSWWY i1c8

(3) unnamed protein product
sequence I1D: Icl|Query 212973 Length: 194 Number of Matches: 1

Range 1: 32 to 166 Graphics
Score Expect Method Identities Positives Gaps
99.0 bits({245) 1e-30 Compositional matrix adjust. 50/136(37%) 75/136(55%:) 12/136(8%)

Cusery 69 TPODFOLP——————————— DITNGTLVELENYRGROPILLAFTRIFTEROYCPFCFPHIES 117
EDF LFP + = + L3 RG+ P++L TRI +++ ++P & F + I
Skhjct 32 APDFTLEYACQFLSGFFEDRVEYGRTITLSATRGR-FVVLNLTRIVSDRFFUFPHCAPOLDR S0
Cuaery ils ILNENYEQFTNRGIEVLLVISTDEROSOIVVFEDLGLEMPLLSDEPSCRAFRTY OWEOAT.EAFE 177
I. E+¥+ F R +L+V+STD + + v o+ L P+LSDP F ¥ +G A+G P
Skjct 21 LREHYDLFVORNAHNLL VYV SSTDLEMT SYVAEVLRAFPYPILSDPEWSVEYRYGMESLMEVE 150

cusry 178 LPAQFVLDEDGRLRYF 1232
LE FV+D D& +R+
Skjct 1351 LEGVEVIDADGIIRNS 166

(4) unnamed protein product
sequence ID: Icl|Query_94719 Length: 98 Number of Matches: 1

Range 1: 1 to 95 Graphics
Score Expect Method Identities Positives GCaps
73.2 bits(178) 3e-22 Compositional matrix adjust. 40/95(42%:) 58/95(61%) 0,/95(0%:)

Cusry 118 LMNENY EQFTNRGIEVLLVTSTDEROSOIVVEDLGLEMPLLSDPSCRAFRTY OVGEGOAT.GAFP 177

+ E ¥ F RG EVH+VTHTD S+++ DL, L PLLSDP F+ ¥ G BTG P
Skijct 1 MREQYPAFOERGAEVVVVITTDVPTSELIAGDIALPYPLLSDPEWVVEFREGYGCTEARATGVE (1]
Cusery 178 LEPAQFVLDEDGRLEYRHLEFSFEFDHNASVERLLGEE 21z

LEAQF++D DER+ ++1L ++ ++ LG+
Skijct el ILEAQFLIDGDGEGRVVERY LCDLVEFNHFFLDVILGOT 25

Fig. 4.2.4. Pair-wise protein sequence alignment of Alr4642 with from non-cyanobacterial homologs. The
Alrd642 sequence was chosen as the query and used for BLASTp excluding cyanobacteria. Of the different
sequences that came up in the search, the top four homologs were used for pair-wise sequence alignment. The

organisms used for alignment and accession no of respective proteins are (1) Chloriherpetons thalasum
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(WP_012501141.1); (2) Chloroflexus aggregans (WP_012616427.1); (3) Chloroflexus auranticus
(WP_012255975.1); (4) Thermonema rassanum (WP_051633048.1).

4.2.5 Protparam parameters

The 642 bp long alr4642 ORF encodes protein Alr4642 with a calculated molecular weight of
24731.4 Da (213 amino acid) and an expected pl of 8.62 (http://web.expasy.org/cgi-
bin/protparam/protparam). Number of negatively charged residues (Asp + Glu) was 22
whereas 25 positively charged residues (Arg + Lys) were present. The theoretical extinction
coefficient (at 280 nm) measured in water, was estimated to be (1) 19160 L mol™* cm™; Abs
0.1% (i.e. 1 g/l) = 0.775, assuming all pairs of Cys residues form cystines and (2) 18910 L
mol* cm™ Abs 0.1% (i.e. 1 g/I) = 0.765, assuming all Cys residues are reduced. The Alr4642
was not found to have any transmembrane regions as predicted by SOSUI
(nhttp://harrier.nagahama-i-bio.ac.jp/sosui/cgi-bin/adv_sosui.cgi). The AIrT4642 protein was also
searched for the same parameters. The calculated molecular of this protein weight was
20326.4 Da; with number of amino acids, 178 and a theoretical pl of 8.43. The number of
negatively charged residues (Asp + Glu) was 19, whereas 21 residues were positively
charged. The theoretical extinction coefficient (at 280 nm) measured in water, was estimated
to be (1) 7575 L mol* cm™; Abs 0.1% (i.e. 1 g/l) = 0.373 0.367, assuming all pairs of Cys
residues form cystines and (2) 7450L mol™* cm™ Abs 0.1% (i.e. 1 g/l) = 0.367, assuming all

Cys residues were reduced.

4.3 alr4642/Alr4642 is not expressed in Anabaena

Several peroxiredoxins in Anabaena are not only constitutively expressed, but also induced in

response to oxidative and other stresses. Expression of Alr4642 was monitored under control
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conditions (i.e. in the absence of any stress) on in response to abiotic stresses on Western
blots with the Alr4642 antiserum! whereas synthesis of the alr4642 transcript was monitored
on Northern blots with the DIG labeled alr4642 DNA probe.

The 4 day old wild-type Anabaena was exposed to different oxidative stress-inducing agents.
At various time points after stress treatment, total proteins were isolated, resolved on SDS-
PAGE and probed with the Alr4642 antiserum (generation of Alr4642-specific antisrum is
described in section 4.7). Alrd642 protein expression in the cell free protein extracts of
unstressed Anabaena PCC 7120 could not be detected on Western blots (Fig. 4.3A). Even
after exposure to oxidizing agents like methyl-viologen or H20-, expression of the Alr4642
protein could not be observed in Anabaena PCC 7120 (Fig. 4.3B). Other stresses like salinity,
desiccation or sucrose also gave similar results (Fig. 4.3C).

Similarly, the alr4642 transcript could not be detected in total RNA isolated from control or
H202/MV-treated cells on Northern blots with the alr4642 probe (4.3C). These results clearly
showed that the alr4642 gene was not expressed in Anabaena. It should be noted that the
gene present immediately present upstream of alr4642, alr4641, is not only constitutively
expressed but is also highly induced in response to several stresses (Banerjee et al., 2015). In

this context, non-expression of alr4642 is indeed surprising.
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Fig. 4.3. In vivo expression analysis of alr4642/Alr4642. (A) Northern blot. Exponentially- grown wild-type
Anabaena PCC 7120 cells were exposed to various stresses (methyl-viologen, MV; hydrogen peroxide, H20-
and t-butyl hydroperoxide, t-Bx), after 1 h, total RNA was isolated, resolved on agarose gel, blotted onto nylon
membrane and hybridized with the DIG-labelled alr4642 probe. The rRNA bands are given as control on lower
panel. (B) Western blotting-immunodetection analysis with the Alr4642 antiserum. Total protein was isolated
from Anabaena PCC 7120 cells grown in BG11 medium without or with (B) 2 uM MV (MV) or 1 mM H0;
(H202) These proteins (50 pg per lane) were resolved on denaturing polyacrylamide gels and electro-blotted
onto the nitrocellulose membrane. Subsequently, the blot was allowed to cross-react with the Alr4642 antiserum
(1:2000), followed by secondary anti-mouse 1gG (1:5000) coupled to alkaline phosphatase. The 27 kDa band
shown by the purified (i.e. eluted from polyacrylamide gels) His-tagged Alr4642 is depicted by an arrow. (C)
Exponentially growing wild type Anabaena cells were exposed to 50 mM Sucrose (Sucrose), 200 mM NaCl

(NaCl), 6 days of dessication (Dessication). The samples were processed and developed as described in (B).

4.4 The alr4642 gene shows the presence of a weak promoter and the
repressor LexA binds to the alr4642 promoter
4.4.1 Analysis of the alr4642 promoter

To determine the probable reason for the lack of alr4642 expression, DNA upstream of the
alr4642 ORF was analyzed for the presence of promoter elements. The promoter identified

by a promoter search program (BPROM) is shown in (Fig. 4.4.1). Interestingly, this promoter
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sequence was located right at the beginning of the alr4642 ORF, and in fact the —35 region of
the identified promoter overlapped with the start codon of the full length alr4642. Although
the —10 region of the identified promoter showed a good match with the consensus —10
promoter sequences, the —35 region showed poor match with its respective consensus,
indicating that the promoter was inherently a weak promoter. Homology search with
Anabaena PCC 7120 LexA protein-binding sequence (Mazon et al., 2004) showed the

presence of a LexA-binding site that overlapped directly with the —10 sequence (Fig. 4.4.1).

Alr4642 Start LexA
1 ccATACCACAGATGAACGCAGATAGACACAGATATAAAATCAGTGT TAACTCCGGTGTTC
-35 -10
1 M N A D R HUR Y K I S V N S G V H

AlrT4642 Start
6l ATCTGTGGTTTTATCATTGCATTTACTATCAGTTAGTTGATAATTTTGAACGGTT TATGT
21 L W F Y H C I Yy ¥y 9 L Vv D N F E R F M L

121 TAACTTCAACAGATTTCAGTGGCTTATTAAATGAAAGGTTCTTTCGTAATTTCCTGCCTA
41 T s T D F S G L L N E R F F R N F L P

Fig. 4.4.1. Promoter analysis. The nucleotide sequence corresponding to the -10 and -35 region of the promoter
are underlined. The ATG codons for Alr4642 and AlrT4642 are indicated while the LexA-binding sequence that
overlaps with the —10 region is depicted by a thick line

4.4.2 The repressor LexA binds to the alr4642 promoter

To confirm the ability of the purified LexA to bind to the putative LexA-binding sequence
(shown in Fig. 4.4.1), electrophoretic mobility shift assays (EMSAs) were performed. Two
complementary oligonucleotides (39 nt each) that encompassed the putative LexA-binding
site were annealed to form the double stranded i.e. dsLexA-binding DNA. The purified LexA
protein of Anabaena PCC 7120 (kindly provided by Mr. Arvind Kumar and Dr. Hema

Rajaram, Molecular Biology Division, BARC) was allowed to bind to the above-mentioned
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38 bp dsDNA in a suitable binding buffer. The LexA protein bound to this DNA and as seen
in the Fig. 4.4.2, a slight shift, corresponding to the protein-DNA complexes, was observed.
This result indicated the ability of the LexA protein to bind to the LexA-site present around

the -10 region of the promoter.

0 025 05 1.0 LexA (ug)
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mh Free DNA

Fig. 4.4.2. EMSA. Increasing amount (as indicated) of Anabaena LexA protein was allowed to bind to 39 bp

alr4642 promoter DNA that contained the LexA-binding site. After the assay, the contents of each reaction were
resolved on agarose gel and visualized by staining with ethidium bromide. The free DNA and the DNA-protein

complex are depicted in the figure.

4.5 Cloning of alr4642 in pET16b and over-expression in E. coli

Although large scale genome sequencing projects have unearthed the presence of several Prx-
like proteins, they have not been experimentally characterized from any organism so far.
Hence, to gain insights into its biochemical function, it was desired to over-express the
Alrd642 protein in E. coli and purify it there from. As similarity of Alr4642 with other Prx-
like2 peroxiredoxins (from several cyanobacteria) was observed from its second annotated
methionine residue (Section 4.2.2 and Fig. 4.2.3), attempts were also made to express and
purify a slightly truncated Alr4642, i.e. initiating from the second methionine, designated as
AlrT4642 (where ‘T’ denotes truncated).
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4.5.1 Cloning of alr4642 and alrT4642 into pET16b

The alr4642 or alrT4642 ORF was PCR amplified using gene-specific primers, alr4642fwd
and alr4642rev or alrT4642fwd and alr4642rev respectively (Table 2), employing Anabaena
PCC 7120 chromosomal DNA as template (Fig 4.5.1.1A, B and C). The PCR products were
digested with the restriction enzymes Ndel and BamHI and cloned separately into similarly
digested pET16b to obtain pET4642 and pETT4642 respectively. The plasmids pET4642 and

PETT4642 were sequenced to confirm the nucleotide sequence integrity of the cloned gene.

Fig. 4.5.1.1. Cloning of alr4642 into pET16b. (A) PCR amplification of alr4642 from genomic DNA of
Anabaena PCC 7120. Lanel, molecular weight standard (100 bp ladder, NEB); lane 2, PCR with alr4642fwd
primer alone (single primer control); lane 3, PCR with alr4642rev primer alone (single primer control); lane 4,
PCR with alr4642fwd and alr4642rev primer in the reaction mixture. (B) Colony PCR of E. coli DH5a
transformants to identify pET4642 containing colonies. Lane 1, 100 bp ladder, NEB; lane 2, PCR of colony # 1;
lane 3, PCR of colony # 2; lane 4, PCR of colony # 3. The ~650 bp PCR product is indicated by an arrow in A
and B. (C) Restriction digestion of pET4642. Lane 1, 100 bp ladder (NEB); lane 2 pET4642 digested with Ndel

and BamHI. The insert released (~650 bp) is indicated by an arrow.
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Fig. 4.5.1.2. Cloning of alrT4642 into pET16b. (A) PCR amplification of alrt4642 from genomic DNA of
Anabaena PCC 7120. Lanel, molecular weight standard (100 bp ladder, NEB); lane 2 and 3, PCR with
alrt4642fwd and alr4642rev; lane 4, PCR with alrt4642fwd primer alone (single primer control); lane 4, PCR
with alr4642rev primer alone (single primer control). (B) Colony PCR of E. coli JM109 transformants to
identify pETT4642 containing colonies. Lane 1, 100 bp ladder, NEB; lane 2, PCR of colony # 1; lane 3, PCR of
colony # 2; lane 4, PCR of colony # 3; lane 5, PCR of colony # 4; lane 6, PCR of colony # 5; lane 7, PCR of
colony # 6. The ~540 bp alrt4642 PCR product is indicated by an arrow in Aand B. (C) Restriction digestion of
PETT4642. Lane 1, 100 bp ladder (NEB); lane 2, pETT4642 digested with Ndel and BamHI. The insert released
(~540 bp) is indicated by an arrow.

4.5.2 Over-expression of Alr4642 using IPTG

As mentioned in the previous chapter, cloning of any ORF at Ndel and BamHI sites of
pET16b plasmid results in the addition of 10 in frame His codons to the 5’ end of the ORF.
Therefore, the over-expressed proteins contain an N-terminal 10 histidine (10-His) tag. The
plasmid pET4642 or pETT4642 was separately transformed into E. coli BL21 pLysS/codon
plus cells. The recombinant E. coli cells were grown in Luria-Bertani (LB) medium with
appropriate antibiotics to an optical density at 600 nm (ODegoo) of ~1.0 and induced with 1
mM isopropyl-thiogalactopyranoside (IPTG) for over-production of proteins. Four hours after
induction, cells were harvested by centrifugation, lysed and the total cellular proteins were

analyzed on denaturing polyacrylamide gels. Production of the full-length 10HisAlr4642
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protein or the truncated 10HisAlrT4642 protein was clearly observed on denatured
polyacrylamide gels (Fig. 4.5.2A). The identity of the proteins was further confirmed by

immunodetection with the penta-His antiserum (Fig. 4.5.2B).
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Fig. 4.5.2. Over-expression of Alr4642/AlrT4642. (A) Production of Alr4642 in E. coli BL21 pLysSAIr4642
or 10HisAlrT4642 were over-produced in E. coli employing the pET16b expression vector. 4 h after induction
with IPTG, proteins (20 pg) were resolved by SDS-PAGE and visualized by staining with Coomassie brilliant
blue (CBB). Lane 1, mol. wt. marker; lane 2; BL21pLys/pET16b; lane 3, BL21pLysS/pET4642; lane 4,
BL21pLysS/pETT4642. (B) Western blot analysis. Total protein fractions from E. coli cells over-producing
10HisAlr4642 (lane 2) or 10HisAlrT4642 (lane 3) were probed with the polyhistidine antiserum. The His-tagged
Alrd642/ AlrT4642 proteins are depicted by arrows. Molecular weight standards were loaded in lane 1.

4.6 Attempts to purify Alr4642 from E. coli

4.6.1 Solubility of Alr4642/AlrT4642 in E. coli

Solubility of the heterologously expressed recombinant protein in E. coli plays an important
role in choosing the subsequent method of purification. The soluble proteins are easier to
purify whereas the insoluble proteins require more tedious ways of purification i.e.
purification under denaturing conditions followed by refolding of the protein. To see whether
the Alrd642/ AlrT4642 were present in the soluble or insoluble fraction, the total cell lysate
was centrifuged to separate the soluble fraction and the inclusion bodies. Both these fractions

were resolved electrophoretically on SDS-PAGE. However, in spite of production in
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abundant amount, both the over-expressed proteins were located exclusively in the inclusion

bodies fraction and not in soluble fraction (Fig.4.6.1 A & B).
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Fig. 4.6.1. Solubility of over-expressed Alr4642 and AlrT4642 in E. coli. Soluble and inclusion body
fractions were prepared from E. coli cells over-producing (A) Alr4642 or (B) AlrT4642, proteins (20 pg) were
resolved by SDS-PAGE and visualized by staining with Coomassie brilliant blue (CBB). Lane 1, Molecular
weight standard; lane 2, soluble fraction; lane 3, inclusion body fraction. The 27 kDa His tagged Alr4642 (A)
and the 22 kDa His tagged AlrT4642 (B) are indicated by arrow.

4.6.2 Expression at lowered temperature to obtain soluble protein

Protein expression at lower temperature, between 15-20°C allows cells time to properly fold
the protein, thereby improving the solubility of the protein. To see the effect of lowering of
temperature on solubility of 10HisAIr4642, E. coli cells were induced with IPTG at 16°C.
Subsequently, soluble and inclusion body fractions obtained from these cells were analyzed
on the SDS-PAGE. As seen in the Figure 4.6.2, even after inducing cells at low temperature,

the over-expressed protein was located exclusively in the inclusion body fraction.
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4.6.3 Over-expression under micromolar concentration of IPTG

Decreasing the concentration of the inducer IPTG is known to increase the solubility of the
over-expressed protein. E. coli BL21/pET4642 cultures were allowed to grow with
appropriate antibiotics to ODeoo~0.8 and induced with different concentrations of IPTG
(25um, 50um, 100um) for 4 h. After induction, cells were disrupted by sonication and the
inclusion body fraction was separated from the cytosolic fraction for each sample. On
analysis, production of Alr4642 was observed at all concentrations of IPTG, but in all the

cases the Alrd642 protein remained insoluble i.e. present in inclusion bodies. (Fig. 4.6.3)

S - Soluble fraction
I - Inclusion body

—> —> —> —> «—>
- 25 50 100 200  IPTG (M)

Fig. 4.6.3. Induction of 10HisAlr4642 with different concentrations of IPTG. E. coli BL21 carrying
pETAIr4642 was induced with various concentration (as indicated) of IPTG for 4 h, soluble and inclusion body
fraction were prepared, resolved on SDS-PAGE, transferred to nitrocellulose membrane and probed with the
Alr4642 antiserum.
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4.6.4 Use of auto-induction medium (AIM) for protein over-production

The principle of AIM media is based on carbon sources in the medium that are metabolized
differentially to promote high density cell growth and automatically induce protein
expression from lac promoters. With AIM media (which contain both glucose and lactose) a
high-density cell growth is followed by a spontaneous induction of protein expression. Thus,
there is no need to monitor the cell density and no induction with IPTG is necessary. Initially,
glucose is metabolized preferentially during growth, which prevents uptake of lactose until
the glucose is depleted. As the glucose is depleted, lactose is taken up and converted by [3-
galactosidase to the inducer allolactose, which ultimately leads to expression of the desired

protein [217, 218].

E. coli BL21/pET4642 was inoculated in AIM and grown at 37°C over-night. From this pre-
culture, the main culture was inoculated at 1:100 ratio and further allowed to grow for 24 h.
After induction, cells were disrupted by sonication and the inclusion body fraction was
separated from the cytosolic fraction. On analysis, high quantity of Alr4642 was observed to
be produced, but, despite this, the entire Alrd642 protein remained insoluble i.e. present in

inclusion bodies.
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Fig. 4.6.4. Over-production of Alr4642 using AIM medium. E. coli cells were grown in auto-induction for 24
h. Subsequently, cells were lysed and the soluble fraction separated from the inclusion body fraction by
centrifugation. These fractions were resolved on SDS-PAGE and visualized after staining with CBB. Lane 1,
protein marker; lane 2, soluble fraction; lane 3, inclusion body fraction. The 27 kDa His tagged Alr4642 is
indicated by an arrow. Sizes of the standards are depicted at the left side of the gel.

4.6.5 Over-expression of Alr4642 or AlrT4642 with a C-terminal Histidine

tag

Another strategy attempted to obtain the AlrT4642 protein in soluble was to move the
histidine tag from the N-terminal to the C-terminal of the protein. For this purpose, the
corresponding ORF was sub-cloned in pET29b, a vector that introduces a C-terminal 6-
histidine tag when an ORF is cloned between the Ndel and Xhol restriction sites. The
PET4642 was digested with restriction enzymes Ndel & Xhol and the released insert was
sub-cloned into similarly digested pET29b vector to yield pET29bT4642. This plasmid was
transformed to E. coli BL21 cells and expression of AlrT4642(6His) protein was analyzed
after induction with IPTG. Although, the protein was produced in substantial quantity, it

continued to be present in the inclusion body fraction (Fig. 4.6.5).
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Fig. 4.6.5. Solubility of the over-expressed AlrT4642(6His) protein. Soluble and inclusion body fractions
were separated from E. coli cells over-producing AlrT4642(6His). Proteins (20 pg) were resolved by SDS-
PAGE and visualized by staining with Coomassie brilliant blue (CBB). Lane 1, molecular weight standard; lane
2, inclusion body fraction; lane 3, soluble fraction. The 21.2 kDa AlrT4642(6His) protein is indicated by arrow.

4.6.6 Purification under denaturing conditions guanidinium-hydrochloride.

As attempts to purify Alr4642 under native conditions were not successful, it was desired to
purify Alrd642 under denaturing conditions using chaotropic agents such as guanidine. To
achieve this, overnight IPTG-induced E. coli BL21/pET4642 culture was harvested, the cell
pellet was dissolved in 6M guanidium hydrochloride (Gn.HCI) and allowed to bind to the Ni-
NTA resin. After appropriate washing, flow through, wash and elution fractions were
analyzed on SDS-polyacrylamide gels. A relatively pure 10HisAlr4642 protein fraction could
be obtained from Gn.HCl-treated cells (Fig.4.6.6). However, on dialyzing out the Gn.HCI, the

entire protein precipitated, rendering it unsuitable for biochemical analysis.
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Fig. 4.6.6. Alr4642 purification under denaturing conditions. Purification of Alr4642 with Gn-HCI. The
inclusion body pellet was dissolved in Gn.HCI (6M) and used for purification of 10HisAIr4642 using affinity
chromatography. Lanel. Molecular weight standards; lane 2, Inclusion bodies solublized in Gn.HCI; , lane 3,

unbound proteins; lane 4, wash; lane 5, purified 10HisAlr4642.

4.7 Generation of the Anti-Alr4642 antiserum

The Gn-HCI purified 10HisAlr4642 protein was used for generation of anti-Alr4642
antiserum. The purified protein was further resolved on SDS-PAGE and the 10HisAlr4642
protein was eluted from the gel and subsequently used to immunize mouse. To raise specific
antiserum, the primary immunization (with 100 pug of the 10HisAlr4642 protein) and three
booster immunizations (50 pg purified protein per booster) in mouse and collection of
antiserum were performed at a commercial facility (Merck, India). The anti-serum obtained
was Verified for its ability to cross-react with the 10HisAlr4642 protein. The antiserum could

easily detect 50 ng of the purified protein on Western blots.
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Fig. 4.7. Immunodetection of the 10HisAlr4642 with specific antiserum. 50 ng of Alr4642 protein was
resolved on SDS-PAGE, electro-blotted onto nitrocellulose membrane, probed with Anti-Alr4642 anti-serum
(1:5000 dilution) and developed with NBT-BCIP.

4.8 Expression of Trigger factor-Alr4642 fusion protein employing the

pCold TF vector

Co-expression of one or more chaperone proteins during expression of a heterologous target
protein has been proven to be effective for obtaining increased amounts of soluble
recombinant protein in E. coli. The plasmid pColdTF (Takara Bio, vector map is shown in
appendix C) is a fusion expression vector that expresses the target protein as a fusion with
(His-tagged) trigger factor (TF), an E. coli chaperone (that helps in proper folding of
proteins) (Fig. 4.8.1). The schematic diagram of the pCold vector, relevant to this section, is
shown in the Fig.4.8.1. Expression is under the control of the cold shock protein A (cspA)
gene promoter. The TEE (translational enhancer element), enhances the level of translation
for the protein. The insertion of a gene of interest at appropriate sites (in MCS) in this vector
results in expression of a fusion protein i.e. TF and the protein of interest. The fusion protein
can be purified by affinity chromatography with the Ni-NTA matrix and the protein of

interest can be separated from TF by cleavage with thrombin.
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Fig. 4.8. Schematic representation of pColdTF vector. The various elements of the pCold TF vector are shown.
TEE (translational enhancer element), TF (Trigger factor), Thrombin cleavage site, MCS (multiple cloning site).

For the sake of clarity, these elements are not drawn to scale.

4.8.1 Cloning of alr4642 in pColdTF expression vector

The alrt4642 DNA fragment was PCR amplified and ligated to the pColdTF vector (resultant
construct was named as pColdTFT4642). The pColdTFT4642 was verified for the presence
of the appropriate insert by restriction digestion as well as sequencing (Fig. 4.8.1).
Subsequently, this plasmid was transformed to E. coli BL21plysS for over-production of the

fusion protein.

Fig. 4.8.1. Restriction analysis of pColdTFT4642. Lane 1, 1 kb ladder (NEB); lane 2, 100 bp ladder (NEB);
lane3, pColdTFT4642 digested with Ndel and BamHI.
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4.8.2 Production of fusion protein AlrT4642-TF in E. coli

On induction with IPTG, production of a ~73 kDa protein (Trigger factor-Alr4642 fusion
protein) was observed on SDS-polyacrylamide gels (Fig.4.8.2A). Unlike the previously over-
expressed His-tagged Alrd642/AlrT4642, this fusion protein remained soluble (Fig.4.8.2B)
and could be purified to near homogeneity by affinity chromatography employing the Ni-

NTA matrix (Fig.4.8.2.C).
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Fig. 4.8.2. Over-expression of AlrTF-T4642 in E. coli. (A) Cells were induced with 1 mM IPTG, total proteins
extracted in Laemmli’s sample buffer and resolved on SDS-PAGE. Lane 1, molecular weight marker; lanes 2 &
3, E. coli BI-21/pColdTFT4642 induced with 1 mM IPTG; lane 4, E. coli BI-21/pColdTF induced with IPTG.
(B) Solubility of TF-T4642. Cell lysate of the IPTG-induced E. coli BI-21/pColdTFT4642 was separated into
soluble and inclusion body fraction and aliquots were resolved on SDS-PAGE. Lane 1, molecular weight
marker; lane 2 soluble fraction; lane 3, inclusion body fraction. A total of 30 pg protein was loaded in lanes 2-4.
(C) Purified AlrTF-T4642 fusion protein. The AlrTF-T4642 was purified by affinity chromatography employing
the Ni-NTA matrix as described in the methods section. Lane 1; mol wt. marker; lane 2, purified protein (2 pg);

lane 3; purified protein (6 pg).

4.8.3 Cleavage of AlrTF-T4642 with thrombin

The purified AlrT4642-TF fusion protein was dialyzed against the thrombin cleavage buffer

and incubated with the thrombin slurry (Sigma Aldrich) for cleaving the Alr4642 protein
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from the His-tagged TF. To monitor the progress of cleavage, aliquots obtained after 1 h, 6 h
and 24 h were resolved on SDS-polyacrylamide gels and visualized. As seen in the Figure

4.8.3, almost complete cleavage was observed at the end of 24 hrs.
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Fig. 4.8.3. Cleavage of TF-T4642 with thrombin slurry. 15 pug of purified AlrTF-T4642 was incubated with
thrombin slurry in equilibration buffer and aliquots were taken at various time points (as indicated on top of the

gel), mixed with Laemmli’s sample buffer resolved on SDS-PAGE and visualized after staining with CBB.

4.8.4 Separation of AlrT4642 and trigger factor

Attempts were made to separate AlrT4642 from the trigger factor by using (1) Ni-NTA
affinity chromatography to remove the His-tagged TF protein and (2) size exclusion
chromatography.

When incubated with the Ni-NTA resin, a decrease in the concentration of TF was observed
in the first few hours. However, the entire TF could not be removed on longer incubation (24
h) with the resin or on adding aliquots of fresh Ni-NTA resin. These results suggested that
even after cleavage by thrombin, a portion of the TF protein remained tightly bound to the
AlrT4642 protein. Size exclusion chromatography was attempted to separate TF from

AlrT4642. In this case, minor amounts of the AlrT4642 and TF proteins were both observed
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in the fraction that eluted first (peak 1, that eluted first) whereas in the second peak (peak 2),
only the TF protein was observed (Fig.4.9.3B). Thus, it appears that TF binds very tightly to

Alr4642 and hence detergents like SDS are required to separate them.
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Fig. 4.8.4. Separation of TF and AlrT4642 TF-AlrT4642. (A) Thrombin cleavage of TF-T4642, lines lane 1,
TF-T4642 lane 2. 2, thrombin-cleaved TF-T4642; lane 3, TF control. Molecular weight Standard is shown at the
left corner of the gel. The sample shown in lane 2 was used for size exclusion chromatography. (B) Size-
exclusion chromatographic separation of thrombin cleaved TF-T4642 Lanel, peakl; lane 2, empty lane; lane 3,

peak 2. The molecular weight Standard is shown at the left corner of the gel.

4.9 Over-expression of alr4642 in Anabaena PCC7120

4.9.1 Construction of pAM4642 for over-expression of alr4642 in Anabaena

As Alr4642 could not be expressed in soluble form in E. coli, attempts were made to verify if
Alr4642 remained soluble after over-expressing it in Anabaena. For this purpose, the alr4642
DNA fragment (642-bp) from pET4642 was sub-cloned, downstream of the strong Ppsbat
promoter, into the pFPN vector [171] employing the restriction enzymes Ndel and BamHlI

(plasmid called pFPN4642) (Fig. 4.9.1). Subsequently, the alr4642 gene along with the Ppspa1
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promoter was transferred as a Sall-Xmal fragment from pFPN4642 to appropriately digested
E. coli/Anabaena shuttle vector pAM1956 [172] to obtain pAM4642. The presence of the
alr4642 insert in pAM4642 was verified by PCR with appropriate primers and sequencing.
Using a conjugal E. coli donor [HB101 (pRL623 + pRL443)], pAM4642 was conjugated into
Anabaena PCC7120 as described earlier [148]. Ex-conjugants were selected on BG-11/N*
agar plates containing neomycin (25 pg mL™), transferred to BG-11/N* liquid medium
containing neomycin (10 pg mL1) and repeatedly sub-cultured. The transformed Anabaena
strain thus obtained (designated An4642%) was maintained on BG-11/N* plates containing

neomycin.

1 2 3 4
Fig. 4.9.1. Identification of pAM4642-containing colonies PCR. Colony PCR of E. coli DH5a transformants

to identify colonies with pAMT4642. Lane 1, 100 bp ladder, NEB; lane 2, PCR of colony # 1; lane 3, PCR of
colony # 2; lane 4, PCR of colony # 3. The ~650 bp PCR product is indicated by an arrow.

4.9.2 Expression of alr4642 in Anabaena PCC 7120 leads to production of

AlrT4642

For comparison, the different Alr4642/AlrT4642 proteins (relevant to this section) along with
their respective mol. wt. are schematically depicted in Fig. 4.9.2.1. The An4642" cells that
appeared on the selection medium were verified by monitoring expression of GFP (Fig.
4.9.2.2). Soluble extracts of An4642* were prepared to monitor production of Alr4642 on

Western blots. Along with the An4642 extract, the thrombin-digested TF-AlrT4642 was also
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subjected to electrophoretic separation on the same gel. When probed with the Alr4642

antiserum on Western blots, the recombinant An4642* showed production of a shorter

Alr4642 protein, whose size (20.3 kDa) matched exactly with that of AlrT4642 obtained after

digesting TF-AlrT4642 with thrombin (Fig. 4.9.2.3). This implied that the full length Alr4642

protein was not synthesized from the alr4642 ORF and further indicated that the codon

corresponding to the second methionine was the actual in vivo start codon in Anabaena.

Alrd642, 24.7 kDa

10HisAlr4642, 27.2 kDa

AlrT4642, 20.3 kDa

10HisAlr4642, 22.8 kDa
6 His

Thrombin site
L

I 6HisAlr4642, 21.2 kDa

AlrT4642 (21.195 kDa)

Fig. 4.9.2.1. Schematic representation of the various Alr4642 proteins employed in the

study along with their expected molecular weights.
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Micrograph
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Micrograph

AnT4642*
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Fig. 4.9.2.2. Over-expression of Alr4642 in Anabaena PCC7120. (A) Wild type Anabaena and An4642*.
Cultures were grown in BG-11 medium for 3 days and visualized microscopically. Light micrographs and
fluorescence micrographs (excitation BP, 450-490 nm and emission LP, 515 nm) are depicted. WT, wild-type
Anabaena PCC 7120; An4642*, recombinant Anabaena PCC 7120 transformed with pAM4642.

Fig. 4.9.2.3. Western blot analysis. Total proteins were isolated from the wild-type Anabaena PCC 7120 or the
An4642* strain (20 pg per lane) and the TF-Alr4642 protein digested with thrombin (200 ng), were resolved on
SDS-PAGE, electro-blotted onto a nitrocellulose membrane and probed with the Alr4642-specific antiserum.
Lane 1, wild-type Anabaena PCC 7120; lane 2, An4642* and lane 3, thrombin-digested TF- T4642. The position
of the AlrT4642 protein band is indicated by an arrow.

4.10 Purification of Alr4642(6His) from Anabaena

Homology of Alr4642 with the other Prx-like2 proteins commenced from its second
methionine that was 36 amino acids away from the first methionine annotated in the database
(Fig. 4.2.3). Moreover, in Anabaena, expression of the complete alr4642 ORF (An4642%)
resulted in production of a smaller protein whose size corresponded to that of AlrT4642 (Fig.
4.9.2.3). Both these results indicated that the second methionine was the in vivo start codon of
alrd642. As AlrT4642 was present in the soluble fraction of Anabaena extracts, it was
desired to purify this protein from Anabaena. Hence, to enable rapid purification by affinity
chromatography, attempts were made to over-express a His-tagged AlrT4642 protein in

Anabaena.
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4.10.1 Strategy for construction of alrt4642(6His)

For purification by Ni-NTA affinity chromatography, the presence of a histidine tag is
essential. For this reason, 6 in frame histidine codons were added to the reverse primer
employed to amplify the alrt4642 ORF. Thus, the expressed protein would have a C-terminal
hexa-histidine tag. The strategy for over-expression of alrt4642(6His) in Anabaena and the
subsequent purification of AlrT4642 from the resulting strain AnT4642(6His)" is described

below.

Amplification of alrt4642 using P, usaziwa 8N Pajrasazrev(s-risy PTiMers,
The reverse primer having 6 histidine codon in frame with the last codon of AlrT4642

Cloning of alrt4642 into pFPN downstream of PpsbAl promoter

v

Sub-cloning of PpsbAl- alrt4642(6His) fragment into pAM1956

!

Conjugation of pAMT4642(6His) into Anabaena PCC 7120
using tri-parental mating.

W

Growth of AnT4642(6His)* strain BG11N* supplemented with neomycin

v

Cell -lysis performed and presence of AlrT4642 (6His)* in soluble fraction was checked

v

Purification of the AlrT4642 (6His)* protein using Ni-NTA slurry and
elution in buffer having high concentration of imidazole

l

| Confirmation of the purified protein using Anti-His and Anti-Alrd642 serum |

Fig. 4.10.1. Schematic representation of AnT4642" construction and its

purification.
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4.10.2 Cloning of alrt4642(6His) in pAM1956

Anabaena PCC 7120 chromosomal DNA was subjected to PCR with alrt4642fwd and
alrt4642rev(6His) so as to obtain the alrt4642(6His) PCR product (Fig. 4.10.2.1). This PCR
product was ligated to appropriately digested pFPN plasmid to yield, pFPNT4642(6His) (Fig.
4.10.2.1). Subsequently, AlrT4642(6His) insert along with the Ppspa1 promoter was transferred
as a Sall-Xmal fragment to pAM1956 to form pAMT4642(6His), wherein the alrt4642(6His)
gene is present upstream of the gfp (green fluorescent protein) gene (Fig. 4.10.2.2 A & B). In

this construct, both alrt4642 as well as gfp are co-transcribed but independently translated.

1 2 34 1 2 3

— 4.7 kbp

«— 1.3 kbp

Fig. 4.10.2.1. Cloning of alrt4642(6His) in pFPN. (A) PCR amplification of alrt4642(6His) from genomic
DNA of Anabaena PCC 7120. Lanel, molecular weight standard (100 bp ladder, NEB); lane 2, PCR with
alrt4642fwd primer alone (single primer control); lane 3, PCR with alrt4642rev(6His) primer alone (single
primer control); lane 4, PCR with alrt4642fwd and alrt4642rev(6His) in the reaction mixture. (B) Colony PCR
of E. coli DH5a primer in the reaction mixture. (B) Colony PCR of E. coli 19ransformants to identify
pFPNT4642(6His)-containing colonies. Lane 1, 100 bp ladder, NEB; lane 2, PCR of colony # 1; lane 3, PCR of
colony # 2; lane 4, PCR of colony # 3 The ~540 bp PCR product is indicated by an arrow in A and B. (C)
Restriction digestion of pFPNT4642(6His) lane 1. Plasmid digested with Xmal and Sall; Lane M1, 100 bp
ladder (NEB); Lane M2, 1 kb ladder (NEB). The size of the plasmid and that of the released insert is indicated

in the figure.
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Fig. 4.10.2. Cloning of alrt4642(6His) in pAM1956. (A) Schematic representation of pAMT4642(6His). The
arrows indicate the direction of transcription. (B) Colony PCR. To identify transformants containing
pAMT4642(6His), E. coli DH5a colonies were subjected to PCR with primers. Lane 1, 100 bp ladder, NEB;
lane 2, PCR of colony # 1; lane 3, PCR of colony # 2; lane 4, PCR of colony # 3.

4.10.3 Over-expression of AlrT4642 (6His)

The pAMT4642 (6His) was conjugated into Anabaena PCC 7120 and the corresponding ex-
conjugants [AnT4642 (6His) *] were identified by visualizing expression of GFP (4.10.3A).
Production of the AlrT4642 (6His) protein in the above-mentioned exconjugants was verified
on Western blots. For appropriate comparison, the total soluble proteins obtained from
AnT4642(6His)" or An4642" or the wild-type Anabaena PCC 7120 (along with the thrombin-
digested TF-AlrT4642) were resolved on denaturing gels and probed with the Alr4641
antiserum. Production of the 21.2 kDa protein, whose size matched with that of AlrT4642
(arising from the thrombin-cleaved TF-AlrT642), was observed in AnT4642 (6His) * extract.
(Fig. 4.10.3B). Due to the presence of the hexa-histidine tag, AlrT4642 (6His) showed
slightly decreased mobility than AlrT4642 that was present in the An4642* extracts (Fig

4.10.3). The presence of the AlrT4642 (6His) protein in the cytosolic fraction of Anabaena
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extracts indicated that like AlrT4642, AlrT4642 (6His) too remained soluble when over-

expressed in Anabaena. (Fig. 4.10.3).
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Thrombin (6His)*
Light Fluorescence
Micrograph Micrograph

Fig. 4.10.3. Over-expression of AlrT4642 (6His) in Anabaena PCC 7120. (A) Light and fluorescence
micrographs of AnT4642%, recombinant Anabaena PCC7120 transformed with pAMT4642. Anabaena cells
grown in BG-11 medium for 3 days were viewed under a fluorescent microscope (excitation BP, 450-490 nm
and emission LP, 515 nm). (B) Total proteins from wild-type Anabaena PCC7120, An4642* or AnT4642*(6His)
(20 g per lane) along with TF-AlrT4642 (500 ng) digested with thrombin, were separated on SDS-PAGE and
probed with the Alr4642-specific antiserum. Size (kDa) of the two proteins is depicted.

4.10.4 Purification of AlrT4642 (6His) by Ni-NTA affinity chromatography

For purification of the AlrT4642 (6His) protein, the AnT4642(6His)* cells were inoculated in
BG11-N* medium at chlorophyll a density of 1.0 — 1.2 ug per ml and allowed to grow for 7
days. After 7 days of growth, cells were harvested by centrifugation, washed once with lysis
buffer containg 5 mM imidazole and stored at -80°C till further processing. Subsequently,
cells were allowed to thaw on ice, disrupted by sonication and the cytosolic fraction obtained
was allowed to bind to the Ni-NTA slurry. After incubation for 3 h, the slurry was washed
thoroughly with lysis buffer (containing 20 mM imidazole) and finally the bound proteins

were eluted in a buffer containing 250 mM imidazole. Aliquots of each of the fractions were
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kept aside to ascertain the progress of purification on denaturing PAGE. As shown in the Fig.
4.10.1A, the AlrT4642(6His) protein could be purified fromAnT4642(6His)* using Ni-NTA
affinity chromatography. The identity of purified AlrT4642(6His) was confirmed by probing

it with anti-Alr4642 or the anti-polyhistidine antiserum (Fig. 4.10.4.B 1 & 2).

Fig. 4.10.4. Purification of AlrT4642(6His) from AnT4642*(6His). (A) AnT4642*(6His) culture was grown
(with aeration) for 7 days and purification of the AlrT4642(6His) protein was performed as described in the
methods section. Equal volume of different fractions (20 pl each) as indicated in the figure were resolved on
SDS-PAGE and visualized by staining with CBB. 21.2 kDa AlrT4642 is shown by an arrow. Molecular weight
standard is shown at left of the gel. (B) The purified AlrT4642(6His) was probed with the polyhistidine
antiserum (left panel) or with the Alr4642-specific antiserum (right panel). The 21 kDa AlrT4642 protein band

that appeared after developing the blot is shown by an arrow.

4.11 AIrT4642 protects the supercoiled plasmid from ROS mediated

damage and shows DT T-dependent peroxidase activity.

In the metal-catalyzed oxidation (MCO) assay, hydroxyl radicals are generated by incubating

FeCls with DTT at room temperature. If production of these radicals in not inhibited, these
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can degrade any DNA molecule that is present in the vicinity. The DNA integrity can be
easily visualized by electrophoresis of samples on agarose gels. The ability of Alr4642(6His)
to protect pBluescript from oxidative was verified by the MCO assay. In the absence of the
AlrT4642(6His) protein or in the presence of BSA (control protein), complete degradation of
the plasmid DNA was observed. However, when the Alr4642(6His) protein was present
(Fig.4.11.1A), a major amount of plasmid DNA was converted only to the linear (L) form and
not degraded completely. Also, the proportion of the covalently closed circular (CCC) form
of plasmid DNA increased with increasing concentration of the Alr4642(6His) protein. Thus,
the addition of purified AlrT4642(6His) conferred considerable protection to DNA from
oxidative damage.

The DTT-dependent peroxidase activity assay was performed to verify if the purified
Alrd642 protein showed peroxidase activity. In this assay, H.O> was used as the substrate
whereas DTT was employed as the reducing agent. A distinct reduction in concentration of
H2>0, was observed in the presence of the Alr4642(6His) protein. However, no peroxidase

activity was observed when TrxA was used as the substrate.
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Fig. 4.11. Anti-oxidant activity of AlrT4642(6His)*. (A) Metal catalyzed oxidation (MCO) assay. One
microgram of pBluescript DNA (lane 1) was subjected to oxidative damage using the MCO reaction (5 mM
DTT +3 uM Fe*, depicted by Fe®*) to generate ROS in the absence (lane 2) or in the presence of purified
AlrT4642(6His) (lanes 3-5) or BSA (lane 6) as indicated. The integrity of DNA was assessed by electrophoresis
on a 1%agarose gel followed by staining with ethidium bromide. The covalently closed circular (CCC), linear
(L) and open circle (OC) forms of the plasmid DNA are indicated. (B) DTT-dependent peroxidase activity.
Decomposition of H,O; by the purified Alr4642(6His) protein (5 ug) using DTT as reductant. Dashed line, no
protein; solid line, Alr4642(6His).

4.12 Over-expression of Alr4642 protects Anabaena from H>O> mediated

oxidative stress

As the purified AlrT4642(6His) protein showed antioxidant activity in vitro, it was desired to
verify if over-expression of AlrT4642 would protect Anabaena from oxidative stress. To
accomplish this, AnT4642(6His)* and the wild-type Anabaena PCC 7120 were assessed for
oxidative stress resistance in response to hydrogen peroxide. As seen in Fig.4.12.A, after 2
days of treatment, a pronounced bleaching, indicating loss of photosynthetic pigments, was

observed in the wild-type cells but not in AnT4642 (6His)*. AnT4642(6His) showed
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chlorophyll a content comparable to the unstressed AnT4642(6His)* cells, whereas a clear
reduction in chlorophyll a was observed in the wild-type cells after 2 days of H20- stress

(Fig.4.12 B).
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Fig. 4.12. AlrT4642 protects Anabaena from oxidative stress. (A) Three-day old cultures were inoculated in
fresh BG11N* and subjected to 1 mM H20- stress for 2 days. Subsequently, the cultures were photographed.
WT, wild-type Anabaena PCC7120 and AnT4642+, recombinant Anabaena PCC7120 over-expressing
AlrT4642(6His). (B) The chlorophyll a content of the cultures shown in (A) was determined after 2 days of

exposure to H20,. 1, WT/contol; 2, WT/H,0,; 3, AnT4642*/control and 4, AnT4642*/H,0..

4.13 Discussion

Reactive oxygen species (ROS) such as superoxide anion (‘O2), hydroxyl radical (OH), and
hydrogen peroxide (H20>), constantly formed in all aerobic organisms, can cause damage to a

wide range of biomolecules, including DNA molecules and proteins [19]. ROS are formed by
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partial reduction of oxygen during cellular metabolism. Environmental stresses, e.g. salinity,
sudden osmotic alterations, desiccation, non-ionizing radiations, metal toxicity, high light
intensity etc., result in enhanced generation of ROS, indicating an obvious cross-talk between

these stresses and oxidative stress [219].

Hydrogen peroxide (H20) is a very common ROS in biological systems and cyanobacteria,
in particular, have been shown to be generally more susceptible to H>O. than other
phototrophs [220]. Being photoautotrophs, cyanobacteria have to not only detoxify (ROS)
generated by the photosynthetic electron transport chain, but also scavenge those generated
during respiration i.e. reduction of oxygen [144]. H.O>, though relatively stable, can undergo
Fenton reaction to generate the most damaging ROS, i.e. -OH [221]; hence, it is particularly
important to remove intracellular H20.. Detoxification of H.O is largely mediated by
peroxidases and catalases that convert H202 into harmless water [206]. As Anabaena shows
extremely low levels of catalase activity, it is proposed that thiol peroxidases such as Prxs
may be the principal components that eliminate H.O> [153, 161]. This view is supported by

the relatively large number of prx genes present in the genome of Anabaena PCC7120 [150].

The role of hitherto uncharacterized alr4642 ORF, encoding the Alr4642 protein, was
explored in this study. The Alr4642 protein, which showed similarity to Prx-like2 group of
Prxs, was found to be highly conserved in cyanobacteria and was present in diverse species
ranging from the filamentous forms such as Fischerella muscicola to unicellular forms such
as Synechococcus PCC7335 and Gloeobacter violaceus. All the nitrogen-fixing
cyanobacteria, e.g. Nostoc sp., Anabaena sp. and Cyanotheceae, also showed the presence of
Alr4642-like ORFs. Typically, homolologs of Alr4642 were found mostly in cyanobacteria

and not in other heterotrophic bacteria, indicating that these may play a unique role in
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cyanobacteria.

The LexA protein, a transcriptional repressor, is believed to regulate genes involved in DNA
repair (SOS response) in E. coli and in other bacteria. LexA protein from E. coli specifically
binds to the E. coli SOS box, an imperfect 20-bp palindrome that contains the sequence
CTG(TA)s CAG [175, 222]. In E. coli, function of the LexA protein is regulated by RecA.
The RecA protein gets activated in response to DNA damage, and this activation in turn
induces the autocatalytic cleavage of LexA. On cleavage, the LexA protein loses its ability to
bind DNA and thus, no longer function as repressor. More recently, the hypothesis that LexA
regulates only the genes involved in SOS repair has been contested in many prokaryotes,
including cyanobacteria. In Synechocystis sp. strain PCC 6803, LexA was shown to control
expression of few genes involved in carbon metabolism. Subsequently, LexA was postulated
to be involved in redox-responsive gene expression in Synechocystis PCC 6803 [223],
indicating that LexA does also regulate genes that are not directly involved in SOS response.
The LexA protein has been shown to be expressed in Anabaena PCC 7120 and interestingly,
stresses that induce SOS-response did not influence the cellular content of the LexA protein
nor did bring about cleavage of LexA in Anabaena [224]. Bioinformatic analysis of the
alr4642 promoter showed the presence of the sequence that resembled the E. coli LexA box.
Moreover, the purified LexA protein also bound to this DNA sequence in vitro, suggesting

that expression of alr4642 may be repressed by the LexA protein in Anabaena.

In spite of being located downstream of a gene that is highly expressed (alr4641 that encodes
2-Cys-Prx) [162], expression of the alr4642 mRNA or the Alr4642protein could not be
detected under any of the conditions tested. Clearly, there is no read through from the alr4641

promoter into the alr4642 promoter. Not only in the present study, but other large scale
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proteomic studies in response to various stress (including oxidative) have also failed to detect
expression of the Alr4642 protein in Anabaena. Bioinformatic analysis showed the presence
of a weak promoter upstream of the alr4642 ORF. Thus, probably due the absence of a strong
promoter and the presence of LexA binding site within this promoter, the alr4642 is not
transcribed efficiently, consequently, this leads to the absence of the Alr4642 protein in

Anabaena.

Interestingly, homology of Alr4642 with the other Prx-like2 proteins commenced from its
second methionine that was 36 amino acids away from the first methionine annotated in the
database (Fig. 4.2.3). Moreover, in Anabaena, expression of the complete alr4642 ORF (from
pAM4642) resulted in production of a smaller protein whose size corresponded to that of
AlrT4642 (Fig. 4.9.2.3) suggesting that the second ATG codon may be the actual in vivo start

codon of alr4642 in Anabaena.

Solubility of proteins that are over-expressed employing the pET system in E. coli is a major
problem, and in many cases, the over-produced protein is exclusively present (presumably in
inactive form) in the inclusion bodies. Similarly, both Alr4642 and AlrT4642 could not be
produced in E. coli in soluble form. In frame fusion of a protein of interest which is insoluble
in E. coli with a chaperone protein is known to increase solubility of the protein. Fusion of
AlrT4642 with trigger factor (TF) resulted in the production of AlrT4642-TF which remained
soluble in E. coli. However, it was not possible to separate the AlrT4642 from TF even after
cleaving the two polypeptides, indicating tight binding of TF with the AlrT4642 (4.8.4).
These results suggest AlrT4642 remains soluble only when associated with chaperone

proteins like TF.
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However, over-expression of alrd642 or alrT4642(6His) in Anabaena PCC 7120 led to
production of soluble AIrT4642 and AlrT4642(6His), respectively (Fig. 4.10.3). In fact,
AlrT4642(6His) expressed in Anabaena could be purified to near homogeneity by affinity
chromatography with the Ni- NTA matrix (Fig. 4.10.4). To our knowledge, this is the first
instance wherein a Anabeana protein after over-expression in Anabaena. In an earlier study;,
Mn-catalase from Anabaena PCC 7120 (Alr0998) was over-expressed in E. coli and resulted
in production of insoluble protein that could not be purified [152]. When over-expressed in
Anabaena, the Alr4642 protein not only remained soluble, but was also active. These data
show the potential use of Anabaena PCC 7120 strain for generation of soluble proteins in

cases where it is not possible to do so in E. coli.

Prxs from Anabaena PCC7120 are known to show TrxA-dependent (e.g. Alr3183) or GSH-
dependent (e.g. All1541 & Alr4404) or NTRC-dependent (e.g. Alr4641) peroxidase activity.
However, the purified Alr4642 protein could not utilize any of the above-mentioned electron
donors for peroxide activity. The exact reason for this is not clear, but Prxs are known to use
their cognate TrxA partners more efficiently (as reducing agents) to decompose peroxides.
Synechocystis PCC6803 shows the presence of 5 Prxs (2-Cys-Prx, PrxQ, 1-Cys-Prx, PrxQ1l
and PrxQ2) and the three TrxA homologs (TrxA, TrxB and TrxQ). Each Prx utilized the
TrxA/TrxB/TrxQ with different efficiencies. PrxIl used TrxQ more efficiently than TrxB
whereas PrxQ1 could utilize Synechocystis TrxA and TrxB as electron donors but failed to
utilize PrxQ. For Alr4642, E. coli TrxA was employed in the assays. It is likely that due to the
absence of the appropriate TrxA equivalent from Anabaena, Alr4642 did not show any
peroxidase activity. Anabaena PCC 7120 also shows the presence of 3 TrxA homologs
(TrxA, TrxA2 and TrxA3). Possibly, if TrxA equivalents from Anabaena are employed in the

reaction, Alr4642 may indeed show TrxA-dependent activity with at least one of them.
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A metal-catalyzed oxidation (MCO) assay was performed to verify if Alr4642 could protect a
vital molecule such as DNA in vitro. In MCO, in the presence of electron donor such as DTT,
Fe3* catalyzes reduction of atmospheric Oz to H,O2 and is itself converted to Fe?*. H.0;
formed is rapidly converted to hydroxyl radicals (‘OH) via the Fenton reaction. These radicals
damage and degrade the DNA, which can be visualized by electrophoresis. However, in the
presence of active peroxidases (e.g. Prxs), the H>O> generated is rapidly decomposed,
resulting in reduced production of ‘OH and consequently, DNA is protected. The purified
Alr4642 protein could confer considerable protection to the plasmid in the MCO assay. This
clearly suggests that Alr4642 can detoxify H>Og, i.e. function as a peroxidase and eventually
prevent formation of OH-. Many studies have employed DTT as reducing equivalent to study
the peroxide activity of Prxs as DTT can act as a non-specific electron donor. The purified
Alr2503 protein (from Anabaena PCC 7120) showed a poor TrxA-dependent activity
whereas a distinct DTT-dependent capacity to detoxify hydrogen peroxide was observed
[144]. Akin to Alr2503, the Alr4642 protein from Anabaena PCC 7120 showed DTT-
dependent capability to detoxify H.O2, indicating that it could indeed function as a
peroxidase. Hence, when over-expressed in Anabaena, the AlrT4642(6His) protein was not

only soluble but was also biologically active.

The presence of H20. in the medium is known to cause severe toxicity to filamentous
cyanobacteria. On its own, H20; is a weak oxidant, but in the presence of Fe?*, it forms ‘OH,
the most deleterious radical, which can directly or indirectly (via generation of protein
radicals and lipid peroxides) damage all the cellular macromolecules. The BG-II culture
medium has traces of transition metals, including iron. So, in the presence of H.O2, the
hydroxyl radical can be readily formed within cells. Protein synthesis per se is also known to

be a specific target of H20O2 in cyanobacteria. Inhibition of protein synthesis prevents the
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repair of photosystems from photodamage and eventually leads to disruption of
photosynthesis and pigment loss. However, if proteins that decompose H20. (Prxs/catalases)
are adequately present, they can effectively detoxify H>O, and protect the cellular

components from H20.-mediated oxidative damage.

In cyanobacteria, chlorophyll a content is a reliable indicator of growth and is routinely used
to assess resistance to various stresses. Other studies have shown Anabaena PCC7120 to be
very sensitive to H.O> [153, 162] or methyl viologen [157] and addition of these agents to the
culture medium results in the considerable reduction of chlorophyll a, indicating cessation in
growth. In Chrysosporum ovalisporum ILC, an akinite forming cyanobacterium, growth
inhibition was observed with as little as 0.1 mM H20. and addition of just 0.5 mM HxO;
resulted in complete collapse of this culture [212]. In the present study, treatment of H>O: led
to distinct reduction in the chlorophyll a content, in the wild-type Anabaena PCC7120
whereas in contrast, under similar conditions, AnT4642(6His)* did not bleach and the
chlorophyll a content remained similar to that of the non-stressed cells. These results clearly
demonstrate that AlrT4642, a Prx-like2 protein, can protect Anabaena PCC7120 from

oxidative stress mediated by H20,.

In conclusion, alrT4642 is not expressed in Anabaena, possibly due to the presence of a weak
promoter and probable repression by the LexA protein. In spite of being insoluble in E. coli,
the AlrT4642 protein remained soluble when over-expressed (from a strong promoter) in
Anabaena. The second methionine was identified as the actual start codon of Alr4642in
Anabaena. The AIrT4642(6His) protein, purified from Anabaena, protected DNA from
oxidative damage suggesting that it is indeed an antioxidant protein. Over-expression of

AlrT4642 protected Anabaena from oxidative stress mediated by H20.. These results
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demonstrate the possible use of prx-like genes for construction of stress-tolerant Anabaena

strains for use as biofertilizers.
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Chapter 5 — Summary and Conclusions
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Reactive oxygen species, which include superoxide (O2), the hydroxyl radical (OH), and
hydrogen peroxide (H20.) are constantly made as by-products of normal cellular metabolic
activities in the course of aerobic growth. Cyanobacteria, due to their close association with
molecular oxygen, have developed elaborate mechanisms to protect their cellular machinery
from ROS. The heterocystous, filamentous, cyanobacterium Anabaena performs two vital
functions, namely photosynthesis and nitrogen fixation, which are very sensitive to ROS.
Nitrogen-fixing strains of cyanobacteria such as Anabaena are economically valuable and
eco-friendly source of biofertilizers in the paddy fields of South East Asia [225]. The various
abiotic stresses (drought, salt, extreme temperatures, high light intensity, herbicides etc.) lead
to over-production of ROS [226], which adversely affects the biofertilizer potential of
Anabaena. Hence, a deeper understanding of the molecular machinery that alleviates
oxidative stress in Anabaena is important for development of biofertilizers for use under

unfavorable field conditions.

Organisms have evolved different strategies that include enzymatic (catalases, superoxide
dismutases and peroxidases) and non-enzymatic (e.g. glutathione and ascorbate) defense
mechanisms to detoxify ROS. Peroxiredoxins (Prxs), also called thiol peroxidases, are
proteins that detoxify ROS, such as hydrogen peroxide, alkyl hydroperoxides and
peroxinitrites. Prxs possess a catalytic cysteine residue, the peroxidatic cysteine (Cp) that is
involved in detoxification of peroxides. During reaction cycle, Cp residue reacts with the
peroxide substrate and is oxidized. Many Prxs also have another conserved cysteine residue,
the resolving cysteine (Cy), which forms an intermolecular or intramolecular disulfide bond
with the oxidized Cp during the reaction cycle. Regeneration of the reduced form of the

catalytic cysteine residues is ultimately facilitated by reductants such as thioredoxin,
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glutaredoxin, cyclophillins etc [119, 227].

The role played by the various proteins in overcoming oxidative stress in the filamentous,
heterocystous, diazotrophic, cyanobacterium Anabaena PCC7120 has generated lot of
interest in the recent past [166, 167, 168, 151, 162, 228]. The genome of Anabaena PCC
7120 shows the presence of 10 peroxiredoxin genes [160]. Of these, the role of alr3183 and

alr4642 in overcoming oxidative stress was addressed in the present study.

Bioinformatic analysis indicated Alr3183 to belong to the PrxQ family of Prxs, wherein the
Cpwas located within the GCT motif. Further, the cysteine residue at 46™ amino acid position
was suggested to be Cp whereas the cysteine at 51 position was proposed to be C;. The
alr3183 gene from Anabaena PCC7120 was cloned into the expression vector, pET16b, and
the His-tagged Alr3183 protein over-expressed in E. coli was subsequently purified by
affinity chromatography. To evaluate the role of catalytic cysteines in the Alr3183 protein,
codons corresponding to both the Cys residues were separately mutated to serine by site
directed mutagenesis. Similarly, a mutant Alr3183 wherein both the Cys residues were
changed to Ser was also generated. The DNA fragments thus obtained, alr3183C46S,
alr3183C51S or alr3183CDM (cysteine double mutant) were also cloned into pET16b and

the corresponding proteins were purified after over-expression.

When resolved on reducing SDS-polyacrylamide gels, all the four proteins migrated with an
apparent molecular mass of ~20 kDa, which matched their monomeric size. Incidentally, the
Alr3183 protein appeared as two closely spaced bands on reducing SDS-polyacrylamide gels.
MALDI-TOF MS-based peptide mass finger printing analysis confirmed both the bands to be
Alr3183. Results with 4-acetamido-4’-maleimidyl-stilbene-2,2'-disulfonate (AMS) showed

Alr3183 to form intra-molecular disulfide bonds. On non-reducing polyacrylamide gels,
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Alr3183 and Alr3183CDM appeared at monomeric position whereas both Alr3183C46S and
Alr3183C51S appeared as dimers. Thus, in the absence of one catalytic cysteine, the other
catalytic cysteine (of one monomer) can form intermolecular disulfide bond with its
counterpart (from another monomer) and dimerize, whereas, when both the cysteines are
present, intramolecular disulphide bond is formed. Gel exclusion chromatography and
dynamic light scattering studies also showed AIr3183 to exist as a monomer whereas
Alr3183C46S and Alr3183C51S were dimeric. CD spectropolarimetry showed the Alr3183
protein to primarily be an o-helical protein. Reducing the protein with DTT did not
significantly alter its secondary structure. Interestingly, Alr3183C46S and Alr3183C51S, in
spite of being dimeric, showed only minor changes in the secondary structure when compared
with Alr3183, indicating that dimer formation did not cause major alterations in the

secondary structure of this protein.

Among the three different reductants (GSH, DTT and TrxA) employed for detoxification of
H20,, Alr3183 showed peroxidase activity with TrxA. Along with H20,, Alr3183 could
decompose peroxides such as t-butyl hydroperoxide and cumene hydroperoxide using TrxA.
Surface Plasmon Resonance (SPR) analysis showed Alr3183 to physically interact with TrxA
and interestingly, the DTT-reduced protein showed decreased binding to TrxA as compared to
the control Alr3183 protein (i.e. not treated with DTT). Alr3183C46S bound to TrxA in a
manner similar to that shown by the wild-type Alr3183, whereas AIr3183C51S and
Alr3183CDM showed considerably reduced interaction with TrxA. Thus, the presence of the

C: appears to enhance the binding of the Alr3183 protein to TrxA.

On exposure to elevated temperatures, Alr3183 remained fully functional till 40°C, but a

severe drop in its activity was observed beyond 45°C, and the protein was completely
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inactive when exposed to 60°C. Interestingly, unlike other Prxs, such as Alr4641 and All1541
from Anabaena, Alr3183 protein was active even after treatment with 5 mM H-O, indicating
that Cp of AIr3183 was not easily over-oxidized by H20..The Alr3183C46S protein (that
lacks Cp) showed complete absence of peroxidase activity whereas Alr3183C51S (wherein C;
was absent) showed partial activity. However, this activity was several-fold lower than of
Alr3183. Moreover, Alr3183C51S required relatively higher concentration of TrxA (2 puM or
more) to show any peroxidase activity, whereas the wild-type protein showed peroxidase

activity even with 0.5 pM TrxA.

Expression of the Alr3183 protein was monitored in Anabaena in response to stresses such as
H20,, methyl viologen, salt etc. Only a minor amount of Alr3183 could be detected in the
untreated cells and no further induction of the Alr3183 protein was in response to oxidative
stress-inducing agents. As the inherent levels of the Alr3183 protein were low in Anabaena, it
was desired to verify if over-expression of Alr3183 could protect Anabaena from oxidative
stress. The complete alr3183 ORF was cloned in between a strong light inducible
Ppsbatpromoter and the gfpmut2gene in pAM1956 (construct denoted pAM3183), which was
subsequently conjugated into Anabaena PCC7120 (to give rise to An3183"). When probed
with the AIr3183 antiserum on Western blots, the recombinant An3183*showed considerable
production of the Alr3183 protein. The An3183" strain showed 5-6 times less levels of ROS
than the wild-type strain when exposed to 1 mM H20..Under nitrogen-deficient as well as
nitrogen-supplemented conditions, H20O. caused destruction of photosynthetic pigments and
cell death in the wild-type Anabaena cells, but An3183*was protected from these deleterious
effects. The 3183C46S protein was also over-produced in Anabaena employing the same
strategy used to over-express Alr3183. However, unlike Alr3183, Alr3183C46S was

ineffective in offering any protection from oxidative stress, demonstrating that the peroxidase
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activity of Alr3183 was essential to protect Anabaena from the lethal effects of H2O».

Unlike the results obtained with oxidative stress causing chemicals such as H.O2 or methyl
viologen, the Alr3183 protein was found to be distinctly induced in response to y-radiation.
Antisense approach was employed to reduce expression of the Alr3183 protein on exposure
to gamma radiation. The complete alr3183 ORF was cloned in the reverse orientation (i.e.
antisense) between a strong light inducible PpsbAl promoter and the gfpmut2gene in
pAM1956 (construct denoted pAMAS3183), which was subsequently conjugated into
Anabaena PCC7120 (to give rise to AnAS3183*). As compared to the wild-type Anabaena, a
distinct decrease in the synthesis of the Alr3183 protein was observed in AnAS3183" on
exposure to y-radiation. On exposure to 3 kGy dose, AnAS3183" showed a reduction in
growth as compared to the wild-type, suggesting a role for Alr3183 in overcoming y-radiation

stress.

Studies pertaining to the characterization of the Alr4642 protein from Anabaena PCC 7120
are described in chapter 4. In Anabaena, alr4642 was located immediately downstream of
ORF encoding 2-Cys-Prx i.e. alr4641. BLAST search showed the ORF alr4642 (642-bp,
encoding 213 amino acids) from Anabaena PCC 7120 to belong to the thioredoxin
superfamily and share homology with the Prx-like2 proteins from many other cyanobacteria.
Interestingly, similarity of Alrd642 with the other Prx-like2 proteins was observed only from
its second methionine, which was 35 amino acids downstream from the first annotated
methionine. The protein initiating from the second methionine was therefore designated as
AlrT4642, (T for truncated). The Prx-like2 domain of Alr4642 extended from 75Mto 196™
amino acid. Alr4642 showed presence of CXXC motif similar to that present in thioredoxin
(Trx).
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The promoter search program, BPROM, identified a promoter that was located right at the
beginning of the full-length alr4642 ORF. Although, the -10 region of the identified promoter
showed a good match with the consensus -10 promoter sequences, the -35 region showed
poor match with its respective consensus, indicating that the promoter was inherently a weak
promoter. A LexA box that overlapped directly with the -10 sequence was identified
bioinformatically. Electrophoretic moblity shift assays (EMSAS) showed that LexA protein
from Anabeana PCC 7120 could bind to the alr4642 promoter DNA. The alr4642 transcript
could not be detected in control cells or in response to oxidizing agents such as H202, methyl-
viologen and tertiary-butyl hydroperoxide. Thus, possibly due to the presence of a weak
promoter and/or possible repression by the LexA protein, the alr4642 ORF was not expressed

in Anabaena.

Prx-like proteins have not been characterized from any bacterium. Hence, it was desired to
purify the Alrd642 protein for biochemical analysis. As homology with the other Prx-like
proteins was observed from the second methionine (Met-36), along with the full-length
alr4642 ORF, a truncated alr4642 i.e. alrt4642 (537-bp, encoding a protein extending from
36"residue to 213" residue i.e. 178 amino acids) was also cloned in E. coli expression vector
pET16b for overproduction of N-terminally His-tagged, Alr4642 or AlrT4642. In spite of
abundant production, 10HisAlr4642 or 10HisAlrT4642 were both insoluble in E. coli and
located exclusively in the inclusion bodies. Attempts to purify Alr4642/AlrT4642 under
denaturing conditions and to renature it were also unsuccessful. The over-expressed Alr4642
was eluted from the SDS-polyacrylamide gels and employed to generate polyclonal

antiserum in mouse.

As Alr4642could not be expressed in soluble form in E. coli, attempts were made to purify

Alrd642 after expressing it in Anabaena. The complete alr4642 ORF was cloned in between
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a strong light inducible Ppspa1 promoter and a gfpmut2 ORF in pAM1956 (construct denoted
pAMAIr4642), which was subsequently conjugated into Anabaena PCC 7120. When
exconjugants were probed with the Alr4642 antiserum on Western blots, the recombinant
An4642" (but not the wild-type Anabaena) showed production of a shorter Alr4642 protein,
whose size (20.3 kDa) matched with that of AlrT4642, and not the full length Alr4642. This
indicated that the codon corresponding to the second methionine was the actual start codon in

vivo in Anabaena.

As the above-mentioned results suggested that AlrT4642 (but not Alr4642) was expressed in
Anabaena, the His-tagged AIrT4642 protein was over-expressed in Anabaena for
purification. To accomplish this, the alrt4642 ORF with 6 additional His codons at its 3’ end
[i.e. alrt4642(6His)] was cloned downstream of Ppspar promoter in pAM1956 (pAMT4642)
and conjugated into Anabaena to obtain AnT4642(6His)". Expression of AlrT4642(6His) was
verified on Western blots with the Alr4642 antiserum wherein production of a ~21.2 kDa
protein was observed (the addition of the 6-His tag increased the size of the protein by ~0.9
kDa). This protein was observed in the cytosolic fraction of Anabaena extracts. The
AlrT4642 protein could be purified to near homogeneity by affinity chromatography
employing the Ni-NTA matrix. The identity of purified AlrT4642 was confirmed by probing
it with anti-Alr4642 and anti-polyhistidine antibodies. In metal catalyzed oxidation (MCO)
assays, the Alr4642(6His) protein offered distinct protection to DNA. Although this protein
failed to show TrxA-dependent Prx activity, Alr3183 did demonstrate a DTT-dependent
peroxidase activity. The recombinant AnT4642(6His)" and the wild-type Anabaena PCC7120
were monitored for oxidative stress resistance in response to hydrogen peroxide. After 2 days
of peroxide treatment, a pronounced bleaching, indicating loss of photosynthetic pigments,

was observed in the wild-type cells but not in AnT4642(6His)* cells, indicating that that over-
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expression of AlrT4642 protein can protect Anabaena from oxidative stress.

In conclusion, Alr3183 is a monomeric, TrxA-dependent peroxidase whose C, and C;, form
an intramolecular disulfide bond. The presence of both Cp and C, prohibits intermolecular
disulfide bond formation, but, if either of the catalytic cysteine is absent, the protein becomes
dimeric due to formation of intermolecular Cp-Cp, or Ci-C; linkages. Cp is essential for
reacting with the peroxidatic substrate whereas the presence of C, appears to improve the
protein’s capability to interact with TrxA. In vivo, Alr3183 was found to be a stress-inducible
protein whose synthesis was upregulated by vy-radiation. Over-expression of Alr3183
protected Anabaena from oxidative stress in nitrogen-supplemented as well as nitrogen-
deficient conditions. The alrT4642 is not expressed in Anabaena, possibly due to the
presence of a weak promoter and repression by the LexA protein. In spite of being insoluble
in E. coli, the AlrT4642 protein remains soluble when over-expressed (from a strong
promoter) in Anabaena. The second methionine is the actual start codon of Alr4642 in
Anabaena. The AIrT4642(6His) protein, purified from Anabaena, protected DNA from
oxidative damage suggesting that it is indeed an anti-oxidant protein. Over-expression of
AlrT4642 protected Anabaena from oxidative stress mediated by H20.. These results
demonstrate the possible use of both alr3183 and alr4642 for construction of stress-tolerant

Anabaena strains for use as biofertilizers.
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Abstract Peroxiredoxins (Prxs), proteins that detoxify per-
oxides, are ubiquitously present in all organisms. In the cya-
nobacterium Anabaena PCC7120, ORF alr4642 encodes a
protein that shows homology to Prx-like family of Prxs. The
role of Alr4642 in the oxidative stress management of
Anabaena was evaluated in this study. Sequence analysis
showed the presence of another methionine residue, 35 amino
acids away from the first annotated methionine. The similarity
of Alr4642 with the other Prx-like proteins was observed only
from the second methionine residue. When over-expressed in
Escherichia coli, both Alr4642 and AlrT4642 (truncated
Alr4642, initiating from the second methionine) remained
insoluble and could not be purified. Interestingly, expression
of the complete alr4642 ORF in Anabaena led to the produc-
tion of the AlrT4642 protein, suggesting that the second ATG
was the actual in vivo start codon of alr4642 in Anabaena.
When over-expressed in Anabaena, AlrT4642 (with a C-
terminal His-tag) remained soluble and could be purified by
affinity chromatography. The purified AlrT4642 protected the
plasmid DNA from oxidative damage whereas Anabaena
cells over-expressing AlrT4642 showed improved resistance
to H,O, than the wild type. These data indicate that AlrT4642
is indeed an antioxidant protein that is capable of defending
Anabaena from oxidative stress and suggest that over-
expression of Prx-like proteins may be an effective method
to improve stress resistance in cyanobacteria. This is the first
report wherein a Prx-like family protein has been functionally
characterized.
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Introduction

Generation of reactive oxygen species (ROS) is an inevitable
outcome of metabolic processes that occur during aerobic
growth. In photosynthetic organisms like cyanobacteria,
ROS are also generated during the light-driven photosynthetic
electron transport (Nishiyama et al. 2006). When in excess,
ROS can damage all the cellular macromolecules, and hence,
ROS have to be effectively eliminated (Imlay 2003). In cells,
ROS are detoxified by enzymatic (superoxide dismutase, cat-
alases, peroxidases, etc.) or non-enzymatic (tocopherols, ca-
rotenoids, etc.) processes (Storz and Imlay 1999).

Important ROS that occur in the biological systems are the
superoxide radical, O, (Zhao et al. 2007), hydrogen perox-
ide, H,O, (Zamocky et al. 2008), and the hydroxyl radical,
OH' (Asada et al. 1974). Electron escape from respiratory
electron transport chain (ETC) and reduction of O, at the
end of the non-cyclic electron transport chain are the two
major sources of O, generation (Dietz 2011). Superoxide
dismutase (SOD) catalyzed dismutation of O, to H,O, is an
important source of intracellular H,O, production (Zamocky
et al. 2008). Along with SOD, many oxidases also produce
H,0, via oxidation-reduction reactions that utilize molecular
O, (Collen et al. 1995). The most hazardous ROS, OH,, is
generated by the Fenton reaction, i.e. Fe*'+H,0,—Fe’ +
OH +OH (Halliwell and Gutteridge 1986).

Peroxiredoxins (Prxs) are ubiquitous thiol peroxidases that
function as antioxidant enzymes (Wood et al. 2003). Prxs
contain a conserved thiol-specific antioxidant domain, which
includes a thioredoxin fold and a catalytic triad (T-C-R). The
conserved (peroxidatic) cysteine residue of Prxs reacts with
H,0, or other peroxide/peroxynitrite substrates and reduces
them to water or corresponding non-toxic alcohols/nitrites
(Dietz 2011). Based on the number of cysteine residues di-
rectly taking part in catalysis, Prxs are primarily divided into
three major classes, i.e. (a) 1-Cys-Prx, (b) typical 2-Cys-Prx
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and (c) atypical 2-Cys-Prx, which are further subdivided into
PrxQ and type II Prx (Tripathi et al. 2009). Another subfamily
of Prxs, Prx-like, has been recently identified in cyanobacteria
(Cui et al. 2012). Members of this family show the TSA
domain and the CXXC motif, which is characteristic of
thioredoxin (TrxA). Although these proteins show the con-
served peroxidatic cysteine, the other two conserved residues
(i.e. T and R) of the catalytic triad are absent. The Prx-like
proteins are further subdivided into Prx-likel and Prx-like2
(Cui et al. 2012). Prx-like proteins have not been functionally
characterized from any bacteria so far. In Prx-likel, the con-
served peroxidatic cysteine aligns with the first cysteine of the
CXXC motif whereas in the Prx-like2 proteins, the
peroxidatic cysteine corresponds to the second cysteine of
the abovementioned motif.

Cyanobacteria, the first organisms to generate O, during
photosynthesis, originated more than three billion years ago
and were responsible for the early oxygenation of the earth’s
atmosphere (Allen and Martin 2007). Therefore, it is likely
that these organisms have developed systems to overcome
ROS. Diazotrophic strains of cyanobacteria such as
Anabaena are economically important, eco-friendly source
of biofertilizers in the rice paddy fields of Southeast Asia
(Venkatraman 1979). Various abiotic stresses (heavy metals,
drought, salt, extreme temperatures, high light, herbicides,
etc.) that lead to over-production of ROS (Choudhury et al.
2013), adversely affect the biofertilizer potential of Anabaena.
Thus, understanding the molecular basis of oxidative stress
resistance in Anabaena is important for the development of
newer biofertilizers for use under unfavourable field
conditions.

The role played by various proteins in overcoming
oxidative stress in the filamentous, heterocystous
diazotrophic, cyanobacterium Anabaena PCC7120 has
generated lots of interest in the recent past (Agrawal
et al. 2014; Panda et al. 2014; Cha et al. 2007). Our
laboratory is investigating the role played by
peroxiredoxins and catalases in overcoming oxidative
stress in the filamentous, heterocystous diazotrophic, cya-
nobacterium Anabaena PCC7120 (Banerjee et al. 2012a, b,
2013; Bihani et al. 2013). Bioinformatic analysis showed
Anabaena PCC7120 to encode several proteins with ho-
mology to Prxs (Cui et al. 2012; Banerjee et al. 2013).
Among these, the Alr4642 protein displayed similarity to
the Prx-like2 family of proteins. As the Prx-like proteins
have not been characterized in Anabaena or any other
bacteria, it was desired to elucidate the role of Alr4642.
To verify if Alr4642 could protect Anabaena from oxidative
stress, the Alr4642 protein was over-expressed in Anabaena
PCC7120 and the resulting strain was characterized. Results
described in this manuscript show that Alr4642 is indeed an
antioxidant protein, which can protect Anabaena from
oxidative damage.
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Materials and methods

Axenic Anabaena PCC7120 cultures were grown in BG-11
liquid medium (BG-11/N", pH 7.2-7.4) containing combined
nitrogen (17 mM NaNO;) under continuous illumination
(30 umol photons m™> s~ ') with shaking (100 rpm) or as a still
culture at 27 °C+2 °C. Escherichia coli cells were grown in
Luria-Bertani (LB) medium in the presence of appropriate
antibiotics at 37 °C with shaking at 150 rpm. The antibiotics
used were 10 pg neomycin mL ™' (Nmy) in BG-11 liquid
media, 25 pg neomycin mL™' (Nmys) in BG-11 agar plates
for recombinant Anabaena PCC 7120 and
34 pug chloramphenicol mL™' (Cmsy),
50 pg kanamycin mL™" (Kansg) or 100 pg carbenicillin mL™"
(Cbygo) for E. coli. The E. coli and Anabaena strains and
plasmids used in the study are indicated in Table 1.

Cloning of alr4642 and alrT4642 into pET16b

The alr4642 or alrT4642 ORF was PCR amplified using
gene-specific primers, alr4642fwd and alr4642rev or
alrT4642fwd and alr4642rev respectively (Table 2),
employing Anabaena PCC7120 chromosomal DNA as tem-
plate. The PCR products were digested with the restriction
enzymes Ndel and BamHI and cloned separately into similarly
digested pET16b to obtain pET4642 and pETT4642 respec-
tively (Table 1). The pET4642 and pETT4642 insert was
sequenced to confirm the nucleotide sequence integrity of
the cloned gene.

Over-production of the recombinant proteins and generation
of the polyclonal antiserum

The plasmid pET4642 or pETT4642 was transformed into
E. coli BL21 pLysS/codon plus cells. The recombinant E. coli
cells were grown in Luria-Bertani (LB) medium with appro-
priate antibiotics to an optical density at 600 nm (ODgqo) of
~1.0 and induced with 1 mM isopropylthiogalactopyranoside
(IPTG) for over-production of proteins. Four hours after in-
duction, cells were harvested, resuspended in lysis buffer
(50 mM Tris, 200 mM NaCl, pH 8.0) and lysed by sonication
(2 s burst at 250 W with 2 s cooling period between each
burst). The lysate was centrifuged at 3000xg to remove un-
broken cells and other debris. The supernatant obtained was
centrifuged at 10,000xg for 20 min to separate the inclusion
bodies from the soluble cytosolic proteins. The inclusion body
pellet containing 10HisAlr4642 was dissolved in 8 M urea and
resolved on SDS-PAGE. The 10HisAlIr4642 protein was elut-
ed from the gel and employed to raise specific antiserum. The
primary immunization (with 100 pug purified protein) and
three booster immunizations (50 g purified protein per boost-
er) in mouse and collection of antiserum were performed at a
commercial facility (Merck, India).
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Table 1  Strains and plasmids used in this study

Strains/plasmids

Description

Source/reference

E. coli strains
DH5«x
BL21(pLysS)
HB 101

HB101-4642
HB101T4642(6His)
HBI101R2
Anabaena strains
Anabaena PCC7120
An4642"*
AnT4642(6His)"
Plasmids
pBluescriptSKII (pBS)
pET16b

pPAMI1956

pFPN

pET4642

pETT4642
pFPN4642
pFPNT4642(6His)
PAM4642
PAMT4642(6His)

F recA41 endAl gyrA96 thi-1 hsdR17 (tk” mk’) supE44 relAN AlacU169
Cm" F- ompT hg dSg (rg” mg") gal dem (DE3) pLysS

F~ mcrB mrr hsdS20(rB” mB") recA13 leuB6 ara™14 proA2 lacY'1 galK2 xyl'5 mtl'1
rpsL20(SmR) gln V44 X
HB101 strain harbouring pAM4642

HBI101 strain harbouring pAM4642
Donor strain carrying pRL623(encoding methylase) and pRL443 (conjugal plasmid)

Wild-type strain
Anabaena 7120 harbouring pAM4642
Anabaena 7120 harbouring pAMT4642(6His)

Amp', cloning vector

Amp', expression vector

Kan', promoterless vector with gfpmuz2 reporter gene

Cb', Kan", Integrative expression vector

0.642 kb alr4642 PCR product cloned into Ndel and BamHI sites of pET16b
0.537 kb alrT4642 PCR product cloned into Ndel and BamHI sites of pET16b
0.642 kb alr4642 fragment cloned in pFPN at Ndel-BamHI restriction sites
0.537 kb alrT4642 fragment cloned in pFPN at Ndel-BamHI restriction sites
1.2 kb Xmal-Sall fragment from pFPN4642 cloned in pAM1956 vector

1.2 kb Xmal-Sall fragment from pFPNT4642(6His) cloned in pAM1956 vector

Lab collection
Novagen

Lab collection

This study
This study
Wolk, C. P.

Haselkom, R.
This study
This study

Stratagene

Novagen

Golden, J.W.
Chaurasia et al. 2008
This study

This study

This study

This study

This study

This study

Protein electrophoresis, Western blotting
and immunodetection

After induction with IPTG, E. coli BL21 (DE3)/pLysS cells
carrying the plasmids pET4642 or pETT4642 were lysed with
Laemmli’s buffer (Laemmli 1970) and protein extracts were
resolved on SDS-polyacrylamide (12 %) gels and stained with

Table 2  List of primers used in this study

Primer

alrd642fwd 5'-CGGGATCCCATA TGAACGCAGATAGACA
CAG-3'

alr4642rev 5-CGGGATCCTTAATCAAATTTTCC TAACAA
CTTTTCG-3'

alrT4642 Fwd 5-GCGCGGCA TATGTTAACTTCAACAGATT
TCAGTGG-3'

alrd642His Rev  5-GGATCCTAATGATGGTGATGGTGATG
ATCAAATTTTCC

TAACAACTTTTCG-3".

LexAl GCAGATAGACACAGATATAAAATCAGTGTT
AACTCCGG

LexA2 CCGGAGTTAACACTGATTTTATATCTGTGTC
TATCTGC

Coomassie brilliant blue (CBB). Total cellular proteins from
Anabaena were extracted using Laemmli’s buffer and electro-
phoretically separated as described above. When required,
proteins were electroblotted onto nitrocellulose membrane
by electroblotting at 300 mA for 3 h. Subsequently, the blot
was allowed to cross-react with the Alr4642 antiserum
(1:2000) or the anti-polyhistidine antiserum (1:5000) for
16 h. After washing the primary antibody, the blot was incu-
bated with appropriate secondary antibody linked to alkaline
phosphatase. After 1 h, the blot was thoroughly washed and
the colour reaction carried out with the chromogenic substrate,
nitro blue tetrazolium chloride/5-bromo-4-chloro-3-indolyl
phosphate toludine salt (NBT/BCIP), stock solution (Roche).

MCO assay and DTT-dependent peroxidase activity

In the metal-catalyzed oxidation (MCO) assay, free radicals
were generated by incubating 3 uM FeCl; and 5 mM DTT for
30 min at room temperature in the presence or the absence of
the purified AlrT4642(6His). Plasmid (pBluescript, 1 pg) was
added to all tubes, and reaction was allowed to proceed for
further 4 h. Subsequently, DNA integrity was assessed by
electrophoresis of samples on agarose gels (1 %) (Latifi
et al. 2007). DTT-dependent peroxidase activity employing
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H,0, as substrate was performed as described by Banerjee
et al. (2012b).

Construction of pAM4642/pAMT4642(6His) and transfer
to Anabaena PCC7120

The alr4642 DNA fragment (642 bp) from pET4642 was
subcloned, downstream of the strong P,,,; promoter, into
the pFPN vector (Chaurasia et al. 2008) employing the restric-
tion enzymes Ndel and BamHI (plasmid called pFPN4642).
Subsequently, the alr4642 gene along with the P,,.,4; promot-
er was transferred as a Sall-Xmal fragment from pFPN4642 to
appropriately digested E. coli/Anabaena shuttle vector
pAM1956 (Yoon and Golden 1998) to obtain pAM4642.
Using a conjugal E. coli donor [HB101(pRL623+pRL443)],
pAM4642 was conjugated into Anabaena PCC7120 as de-
scribed earlier (Elhai et al. 1997). Exconjugants were selected
on BG-11/N" agar plates containing neomycin (25 pg mL ™),
transferred to BG-11/N" liquid medium containing neomycin
(10 pg mL™") and repeatedly subcultured. The transformed
Anabaena strain thus obtained (designated 4n4642") was
maintained on BG-11/N" plates containing neomycin. The
alrT4642 DNA fragment was amplified from Anabaena
PCC7120 chromosomal DNA with primers alrT4642 Fwd
and alr4642His_Rev. The forward primer contained a site
for the restriction enzyme Nde I (underlined) while the reverse
primer contained 6 His codons (shown in bold) followed by a
stop codon in frame with the last sense codon of the alrt4642
ORF and a Bam HI restriction site (underlined) (Table 2). The
alrT4642 fragment was cloned into pAM1956 as described
for alr4642 and pAMT4642(6His) thus obtained was conju-
gated into Anabaena PCC7120 to give rise to AnT4642
(6His)".

Purification of AlrT4642(6His) protein from Anabaena
PCC7120

For purification of AlrT4642(6His), AnT4642 (6His)" cells
were grown with aeration (2 L min ') in the presence of light
for 8-10 days until chlorophyll a density of 8-10 pg mL™
was reached. Cells were harvested by centrifugation, washed
thoroughly with lysis buffer (50 mM Tris, pH 8.0 and 200 mM
NaCl), resuspended in the same buffer and subjected to son-
ication. The cell lysate was centrifuged at 12,000xg for 20 min
to remove the debris, and the supernatant was allowed to
interact with the NiNTA matrix (300 pl slurry, QIAGEN)
for 18 h at 4 °C. Subsequently, the matrix was washed five
times with 5 mL buffer B (50 mM Tris, 200 mM NaCl, 5 mM
imidazole; pH 8.0) and three times with 5 mL buffer C
(50 mM Tris, 200 mM NaCl, 20 mM imidazole; pH 8.0).
Final elution was performed in buffer D (50 mM Tris,
200 mM NaCl, 250 mM imidazole; pH 8.0).
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Oxidative stress tolerance of AnT4642(6His)"

Three-day-old Anabaena cultures of the wild-type Anabaena
PCC7120 (WT) as well as AnT4642(6His)" were inoculated
in a fresh growth medium at a chlorophyll a density of
3 pug mL™" and subjected to H,O, (I mM) stress in tubes
(without shaking) under illumination for 2 days. Growth of
cultures was monitored by measuring the chlorophyll a con-
tent. This experiment was repeated three times, and average
values are reported.

Analytical procedures and bioinformatic analysis

Protein concentrations were determined by a modified Lowry
method (Total Protein Kit, Sigma Cat. No. TP0300) using
bovine serum albumin as standard. Growth was assessed as
content of chlorophyll @ mL™" of culture volume (Mackinney
1941). Amino acid sequence was analyzed using BLAST
(http://blast.ncbi.nlm.nih.gov/blast) or SMART (http://smart.
embl-heidelberg.de/) algorithms (Altschul et al. 1990; Schultz
etal. 1998). Multiple sequence alignment was performed with
the Clustal W software available at www.ch.embnet.org/
software/Clustal W.html. The alr4642 promoter was
identified by a promoter search program available at www.
softberry.com. Anabaena LexA-binding sequence (TAGTAC
TAATGTTCTA, Mazén et al. 2004) was used to identify
similar sites in the alr4642 promoter region using the lalign
software (www.ebi.ac.uk/Tools/psa/lalign).

Results
Bioinformatic and expression analysis of Alr4642

The alr4642 ORF was located immediately downstream (and
in the same orientation) of alr4641, the ORF encoding the
typical 2-Cys-Prx. The ORF all4643, encoding the chaperone
protein, Dnal, was located downstream of alr4642 but in the
opposite orientation (Fig. 1a). BLAST search showed the
ORF alr4642 (642-bp, encoding 213 amino acids) from
Anabaena PCC7120 to belong to the thioredoxin superfamily
and share homology with Prx-like2 proteins from many other
cyanobacteria (Fig. 1b). Interestingly, similarity of Alr4642
with the other Prx-like2 proteins was observed only from its
second methionine, which was 35 amino acids away from the
first annotated methionine (Figs. 1b and 2a). The AhpC/TSA
domain of Alr4642 extended from the 75th amino acid to the
196th amino acid. Alr4642 showed the presence of CXXC
motif (CPFC, in Alr4642) similar to that present in
thioredoxin (Trx). The second C of CXXC motif aligned with
the peroxidatic cysteine, but the other two residues (T and R)
of'the catalytic triad were absent. The promoter identified by a
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a
== alr4642 (642 bp) >— -< all4643 (999 bp) |
2-Cys-Prx 191 bp Prx-like2 107 bp DnaJ

b Anabaena Alrd4642 1  MNADRHRYKISVNSGVHLWFYHCIYYQLVDNFERFMLISTDFSGLLNERFFRNFLBIBAS &0
Spirulina I e e e e e e e ] MLTSTDFRGLLNPREFSNLLPIPAT 25
Trichodesmium 1 ——————————————— e MLTSYDFRGLLNQRFFQNLLEIPAT 25
Fischerella I R s S Sess= s MLVSIDESGLENEREFTRNEFLPIPAG 23
Oscillatoria 1 MLTSTDFRGLLNQRFFNNFLEVEAL 25
Clustal Consensus Yede _de dek deegede hilvk ok awvdes ok
Anabaena Alr4642 61 NELRLDVGIPDEQLPDITNGILVKLSMNYRGKQPILLAFTRIFTEKQYCPFCIFPHIKALNE 120
Spirulina 26 SPLLLGRKIPDFLLEDIRNKITLRLSDYKNQQIVILAFTRIFTEKQYCFLCYFHIKALNE &5
Trichodesmium 26 NDLDNGKRIPDFELPDITNGKLVRLSNYWGVIPVIVALTRIFTEKQYCPFCFPHILALNK &5
Fischerella 26 NEIPLGFLTPDFQLPDITNNSLIKLSNYRNKQPLLLAFTRIFTEKQYCPEFCYPHIKALNE &35
Oscillatoria 26 NKLYPEVCPPDFQLPHVNGEGSIRISEYREKQEVILYFTRIFTEKQYCPLCIFPHIKAMNT 85
Clustal Consensus 19 H QRN k¥, s ssshe® shias REdEREkladl kg ok 56
Anabaena Alr4642 121 NYEQFINRGIEVLLVISTDEKRSRIVVKDLGLKMPLLSDPSCRAFRTYQVGQALGAPLEA 180
Spimling 153 GQALGAPLEPR 145
Trichodesmium 86 7 ALGAPLSG 145
Fischerella &6 VIMITSTDERQSQIVVKDLGLEKMPLLSDEPTCRVFRTYN ALGRPLER 145
Oscillatoria 86 AYEQFVEAGAEVLLITSTDERQSQIVIRDLGLKMPVMCDPSCLVFRAYG ALGRPLPA 145
Clustal Consensus Wikiok % domoskiehoo oty Mo NN MRS DL Tt oMo R ARk .
Anabaena Alr4642 181 QFVLDKDGRLRYKHLFSFFDHNASVEKLLGKFD--—-—-—----- 213
Spiru]_in; 146 QFIID ILRYKHLFSFLEPNASLEKLLSQLDR-———————— 179
Trichodesmium 146 QFVLDKQGRLCYKHLFSFLDHNASIEDLLGILDNYIFE-—--- 183
Fischerella 146 QFVLDQEGRLRYKHLFSFLDHNASIETLLGQYNAIANIKNTIK 182
Oscillatoria 146 QYLLDIEGKLRFKHLFSFLEPNAQGVSRLLEQLQRLPQPAGV-- 186
Clustal Consensus 100 *:z::2% % % cddkkkkkc: %k o k% 122

Fig. 1 a Location of alr4642 on Anabaena PCC7120 chromosome. The
OREF present upstream and downstream of alr4642 is shown along with
its size. The protein encoded by the respective ORF is depicted below the
ORF. Arrowheads indicate the direction of transcription. The length (in
bp) of the intergenic region (dashed line) is also represented. b Multiple
sequence alignment. ClustalW software was employed to obtain
alignment of Alr4642-like proteins from different bacteria. Identical
amino acids are depicted by asterisk, conserve red amino acids are
depicted by colon, whereas semi-conserved amino acids are depicted by

promoter search program is shown in Fig. 2a. Interestingly,
this promoter sequence was located right at the beginning of
the alr4642 ORF with the —35 region overlapping with the
start codon of alr4642. Although the —10 region of the iden-
tified promoter showed a good match with the consensus —10
promoter sequences, the —35 region showed poor match with
its respective consensus, indicating that the promoter was
inherently a weak promoter. Homology search with
Anabaena PCC7120 LexA protein-binding sequence
(Mazoén et al. 2004) showed the presence of a LexA-binding
site that overlapped directly with the —10 sequence (Fig. 2a).

The full-length alr4642 or a truncated alr4642, i.e.
alrT4642 (537 bp, encoding a protein extending from 36th
residue to 213th residue, i.e. 178 amino acids), was cloned in
E. coli expression vector pET16b for over-production of N-
terminally His-tagged Alr4642 (10HisAlr4642) or AlrT4642
(10HisTAIr4642) (Fig. 2¢). On induction with IPTG, produc-
tion of the full-length 10HisAlr4642 protein or the
10HisAlrT4642 protein was clearly observed on denatured
polyacrylamide gels (Fig. 2d). However, in spite of abun-
dant production, both the over-expressed proteins were
located exclusively in the inclusion bodies and could

Sfull stop. The CXXC motif is boxed. The proteins compared include
Anabaena_Alr4642 (Anabaena PCC7120; NP_4886821), Spirulina
(Spirulina subsalsa; WP_017304383.1), Trichodesmium
(Trichodesmium erythraeum IMS101; YP 720195.1), Fischerella
(Fischerella sp. PCC 9339; WP_017310806.1) and Oscillatoria
(Oscillatoria acuminata PCC 6304; YP_007086999.1). The name of
the bacterium and accession no. of the protein as mentioned in the
UniprotKB/Swissprot databases is shown in parentheses

not be purified (data not shown). The 10HisAlr4642
protein was eluted from the gel and employed to raise
specific antiserum in mouse.

The Alr4642 antiserum failed to detect the Alr4642 protein
in the cell-free protein extracts of unstressed Anabaena
PCC7120 on Western blots. Even after exposure to oxidizing
agents such as H,O, or methyl viologen, expression of
Alr4642 could not be observed in Anabaena PCC7120
(Fig. 2d). No signal corresponding to alr4642 could be de-
tected in total RNA isolated from control or H,O,/MV-treated
cells on Northern blots with the alr4642 probe (data not
shown).

Expression of alr4642 in Anabaena PCC7120 leads
to production of AlrT4642

The complete alr4642 ORF was cloned in between a strong
light inducible P, ,; promoter and the gfp gene in an
Anabaena PCCT120-E. coli shuttle vector pAM1956 (con-
struct denoted pAM4642), which was subsequently conjugat-
ed into Anabaena PCC7120 (to give rise to An4642"). In
An4642", both alr4642 and gfp are co-transcribed but
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Alr4642 Start

LexA

1 ccaTACCACACAT GAACGCAGATAGACACAGATATAAAATCAGTGTTAACTCCGGTGTTC
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Fig. 2 a Schematic representation of the various Alr4642 proteins
employed in the study along with their expected molecular weights.
The AhpC/TSA domain (dashed line) and the position of the CXXC
motif (i.e. CPFC in Alr4642) are indicated. The position of the
methionine residues (M) and the location of the His-tag (if present) are
also depicted. b Promoter analysis. The nucleotide sequence
corresponding to the —10 and —35 region of the promoter are
underlined. The ATG codons Alr4642 and AlrT4642 are indicated
while the LexA-binding sequence that overlaps with the —35 region is
depicted by a thick line. ¢ Production of Alrd642 in E. coli BL21 pLysS.
The 10HisAlr4642 or 10HisAlrT4642 were over-produced in E. coli
employing the pET16b expression vector. Four hours after induction

independently translated resulting in co-expression of both
proteins. The An4642" cells that appeared on the selection
medium were verified by monitoring expression of GFP
(Fig. 3a). When probed with the Alr4642 antiserum on
Western blots, the recombinant An4642" showed production
of a shorter Alr4642 protein, whose size (20.3 kDa) matched
with that of AIrT4642 and not the full-length Alr4642
(Fig. 3b). This suggested that codon corresponding to the

a

An4642+
~

Fig. 3 a Fluroescence micrographs of cells grown in BG-11 medium for
3 days (excitation BP, 450490 nm and emission LP, 515 nm). W7 wild-
type Anabaena PCC7120, An4642" recombinant Anabaena PCC7120
transformed with pAM4642. b 10HisAlr4642 or 10HisAlrT4642 was
expressed in E. coli whereas Alr4642 (without any tag) was over-
expressed in Anabaena PCC7120. Total proteins (20 pg per lane) were

@ Springer

with IPTG, proteins (20 pg) were resolved by SDS-PAGE and
visualized by staining with Coomassie brilliant blue (CBB). Lane 1,
BL21pLysS/pET16b; lane 2, BL21pLysS/pET4642; and lane 3,
BL21pLysS/pETT4642. d Western blotting-immunodetection analysis
with the Alr4642 antiserum. Total protein was isolated from Anabaena
PCC7120 cells grown in BG-11 medium without or with 2 uM MV (MV)
or | mM H,0, (H,0,). These proteins (50 pg per lane) were resolved by
12 % SDS-PAGE and electroblotted onto the nitrocellulose membrane.
Subsequently, the blot was allowed to cross-react with the Alr4642
antiserum (1:2000), followed by secondary anti-mouse IgG (1:5000)
coupled to alkaline phosphatase. The 27-kDa band shown by the
purified 10HisAlr4642 (100 ng) is depicted by an arrow

second methionine was the actual in vivo start codon in
Anabaena.

Over-production of His-tagged-AlrT4642 in Anabaena
PCC7120 and its purification

As the second methionine appeared to be the in vivo start
codon of alr4642 in Anabaena, attempts were made to over-

b
kDa 1 2 3
45 —
30—
— 27 kDa
«—22.6 kDa
20— wfe—20.3 kDa

resolved on SDS-PAGE together and electroblotted onto a nitrocellulose
membrane. Lanes 1 and 2 were probed with the polyhistidine antiserum
while /ane 3 was probed with the Alr4642-specific antiserum. Lane 1,
BL21pLysS/pET16b; lane 2, BL21pLysS/pET4642; and lane 3,
An4642". The molecular weight of proteins is shown in the figure
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express a His-tagged AlrT4642 in Anabaena and purify it. To
accomplish this, the alr74642 ORF with six additional His
codons at its 3’ end [i.e. alrT4642(6His)] was cloned down-
stream of P,,.,4; promoter in pAM1956 (pAMT4642). After
conjugating pAMT4642 into Anabaena PCC7120,
exconjugants [AnT4642(6His)'] were identified by visualiz-
ing GFP expression (data not shown). Production of the
AlrT4642(6His) protein was verified on Western blots with
the Alr4642 antiserum wherein production of a 21.2 kDa
protein was observed (Fig. 4a). The His-tagged protein was
observed in the cytosolic fraction of Anabaena extracts indi-
cating that AlrT4642 remained soluble when over-expressed
in Anabaena. The AlrT4642 protein could be purified to near
homogeneity by affinity chromatography employing the Ni-
NTA matrix (Fig. 4b). The identity of purified
AlrT4642(6His) was confirmed by probing it with anti-
Alr4642 and anti-polyhistidine antiserum (Fig. 4c¢).

AlrT4642 defends plasmid DNA from oxidative damage

In the absence of the AlrT4642(6His) protein or in the pres-
ence of BSA (control protein), complete degradation of the
plasmid DNA was observed in the metal-catalyzed oxidation
(MCO) assay. However, when the Alr4642(6His) protein was
present (Fig. Sa, lanes 3 and 4), a major amount of plasmid
DNA was converted only to the linear (L) form and not
degraded completely. Also, the proportion of the covalently
closed circular (CCC) form of plasmid DNA increased with
increasing concentration of the Alr4642(6His) protein. Thus,
the addition of purified AlrT4642(6His) conferred consider-
able protection to DNA from oxidative damage. In DTT-
dependent peroxidase activity assays, a distinct reduction in
concentration of H,O, was observed in the presence of the
Alr4642(6His) protein (Fig. 5b).

Over-expression of AlrT4642 protects Anabaena
from oxidative stress

As the purified AlrT4642(6His) showed antioxidant activity
in vitro, it was desired to verify if over-expression of
AlrT4642 would protect Anabaena from oxidative stress. To
accomplish this, AnT4642(6His)" and the wild-type
Anabaena PCC7120 were assessed for oxidative stress resis-
tance in response to hydrogen peroxide. As seen in Fig. 5b,
after 2 days of treatment, a pronounced bleaching, indicating
loss of photosynthetic pigments, was observed in the wild-
type cells but not in AnT4642 (6His)". AnT4642 (6His)"
showed chlorophyll a content comparable to the unstressed
AnT4642(6His)" cells, whereas a clear reduction in chloro-
phyll @ was observed in the wild-type cells after 2 days of
H,0, stress (Fig. 5¢).

Discussion

Many environmental stresses, e.g. salinity, sudden osmotic
alterations, desiccation, ionizing and non-ionizing radiations,
metal toxicity, high light intensity, etc., result in generation of
ROS indicating an obvious cross-talk between these stresses
and oxidative stress (Dadheech 2010). Hydrogen peroxide
(H,0,) is a very common ROS in biological systems, and
cyanobacteria, in particular, have been shown to be generally
more susceptible to H,O, than other phototrophs (Drabakova
et al. 2007). H,O,, though relatively stable, can undergo
Fenton reaction to generate the most damaging ROS, i.e.
OH' (Halliwell and Gutteridge 1986); hence, it is particularly
important to remove intracellular H,O,. Detoxification of
H,0, is largely mediated by peroxidases and catalases that

S
a & b OB c
o . # & o N9
& @""" & ~x‘°°+‘”o\ & &
N & Qo SR
v G 1 2
21.2 kDa Ny kDa[i
-
\—p—- ca—— 97 e | | o | —
20.3 kDa - 66
45
30
21.2 kDa

Fig. 4 a Total proteins from An4642" or AnT4642(6His)" were
separated on SDS-PAGE and probed with the Alr4642-specific
antiserum. Size of the two proteins is depicted. b Purification of
AlrT4642(6His). AnT4642(6His)" culture was grown (with aeration)
for 7 days, and purification of the AlrT4642(6His) protein was
performed as described in the methods section. Equal volume of

different (20 pL each) fractions as indicated in the figure was resolved on
SDS-PAGE and visualized by staining with CBB. ¢ The purified
AlrT4642(6His) was probed with the polyhistidine antiserum (/) or
with the Alr4642-specific antiserum (2). The 21.2-kDa AlrT4642(6His)
protein band that appeared after developing the blots is shown by an
arrow
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Fig. 5 a Metal-catalyzed oxidation (MCO) assay. One microgram of
pBluescript DNA (lane 1) was subjected to oxidative damage using the
MCO reaction [(5 mM DTT+3 uM Fe**) depicted by Fe**] to generate
ROS in the absence (/ane 2) or in the presence of purified
AlrT4642(6His) (lanes 3—5) or BSA (lane 6) as indicated. The integrity
of DNA was assessed by electrophoresis on a 1 % agarose gel followed by
staining with ethidium bromide. The covalently closed circular (CCC),
linear (L) and open circle (OC) forms of the plasmid DNA are indicated. b
DTT-dependent peroxidase activity. Decomposition of H,O, by the

convert H,O, into harmless water (Bernroitner et al. 2009). As
Anabaena shows extremely low levels of catalase activity, it is
proposed that thiol peroxidases such as Prxs may be the
principal components that eliminate H,O, (Banerjee et al.
2012b; Pascual et al. 2010). This view is supported by the
relatively large number of prx genes present in the genome of
Anabaena PCC7120 (Kaneko et al. 2001).

The role of hitherto uncharacterized alr4642 OREF,
encoding the Alr4642 protein, was explored in this study. In
spite of being located downstream of a gene that is highly
expressed (alr4641 that encodes 2-Cys-Prx) (Pascual et al.
2010), expression of the alr4642 mRNA or the Alrd642
protein could not be detected under any of the conditions
tested. Bioinformatic analysis showed the presence of (1) a
relatively weak promoter and (2) the repressor protein LexA-
binding site within this promoter. However, when expressed
from a strong promoter (P,,), AlrT4642 protein was readily
expressed in Anabaena.
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purified Alr4642(6His) protein (5 pg) using DTT as reductant. Dashed
line, no protein; solid line, Alr4642(6His). ¢ Three-day-old cultures were
inoculated in a fresh growth medium and subjected to 1 mM H,O, stress
for 2 days. Subsequently, the cultures were photographed. W7, wild-type
Anabaena PCC7120 and AnT4642", recombinant Anabaena PCC7120
over-expressing AlrT4642 (6His) . d The chlorophyll a content of
cultures shown in ¢ was determined after 2 days of exposure to H,0O,.
1, WT/control; 2, WT/H,0,; 3, AnT4642(6His)"/control; and 4,
AnT4642(6His) /H,0,

The Alr4642 protein, which showed similarity to Prx-like2
group of Prxs, was found to be highly conserved in
cyanobacteria and was present in diverse species ranging from
the filamentous forms such as Fischerella muscicola to uni-
cellular forms such as Synechococcus PCC7335 and
Gloeobacter violaceus. Many of the nitrogen-fixing
cyanobacteria, e.g. Nostoc sp., Anabaena sp. and
Cyanotheceae, also showed the presence of Alr4642-
like ORFs. Interestingly, homology of Alr4642 with oth-
er Prx-like2 proteins commenced from its second methi-
onine that was 36 amino acids away from the first
methionine annotated in the database (Figs. 1 and 2a).
Moreover, in Anabaena, expression of the complete
alr4642 ORF (from pAM4642) resulted in production
of a smaller protein whose size corresponded to that of
AlrT4642 (Fig. 3). These results suggest that the second
ATG codon may be the actual in vivo start codon of
alr4642 in Anabaena.
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Solubility of proteins over-expressed employing the pET-
system in E. coli is a major problem, and in many cases, the
over-produced protein is exclusively present (presumably in
inactive form) in the inclusion bodies. Similarly, Alr4642 or
AlrT4642 could not be produced in the soluble form in E. coli.
However, over-expression of alr4642 or alrT4642(6His) in
Anabaena PCC7120 led to production of soluble AlrT4642
and AlrT4642(6His), respectively (Figs. 3 and 4). In fact,
AlrT4642(6His) expressed in Anabaena could be purified to
near homogeneity by affinity chromatography with the Ni-
NTA matrix (Fig. 4). To our knowledge, this is the first
instance wherein a protein has been purified from Anabaena
after over-expression. In an earlier study, over-expression of
Mn-catalase (Alr0998 from Anabaena PCC7120) in E. coli
had resulted in production of insoluble protein (i.e. inclusion
bodies) that could not be purified. When over-expressed in
Anabaena, the Alr0998 protein not only remained soluble, but
was also active (Banerjee et al. 2012a). These data show the
potential use of Anabaena PCC7120 for production of soluble
Anabaena proteins in cases where it is not possible to do so in
E. coli.

The ability of the purified AlrT4642(6His) to protect the
DNA was assessed using the MCO assay. H,O, generated
during this reaction undergoes Fenton reaction to produce
OH', which degrades DNA. The protection of DNA in the
presence of the AlrT4642(6His) protein (Fig. 5a) indicates that
it can detoxify H,O,, i.e. function as a peroxidase and even-
tually prevent formation of OH'. In addition, the purified
protein showed DTT-dependent peroxidase activity (Fig. 5b)
indicating that it can indeed function as a peroxidase. Thus,
when over-expressed in Anabaena, the AlrT4642(6His) pro-
tein was not only soluble but was also biologically active.

In cyanobacteria, chlorophyll a content is a reliable indica-
tor of growth and is routinely used to assess resistance to
various stresses (Alahari and Apte 1998). Excess H,O, result-
ed in destruction of photosynthetic pigment synthesis and
eventually cell death in cyanobacterium Microcystis
aeruginosa (Qian et al. 2010). In the present study too, treat-
ment of H,O, led to distinct reduction in the chlorophyll a
content of the wild-type Anabaena PCC7120 cells. In con-
trast, under similar conditions, AnT4642(6His)" cells showed
distinct protection of chlorophyll a from bleaching (Fig. 5b,
c¢). These results clearly demonstrate that AlrT4642, a Prx-
like2 protein, can protect Anabaena PCC7120 from oxidative
stress.

In conclusion, alrT4642 is not expressed in Anabaena,
possibly due to the presence of a weak promoter and probable
repression by the LexA protein. In spite of being insoluble in
E. coli, the AlrT4642 protein remained soluble when over-
expressed (from a strong promoter) in Anabaena. The second
methionine was identified as the actual start codon of Alr4642
in Anabaena. The AlrT4642(6His) protein, purified from
Anabaena, protected DNA from oxidative damage suggesting

that it is indeed an antioxidant protein. Over-expression of
AlrT4642 protected Anabaena from oxidative stress mediated
by H,0,. These results demonstrate the possible use of prx-
like genes for construction of stress-tolerant Anabaena strains
for use as biofertilizers.
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ARTICLE INFO ABSTRACT

The Peroxiredoxin Q (PrxQ) proteins are thiol-based peroxidases that are important for maintaining redox homeostasis
in several organisms. Activity of PrxQs is mediated by two cysteines, peroxidatic (C,) and resolving (C,), in association
with a reducing partner. A PrxQ, Alr3183, from the cyanobacterium, Anabaena PCC 7120, was characterized in this

Keywords:
Stress tolerance
Oxidative stress

Pem"ir_edoxmsl study. Alr3183, which required thioredoxin A (TrxA) for peroxidase activity, was an intramolecular disulfide bond-con-
gataly]t;c iys_temes taining monomeric protein. However, Alr3183 lacking (¢ (Alr3183C46S) or C, (Alr3183C51S) formed intermolecular
.yanobacteria

disulfide linkages and was dimeric. Alr3183C46S was completely inactive, while Alr3183C51S required higher concen-
tration of TrxA for peroxidase activity. Surface plasmon resonance analysis showed that unlike Alr3183 or Alr3183C46S,
Alr3183C51S bound rather poorly to TrxA. Also, compared to the oxidized protein, the DTT-treated (reduced) Alr3183
displayed decreased interaction with TrxA. In vivo, Alr3183 was found to be induced in response to y-radiation. On ex-
posure to H,0,, Anabaena strain over-expressing Alr3183 showed reduced formation of ROS, intact photosynthetic pig-
ments and consequently better survival than the wild-type, whereas overproduction of Alr3183C46S did not provide any
protection. Significantly, this study (1) reveals the importance of C, for interaction with thioredoxins and (2) demon-

strates that over-expression of PrxQs can protect cyanobacteria from oxidative stresses.

1. Introduction

Peroxiredoxins (Prxs) are a group of proteins that efficiently detox-
ify a wide range of peroxide substrates including H,O,, the most im-
portant peroxide generated in biological systems [19]. Prxs have cat-
alytic cysteine residues which participate in the detoxification reaction,
hence these proteins are known as thiol peroxidases ([36]; Woods et
al., 2003). Prx, widely distributed across all the phylogenetic kingdoms,
are primarily proposed to be high-affinity peroxide-capturing proteins
required to maintain the overall desired thiol status within a cell [16].
Depending on the number of catalytic cysteines taking part in the reac-
tion, and their relative locations, Prxs are classified into 3 broad cate-
gories namely; 1-Cys Prx; the typical 2-Cys Prx; and the atypical 2-Cys
Prx, which are further classified into type II Prx and PrxQ ([36]; Woods
et al., 2003). More recently, Cui et al. [15] have identified a new sub-
family of Prxs, i.e. Prx-like, in cyanobacteria.

Like all 2-Cys-containing Prxs, the PrxQ proteins contain two con-
served cysteine residues, the peroxidatic cysteine (Cp) and the resolv-
ing cysteine (C,)) that are essential for peroxidase activity. In spite
of showing high degree of similarity amongst them, the relative po-
sition of C, within the PrxQ pro-

teins differs. The C; is usually located close to the N-terminal end of
the protein, whereas C, is usually 4 residues away from Cj, but in some
cases, C, may be more than 30 amino acids apart from C, [14]. On re-
action with the peroxide substrate, the free thiol group (-SH) of Gy is
converted to its sulfenic acid (-SOH) derivative, whereas the peroxide
is converted to its corresponding alcohol (or water in the case of Hy,O,)
[34]. Subsequently, the free thiol group of C, reacts with the C,-SOH,
forming an intramolecular disulfide linkage. This disulfide bond is re-
solved by reductants such as thioredoxin, which regenerates the active
(i.e. -SH) form of enzyme, enabling another round of peroxidase activ-
ity [4]. Unlike the typical 2-Cys Prx proteins which are obligate dimers,
PrxQ may exist as monomers or dimers or as a mixture of both [16].
Although not found in mammals, the PrxQ homologs have been
observed in plants and bacteria, including cyanobacteria. The poplar
PrxQ protein is targeted to chloroplasts, suggesting its possible role
in maintaining the redox status of that organelle [27,35,41]. Over-ex-
pression of Gentiana triflora (Gt) PrxQ resulted in resistance to fun-
gal infection and methyl viologen in Nicotiana tabacum [24], whereas
over production of Suaeda salsa PrxQ led to tolerance to cold stress
in Arabidopsis [21]. Heterologous over-
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expression of Synechococcus PrxQ-A proteins increased ability of E. coli
to tolerate cumene hydroperoxide [39].

Reactive oxygen species such as superoxide, H,O, and OH' are gen-
erated due to the partial reduction of oxygen in all aerobic organisms.
Cyanobacteria, the first organisms to evolve oxygen as a by-product of
photosynthesis, are expected to harbour complex systems to detoxify
the various ROS generated during normal metabolic activity or in re-
sponse to different environmental stresses [6]. Cyanobacteria remain
the only phyla to date whose members can use solar energy to fix atmos-
pheric nitrogen. In fact, strains of the nitrogen-fixing cyanobacterium,
Anabaena, are widely used as biofertilizers in the paddy fields of South-
east Asia [43]. The filamentous, heterocystous, diazotrophic cyanobac-
terium Anabaena PCC 7120 shows tolerance to stresses such as ionizing
radiation and desiccation, which are known to enhance ROS produc-
tion in vivo [38]. For this reason, Anabaena PCC 7120 has been used as
a model system to decipher adaptive responses to various environmen-
tal stresses, especially oxidative stresses, in many laboratories, including
ours [12,29,42,8].

Although Anabaena possesses two genes encoding catalases, the in-
herent catalase activity in Anabaena appears to be low under normal
conditions of growth [5,32]. In view of this, it is proposed that Prxs
could be the principal proteins that detoxify H,O, in Anabaena [33].
This reasoning is supported by the occurrence of many genes encoding
Prxs in Anabaena [10]. All the major categories of Prxs are found in An-
abaena, including four that belong to the PrxQ subtype (i.e. Alr2503, Al-
12375, All12556 and Alr3183) [10,22,28,40]. Chloroplasts, the organelle
with highest content of Prxs in a plant cell, are supposed to have evolved
from cyanobacteria. Akin to Anabaena, chloroplasts also show the pres-
ence of the PrxQ proteins and low catalase activity [32,5].

Among the 4 PrxQ proteins present in Anabaena PCC 7120, Al-
r3183 showed highest identity to PrxQ from Arabidopsis [28]. Due to
its high degree of similarity with plant PrxQs, Alr3183 was chosen
for this study. Several lines of evidence showed the Alr3183 protein
to be monomeric, capable of forming intramolecular disulfide bonds.
However, when either of the catalytic cysteine was lost, the protein
formed intermolecular disulfide bonds and became dimeric. Alr3183
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inactive, whereas when C, was absent (Alr3183C51S), the protein re-
quired higher concentrations of TrxA to show peroxidase activity. Sur-
face Plasmon resonance (SPR) analysis showed C, to be necessary for
binding of Alr3183 with TrxA. Interestingly, in vivo in Anabaena, the
Alr3183 protein was induced several-fold in response to gamma radia-
tion. Over-expression of Alr3183 increased ability of Anabaena to toler-
ate oxidative stress mediated by H,0,. In contrast, Anabaena strain over-
producing Alr3183C46S remained sensitive to H,0,, underscoring the
importance of peroxidase activity of Alr3183 for overcoming oxidative
stress.

2. Results
2.1. Bioinformatic analysis

The 462-bp long alr3183 ORF encoded a ~17 kD protein (153 amino
acids) that showed homology to the PrxQ family of Prxs. BLAST search
indicated the Alr3183 protein to belong to the thioredoxin superfam-
ily, which contain the AhpC/TSA domain. The AhpC/TSA domain of
Alr3183 extended from the 5th amino acid to the 128th amino acid
and the protein also contained the conserved GCT motif. The cysteine
residues at position 46 (Cys-46, which is also a part of the GCT motif)
and 51 (Cys-51) were the peroxidatic (Cp) and the resolving cysteine (C,)
residues respectively (Fig. 1A). The amino acid residues of the catalytic
triad, T (43), C (46) and R (115), which form the active site, are also
shown in the Fig. 1A.

2.2. Absence of catalytic cysteine results in intermolecular disulfide bond
formation

The Alr3183 protein from Anabaena PCC7120 was over-expressed
in E. coli with N-terminal His-tag and purified near to homogene-
ity by affinity chromatography (Fig. 1B). Addition of the N-terminal
tag increased the size of Alr3183 by ~2.5 kD, resulting in the pro-
duction of ~20 kD protein. Under non-reducing conditions (i.e. ab-
sence of DTT), the Alr3183 protein was visualized as a single band

lacking the G (Alr3183C46S) was completely of 20 kD. Under reducing conditions (i.e. with 1 mM DTT), the Al-
r3183 protein appeared as two closely spaced bands of
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Fig. 1. (A) Schematic representation of the Alr3183 protein. The 153-amino-acid long Alr3183 protein consists of an N-terminal AhpC/TSA domain, which is indicated in the figure.
The position and the amino acid residue number of the putative peroxidatic (C,) and resolving cysteine (C,) residues are indicated. (B) Purification of the his-tagged Alr3183 from E.
coli. The various fractions and elutions are indicated in the figure. Elution,s,, elution in buffer containing 250 mM imidazole; Elutionsg,, elution in buffer containing 500 mM imidazole.
The purified ~20 kD Alr3183 protein is indicated by an arrow. (C) SDS-PAGE analysis of the purified Alr3183 protein. The Alr3183 protein (2 pg) was treated with DTT or H,0, or left
untreated (as indicated in panel), solubilized in non-reducing Laemmli's sample buffer, electrophoretically separated by SDS-PAGE (14%) gel and visualized after staining with CBB-G250.
The two bands are indicated by arrows. (D) AMS modification of Alr3183. The purified protein was incubated with H,0, (2 mM) or DTT (10 mM), reacted with AMS and precipitated with
TCA. The precipitated proteins were solubilized in Laemmli's non-reducing sample buffer, resolved by SDS-PAGE (14% gel) and visualized by staining with CBB. (E) SDS-PAGE analysis of
Alr3183C46S and Alr3183C51S. Alr3183, Alr3183C46S and Alr3183C51S were purified by Ni-NTA affinity chromatography under native conditions. Proteins were resolved by SDS-PAGE
and visualized by staining with CBB G-250. (F) Mobility of Alr3183 proteins under reducing or non-reducing conditions. Purified proteins (2 pg) were treated with H,O, (2 mM) or DTT
(10 mM) solubilized in Laemmli's sample buffer without DTT, electrophoretically separated by SDS-PAGE (14%) gel and visualized by staining with CBB.
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~20 kD. (Fig. 1C). However, on increasing the concentration of DTT to
10 mM, only one band, corresponding to the reduced protein was ob-
served (Supp. Fig. 1A). Oxidized Prx proteins are known to form more
compact structure than their corresponding reduced forms (Wood et al.,
2002), and hence oxidized Prxs generally move more rapidly than their
reduced forms on SDS-PAGE. Similarly, the two Alr3183 bands observed
in the presence of DTT appear to be the oxidized form (lower band) or
the reduced form (upper band) of the Alr3183 protein.

The alkylating agent AMS (4- acetamido-4'-maleimidyl-stil-
bene-2,2’-disulfonate) was used to verify if Alr3183 could form an in-
tra-molecular disulfide bond. The oxidized form (treated with H,0,) or
the reduced form (treated with DTT) of the Alr3183 protein was reacted
with excess of AMS and resolved on SDS-PAGE. The DTT-treated form of
the protein showed retarded mobility as compared to the H,O,-treated
form of the protein (Fig. 1D). This showed that AMS bound to reduced,
but not oxidized, form of the Alr3183 protein. The unavailability of the
free thiol group to bind to AMS in oxidized state indicated the presence
of an intra-molecular disulfide bond in the Alr3183 protein.

The Gy (Cys-46) and C, (Cys-51) cysteines of Alr3183 were indi-
vidually mutated to serine by site specific mutagenesis and the corre-
sponding proteins (Alr3183C46S and Alr3183C51S) were also purified
to near homogeneity (Fig. 1E). Interestingly, both cysteine mutants (Al-
r3183C46S and Alr3183C51S) mostly appeared as dimers on SDS-PAGE
when left untreated (Suppl. Fig. 1B) or oxidized with H,0, (Fig. 1F). Un-
der reduced conditions, all the proteins were present in their monomeric
forms (Fig. 1F). On SDS-PAGE, both mutant proteins co-migrated with
the upper band (reduced form) of the Alr3183 protein. Possibly, due to
the absence of intramolecular disulfide bond, the mutant proteins are
unable to form a more compact structure like the oxidized form of the
wild-type Alr3183 protein.

2.3. Alr3183 exists as a monomer whereas Alr3183C46S and
Alr3183C51S are dimers in their native forms

To verify if Alr3183 or its mutant variants formed higher oligomeric
structures, the purified proteins were subjected to size-exclusion chro-
matography. The Alr3183 protein eluted in fraction that corresponded
to ~18 kD i.e. its monomeric size, whereas the elution profile of Al-
r3183C46S (38 kD) and Alr3183C51S (39 kD) indicated that these pro-
teins were dimers (Fig. 2A). DLS analysis showed all the three pro-
teins to be fairly monodispersive. The Alr3183 protein peak obtained
from dynamic light scattering (DLS) analysis corresponded to a size of
3.7 nm while Alr3183C46S and Alr3183C51S showed size of 7.4 nm
and 7.6 nm respectively (Fig. 2B). The CD spectrum of the Alr3183
protein was consistent with that of a folded protein and further in-
dicated that Alr3183 was mostly o-helical. The Alr3183C51S protein
showed a CD spectrum that was very similar to that of the Alr3183
protein, whereas minor changes were observed between the spectra
Alr3183 and Alr3183C46S (Fig. 2C). Moreover, the CD spectrum of
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Alr3183 reduced with DTT was also similar to the CD spectra of DTT-re-
duced Alr3183 protein (Supp. Fig. 1C). These results suggest that the
presence of the intermolecular or intramolecular bonds do not have a
major influence on the overall secondary structure of the protein.

2.4. Peroxidase activity of Alr3183

Among the three reducing agents tested (DTT, GSH and TrxA), the
purified Alr3183 protein could detoxify H,O, only with TrxA (Fig. 3A).
As shown in Fig. 3B, the TrxA-dependent peroxidase activity showed an
obvious protein concentration-dependent activity. Alr3183 could also
detoxify other peroxides like tert-butyl hydroperoxide and cumene hy-
droperoxide using TrxA as the reducing agent (Suppl. Fig. 2). The Al-
r3183 protein also showed high affinity towards H,0, (Ky; =10 pM).

The Alr3183C46S protein (lacking the peroxidatic cysteine) was
completely inactive whereas the Alr3183C51S mutant (lacking the re-
solving cysteine) showed activity that was several fold lower than that
shown by the wild-type Alr3183 protein (Fig. 3C). The Alr3183 protein
lacking both the catalytic cysteines, Alr3183CDM (cysteine double mu-
tant) was also generated by site-specific mutagenesis, over-expressed in
E. coli and purified. Like Alr3183C46S, this protein showed the com-
plete absence of peroxidase activity (Fig. 3C). In the absence of TrxA,
no activity was detected, whereas, on increasing the concentration of
TrxA, a concomitant increase in the peroxidase activity of Alr3183 was
observed (Fig. 3D). Unlike the Alr3183 protein, Alr3183C51S required
relatively higher concentration of TrxA to show any peroxidase activity
i.e. peroxidase activity was observed only when TrxA concentration was
2.5 uM or more (Fig. 3D).

2.5. Physical interaction between TrxA and Alr3183

The physical interaction of Alr3183 with TrxA was studied by Sur-
face Plasmon Resonance (SPR). The TrxA protein was immobilized on
a bare gold sensor chip while the purified Alr3183 proteins were pre-
sent in the mobile phase for interaction. A concentration-dependent in-
crease in the SPR signal confirmed the physical interaction between Al-
r3183 and TrxA (Fig. 4A). To check the specificity of interaction, an-
other his-tagged protein, KatB (a Mn-catalase), was allowed to inter-
act with TrxA. The SPR profile obtained with KatB was very similar to
that obtained with the interaction buffer alone (i.e. no protein present,
Suppl. Fig. 3.), indicating that the interaction between TrxA and Al-
r3183 was indeed specific. The Alr3183 protein was reduced with DTT
and allowed to interact with TrxA. Interestingly, the DTT-reduced pro-
tein showed decreased binding to TrxA as compared to the control Al-
r3183 protein (i.e. not treated with DTT) (Fig. 4B).

Interaction of Alr3183C46S and Alr3183C51S with TrxA is shown
in the Fig. 4.C. At a comparable concentration, both Alr3183C46S
and the wild-type Alr3183 protein showed similar response units at
the end of the assay period. However, a distinctly reduced interac-

tion was observed when Al-
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Fig. 2. (A) Size-exclusion chromatography. The column (Superdex 200 10/300) was pre-equilibrated with buffer (20 mM Tris, 50 mM NaCl, pH 7.2) and a 100 pl aliquot of protein
(200 pg) was injected. The retention volumes obtained with standard proteins were employed to draw a standard curve (depicted in the insert) that was used to determine the mass of
Alr3183 (B) The dynamic light scattering (DLS) profile of the purified Alr3183, Alr3183C46S and Alr3183C51S (in 20 mM Tris, pH 7.2). (C) Secondary structure analysis. The purified

Alr3183, Alr3183C46S, Alr3183C51S were analyzed in a CD spectropolarimeter.
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r3183C51S was present in the mobile phase. Another Alr3183 variant,
i.e. Alr3183 lacking both the cysteines (cystine double mutant, CDM)
was employed in the mobile phase for interaction with TrxA. The Al-
r3183CDM protein, like Alr3183C51S, interacted poorly with TrxA (Fig.
4C). In conclusion, the presence of the resolving cysteine residue ap-
pears to enhance the binding of the Alr3183 protein to TrxA.

2.6. Alr3183 is induced in response to y-radiation in Anabaena

The purified Alr3183 protein was employed to raise specific an-
tiserum (in rabbit), which was used to detect the in vivo production
of the Alr3183 protein in Anabaena. On Western blots, in the un-
stressed control, the Alr3183 protein could not be detected when 20 pg
total cellular proteins were loaded per lane. But, on loading higher
amount of protein (60 ug) the Al-

r3183 protein could be detected as a faint band (Fig. 5A). Different oxi-
dizing agents (H,0,, methyl viologen and tert-butyl hydroperoxide) did
not enhance production of the Alr3183 protein, in fact a decrease in
level of the protein was observed (Fig. 5A). Other stresses like salt or
desiccation also did not induce synthesis of the Alr3183 protein in An-
abaena.

Interestingly, Alr3183 protein was found to be distinctly induced
in response to y-radiation (Fig. 5B). At lower doses (0.5 and 1 kGy),
the Alr3183 protein was observed 3 h post irradiation and could be
clearly observed till day 3, after which it subsequently disappeared
by day 5. With increasing dose of y-radiation (3 and 6 kGy), the lev-
els of Alr3183 protein remained high for a longer duration and grad-
ually decreased with time. For example, noteworthy amount of the
Alr3183 protein was observed even after 8 days of exposure to 6
kGy dose of y-radiation (Fig. 5B). Nitrogen status of the medium did
not affect the induction of the Alr3183 protein and even in the ab-
sence of combined nitrogen (i.e. under nitrogen-fixing conditions); pro-
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Fig. 5. Expression of Alr3183 in Anabaena PCC 7120. (A) Anabaena PCC 7120 was grown in BG11 N medium containing methyl viologen (2 pM, MV) or H,0, (1 mM) or tert-butyl
hydroperoxide (0.25 mM, tBx) or NaCl (Salt, 200 mM) for 16 h. Total proteins were isolated from each treatment, electrophoretically resolved on SDS-PAGE (60 pg per lane), transferred
onto nitrocellulose membranes and probed with the anti-Alr3183 antiserum (1:10000 dilution). The 16.7 kDa Alr3183 band is shown by an arrow. (B) Induction of Alr3183 in Anabaena
PCC 7120 in response to gamma radiation. Four-day old Anabaena PCC 7120 cells grown in BG11N* medium was subjected to different doses of gamma radiation (indicated on the right
side of each panel), total proteins were extracted at the time points indicated in the figure and probed with the Anti-Alr3183 antibody. 25 pg total protein was loaded in each lane. (C)

Growth of Anabaena on exposure to radiation. The wild-type (WT) or the AnAS3183 strain was exposed to 3 kGy dose of gamma radiation and allowed to recover in fresh BG-11/N*
medium under usual growth conditions. Growth was measured as increase in the content of chlorophyll a.

duction of Alr3183 was observed on exposure to y-radiation (Suppl. Fig.
4A). Experiments were performed to verify whether low-dose gamma
radiation induced an adaptive response against subsequent challenge
by H,0,. Anabaena culture was exposed to 0.5 kGy of gamma radia-
tion and subsequently treated (after 24 h) with 1 mM H,0,. However,
no adaptive response was observed, and the gamma radiation-exposed
cells were as sensitive to H,O, as the control wild-type culture (Suppl.
Fig. 4B).

The inherent expression of Alr3183 was down-regulated in Anabaena
using an antisense approach. To accomplish this, the alr3183 ORF was
cloned in the reverse orientation downstream of the strong Ppg,; pro-
moter and the corresponding construct was inserted into Anabaena (to
give rise to AnAS3183). The AnAS3183 strain showed decreased pro-
duction of Alr3183 (with respect to the wild-type Anabaena) under nor-
mal conditions or in response to gamma radiation (Suppl. Fig. 4C). In-
terestingly, the AnAS3183 strain showed a reduction in growth as com-
pared to the wild-type cells during recovery from exposure to gamma
radiation. These results suggest that the Alr3183 protein helps Anabaena
recoup from gamma radiation stress (Fig. 5C).

2.7. Overexpression of Alr3183 and Alr3183C46S in Anabaena

It was desired to verify if the ectopic over-expression of Alr3183
could protect Anabaena from oxidative stress. The alr3183 ORF was in-
serted between a strong light inducible P,y,; promoter and a gfp ORF
in an Anabaena PCC 7120-E. coli shuttle vector, pAM1956 (pAM3183)
as described in the methods section. In this vector, the alr3183 and gfp
are co-transcribed, but independently translated, resulting in production
of both the proteins. The pAM3183 construct was transferred into An-
abaena PCC 7120 by conjugation and exconjugants (An3183*) were se-
lected on solid medium containing the appropriate antibiotic. The re-
combinant An3183" showed GFP fluorescence (Fig. 6A) as well as sub-
stantial production of the Alr3183 protein as compared to the wild-type
cells (Fig. 6B), thus confirming overproduction of Alr3183.

The An3183* strain showed 4-5 fold less levels of ROS than the
wild-type when exposed to H,0, (Fig. 6C). Addition of H,0, caused de-
struction of photosynthetic pigments and cell lysis in the wild-type An-
abaena cells (Fig. 6D and E), but An3183* was protected from these
deleterious effects. In addition, after exposure to H,O,, the An3183* re-
tained their viability and could grow on plates whereas the wild-type
did not (Fig. 6F). Not only under nitrogen supplemented conditions,
under nitrogen-deficient conditions too, An3183* was protected from
the toxic effects of H,O,, whereas the wild-type remained suscepti-
ble (Suppl. Fig. 5). The AnAS3183 strain and the

wild-type Anabaena were equally sensitive to H,O,, indicating that the
endogenous levels of Alr3183 were not adequate to offer protection
from Hy0,.

To overexpress the Alr3183C46S protein in Anabaena the al-
r3183C46S ORF was cloned into pAM1956 (pAM3183C46S) and con-
jugated into Anabaena. The recombinant strain, An3183C46S ™", showed
expression of the GFP, and the Alr3183C46S protein too was read-
ily produced in An3183C46S*(Fig. 7A and B). However, unlike the
An3183" strain, the An3183C46S™ was very sensitive to the oxida-
tive effects of H,0O, (Fig. 7C and D), indicating that expression of Al-
r3183C46S was ineffectual in offering any protection from oxidative
stress to Anabaena.

3. Discussion

The PrxQ proteins are widely distributed in bacteria, plants and
lower eukaryotes. Interestingly, PrxQ proteins have been found in all the
sequenced cyanobacterial genomes [15], suggesting that these may play
an important role in cyanobacterial physiology. The role of Alr3183, a
PrxQ-like protein from Anabaena was evaluated in this study.

The nature of the disulfide bond formed (i.e. intermolecular/in-
tramolecular) by a Prx not only depends on the Prx subfamily that par-
ticular Prx belongs to, but also depends on the availability of the cat-
alytic cysteines. For example, the wild-type All1541 (Type II Prx from
Anabaena) is distributed among its monomeric and dimeric forms. How-
ever, a mutant version of this protein that lacks the C, is monomeric,
whereas All1541 without the C, is dimeric [4]. In Alr4641, the 2-Cys-Prx
from Anabaena PCC 7120, dimerization occurs due to disulfide bond for-
mation between the C, of one subunit and the C, of another subunit
[7]. But, if any of the two cysteine residue is lost, the 2-Cys-Prx protein
is unable to dimerize [7]. The wild-type Alr3183 exists as a monomer,
and interestingly, in contrast to All1541 or Alr4641, when either of
the cysteine residue is lost (Alr3183C46S or Alr3183C51S) the protein
forms intermolecular disulfide bond and becomes dimeric (Figs. 1 and
2). So, the presence of both the cysteines appears to preclude the forma-
tion of intermolecular disulfide bond and intermolecular disulfide bond
formation predominates in Alr3183. The wild-type Alr3183 shows the
best peroxidase activity, Alr3183C51S shows considerably reduced ac-
tivity whereas Alr3183C46S is completely inactive. Thus, the formation
of disulfide bonds alone is not adequate for peroxidase activity; these
bonds have to form in the right context, with the right partner.

The SPR technique can be gainfully utilized to explore the influ-
ence of the cysteine residues/disulfide bonds on the ability of Prxs to
interact with Trxs. Recently, Hara and Hisbori [20] used this tech-
nique to observe the interaction of chloroplast Peroxiredoxin Q (PrxQ)
from Arabidopsis thaliana
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ately (Day 0) or after 2 days of exposure to H,O, (Day 2). (F) 100 pl culture of control or H,O,-treated Anabaena cells were plated on BG11N™ agar plates. The plates were incubated
under continuous illumination for 14 days and photographed.
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Fig. 7. Over-expression of Alr3183C46S in Anabaena (A) The An3183C46S™ culture was visualized under fluorescence microscope using Hg-Arc lamp (excitation BP, 450-490 nm and
emission LP, 515 nm). (B) Cell-free extracts from wild-type Anabaena (lane 1) or An3183C46S* (lane 2) were resolved by SDS-PAGE (30 ug per lane), electro blotted on to nitrocellulose
membrane, and probed with the Alr3183 antiserum (1:10000 dilution). The ~17 kD Alr3183C46S band is shown by an arrow. (C) Three-day old wild-type Anabaena PCC 7120 (WT) or
An3183* were subjected to 1 mM H,0, stress in tubes and photographed after 2 days. (D) The chlorophyll a content of the wild-type Anabaena PCC 7120 (WT) and An3183* shown in

(D) was determined immediately (Day 0) or after 2 days of exposure to H,0, (Day 2).

with its cognate Trx, Trxh1l. However, in their study, the PrxQ protein
failed to interact with the wild-type Trxh1 protein, but interaction could
be observed only with a mutant Trxh1.g that lacked the second cysteine
in its catalytic domain. In contrast, in the present study, the wild-type
Alr3183 protein readily interacted with the immobilized TrxA. During
the reaction cycle, for regenerating the free thiol form of C,, the oxi-
dized Prx has to interact with TrxA (for reduction), and once reduced,
Prx has to dissociate from TrxA, so that Prx can undergo the next round
of reaction [11]. The purified Alr3183 protein (which exists in oxidized
state), showed enhanced association with TrxA as compared to the Al-
r3183 protein that was reduced with DTT (Fig. 4B) Thus, reduction of
Alr3183 appears to decrease its ability to interact with TrxA, which in
turn may facilitate the dissociation between the two once the disulfide
bond exchange has occurred.

The Alr3183 lacking the C, (Alr3183C51S) also functions as a per-
oxidase, albeit poorly. Similar to Alr3183C51S, the C, mutants of PrxQ
from Poplar or Rhodobacter sphaeroides also dimerize and show perox-
idase activity. All the PrxQ homodimers that lack the resolving cys-
teine are suggested to form an atypical active site that contains the
two peroxidatic cys-

teine residues [44]. It should be noted that Alr3183C51S requires higher
concentration of TrxA to show detectable peroxidase activity in vitro
(Fig. 3). Interestingly, the Alr3183C51S (or Alr3183CDM) that lack C,
show decreased ability to interact with TrxA than the wild-type Alr3183
protein or the Alr3183C46S, which have C, (Fig. 4). Taken together,
these two aspects underscore the importance of C, for promoting in-
teraction between Alr3183 and TrxA for efficient peroxidase function.
The presence of C, appears to facilitate the recruitment of TrxA, which
would rapidly reduce the oxidized cysteines, consequently speeding up
the reaction.

Why does Anabaena encode so many PrxQ proteins? The presence
of multiple PrxQs in Anabaena, apparently catalyzing similar reactions,
may not be a case of redundancy. A particular PrxQ may be induced
in response to a specific stress in Anabaena. For example, All2375
alone is induced by NaCl and diamide whereas Alr2503, All2375 and
AllI2556 are all induced by tert-butyl hydroperoxide, but Alr3183 is
not [10]. Among the various stresses/oxidizing agents tested, the Al-
r3183 protein was induced in response to gamma radiation. Ionizing
radiation such as gamma radiation not only causes double stranded
breaks (dsbs) in DNA, but also causes oxidative
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stress. Along with other ROS, exposure to gamma radiation also leads to
the formation of H,0, and lipid peroxides [2], both of which are sub-
strates of Alr3183 [10]. Moreover, reduced growth of the AnAS3183
strain in response to 3 kGy gamma radiation (Fig. 5) does argue for a
role of Alr3183 in overcoming oxidative stress. Interestingly, Alr3183
expression was also observed when Anabaena PCC 7120 was exposed
to mitomycin C, an agent that causes DNA double strand breaks (dsbs)
(Suppl. Fig. 6), suggesting an apparent link between expression of Al-
r3183 and formation of DNA dsbs. However, desiccation, another stress
causes DNA dsbs [38] failed to induce Alr3183 in Anabaena. These re-
sults indicate that regulation of Alr3183 is more complex and may not
depend solely on DNA damage or ROS levels.

In particular, the filamentous strains of cyanobacteria, including An-
abaena, are very sensitive to the oxidative effects of H,O, [23,5]. Under
normal (i.e. unstressed) conditions, Anabaena shows very poor catalase
expression and no catalase activity can be detected on zymograms [5].
In fact, H,0, and methyl viologen also fail to induce catalase expression
in Anabaena. As Anabaena shows a preponderance of genes that encode
Peroxiredoxins, it is believed that these may be the proteins that de-
fend Anabaena from peroxides such as H,0,. H,0, and methyl-viologen
both induce Alr4641 & All1541, but do not elicit production of Alr3183
in Anabaena PCC 7120. Likely, Alr4641 and All1541 (but not Alr3183)
could be the principal players that protect cell from H,O, under normal
physiological conditions. However, it should be noted that induction of
Alr4641 or All541 that normally occurs in response to externally added
H,0, is not adequate to protect Anabaena from its toxicity. Addition of
as little as 1 mM of H,0, causes rapid degradation of chlorophyll a, re-
sulting in complete collapse of Anabaena cultures and cell death (Fig. 6).
However, if Alr3183 is over-expressed in Anabaena, cells are protected
from the damaging consequences of H,0,, both under nitrogen-supple-
mented as well as nitrogen-deficient conditions. Unlike the wild-type,
on exposure to H,0,, the An3183 " strain showed substantially reduced
ROS formation, lower damage to pigments and consequently, the cells
remained viable (Fig. 6).

Although known to function primarily as peroxidases, Prxs are now
known to be involved in redox signalling [17] or function as chaper-
ones [25,7] or phospholipases [31]. In fact, the phospholipase or the
chaperone activity of Prxs has been shown to be independent of the cat-
alytic cysteine residues. To exclude the possibility that Alr3183 would
mediate its protective effect (against H,0,) independent of the peroxi-
dase activity, the Alr3183C46S protein (that lacks the peroxidase activ-
ity) was over-expressed in Anabaena. Like the wild-type strain, the Al-
r3183C46S™* strain was also very susceptible to H,O,. This conclusively
demonstrates that the in vivo peroxidase activity of Alr3183 is absolutely
essential to protect Anabaena from the lethal effects of H,0,.

In conclusion, Alr3183 is a monomeric, TrxA-dependent peroxidase
whose C, and C,, form an intramolecular disulfide bond. The presence of
both C; and C, prohibits intermolecular disulfide bond formation, but,
if either of the catalytic cysteine is absent, the protein becomes dimeric
due to formation of intermolecular C,-C;, or C,-C, linkages. C, is essential
for reacting with the peroxidatic substrate whereas the presence of C,
appears to improve the protein's capability to interact with TrxA. In vivo,
Alr3183 was found to be a stress-inducible protein whose synthesis was
upregulated by y-radiation. Over-expression of Alr3183 protected An-
abaena from oxidative stress in nitrogen-supplemented as well as nitro-
gen-deficient conditions, indicating the potential of An3183" to func-
tion as stress-resilient biofertilizer.

4. Materials and methods
4.1. Organism and growth conditions

Axenic Anabaena PCC 7120 cultures were grown in BG-11 liquid
medium (BG-11/N*, pH 7.2-7.4) containing combined nitrogen
(17 mM NaNO3) ([9] under continuous illumination (30 pmol photons
m~2s~1) with shaking (100 rpm) or as a still culture at 27 °C+2 °C.

Growth was assessed
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as increase in the content of chlorophyll a per ml of culture vol-
ume [30], whereas viability was verified by determining the ability of
cells to grow on BG-11 agar plates. Escherichia coli cells were grown
in Luria-Bertani (LB) medium in the presence of appropriate antibi-
otics at 37 °C with shaking at 150 rpm. The antibiotics used were
10 pg neomycin ml~! (Nm,) in BG-11 liquid media, 25 pg neomycin
ml~! (Nmys) in BG-11 agar plates for the recombinant Anabaena PCC
7120 and 34 pg chloramphenicol ml~! (Cms,), 50 pg kanamycin ml~!
(Kansg) or 100 pg carbenicillin ml~? (Cb,q) for E. coli. The E. coli and
Anabaena strains and plasmids used in the study are indicated in Supp.
Table 1.

4.2. Cloning of alr3183, alr3183C46S, alr3183C51S and alr3183CDM
(cysteine double mutant i.e. alr3183C46S&C518S) into pET16b

The alr3183 ORF was PCR amplified using gene-specific primers,
alr3183fwd and alr3183rev (Supp. Table 2), employing Anabaena PC-
C7120 chromosomal DNA as template. The 462-bp PCR product was di-
gested with the restriction enzymes Ndel and BamHI and cloned into
similarly digested pET16b to obtain pET3183 (Supp. Table 1). The
pET3183 insert was sequenced to confirm the sequence integrity of the
cloned alr3183 gene.

A point mutation leading to the substitution of Cys codon (AGA), of
Cys-46 or Cys-51, or both (i.e. Cys-46 and Cys-51) to Ser codon (GGA)
was introduced into the ar3183 ORF by PCR- based site-specific muta-
genesis using overlapping PCR. A two-step PCR using oligonucleotide
primers (Supp. Table 2) that contained mismatched bases at the desired
location and the pET3183 DNA (template) was performed. The two PCR
products that overlapped in the DNA sequence containing the required
mutation were obtained. Subsequently, these fragments were mixed to-
gether, denatured by heating and allowed to anneal. Subsequently, the
annealed fragments were re-amplified with alr3183 fwd/rev primers, re-
sulting in the formation of the full-length alr3183C46S or alr3183C51S.
These were sub-cloned into pET16b to give rise to pET383C46S and
pET3183C51S respectively. For constructing alr3183CDM, primers em-
ployed to generate the alr3183C51S fragment were used to amplify
pET3183C46S DNA in the two step PCR. All the above fragments were
cloned into pET16b at the Ndel and BamHI restriction sites, sequenced
to confirm the presence of the desired mutation.

4.3. Overproduction and purification of the various Alr3183 proteins

Overproduction and purification of the His-tagged Alr3183, Al-
r3183C468S, Alr3183C51S Alr3183CDM proteins from E. coli BL21pLysS
was performed by affinity chromatography using a Ni-NTA (Ni2*-Ni-
trilotriacetate) matrix as described previously [3]. The purified Alr3183
protein was also used to immunize rabbits for generating specific an-
tiserum. The primary and booster immunizations and collection of the
antiserum were performed at a commercial facility (Merck, India).

4.4. Protein electrophoresis, Western blotting and immunodetection

After induction with IPTG, E. coli BL21 (DE3)/pLysS cells over-ex-
pressing any of the above-mentioned proteins were lysed in Laemm-
li's sample buffer [26], protein extracts were resolved on SDS-polyacry-
lamide (14%) gels and stained with Coomassie brilliant blue (CBB).
Total cellular proteins from Anabaena were extracted using Laemmli's
buffer and electrophoretically separated as described above. When re-
quired, proteins were electroblotted onto nitrocellulose membrane by
electroblotting at 300 mA for 3 h. Subsequently, the blot was allowed
to cross-react with the Alr3183 antiserum (1:5000) or the anti-poly-
histidine antiserum (1:5000) for 16 h. After washing the primary an-
tibody, the blot was incubated with appropriate secondary antibody
linked to alkaline phosphatase and the colour reaction carried out
with the chromogenic substrate, nitro blue tetrazolium chloride/
5-bromo-4-chloro-3-indolyl phosphate toluidine salt (NBT/BCIP), stock
solution (Roche).
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4.5. Peroxidase activity assay

For the DTT-dependent peroxidase assay, a reaction mixture (1 ml)
containing 50 mM Hepes/NaOH buffer (pH 7.0) and the desired con-
centrations of Prx proteins were pre-incubated with DTT (3 mM) for
10 min at 37 °C, followed by the addition of H,0, (200 yM). The resid-
ual H,0, remaining in tubes was measured with the peroxoquant kit
(Thermo Scientific). The amount of residual H,0O, remaining in the re-
action was calculated from a standard calibration curve prepared us-
ing known concentrations of H,0,. For GSH-dependent peroxidase ac-
tivity, the typical reaction mixture contained 50 mM HEPES/NaOH (pH
7.0), NADPH (0.25 mM), glutathione reductase (GR, 0.2 uM), 1 ug of
purified Alr3183 protein and GSH (5 mM). The reaction was started by
the addition of 200 uM H,0, and the decrease in the absorbance of
NADPH (at 340 nm) was monitored. The TrxA-dependent peroxidase ac-
tivity of various Alr3183 constructs was measured by monitoring the de-
crease in absorbance of NADPH at 340 nm using E. coli TrxA (1-5 pM,
Sigma T0910) and H,0, (200 M) as the substrate. For calculation of ki-
netic parameters, the reaction was started by the direct addition of H,0,
(ranging from 5 to 250 xM) and the activity was monitored for 5 min. A
molar absorption coefficient of 6220 cm~! M~ for NADPH was used to
calculate the enzyme activity [10].

4.6. Modification of the proteins with AMS
(4-acetamido-4-maleimidylstilbene- 2,2-disulfonate)

The purified Alr3183 protein was incubated in a reaction mixture
containing, 10 mM DTT or 2 mM H,0, at 20°C for 20 min. The pro-
tein was precipitated with 10% TCA and dissolved in 20 ul of a freshly
prepared solution containing 1% SDS, 50 mM Tris/HCI (pH 7.5) and
15 mM of AMS. Proteins were initially incubated with agitation at 20 °C
for 30 min after which they were transferred to 37°C for 10 min. Fi-
nally, proteins were resolved on SDS/PAGE (14% gel) under non-reduc-
ing conditions and visualized by staining with CBB (Coomassie Brilliant
Blue).

4.7. Gel-exclusion chromatography

Oligomeric status of Alr3183 and its cysteine mutants was deter-
mined by gel permeation chromatography employing the Superdex-200
gel-exclusion column with a bed volume of 24 ml (GE health care, UK).
Bovine serum albumin (66 kD), Carbonic anhydrase (29 kD), and Cy-
tochrome C (12.4 kD) were used as protein standards. Approximately
250 pl (concentration of 1 pg/pl) of each of the protein was individually
passed through the column at a flow rate of 0.6 ml per min.

4.8. Dynamic light scattering

Hydrodynamic size of Alr3183/Alr3183C46S/Alr3183C51S was de-
termined by dynamic light scattering (DLS) using the instrument,
Malvern Zetasizer, nanoseries. Individual proteins (0.4 pg/pl in 20 mM
Tris, pH 8), were analyzed in 1 ml cuvettes supplied with the machine.

4.9. CD-spectropolarimetry

For CD spectral analysis, the purified proteins were dialyzed against
a buffer containing 20 mM Tris-Cl (pH 8), and CD spectra in the far-UV
(190-250 nm) and near-UV (230-350 nm) region were recorded on a
Jasco J-720 spectropolarimeter using cylindrical quartz cuvettes of path
length 1 and 10 mm respectively. Each spectrum represents the aver-
age of five successive scans performed at a scan speed of 20 nm/minute.
Appropriate baseline subtraction and noise reduction analysis were per-
formed.
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4.10. Surface plasmon resonance (SPR) analysis

Surface plasmon resonance analysis with a bare gold sensor chip
was performed using the Autolab Esprit SPR system. At 20 °C, about
200 response units of TrxA was loaded onto the bare gold chip em-
ploying the EDC-NHS chemistry (Autolab ESPIRIT User manual SPR)
followed by extensive washing with buffer H (20 mM Tris, 100 mM
NaCl, pH 7.5). The Alr3183/Alr3183C46S/Alr3183C51S/Alr3183CDM
proteins were injected separately onto the TrxA-bound sensor chip at
33.3 ul min~! flow rate in independent experiments. The Alr3183 pro-
teins were allowed to interact with the immobilized TrxA for 300 s be-
fore washing off with buffer H containing 0.1% SDS. The Alr3183 pro-
tein was reduced with DTT (20 mM) in the above-mentioned buffer
for 1 h and the excess DTT was subsequently removed by dialysis. The
DTT-reduced protein was also allowed to interact with the immobilized
TrxA. The data were processed using Autolab kinetic evaluation soft-
ware (V5.4) provided with the instrument.

4.11. Construction of pAM3183, pAM3183C46S and pAMAS3183 and
their transfer to Anabaena PCC 7120

The ~0.47 kb alr3183/alr3183C46S DNA fragment from pET3183/
pET3183C46S was subcloned as a Ndel-BamHI fragment, downstream
of the strong Pp,,4; promoter, into pFPN [13] to give rise to pFPN3183
or pFPN3183C46S respectively. For expressing antisense alr3183 in An-
abaena, the alr3183 ORF was cloned in the antisense orientation (us-
ing Alr3183ASFwd and Alr3183ASRev primers), downstream of the
Ppgpa; promoter, in pFPN (pFPNAS3183). The alr3183/alr3183C46S/al-
rAS3183 DNA fragment along with the P,,; promoter was transferred
as a Sall-Xmal fragment to appropriately digested E. coli/Anabaena shut-
tle vector pAM1956 (Yoon and Golden, 1998) to obtain pAM3183 or
PAM3183C46S or pAMAS3183. The various constructs were individu-
ally conjugated into Anabaena PCC 7120 using a conjugal E. coli donor
[HB101(pRL623 + pRL443)] [18] which has the Aval/Avall methylase
encoding plasmid (pRL623) and the conjugal plasmid (pRL443). Excon-
jugants were selected on BG-11/N" plates containing neomycin (25 ug/
ml) and repeatedly subcultured. The transformed Anabaena strains thus
obtained (designated An3183* or An3183C46S* or AnAS3183) were
maintained on BG-11/N* plates containing neomycin.

4.12. Stress tolerance of An3183" and An3183C46S™

Three-day-old Anabaena cultures of the wild-type Anabaena PCC
7120 (WT) as well as An3183* were inoculated in a fresh growth
medium at a chlorophyll a density of 2-4 ug ml~! and subjected to
H,0, (1 mM) stress in tubes (without shaking) under illumination for 2
days. Growth of cultures was monitored by measuring the chlorophyll a
content of cultures [30]. Radiation experiments were performed as de-
scribed by [38]. For post-irradiation recovery, the cultures were rein-
coulated into a fresh medium at chlorophyll a density of 2 pg ml~! and
their growth was measured as described above.

4.13. Estimation of total ROS content of the whole cells using DCHFDA dye

Total ROS content of the cells were estimated using DCHFDA
(SIGMA Aldrich, USA). Briefly 1 ml of cells were taken in 1.5 ml tubes
and DCHFDA was added at final concentration of 10 uM and incubated
at 37°C for 1 h, in dark and shaking at 150 rpm. After 1 h of incubation,
florescence was estimated in triplicates (A, =490 nm, A, =520 nm).

4.14. Analytical procedures and bioinformatic analysis

Protein concentrations were determined by a modified Lowry
method (Total Protein Kit, Sigma Cat. No. TP0300) using bovine serum
albumin as standard. Amino acid sequence was analyzed using BLAST
(http://blast.
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ncbi.nlm.nih.gov/blast) or SMART (http://smart.embl-heidelberg.de/
) algorithms [1,37]. Multiple sequence alignment was performed with
the Clustal W software available at www.ch.embnet.org/software/
ClustalW.html.
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