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Abstract To defend against the lethality of the reactive oxygen
species (ROS), nature has armed microorganisms with a range
of antioxidant proteins. These include peroxiredoxin (Prx) su-
per family proteins which are ubiquitous cysteine-based non-
heme peroxidases. The phytopathogenic bacterium Candidatus
Liberibacter asiaticus (CLA), an etiological agent of citrus
plants diseases, posses many genes for defense against oxida-
tive stress. The bacterioferritin comigratory protein (BCP), a
member of Prxs, is part of an oxidative stress defense system
of CLA. The key residue of these enzymes is peroxidatic Cys
(termed CPSH) which is contained within an absolutely con-
served PXXX (T/S) XXC motif. In the present study, a 1-Cys
Prx enzyme (CLa-BCP), having CPSH/sulfenic acid cysteine
(C-46) but lacking the resolving cysteine (CRSH), was charac-
terized from CLA. The peroxidase activity was demonstrated
using a non-physiological electron donor DTT against varied
substrates. The protein was shown to have the defensive role
against peroxide-mediated cell killing and an antioxidant activ-
ity. In vitro DNA-binding studies showed that this protein can
protect supercoiled DNA from oxidative damage. To the best of
our knowledge, this is the first report on a 1-Cys BCPs to have
an intracellular reactive oxygen species scavenging activity.
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Introduction

The reactive oxygen species (ROS) participates in free rad-
ical reactions that causes oxidative damage to DNA, pro-
teins, and lipids (Halliwell and Gutteridge 1999; Storz and
Imlayt 1999). The peroxiredoxins (Prxs) are thiol-specific
antioxidant proteins known to play an important role in
ROS detoxification (Chae et al. 1994a; Chae et al.
1994b). They exhibit thiol-dependent peroxidase activity
against various peroxide substrates using thioredoxin and
other thiol-containing reducing agents as an electron donor
(Bryk et al. 2000; Hofmann et al. 2002). They are classi-
fied into 1-Cys and 2-Cys Prxs based on the number of
cysteine residues involved in catalysis. The 2-Cys Prxs
are further subdivided into typical or atypical types de-
pending upon intermolecular or intramolecular disulfide
bond formation, respectively, between peroxidatic cysteine
(CPSH) and resolving cysteine (CRSH). The 1-Cys Prx
members lack CRSH and are less well characterized
(Chae et al. 1994a; Kang et al. 1998). The bacterioferritin
comigratory protein (BCP), a member of Prx super family,
was originally named for their propensity to comigrate
with the bacterioferritin proteins initially discovered in
Escherichia coli (Neidhardt et al. 1983). The BCPs have
been defined as the most diverse subfamily of Prxs and
designated as the BC^ group by Hoffmann et al. (2002). It
has been further reclassified by Wakita et al. (2007) into
α-group having characteristic conserved CPXXXXCR mo-
tif and β-group without CRSH. The biological importance
of BCPs, from different pathogenic bacteria, was evident
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from the fact that bcp mutant cells become hypersensitive
toward varied peroxide substrates and eventually results in
cell impairment upon aeration (Atack et al. 2008; Bryk
et al. 2002; Johnson et al. 2011; Wang et al. 2005). It has
been cited earlier that Prxs have been associated with cell
proliferation, differentiation, and apoptotic pathways, and
has been implicated as DNA binding protein as well
(Chang et al. 2001; Hicks et al. 2010; Kinnula et al. 2002).

Citrus Huanglongbing (HLB) is a deleterious disease
caused by an α-proteobacterium Candidatus Liberibacter
asiaticus (CLA) that infects citrus plants. It causes exten-
sive economic losses to the citrus industry worldwide
(Jagoueix et al. 1994). The capacity of phytopathogenic
bacteria to multiply in host plant tissues may be due in
part to the ability of these organisms to detoxify H2O2.
The genome analysis of CLA showed that it possesses
many genes for protection against oxidative stress. In
the present work, we have cloned, expressed, purified,
and characterized a 1-Cys peroxiredoxin BCP from CLA
(CLa-BCP). The peroxidase assays showed the ability of
CLa-BCP to act on a wide variety of peroxide substrates.
The cell line-based assays have shown the involvement of
protein in the defense against induced stress. Also, we
have demonstrated the DNA protection activity of the
protein against H2O2.

Materials and methods

Materials

Hydrogen peroxide was purchased from Rankem.
1,4-Dithio-D-threitol (DTT), diethylenetriamine pentaacetic ac-
id (DTPA), Cumene hydroperoxide, DMEM low glucose, and
antibiotic mix (100U/ml of penicillin, 100 μg/ml streptomycin)
were purchased from Himedia, India. Tertiary-butyl hydroper-
oxide (TBHP), NBD-Cl (7-chloro-4-nitrobenzo-2-oxa-1,
3-diazole) and dimedone (5,5-dimethyl-1, 3 cyclohexanedione)
were purchased from Sigma-Aldrich. Amicon ultra concentra-
tor, Millex syringe filters were from Millipore Corporation
(Billerica, MA). 5,5′-Dithiobis (2-nitrobenzoic acid) (DTNB)
was purchased from Cayman chemicals. Thioredoxin (TrxA)
was cloned from CLA genomic DNA and purified. Dialysis
membrane with 3500 Da cut-off was purchased from Pierce
(Rockford, USA). Hiload superdex200 16/60 columns were
procured from GE Healthcare. All cell culture reagents and
fluorescent probe DCF-DA were purchased from GIBCO
(Invitrogen, USA). Adenocarcinoma breast cancer cells
(MCF-7), fibroblast-like cell line (COS-7), and mouse mesen-
chymal stem cells (C3H10T1/2) were all obtained from the
National Centre for Cell Science (NCCS) Pune, India. Then,
96-well plates were procured from Corning (NY, USA).

Bioinformatic analysis of CLa-BCP

Sequence search was carried out using the BLASTsearch tool
at the NCBI website (http://www.ncbi.nlm.nih.gov/). Multiple
sequence alignments were made using ClustalW Web server
(http://www.ebi.ac.uk/Tools/msa/clustalw2/) taking default
parameters. For phylogenetic tree generation, sequences
were submitted to open access Phylogeny.fr online server
(http://www.phylogeny.fr). Upon execution, the programs
connect various programs and reconstruct a phylogenetic
tree. In Bdefault^ mode, it uses Muscle (v3. 7) program for
multiple alignments, Gblock (v0.91b) algorithm for removing
the ambiguous region in the alignment (Dereeper et al. 2008
b), phylum program (v3.1/3.0 aLRT) for phylogeny analysis
using the maximum likelihood method, and TreeDyn (v198.
3) for constructing the tree (Dereeper et al. 2008a).

Cloning, expression, and purification of CLa-BCP

The genomic DNA of CLA was isolated from HLB infected
sweet orange plants (Citrus sinensis) at Nagpur, Maharashtra.
PCR amplification of 16S rDNAwas carried out using primers
OI1/OI2c to confirm the presence of the genomic DNA
(Jagoueix et al. 1996). The BCP gene (GenBank:
ACT56685.1, originally annotated as BCP gene) was amplified
by PCR using CLA genomic DNA. The forward (5′-AATA
CATATGACATCTTTATCTGTGGGAGAC-′3) and reverse
(5′-AATACTCGAGTTATTGTTTTAAGGATTTTACC-′3)
primers containing restriction sites, enabling ligation into
NdeI/XhoI digested pET-TEV vector (Novagen EMD
Biosciences, Inc., Merck) were used. The resulting vector,
pET-TEV-CLa-BCP, encodes the wild-type protein with an
N-terminal His tag. The optimal over expression of the recom-
binant CLa-BCPwas achieved heterologously in E. coliRosetta
after 5 h of growth in the presence of 0.2 mM IPTG at 18 °C.
The pellets containing N-terminal His-tagged overexpressed
protein was suspended in start buffer (20 mM Tris-HCl buffer
(pH 8.8) containing 0.3 M sodium chloride, 5 mM imidazole,
and 2 mM phenylmethyl sulfonyl fluoride), and was purified to
homogeneity using Ni-NTA affinity chromatography. The pro-
tein was further purified by gel filtration using superdex-200
column. The purity of the protein and approximate molecular
weight determination was done on a 12% SDS-PAGE under
both reducing and non-reducing conditions. The size-exclusion
column was calibrated with gel filtration LMW calibration kit
containing ferritin (440 kDa), aldolase (158 kDa), conalbumin
(75 kDa), ovalbumin (43 kDa), carbonic anhydrase (29 kDa),
ribonuclease A (13.7 kDa), and aprotinin (6.5 kDa) for construc-
tion of the standard curve and estimation of molecular weight of
the purified protein. The purified protein was stored in 20 mM
Tris-HCl buffer (pH 8.8) in its reduced form. Protein concentra-
tion was determined spectrophotometrically at 280 nm
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( 280 = 18450 M
−1 cm−1) using the Prot Param tool available on

line (Gasteiger et al. 2003).

Determination of free thiol content in CLa-BCP

Free sulfhydryl content in CLa-BCP, in its reduced form, was
estimated spectrophotometrically at 412 nm using DTNB;
5,5′-dithiobis (2-nitrobenzoate) or Ellman’s reagent (Riddles
et al. 1979). The Ellman cited extinction coefficient values
ranging from 11,400 to 14,150 M−1 cm−1 for TNB dianion
depending on the buffer and chaotropic agents used in a reac-
tion mixture. DTNB is a symmetrical aryl disulfide which
readily undergoes the thiol-disulfide interchange reaction in
the presence of a free thiol. The TNB2− has a relatively intense
absorbance at 412 nm compared to both disulfides. DTT stan-
dards were made (0, 5, 10, 15, 20, and 30 μM). The protein
was pre-reduced with 2 mM βME and 5.0 eq of natural re-
ductant partner thioredoxin, TrxA. It was dialysed against
20mMTris-HCl, pH 8.8 to ensure removal of excess reducing
agent. For oxidized form, the CLa-BCP was treated with
1.2 eq of hydrogen peroxide. All thiol assays were done in
1.0-ml volumes containing adequate protein to give A412 values
between 0.5 and 1.0. The stoichiometry of the reaction was
calculated using the extinction coefficient of 14150 M−1 cm−1.
For calculation of the free thiols group, the dilution factor and
volume used in reaction were taken into consideration.
Therefore, we have used the formula, including all parameters:
[sulfhydryl concentration in μmole per ml] = [total reaction
volume] × [1 L/1000 ml] × [c] (calculated from c = A/bε)
present in the assay solution, but original contribution by sample
volume was calculated as follows: [concentration of free sulfhy-
dryl present in the sample used] = [Moles/reaction volume ×
1000 ml/1 L]. The presented values are representatives of three
replicate assays.

Determination of peroxiredoxin activity with xylenol
orange assay

The detoxification ability of CLa-BCP toward hydrogen per-
oxide substrate was determined by utilizing the xylenol or-
ange reagent (Table 1). It is based on the basic principle which
involves complex formation of the dye with the peroxide

substrate that can be measured spectrophotometrically at
560 nm (Lee et al. 2015; Lim et al. 1993). In first reaction,
the activity of CLa-BCP was determined by measuring the
decrease in A560 based on the amount of protein present in
0.1 ml of reaction mixture. The peroxidase reaction of
CLa-BCP protein was started by the addition of hydroperox-
ide (100 μM). After incubation at 37 °C for 20 min, 0.9 ml of
xylenol reagent was added and concentration of remaining
peroxide was determined by measuring the absorbance at
560 nm. The value was corrected for background reduction of
the substrate in the absence of the CLa-BCP. The assay typically
contained 2 mMDTT, 1 mM azide, 0.1 mM diethylenetriamine
pentaacetic acid (DTPA) and 100 μM of peroxide in 20 mM
Tris-HCl (pH 8.8). Theworking reagent was routinely calibrated
against solutions of H2O2 with known concentrations. The re-
maining hydroperoxide concentration, i.e., consumption due to
the enzymatic reaction, was determined by subtracting the non
enzymatic reaction that occurs in the absence of protein from the
enzymatic reaction of protein. In order to identify the sulfenic
acid intermediate of protein (S-OH group) on reaction with hy-
droperoxide, the protein was pre-treated with 1000 eq of
dimedone (sulfenic acid modifying agent), and the reaction
was commenced by adding 200 μM hydrogen peroxide sub-
strate after different time points (0, 2, 4, 6, 8, 10, 12, 14 min);
the remaining H2O2 level was determined as described above.
The procedure of dimedone inactivation and determining the
remaining concentration of hydroperoxide was adopted from
Horta et al. (2010).

Circular dichroism studies

Far-UV CD (240–190 nm) studies of CLa-BCP were carried
out. The secondary structure analysis of the protein was car-
ried out in both reduced and oxidized states. The protein, in
reduced condition, was dissolved in 0.02 M potassium phos-
phate buffer, pH 8, and then subjected to CD using
Chirascan™ CD Spectrometer (Applied Photophysics, UK)
for acquiring spectra. The CD spectra were generated using
a 0.1-cm path length cuvette. The CD data were expressed in
terms of mean residue ellipticity. The assays were carried out
at room temperature, and the spectra were presented as an
average of three scans recorded from 190 to 240 nm. The
CD studies, for oxidized state, were carried out after treatment
of CLa-BCP with 1.2 eq of hydrogen peroxide at room tem-
perature for 10 min. The CD analysis, at increasing tempera-
tures, was performed to determine the conformational stability
of the protein.

DTT-linked peroxidase assay

The dithiothreitol (DTT)-linked peroxidase assay of purified
CLa-BCP was performed, with slight modifications, as de-
scribed by Atack et al. (2008). The reaction mixture contained

Table 1 Components of xylenol orange reagent

Component Working concentration (mM)

Butylated hydroxytoluene 4

H2SO4 (pH −1.6) 250

Fe (NH4)(SO4)2 2.5

Xylenol orange 1.25

The components of the working reagent containing the dye xylenol or-
ange were added in the following order
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20 mM Tris-HCl (pH 8.8), 1 mM EDTA, 2 mM DTT, and
2 mM peroxide substrates (hydrogen peroxide, cumene hy-
droperoxide, TBHP) with different concentrations of pure pro-
tein (1, 2, 5, 10 μM) in a total volume of 1 ml at room tem-
perature. The reaction was started by the addition of the sub-
strate, and the absorbance was monitored at 310 nm. A second
set of reactions were carried out with varying substrate con-
centrations at a fixed concentration of 1 μM of protein. The
assay was carried out in triplicate to avoid ambiguity of the
empirical approach and the results as well.

Chemical modification study of CLa-BCP

It has been reported that the functional cysteine of 1-Cys Prxs
exists in the form of sulfenic acid (Cys-SOH) as a catalytic
intermediate and can be easily reduced to Cys-SH by DTT as
reported for ORF6 and NADH peroxidase belonging to TSA/
AhpC family (Choi et al. 1998; Kang et al. 1998; Parsonage
et al. 1995). To know the reactivity of functional cysteine
residue and formation of Cys-SOH as a reaction intermediate,
the CLa-BCP was treated with NBD-chloride (a sulfenic acid
modifying agent) according to previously described protocols
(Clarke et al. 2009; Ellis and Poole 1997; Monteiro et al.
2007). The protein was pre-treated with DTT (10 mM) over-
night in the reaction buffer (20 mM potassium phosphate
buffer pH 8.0) having DTPA to avoid metal-catalyzed pro-
gressions. After removing excess DTT through dialysis, re-
duced protein was treated with 10 equimolar NBD-Cl or 1000
equimolar of dimedone. Similarly for oxidation process,
CLa-BCPwas treated with 10 mM of H2O2 through overnight
dialysis at 4 °C. Protein was further dialysed against buffer
having no H2O2 for about 3 h to ensure removal of excess
H2O2. Then, the subsequent oxidized sample was treated with
10 eq of NBD-Cl or 1000 eq of dimedone.

Fluorescence spectroscopy of CLa-BCP

The tryptophan fluorescence study was performed to examine
the redox state-dependent conformational transitions in
CLa-BCP. The purified protein (50 μg mL−1) in 0.02 M phos-
phate buffer, pH 8.0 was filtered through 0.45 μm Millex
syringe filter. Protein was excited at 280 nm and emission
wavelength spectra were recorded at 290–400 nm using
Fluorolog®-3 spectrofluorometer Jobin Yvon Inc. (USA) at
constant temperature. Emission slits were at 5 nm, and quartz
cuvette of 1-cm path length was used. The samples were re-
duced with 2 mM DTT and oxidized with 10 mM H2O2. An
appropriate blank with 2 mM DTT was subtracted from the
reduced CLa-BCP spectrum.

The unfolding of the protein was carried out at a range of
urea (2–8 M). Blanks were prepared for each data point and
further subtracted from the fluorescence of the protein sample.
Modification studies have also been carried out using

N-ethylmaleimide (NEM) an alkylating reagent, NBD-Cl
(7-chloro-4-nitrobenzo-2-oxa-1, 3-diazole), and dimedone
(5, 5-dimethyl-1, 3 cyclohexanedione) thiol modifying
sulfenic acid reagents.

DNA protection assays

The ability of CLa-BCP to protect super coiled plasmid DNA
against oxidative damage was determined by a slightly mod-
ified method of Hicks et al. (2010). Briefly, super coiled
pBR322 (100 ng) was mixed with the protein (8 μM). H2O2

was added to a final concentration of 6 mM, and the resulting
20 μl mixture was incubated for 90 min at 37 °C. A DNA
super coiling assay based on thiol-dependent metal-catalyzed
oxidation system was also performed as described by Rho
et al. (2006). pBR322 DNA (100 ng) was mixed with 5 mM
DTT, 15 μM FeCl3, and 20 μM of protein in 0.02 M
HEPES-NaOH (pH 7.0) buffer, and incubated for 30 min at
37 °C. The reaction was stopped by adding EDTA to a final
concentration of 50 mM. For positive control, EDTAwas added
prior to starting the reaction. Reactions were immediately ana-
lyzed by electrophoresis on ethidium bromide-stained 1.0% (wt/
vol) agarose gels. The control reaction experiments were carried
out in the absence of protein, only DNA, DNAwith H2O2.

Protection against apoptosis

Cell culture and treatment

The cell lines were grown in DMEM low glucose supplement-
ed with 10% heat-inactivated fetal bovine serum and 1% an-
tibiotic mix (100 U/ml of penicillin and 100 μg/ml streptomy-
cin) at 37 °C in incubator with a humidified atmosphere of 5%
CO2. The cells were subsequently treated with H2O2 at con-
centrations ranging from 0.5 to 100 μM for 16 h and after-
wards examined for cell viability using MTT assay.
Accordingly, 100 μM concentration of H2O2 was selected
for this study.

Cell viability assay

The cell viability was estimated by MTTassay, which is a test
of normal metabolic status of cells (Mosmann 1983). In brief,
both COS-7 andMCF-7 cells were plated at seeding density of
5 × 103 in 96-well plates and grown under a humidified atmo-
sphere. When the cells were proper confluent, they were treat-
ed with different concentrations of CLa-BCP protein (20 μl of
1 mg/ml), and further incubated for 30 min. After that,
100 μM of H2O2 was added to the cell culture medium, and
incubated for another 24 h at 37 °C. Then, 20 μl of 10 mg/ml
MTTwas added to the cultures and incubated for another 4 h
at 37 °C. TheMTT-containingmediumwas then aspirated and
100 μl of DMSO was added to solubilize the water-insoluble
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formazan. The absorbances were recorded on a FLUOstar
optima microplate reader (BMG Labtech, Germany) at
570 nm. The optical density of the formazan generated in
the control cells was considered to represent 100% viability.
The data are expressed as mean percentages of the viable cells
versus the respective controls.

Determination of intracellular ROS by DCFH-DA

The intracellular ROS scavenging activity of protein was car-
ried out using an oxidant-sensitive fluorescent probe DCF-DA
(2′,7′-dichloro-dihydrofluorescein diacetate) (Xiudong and
You-Jin 2011). DCF-DA gets hydrolyzed by intracellular es-
terase and converted to non-fluorescent DCFH which is then
oxidized to highly fluorescent DCF. DCFH-DA method was
followed for the detection of intracellular ROS as previously
described by Rosenkranz et al. (1992). Briefly, the C3H10t1/2
and MCF-7 cells were seeded in 48-well plates at a concen-
tration of 1 × 105 cells/ml. After 16 h, the cells were then
treated with effective concentrations of the recombinant pro-
tein, and incubated at 37 °C under a humidified atmosphere.
After 30 min, 100 μM H2O2 was added, and the cells were
incubated for another 30 min. Finally, DCFH-DA (at a con-
centration of 5 μg/ml) was introduced to the cells. Images of
control and treated groups were observed under the fluores-
cent microscope (Axiovert 25, Zeiss, Germany). Fluorescent
intensities of images from three independent experiments
were quantified using ImageJ software (NIH, USA).

Results

Sequence analysis of CLa-BCP

The BLAST similarity search against the nr and pdb database
showed that CLa-BCP belongs to Prx (a thiol peroxidase)
family proteins. Since the CLa-BCP contains a single cysteine
residue, it can be referred to as a 1-Cys Prx. In general, mul-
tiple sequence alignment (MSA) showed maximum sequence
identity (ranging from 76 to 55%) with Prxs (both 1 and
2-Cys), particularly to alkyl hydroperoxide reductase
(AhpC) from various pathogenic bacteria. All of them possess
conserved active site residue commonly referred to as
peroxidatic cysteine residue (at 46th position in case of
CLa-BCP) along with conserved catalytic triad (Y) Tyr, (P)
Pro, (K) Lys (Fig. 1). Besides the catalytic triad, the most
significant feature of this alignment is the presence of con-
served PXXX (T/S) XXC motif with strictly conserved resi-
dues, particularly consensus sequence (GCT) surrounding the
unique active Cys among known Prxs (Fig. 1). Phylogenetic
analysis showed that CLa-BCP is closely related to BCPs
(Prx) from different organisms, which includes Candidatus
Liberibacter solanacearum (CLso) having single cysteine

residue and Helicobacter, Campylobacter, and Caulobacter
which are known to have more than 2-cysteine residues.
CLa-BCP is phylogenetically slightly diverged from alkyl hy-
droperoxide reductase (AhpC/TSA) family (ESM 1: Fig. S1).

Purification of the recombinant protein

The purification of CLa-BCP was performed as per stan-
dard well-established purification protocol reported for this
class of proteins (Atack et al. 2008; Clarke et al. 2009;
Declercq et al. 2001; Li et al. 2005; Limauro et al. 2014).
The protein purification was achieved in two steps by af-
finity Ni-NTA followed by desalting of His-tagged purified
protein using size exclusion chromatography (SEC) into
20 mM Tris-Hcl pH 8.8 having 0.3 M NaCl in it. The purity
was confirmed on a 12% SDS-PAGE gel. A single band
corresponding to approximately 19.6 kDa, under both re-
ducing and non-reducing SDS-PAGE, was observed for
CLa-BCP (Fig. 2a). The analysis of purified protein on
SEC column Superdex 200, which needs to be further in-
vestigated in detail, indicated concentration-dependent
oligomerization. At a concentration of 10 mg/ml, a single
peak around 75 ml was observed for CLa-BCP indicating
oligomeric state (Fig. 2b). However, at lower concentration
of protein (5 mg/ml), a peak appeared around 100 ml (ESM
1: Fig. S2a) corresponding to a monomeric state.

Determination of free thiol content of CLa-BCP

To know the state of key catalytic cysteine residue in
CLa-BCP, the free sulfhydryl content was estimated using
DTNB assay. The estimation of thiol content was done for
1 μM of reduced protein. Molar extinction coefficient (ε) of
DTNB at 412 nm used was 14150 M−1 cm−1 defined as fol-
lows: ε = A/bc, where A-absorbance, b-path length in cm, and
c-concentration in moles per liter.

Free sulfhydryl was estimated to be 350 × 10−5 M in 1 μM
of reduced protein. No absorbance was observed in case of
oxidized form of protein. To test if natural reductant partner,
thioredoxin (TrxA), was able to reduce CLa-BCP, the
5-5-dithiobis-(2-nitrobenzoic acid) (DTNB) reduction method
(Limauro et al. 2009) was used. The free sulfhydryl content
was estimated to be 50 × 10−5 M in 1 μM of protein when
reduced with TrxA.

Peroxiredoxin activity using xylenol orange assay

The detoxification of peroxides by Prxs is well established
(Lim et al. 1993; Nelson and Parsonage, 2011). Here, we have
used the easily detectable reagent, the ferrous xylenol reagent,
for estimating the peroxide consumption. This reagent gives
absorbance at 560 nm when complexed with peroxides. We
have performed preliminary experiment to see whether
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CLa-BCP exhibit peroxiredoxin activity or not. The experi-
ment results, with the increased amount of CLa-BCP in reac-
tion, showed remarkable peroxiredoxin activity toward hydro-
gen peroxide in the presence of DTT (Fig. 3a). When Prxs
reacts with oxidizing agent like hydrogen peroxide, the CP group

forms an intermediate termed as sulfenic acid (CPSOH).
Therefore, we have employed the sulfenic acid-specific reagent
dimedone to inactivate the key peroxidatic residue CPSOH and
performed time course experiment. To our surprise, in our case,
there was no dimedone inactivation of CLa-BCP in the presence

Fig. 1 Multiple sequence alignment of Cla-BCP with other
peroxiredoxin subfamily proteins from bacteria. Catalytic triad (Tyr Y,
Pro P, and Lys K) and conserved peroxidatic cysteine are highlighted in
dark gray color and non-conserved cysteine in light gray color. Black
rectangles point to residues residing at the catalytic site, including the
peroxidatic cysteine at position 46 in CLa-BCP. Organisms and their
sequence accession numbers used are as follows: Xanthomonas
campestris (ZP_06490734.1), Candidatus Liberibacter solanacearum
(YP_004063129.1), Agrobacterium tumefaciens (NP_354814.1),

Nitratireductor aquibiodomus (ZP_10235041.1), Brucella melitensis
(NP_539966.1), Bartonella schoenbuchensis (CBI82261.1|), Brucella
sp. NVSL 07-0026 (ZP_06792951.1), Helicobacter pylori (NP_
222845.1), Bacillus subtilis (YP_054574.1), Sinorhizobium meliloti
(NP_385847.1), Caulobacter crescentus CB15 (NP_420678.1),
Rhodobacterales bacterium (ZP_05074732.1), Campylobacter
upsaliensis (ZP_07893129.1), Nitratireductor indicus (ZP_
11157137.1), and Sulfolobus Sulfataricus (pdb|3DRN)
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of DTT or DTT-dependent peroxiredoxin activity (Fig. 3b). The
effect of dimedone inactivation could not be achieved in the
absence of DTT because CLa-BCP was quite stable in its re-
duced formwhich was further confirmed in biophysical analysis.

Peroxidase activity of purified CLa-BCP

The peroxidase assay showed that the CLa-BCP could cata-
lyze peroxide-dependent DTT oxidation (Fig. 4a). The assays
were performed with 10 mM substrate concentration, constant
1 μM protein, and 2 mM reductant DTT. The concentrations
for reductant and substrate were obtained after initial experi-
ments with varying concentrations of both (Fig. 4b). The
CLa-BCP showed considerable peroxidase activity using

non-physiological electron donor DTT by keeping it in high
concentration toward varied organic hydroperoxides.

Circular dichroism studies of CLa-BCP

In order to analyze the structural integrity of CLa-BCP, we
have performed the Far-UV CD (wavelength range from 240
to 190 nm) analysis in the presence of reducing and oxidizing
agents. The data obtained was analyzed using the web-based
DichroWeb software (Whitmore and Wallace 2004), and the
neuronal network program CDSSTR. The CD analysis of
CLa-BCP showed the negative peak at 198 nm showing pre-
dominance of β-sheets (27.9%) with 10.8% α-helical content
and 26.3% turns depicting that it belongs to the ß-group

Fig. 2 a A 12% SDS-PAGE analysis of CLa-BCP: lane 1, supernatant
after sonication loaded onto column; lane 2, wash; lanes 3 and 4, purified
CLa-BCP under reducing condition; lane 5, purified CLa-BCP under
non-reducing condition; and lane 6, molecular weight marker. b Gel
filtration profile of CLa-BCP. Inset: SDS-PAGE profile after gel
filtration: lanes 1, 2, and 3, gel filtration fractions of major peak in
reducing condition; lane 4, molecular weight marker; and lanes 5 and
6, gel filtration fractions of major peak in non-reducing and oxidizing
condition, respectively

Fig. 3 The peroxiredoxin assay of CLa-BCP using ferrous xylenol
reagent. a Removal of H2O2 in DTT-dependent peroxidase assay by
CLa-BCP; the remaining hydroperoxide content was measured using
ferrous xylenol reagent and quantified in triplicate, and results are the
mean ±S.D.U. b Dimedone inactivation of CLa-BCP (BCP1), prior to
the DTT-dependent peroxidase assay CLa-BCP protein treated with
1000 eq of dimedone (closed squares) at room temperature for 30 min.
The reactions were done in a mixture containing 200 μM, 2 mM DTT,
and 5 μM of CLa-BCP at 37 °C. As a negative control, a peroxidase
reaction was performed without CLa-BCP
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(Fig. 5a). Although stable conformation of CLa-BCP was ob-
served in reduced state, a decrease in ellipticity was observed
in the case of oxidized condition (Fig. 5a, b) and reduction in
α-helical content suggesting destabilization of the protein.

The effect of temperature on conformational stability of
CLa-BCP was carried out across a range of temperatures
(40–100 °C). At a higher temperature, the helical content in-
creased from 10.8 to 20.7%, whereas the β-sheets remained
unchanged (Fig. 5c). The protein refolding from higher tem-
perature to RTshowed decreased ellipticity values with 12.1%
α helix and 29.2% of β-sheets (Table 2).

For monitoring the redox changes occurring in conforma-
tion of CLa-BCP, it was over oxidized with H2O2 and subse-
quently reduced with reducing agent 2 mMDTT. The changes
were recorded as CD spectra. A substantial conformational
change was observed due to over oxidation as compared to
reduced form of the protein. The over oxidized CLa-BCP
regained its conformation when it gets reduced with DTT
(ESM 1: Fig. S3).

Chemical modification of key residue

There were reports of 1-Cys Prxs, like in ORF6 and the func-
tional Cys of TSA/AhpC, where active Cys exist in the form of
sulfenic acid (Cys-SOH) as a catalytic intermediate and which

can be easily reduced to Cys-SH by DTT (Choi et al. 1998;
Kang et al. 1998). Therefore, the functional cysteine assay for
CLa-BCP was carried out using NBD-Cl, an electrophilic re-
agent as a trapping agent for sulfenic acid (CPSOH) intermedi-
ate, which gives the characteristic spectral peak at 347 nm for
thiol adduct (Cys-S(O)-NBD) and 422 nm for thioether-linked
adduct (Cys-S-NBD) (Ellis and Poole 1997). When reduced,
CLa-BCP gets oxidized with peroxide treatment followed by
NBD-labeling showed an absorbance maximum from 344 to
349 nm, a signal characteristic of NBD adducts of sulfenic acid
R-SOH (R-S(O)-NBD). It evidently signifies the trapping and
detection of SOH intermediate at C-46, the only Cys in
CLa-BCP protein (Fig. 6a). The absorbance maximum at
420–450 nm for CLa-BCP could be due to the formation of
sulfhydryl adducts (Fig. 6a) (Ellis and Poole 1997). When the
protein was pre-oxidized with peroxide overnight, the predom-
inant peak was at 347 nm clearly indicating the formation of
sulfenic acid intermediate (Fig. 6b). Besides, when the
NBD-Cl-treated CLa-BCP runs on SDS-PAGE, bands of
higher molecular weight were seen (lanes 3 and 5, Fig. 6c).

Fluorescence spectroscopy of CLa-BCP

Fluorescence spectra of Prxs from both prokaryotic and eu-
karyotic organisms are well defined where they exploited the

Fig. 4 DTT-linked peroxidase activities of purified protein. a Each panel
is an absorbance time course at 310 nm (due to oxidized DTT) in the
absence (closed circle) or the presence (closed triangle) of the protein
shown, using proteins CLa-BCP (left column). The reaction mixture
contained 20 mM Tris-HCl (pH 8.8), 1 mM EDTA, 1 μM pure CLa-

BCP, 2 mM DTT, and 2 mM peroxide (hydrogen peroxide, cumene
hydroperoxide, or tert-butyl-hydroperoxide) in a total volume of 1 ml at
37 °C. The reaction was started by the addition of the substrate. b The
reaction mixture with different substrate (hydrogen peroxide)
concentrations ranging from 1 mM to 25 mM (right column)
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possible benefit of measuring Trp fluorescence during oxida-
tion (Hugo et al. 2009; Konig et al. 2003; Trujillo et al. 2007).
The spectrum of CLa-BCP was dominated by tryptophan
emission with a maximum at 341 nm. When CLa-BCP was
exposed to H2O2 (10 mM), decreased intrinsic fluorescence
intensity was seen with no shift in maximum emission wave-
length. This change reverted back upon reduction with 2 mM
DTT and resulted into twofold increase in emission with a
little shift to 344.5 nm (Fig. 7).

In case of modification studies with thiol alkylating and
sulfenic acid trapping reagent (NEM and NBD-Cl), fluores-
cence intensity was not observed (data not shown). Moreover,

when pre-reduced CLa-BCP was treated with an excess of
H2O2 (10 mM), initially there was a quick decrease followed
by a slower increase in protein fluorescence intensity (Fig. 7).

There was a gradual increase in intensity with a shift from
340 to ∼362 nm in the presence of increasing concentration of
denaturant urea, suggesting a gradual unfolding of the protein
consistent with the tryptophan residues accessibility (ESM 1:
Fig. S4a).

DNA protection activity of CLa-BCP from oxidative
damage

The CLa-BCP was tested for DNA protection activity from
oxidative damage by reactive oxygen species (ROS) using
thiol-dependent metal-catalyzed oxidation (MCO) system
(Kim et al. 1985) and direct effect of peroxide using H2O2.

The assay was carried out using supercoiled DNA. The
supercoiled (SC) form was predominant then nicked circular
(NC) when DNA was left untreated. In the presence of H2O2,
the linear form of DNA was observed and both SC and NC
forms disappeared as a result of oxidative damage. An addition
of CLa-BCP to the reactions increased the NC form along with
SC and linear forms of DNA demonstrating the DNA protection

Fig. 5 Far-UV CD studies of
CLa-BCP, in reducing and
oxidizing conditions. a CD
spectra of wild type showing
negative peak at around 198 nm.
b The protein showed decreased
ellipticity in oxidizing condition.
c CD spectra of CLa-BCP at
higher temperature showing
negative peaks at 208 and 223 nm
with decreased ellipticity

Table 2 Temperature analysis of CLa-BCP

Temperature Percent of alpha helix Percent of beta sheets

RT 10.8 27.9

40 11.4 27.7

60 13.4 26.0

80 15.9 26.6

100 20.7 18.7

RT again 12.1 19.2
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activity (Fig. 8a). Appearance of faint linear DNA indicates that
hydroxyl ions have been generated fromUV-photolysis of H2O2

as a result of which DNA strand scission occurs.

InMCO system, the (SC) formwas predominant than (NC)
formwhenDNAwas left untreated (lane 1, Fig. 8b). The DNA
was completely degraded when treated with thiols (DTTalong

Fig. 6 Analysis of the oxidation
state of cysteine residue of CLa-
BCP by the NBD-Cl assay. a, b
Pre-reduced protein when treated
with H2O2 and oxidized protein
without pre-treatment with DTT
respectively. c SDS-PAGE of
treated CLa-BCP followed by
NBD-Cl treatment in which
(lanes 3 and 5) either reduced or
oxidized showed higher
molecular weight bands

Fig. 7 Fluorescence emission
spectra of the purified protein
under native, reduced, and
oxidized conditions. The spectra
showed effect of reducing reagent
DTT (dashed line) and oxidizing
reagent H2O2 (bold line) on the
intrinsic fluorescence of CLa-
BCP
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with FeCl3) in negative control (lane 2, Fig. 8b). The clear
DNA protection activity of CLa-BCP was observed as both
SC and NC forms were found to be intact against generated
hydroxyl radicals (lane 4, Fig. 8b) similar to that of EDTA
(positive control) in which both SC and NC form of DNA
remained in intact from thus resisting oxidative nicking (lane
3, Fig. 8b). It is believed that the HO. radicals that attack DNA
are formed directly on the DNA surface by ferrous atoms
complexes with the phosphodiester backbone rather than free
in solution. It has been earlier reported that Prxs and related
proteins (Hicks et al. 2010; Limauro et al. 2006; Rho et al.
2006) possess DNA-binding ability, interacts with DNA to
protect it thus resulting in protection from oxidative nicking
of DNA. Thus, simple incubation of DNA with increasing
concentration of CLa-BCP was carried out so as to confirm
its DNA-binding ability and a clear shift was seen in case of
DNA-protein complex (lanes 2–5, Fig. 8c). When ascorbate
was used as a reducing agent in place of DTT, the CLa-BCP
was shown to have negligible effect in protecting the SCDNA
(data not shown).

Protection against apoptosis

The protective effect of CLa-BCP on cell viability against
H2O2-induced cell damage was assessed using MTT assay. As
shown in Fig. 9a, cell viability in non-treated normal cell line,
COS-7 cells were assigned as 100%,whereas in theH2O2-treated
cells, the cell viability was reduced to ∼62%. However,
CLa-BCP could prevent the H2O2-induced cell damage at in-
creasing concentrations from 0.1 to 10 μM. The cell viability
was increased from 60 to 90% in the case of the COS-7 cell line.
Almost a similar pattern of response was observed in cancerous
cell line MCF-7 (Fig. 9b). When challenged with H2O2, ∼30–
40% reduction in cell viability from positive control (buffer) was
observed. However, the cells when pre-treated with increased
protein concentration could rescue the H2O2-mediated cell death.

In order to elucidate the antioxidant activity of CLa-BCP, the
intracellular ROS scavenging activity was also determined. In
the case of C3H10t1/2 cells, although the untreated cells did not
show any symptoms of oxidative stress, the relative fluorescent
intensity was raised significantly in response to H2O2 (p < 0.05),

Fig. 8 CLa-BCP protects
supercoiled plasmid DNA from
nicking by H2O2. a Lane 1,
supercoiled (SC) pBR322 DNA
(100 ng). Lane 2 was treated with
6 mM H2O2 for 30 min, resulting
in linear (L) pBR322. Lanes 3 and
4, reactions were done in the
presence of 1 μM CLa-BCP. b
Lane 1, pBR322 supercoiled
plasmid DNA. Lane 2, mixed
with 5 mM DTT and 20 μM fecl3
results into complete degradation
of DNA. Lane 3, positive control.
Lane 4, reactions carried out with
1 μM of CLa-BCP. The assay is a
representative from three
independent experiments. c Lane
1, pBR322 supercoiled plasmid
DNA (100 ng). Lanes 2–5, with
increasing concentration (2, 4, 6,
and 8 μM of CLa-BCP) followed
by incubation at 20 °C for about
3 h. Lines indicate the shift in
protein-DNA complex
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indicative of oxidative stress. Interestingly, in the cells pre-
treated with 1 μMof CLa-BCP protein followed by challenging
with H2O2, the intensity was reduced significantly almost by
50% (p < 0.001 and p < 0.01), respectively, as compared
to H2O2-treated cells. The intracellular ROS scavenging activi-
ties of the protein was twofold as compared to positive control
(Fig. 9c). In a similar pattern, in the presence of CLa-BCP, the
fluorescence intensity was reduced to almost 40% in response to
the protein in MCF-7 cells (p < 0.01 and p < 0.001) respectively
(Fig. 9d).

Discussion

Sequence analysis and purification of CLa-BCP

The amino acid sequence and phylogenetic analysis
showed that this CLA protein belongs to the bacterioferritin
comigratory protein family, a member of Prx super family.
The CLa-BCP sequence contains a single cysteine residue
(Cys-46) present within an absolutely conserved PXXX
(T/S) XXC motif typical of cysteine-based non-heme

Fig. 9 CLa-BCP protection against H2O2-mediated cell killing. a, b
COS-7 cells and MCF-7 cells (1 × 106 cells) were plated in 96-well plate
for 16 h and then induced with 100 μM H2O2 for 24 h with or without
various concentrations of CLa-BCP. Cell viability was evaluated byMTT
assay. Histograms indicate the sum of cells analyzed in the presence of
buffer and different concentration of protein. c, dBoth the C3H10t1/2 and

MCF-7 cells (1 × 105 cells) were seeded in 48-well plates for 16 h and
cells treated with 1 μM of protein subsequently treated with 100 μM of
H2O2 after 30 min. DCFH-DA at a concentration of 5 μg/ml was added to
the cells. Images were quantified using ImageJ software (NIH, USA).
Results are the mean of SEM of three independent experiments
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peroxidases. The observation implies that CLa-BCP is a
1-Cys peroxiredoxin family protein lacking resolving cys-
teine. The sequence was found to contain putative conserved
domain belonging to the thioredoxin-like super family (AhpC).
It has been seen that the well-known structures belonging to
1-Cys and 2-Cys Prxs possess the conserved residues YPK and
GCT surrounding the catalytic peroxidatic Cys residue (Cp)
forming the catalytic thiolate loop responsible for the peroxi-
dase activity. The CLa-BCP sequence showed similar features.

Since histidine-mediated metal etching often occurs during
metal affinity chromatography purification of His-fusion pro-
teins (Hom andVolkman 1998). It has been observed that Prxs
protein oxidizes in the presence of metal ions leads to cysteine
oxidation along with other amino acids oxidation. Thus, to
rule out the possibility of protein oxidation, firstly, we have
performed SEC ensuring removal of trace Ni ions in protein
solution; same effect has been observed where metal-activating
effect was negligible when subjected to SEC column (Pintus
et al. 2008). It has also been stated that Ni-NTA column show
limited leaching, and, therefore results into efficient protein
purification (Schafer et al. 2000). Our preliminary biophysical
and purification experiments showed that CLa-BCP was quite
stable in its reduced form. The same observation substantiated
by other assays where active cysteine residue has been reduced
to thiols employing DTT as reducing agent. It has been ob-
served that cysteine oxidation to sulfenic acid is slower com-
pared to its condensation rate with thiols (Luo et al. 2005). It is
possible that thiols on protein surface can funnel away damage
from other amino acid residues after they have been oxidized
(Requejo et al. 2010).

The CLa-BCP protein when subjected to size exclusion
chromatography exhibited concentration-dependent oligo-
merization. 1-Cys Prxs are less characterized subfamily where

the information gathered from literature is not sufficient to
propose the substantial function of their oligomerization.
Although it has been cited that diversified group of 1-Cys
Prx constitutes an array of proteins having one or more Cys
with distinct reaction mechanisms. Series of crystal structures
come up with the proposed oligomeric state of 1-Cys Prxs in
spite of being predominantly monomeric in nature. It includes
human recombinant 1-Cys Prx (hORF6) structure which was
resolved as a dimer (Choi et al. 1998), whereas monomeric and
dimeric species were observed in gel filtration analysis (Wu
et al. 2006). The 1-Cys Prx dimerization is solely endorsed to
non-covalent interactions. Another from Toxoplasma gondii
(Tg-Prx2) which is unique along with the 1-Cys Prx group both
in reference to oligomerization behavior and enzymatic reaction
mechanism (Deponte and Becker 2005). The oligomerization
property of 1-Cys Prxs from mycobacterium (AhpE-1XVW)
has also been deciphered (Li et al. 2005). A recent 1-Cys Prx
oligomerization study of PrxQ-A1 from Synechococcus
elongatus which was separated as monomer during SEC
(Stork et al. 2009). Even though oligomerization is a broadly
acknowledged feature of Prxs, still its in vivo and physiological
significance is, to a certain extent, not fully understood.

Determination of free thiol content of CLa-BCP

The DTNB assays results implicates that the key catalytic
Cys-46 residue is active in the form of thiol group when gets
reduced. As there was no absorbance observed in the case of
oxidized form of protein implicating that the key cysteine
residue undergoes change from free thiol group to sulfenic
acid (CPSOH) intermediate. The formation of sulfenic acid
intermediate was further confirmed by modification studies.
Secondly, protein was reduced by thioredoxin (TrxA) which

Fig. 9 continued.
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points to that the TrxA could be an immediate electron donor
to CLa-BCP. It was substantiated on the basis of sequence
analysis that CLa-BCP belongs to thioredoxin-like super fam-
ily (AhpC). Furthermore, kinetic assays like antioxidant, per-
oxidase needs to be done in the presence of TrxA for
validation.

Peroxiredoxin activity using xylenol orange assay

The CLa-BCP possessing the catalytic peroxidatic Cys resi-
due (CP) showed significant peroxiredoxin activity against
peroxide substrate. In literature, the CP group of Prxs un-
dergoes catalytic cycle via forming an intermediate termed
as sulfenic acid (CPSOH) when over oxidized to from irrevers-
ible sulfinic acids. It is well known that over oxidation of Prx
provokes their inactivation. In this study, there was no
dimedone (sulfenic acid trapping agent) inactivation of
CLa-BCP in the presence of DTT. The probable reason could
be that DTT is sufficient to reduce the sulfenic acid in Cys-46
(CPSOH) into thiols for activity and precluding CLa-BCP
from over oxidation also. As follows, DTT could be used as
an important reductant system for further peroxidase activity
assay.

Peroxidase activity of purified CLa-BCP

The endogenous electron donor for catalytic turnover of
BCPs is not known but here in our study, it can be turned
over with the non-physiological electron donor i.e. dithio-
threitol thiol system. There are though various non-
physiological small molecule electron donors been drawn
in the role for the catalytic activity which includes gluta-
thione, lipoic acid, cyclophilin, ascorbate, and DTT (Lee
et al. 2001; Manevich et al. 2004; Monteiro et al. 2007;
Muller 2004). The 1-Cys Prx members are ubiquitous in a
variety of species including archaea, yeast, nematode,
plant, and mammals (Chae et al. 1994a; Kang et al.
1998). GSH has been suggested to be the physiological
donor for 1-Cys Prx (Fisher et al. 1999; Fujii et al. 2001).
The physiological electron donor is not well characterized
till date for this subclass of Prxs.

Circular dichroism studies of CLa-BCP

CLa-BCP showed the negative peak at 198 nm showing pre-
dominance of β-sheets. BCPs classification by Wakita et al.
2007 showed that protein having no CR falls within β group.
This statement holds true for CLa-BCP where it showed dom-
inant β secondary structure elements.

Estimating the α-helical content of these class of enzyme
by molar ellipticity (Morrow et al. 2000), we have observed
that in oxidizing condition, there was 4% decrement in
α-helical content with 36.6% β-sheets and 22.7% turns. The

similar observation has been reported by Horta et al. (2010)
because of reducing and oxidizing condition in conformation
of peroxiredoxin Qβ from Xylella fastidiosa.

The different temperature analysis results suggested transi-
tion from random coil to helix at higher temperature. Similar
results were seen in the case of atypical protein Sso1120 di-
sulfide oxidoreductase from Sulfolobus solfataricus demon-
strating that protein, to some extent, maintains its secondary
structure at higher temperatures (Limauro et al. 2014).

Chemical modification of key residue

The NBD-Cl modification assay showed dominant spectral
peak at 347 nm, which indicates that the formation of sulfenic
acid intermediate (46CPSOH) when conjugated with NBD-Cl
undergoes to form detectable 46CP-S(O)-NBD adduct, as re-
ported in the case of NADH peroxidase where the functional
Cys exists as Cys-SOH (Ellis and Poole 1997; Parsonage et al.
1993). The results illustrated that the catalytic cysteine residue
was oxidized to sulfenic acid upon peroxide addition.
Moreover, higher molecular weight bands were seen in case
of oxidized sample when conjugated with NBD-Cl. The prob-
able reason could be the formation of different reaction inter-
mediates upon exposure with hydrogen peroxide or protein
undergoes oligomerization when oxidized.

Fluorescence spectroscopy of CLa-BCP

Fluorescence spectrum of Cla-BCP with maximum at 341 nm
was due to exposed Trp106 and Trp136. There was substantial
changes observed in oxidized sample with decreased intensity,
reverting back with DTT addition as seen in case of bacterial
AhpCs (Hugo et al. 2009). From sequence analysis with
known Ahpc, it has been seen that Trp residues are strictly
conserved (ESM 1: Fig. S5). With the treatment of modifying
agents no fluorescence intensity was observed suggested that
the oxidation of the single peroxidatic Cys residue is required
for change in fluorescence intensity for the protein as being
observed in case of BCP of TSA/AhpC family from E. coli
(Jeong et al. 2000). A slower increase in intensity was seen in
the case where pre-reduced Cla-BCP was oxidized with ex-
cess of H2O2. These changes were hindered by pre-treatment
of the enzyme with NEM and NBD-Cl in excess (data not
shown), implying the involvement of the cysteine residue in
the process. Secondly, the H2O2-dependent over oxidation of
the sulfenic acid of the oxidized enzyme (CP-SOH) to sulfinic
acid (CP-SO2H) was dependable for the fluorescence upturn.
The collective data suggest conformational changes could oc-
cur at the active site (predicted model). The Trp136, quite far
from the active site and present in the loop region, could
potentially sense local conformational changes around the
CP thiolate during substrate binding as observed in the case
of other Prxs (ESM 1: Fig. S4b).
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DNA protection activity of CLa-BCP from oxidative
damage

The cumulative results of DNA protection activity using
thiol-dependent metal-catalyzed oxidation (MCO) system
and direct effect of hydrogen peroxide showed that
CLa-BCP could be a putative DNA binding protein with the
protective role against oxidative stress. Ascorbate as a reduc-
ing agent was shown to have negligible effect in protecting the
SC DNA confirming that ascorbate cannot act as a reducing
agent for CLa-BCP. It has been shown that the replacement of
a thiol-containing electron donor with a non-thiol electron
donor such as ascorbate (i.e., non-thiol MCO system) resulted
in the complete loss of the antioxidant activity, because of the
lack of a thiol-containing electron donor to the TSA/AhpC
protein (Cha et al. 1995). Recently, one report states that
ascorbate could be a potent electron donor for reduction of
1-Cys Prxs (Monteiro et al. 2007).

Protection against apoptosis

In brief, our MTT assay results showed that the treatment of
different concentrations of protein is able to rescue the hydro-
gen peroxide-mediated cell killing. The DCF-DA dye assay
showed the intracellular ROS scavenging activity of
CLa-BCP induced by H2O2 within cells. The protein exerted
the antioxidant activity against radicals generated in MCO
system and cell protective effect against H2O2-induced cell
damage and apoptosis. To the best of our knowledge, this is
first report of the ROS scavenging activity within cells for
1-Cys Prxs especially BCPs and hence demands further
in-depth analysis.

In conclusion, a 1-Cys peroxiredoxin (CLa-BCP) having
CPSH/sulfenic acid cysteine (Cys-46) was cloned,
overexpressed, purified, and characterized from CLA. It
lacked the resolving cysteine (CRSH). The DTNB assay
showed that protein has free thiols only in its reduced form
and protein exhibits thiol-dependent reduction as shown by
using natural reductant thioredoxin (TrxA). DTT could be
potent reductant for CLa-BCP imparting its peroxidase as well
as peroxide scavenging activity. Based on modification re-
sults, we suggest the reaction machinery of CLa-BCP in-
volves cysteine sulfenic acid (Cys-SOH) intermediates, which
catalyzes the reduction of peroxides. CLa-BCP tends to stabi-
lize their structure when over oxidized. Fluorescence experi-
ments showed that reversible sulfenic intermediate formation
can be easily reverted back to thiols using DTT as a reducing
agent which has been already observed in biochemical assays.
Intrinsic fluorescence emission experiments along with mod-
ification studies proposed that active site Cys residue along
with conserved tryptophan residue undergo changes, which
lead to structural and functional changes. The protein showed
peroxidase activity and defensive role against peroxide-mediated

cell killing. From additory studies from other cited results, the
in-vitro data suggest that CLa-BCP protects supercoiled DNA
through its DNA binding and Prx activity from oxidative dam-
age. The DCF-DA dye assay showed that besides rescuing
peroxide-mediated cell killing, this protein is the potent scaven-
ger of ROS, thereby decreasing the effectiveness of H2O2. As the
reactive oxygen species (ROS) is the first line of defense exhib-
ited by host plants against pathogens. In summary, our studies
confirm that peroxiredoxins, Prxs family proteins, are multiface-
ted proteins which are not only involved in detoxification of
peroxides but are also potent scavengers of ROS precluding
DNA from oxidative damage. Microorganisms employ antioxi-
dant systems to counter ROS thereby facilitating their infection.
CLa-BCP could be one of the factors facilitating CLA infestation
of citrus tree hosts and thus may represent a promising target for
the development of anti-bacterial drugs against CLA.
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