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To fight oxidative damage due to reactive oxygen species (ROS), cells are equipped of different enzymes, among
which Peroxiredoxins (Prxs) (EC 1.11.1.15) play a key role. Prxs are thiol-based enzymes containing one (1-Cys
Prx) or two (2-Cys Prx) catalytic cysteine residues. In 2-Cys Prxs the cysteine residues form a disulfide bridge fol-
lowing reduction of peroxidewhich is in turn reduced by Thioredoxin reductase (Tr) /Thioredoxin (Trx) disulfide
reducing system to regenerate the enzyme. In this paperwe investigated on Prxs of Thermus thermophiluswhose
genome contains an ORF TT_C0933 encoding a putative Prx, belonging to the subfamily of Bacterioferritin
comigratory protein (Bcp): the synthetic gene was produced and expressed in E. coli and the recombinant pro-
tein, TtBcp, was biochemically characterized. TtBcp was active on both organic and inorganic peroxides and
showed stability at high temperatures. To get insight into disulfide reducing system involved in the recycling
of the enzymewe showed that TtBcp catalically eliminates hydrogen peroxide using an unusual partner, the Pro-
tein Disulfide Oxidoreductase (TtPDO) that could replace regeneration of the enzyme. Altogether these results
highlight not only a new anti-oxidative pathway but also a promising molecule for possible future biotechnolog-
ical applications.

© 2020 Published by Elsevier B.V.
1. Introduction

Reactive Oxygen Species (ROS), which include superoxide radical
anion (O2

−) hydrogen peroxide (H2O2), hydroxyl radical (HO•), are
generated in all aerobic organisms from partial reduction of oxygen.
ROS are potent oxidants that damage the main biological macromole-
cules as proteins, DNA, membrane lipids and can be generated both ex-
ogenously (i.e. pollution, UV radiation) and endogenously by the
normal oxygen respiration and metabolism (i.e. transport electron
chain) [1]. To scavenge ROS every organism has developed efficient an-
tioxidant enzymes involving superoxide dismutase (SOD) that convert
O2
-. in H2O2 and an array of enzymes that reduce H2O2, such as,

Peroxiredoxins (Prxs), Glutathione peroxidase and catalase. Prxs (EC
1.11.1.15) are thiol-based enzymes, known to scavenge not only H2O2,
but also organic peroxides and peroxynitrite [2,3]. In eukaryotes Prxs
can also have additional roles because they can be involved in multiple
cellular processes like H2O2mediated cellular signalling, protein quality
control and associatedwith cancer, aging, inflammation, neurodegener-
ative and vascular diseases [4,5]. Generally, the more complex func-
tional role of eukaryotic Prxs compared to prokaryotic ones is ascribed
to their higher sensitivity to hyperoxidation due to the presence of con-
served Gly-Gly-Leu-Gly (GGLG) and of Tyr-Phe (YF) motives [6,7].
Prx proteins are structurally characterized by a Thioredoxin (Trx)
fold [8] in which one or two highly reactive and conserved Cys residues
are involved in the reduction of peroxides.

Based on these residues, Prxs are classified in three categories: 1-Cys
Prx, atypical 2-Cys Prx, typical 2-Cys Prx. All 2-Cys Prxs contain two con-
served residues of cysteine: peroxidatic cysteine (CP) and the resolving
cysteine (CR) both essential in the catalysis. As reported in Soito et al. [9]
Prxs are divided in six subfamilies: Alkyl hydroperoxide reductase C
(AhpC)/Prx1, Prx6, Bacterioferritin comigratory protein (Bcp)/PrxQ,
Thiol peroxidase (Tpx), Prx5 and Alkyl hydroperoxide reductase E
(AhpE). Bcp/PrxQ, generally share a monomeric organization [10]
with CP and CR located at the N-terminus four residues away from
each other. The thiol group of CP, following the reaction with peroxides,
is converted in sulfenic acid (CPSOH) and establishes an intramolecular
disulfide bondwith CR. The regeneration of Prxs is generally resolved by
disulfide reductase system that carries electrons from NADPH through
Thioredoxin reductase (Tr)/Trx to recycle the active form of the enzyme
[11,12].

In the hyperthermophilic archeon Saccharolobus solfataricus, it has
been shown that a glutaredoxin-like protein, named Protein Disulfide
Oxidoreductase (PDO) [13,14], can replace Trx in the redox pair with
SsTr to reduce Prx (Bcp1, Bcp3, Bcp4) [15,16]. It was also suggested
that PDOs could play a more complex role contributing to the oxidative
folding of thermophilic proteins which are rich in disulfide bonds
[17–20] as showed for PDOs of Pyrococcus furiosus, P. horikoshii,
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Aeropyrum pernix [21–23] and Aquifex aeolicus [24]. Recently, a PDO of
hyperthermophilic archaeon Thermococcus onnurineus NA1 has been
characterized and shown to be involved in the transfer of electrons to
the terminal acceptor dimethylsulphoxide (DMSO) by reduction of cys-
tine to cysteine [25].

In T. thermophilus a monomeric PDO (TtPDO) homologous to SsPDO
was characterized; it can be reduced by SsTr with a good affinity (Km

34,72 μM) suggesting that a new redox pair exists also in thermophilic
bacterium [17].

The aim of this work is to provide more information on the antioxi-
dant system of the thermophilic bacterium T. thermophilus HB27,
currently not fully clarified [26–29], through the biochemical character-
ization of the Bcp coded by TT_C0933 [30].
2. Materials and methods

2.1. Bioinformatic analysis

Computation of the theoretical isoelectric point (pI) and molecular
weight (Mw) was carried out at website http://www.expasy.org/. Se-
quence search and homology was carried out using Blasts search tool
at NCBI website http://www.ncbi.nlm.nih.gov. Protein Homology/anal-
ogY Recognition Engine 2 (Phyre2) (www.sbg.bio.ic.ac.uk/phyre2/)
was used to build TtBcp structural model.

The classification of TtBcp was carried out using Peroxiredoxin clas-
sification index (PREX) database (http://www.csb.wfu.edu/prex).
BlastP data base was used to establish % identity between TtBcp and
other homologues (https://blast.ncbi.nlm.nih.gov). Multiple sequence
alignment of the amino acids of Prxs was performed using CLUSTAL 2.1.
2.2. Cloning and expression of Ttprx

Based on TT_C0933 DNA sequence, a synthetic gene was commis-
sioned to Eurofins Genomics with the following changes: 1) the codon
usage of the gene was optimized for the expression in Escherichia coli;
2) NdeI and HindIII restriction sites were inserted at the 5’end and 3′
ends respectively. The sequence was cloned in the vector pET28b (+)
to express a fusion proteinwith a C-terminal histidine tag. The recombi-
nant vector pET28Ttbcp was used to transform E. coli strain BL21(DE3)
RIL. The transformants were selected on Luria Bertani medium (LB)
plates containing ampicillin 50 μg/mL and chloramphenicol 33 μg/mL
at 37 °C. A single recombinant clone was inoculated in LB and the cul-
ture (1 L) was grown until 0.6 OD at 600 nm before being induced by
the addition of 0.5 mM isopropyl-β-D-thiogalactopyranoside (IPTG).
The cells were harvested by centrifugation after 16 h incubation at
37 °C; the pellet was suspended in 25 mL of ice-cold 50 mM Tris–HCl
pH 7.5 containing a complete EDTA free protease inhibitor cocktail
(Roche, IN, USA). After sonication with 10 min pulses at 20 Hz (30 s
on and 30 s off), the suspension was clarified by centrifugation at
20000 ×g for 1 h at 4 °C.
2.3. Purification of TtBcp

The cytoplasmic extract was subjected to heat treatment at 70 °C for
15min and then centrifugated at 20000×g for 30min at 4 °C. The super-
natant obtained was loaded on the affinity chromatography (HisTrap
HP columnGE Healthcare, 1 mL), connected to AKTA system, and equil-
ibrated in 50 mM Tris-HCl pH 8.0, 0.5 M NaCl (buffer A). The column
waswashedwith buffer Awith 20mM imidazole, then TtBcpwas eluted
with the same buffer A supplemented with 250mM imidazole [15]. The
active fractions were pooled and dialyzed against 20 mM Tris-HCl,
pH 8.0. Protein concentration was determined using Bradford assay
[31] and protein homogeneity was estimated by SDS-PAGE.
2.4. Size-exclusion chromatography TtBcp

100 μg of purified TtBcp proteinwas analyzed by size exclusion chro-
matography on a Superdex 75 PC (0.3 cm × 3.2 cm) column connected
to an AKTA system (GE Healthcare). Proteins were eluted with 50
mMTris-HCl pH 8.0, 0.3 M KCl at a flow rate of 0.04mL/min. Ovalbumin
(43 kDa), RNase A (13.7 kDa) and Aprotinin (6.5 kDa)were used asmo-
lecular weight standards (GE Healthcare).

2.5. Circular Dichroism (CD) studies

Far UV CD spectra and thermal denaturation were performed with a
J-815 Jasco CD spectropolarimeter, equipped with a Peltier-type tem-
perature control system (model PTC-423S/15). CD measurements
were carried out using a quartz cell with a path length of 0.1 cm and
10 μM TtBcp in 20 mMNa-Phosphate pH 6.8, at different temperatures.
Far-UV CD spectra were acquired in 190–250 nm range, with a scan rate
continuous, a response of 4 s, 2 nm band width and 0.5 nm data pitch.
The signal was averaged over three scans accumulated and corrected
by buffer subtraction. CD spectra were analyzed for secondary structure
using Dichroweb software (http://dichroweb.cryst.bbk.ac.uk/html/
home.shtml) with the Continll program [32].

Thermal stability profile was obtained by recording the CD signal at
222 nm in 30–105 °C temperature range, with a scan rate of 1.0 °C/min.

2.6. Expression, purification and activity assay of TtPDO

TtPDO (locus tag: TTC0486) was expressed in E. coli BL21(DE3)RIL/
pET-Ttpdo and purified as previously reported [17]. TtPDO reductase ac-
tivity was assayed monitoring the insulin precipitation in presence of
1.2 μM TtPDO [17]. The catalytic reduction of insulin disulfide bonds,
due to the insulin chain B precipitation,was followedmonitoring the in-
crease in the absorbance at 650 nm, at 30 °C. In detail TtPDOwas added
in 1 mL reaction mixture containing 100 mM Na-Phosphate pH 7.0,
2 mM EDTA, 1 mg of bovine insulin. A control cuvette contained only
the buffer solution and insulin. The reaction started by addition of
1 mM DTT to both cuvettes.

2.7. Expression, purification and activity assay of SsTr

Thioredoxin reductase (locus tag: SSO_RS11745) of S. solfataricus
(SsTr) was expressed in E. coli BL21(DE3)RIL/pET28TrB3 and purified
as reported [14]. The enzymatic activity was determined by 5–5′-
dithiobis-(2-nitrobenzoic acid) (DTNB) reduction method [13] where
the formation of the product 2-nitro-5-thiobenzoate (TNB) was
followed spectrophotometrically by the increase of absorbance at
412nm. The assaywasperformed at 60 °C in a reactionmixture contain-
ing 0.1 M K-Phosphate buffer pH 7.0, 2 mM EDTA, 0.5 mM DTNB,
0.2 mM NADPH, 0.05 mM FAD, in presence of different concentrations
of SsTr (200–400 nM). To determine the enzymatic activity a molar ex-
tinction coefficient of 14,150 M−1 cm−1 was used.

2.8. Peroxidase activity assays

2.8.1. DTT assay
TtBcp was tested for its ability to remove peroxides in an in vitro

non-enzymatic assay usingdithiothreitol (DTT) as reductant to regener-
ate the reduced enzyme. The mixture containing 50 mM Hepes pH 7.0,
10 mMDTT, TtBcp 10 μM, was pre incubated for 1 min at 60 °C in a final
volume of 0.1mL. The reactionwas carried out at 60 °C for 1min adding
H2O2 or tert-butyl hydroperoxide (t-BOOH) or cumene hydroperoxide
(CHP) at a final concentration of 0.15 mM. The reaction was stopped
by adding 0.9 mL of trichloroacetic acid (10%, w/v), as previously
described [10]. Peroxidase activity was determined evaluating the
amount of remaining peroxide, detected by measurement of the
purple-coloured ferrothiocyanate complex at A490nm obtained after
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the addition of 0.2 mL of 10 mM Fe(NH4)2(SO4)2 and 0.1 mL of 2.5 M
KSCN [10] using relative peroxides as standard. The amount of
ferrothiocyanate complex was determined by absorbance at 490 nm.
The percentage of peroxides removed was calculated based on the
change in A490nm obtained with TtBcp relative to that obtained without
TtBcp. Experiments were performed in triplicate.

2.8.2. NADPH assay
Peroxidase activity of TtBcp was also measured indirectly by oxida-

tion of NADPH using a disulfide reductase system constituted by SsTr/
TtPDO [17]. The complete reaction mixture contained 100 mM K-Phos-
phate pH 7.0, 2 mM EDTA, 0.05 mM FAD, 2 μM SsTr, 50 μM TtPDO,
0.25 mM NADPH, 5 μM TtBcp. Different concentrations of H2O2 were
used (0–1000 μM). After pre-incubation at 60 °C for 5 min, the reaction
was started by adding H2O2 and the absorbance of NADPH was moni-
tored spectrophotometrically at 340 nm at the same temperature. The
activity was determined, after subtracting the reduction rate measured
without TtBcp, using NADPH ε340 of 6220M−1 cm−1

. The data were an-
alyzed by non-linear regression using GraphPad Prism6 program and
presented as means of values obtained in triplicate.

2.9. Thermophilicity and thermoresistance

Thermophilicity of TtBcp was evaluated in the temperature range
40–90 °C by measuring peroxidase activity by the ferrithiocyanate
method as previously reported using H2O2 as substrate. TtBcp
thermoresistance was estimated by measuring the residual peroxidase
after heat treatment at 80 °C, 90 °C, 95 °C for different times by the
DTT assay as previously described.

2.10. DNA protection assay

The ability of TtBcp to protect plasmid DNA against oxidative stress
generated by metal ion catalyzed oxidation (MCO) [15] was analyzed
as reported below. A reaction mixture of 50 μl included: 50 mM Hepes
pH 7.0, 3 μM FeCl3, 10 mM DTT, TtBcp [2–20 μM]. The reaction was
WP_011173357.1      -------------------MPAMEVGTLAPDFAL
WP_013703963.1      ----------------------MRVGEVAPEFAL
RRO78863.1          MAASEDTTPTTDTTETTDDRVRLEPGQEAPAFSL
ORV95968.1          ----------------MTETTRLAPGDKAPAFNL
WP_054197980.1      --------------------MELQIGDKAPNFSL
WP_015311480.1      ---------------------MIELEKEAPDFTL
WP_009990189.1      ---------------------MVKVGDKAPLFEG
                                          :     ** *  

WP_011173357.1      DAVVLGVSADDVESHKRFAEKYGLNFPLLADPER
WP_013703963.1      GAVVLGVSADGVESHRRFAEKYGLNFPLLADPEK
RRO78863.1          GTTVVGISPDPVEALAAFRDKHGLTFPLLSDPDR
ORV95968.1          GIDVVGISPDKPEKLAKFRDAEGLTFPLLSDPER
WP_054197980.1      NAVVLGVSPDSVKTHQSFIDKESLNFTLLSDTDK
WP_015311480.1      DAVILGVSLDDIESHKKFIEKFNLPFILLSDSDA
WP_009990189.1      DVVVIGVSSDDINSHKRFKEKYKLPFILVSDPDK
                    .  ::*:* *  :    * :   * * *::*.: 

WP_011173357.1      LEVAEALKALRGA--- T. thermophi
WP_013703963.1      QEVAAALRELIKEQA-  M. hydrother
RRO78863.1          ARIAKEIGAA------  C. bovis    
ORV95968.1          AKLRRDLSV-------  M. gordonae 
WP_054197980.1      DAIKEKLQELQG----  H. pullorum 
WP_015311480.1      DEILEVLDNID-----  T. thermosac
WP_009990189.1      NEALKALKQIKEEEIS  S. solfatari

Fig. 1. CLUSTAL 2.1multiple sequence alignment of TtBcpwith othermembers belonging to PrxQ
(resolving cysteine) are shown in bold. Numbering is referred to T. thermophilus sequence; Prx a
indicated secondary sequence elements.
initiated by incubating the mixture for 40 min at 37 °C before adding
2 μg of plasmid pUC18 and incubating for an additional 30 min at the
same temperature. The reaction was stopped by adding 3.3 mM EDTA.
DNA bands were evaluated on 0.8% (w/v) agarose gel after staining
with ethidium bromide 5 μg/mL.

3. Results and discussion

3.1. Bioinformatic analysis

T. thermophilus HB27 genome database [30] contains an open read-
ing frame of 477 nucleotides, (TT_RS04720), encoding a putative Prx
(TtBcp) of 158 amino acids (ID: WP_011173357.1) with a theoretical
pI/Mw: 6.84/17537.06.

CLUSTAL 2.1multiple sequence alignment highlighted conservation of
two cysteine residues at position 46 and51 in the highly conserved region
at the N-terminal of TtBcp, suggesting that it is a 2-Cys Prx which could
adopt a reaction mechanism characteristic of Prxs belonging to PrxQ/
Bcp subfamily [9] (Fig. 1). In addition, similarly to Bcp1 of S. solfataricus
(46%identity) [16], the residues highly conserved, underlined in Fig. 1,
could delimit a cavity inwhich the presence of Lys41 and Arg121 provide
a positively charged environment to the peroxidatic cysteine (CP 46).

A structural model was carried out using Phyre2 and crystal struc-
ture of an alkyl hydroperoxide reductase from Burkholderia ambifaria
(PDB c5enuB) as template. The model reported in Fig. 2 shows the
presence of Trx fold, common to all Prxs, that consists of a four-
stranded β-sheet surrounded by three α-helices with additional sec-
ondary structure elements [8].

BlastP analysis showed that TtBcp shares high identity levelswith Prxs
of other thermophilic microorganisms. TtBcp has 80% and 51% identity
with Prxs of Marinithermus hydrothermalis (WP_013703963.1) and
Thermoanaerobacterium thermosaccharolyticum (WP_015311480.1)
respectively. Moreover, comparable % of identity was highlighted
among TtBcp and Prxs from the pathogenic mesophilic bacteria and
(Helicobacter pullorum 56%, Corynebacterium bovis 52%, Mycobacterium
gordonae 52%) (Fig. 1).
PDQEGRTHRLSDYRGRW-VVLYFYPKDDTPGCTKEACGFRDQMGSLKAL 
TDQEGRLHRLEDYRGRW-VVLYFYPKDDTPGCTKEACAFRDAHAELKAL 
PDADGNTVSLADFRGRS-VVVYFYPKADTPGCTTEACDFRDSLDALEGT 
PDADGNNVKLSDYKGRQ-VVVYFYPAASTPGCTKQACDFRDSLAELNEA 
PNQDNAEISLQDFRGSW-VVLYFYPKDKTPGCTQEACDFRDNLANLSGL 
KSSDGNNVSLSDFKGKK-VVLYFYPKDNTPGCTKEACQFRDNINTVKNK 
IADNGEKISLSDYIGKHNIVLYFYPKDDTPGCTREACAFRDNWDLLKDY 
   :.    * *: *   :*:****  .***** :** ***    :.  

KVIGAYGAWGKKNLYGKEVEGVLRQTFLIDPEGRIARVWR-KVSPEGHA 
AVIRAYGAWGKKNLYGRVYEGVMRYTFLIDPEGRIARVWK-KVKPATHA 
TVLRAYGAYGQKKNYGKVVEGVIRSTVVVDPEGRVTLAKY-NVKATGHV 
KVLTAYGAFGEKQMYGKTVTGVIRSTFVVDEKGKIAVAQY-NVKATGHV 
KALKAYGAWGLKKLYGKEYEGVIRSTFLIDPQGKIAFLWK-NVKVKGHI 
KVSTEYGVYKEKNMYGKKKMGIERSTFIIDKKGIVKKIFR-KVKVDGHV 
KIRELYGAKG--------FILPARITFVIDKKGIIRHIYNSQMNPANHV 
     **.               * *.::* :* :      ::.   *   

lus
malis        80%  
             52% 
             52% 
             56% 
charolyticum 51% 
cus         46% 

/Bcp family. Conserved catalytic Cys residues in positions 46 (peroxidatic cysteine) and 51
ccession numbers are reported on the left, %identity on the right. Above the alignment are



C 51

R 121

C 46

T 43

Fig. 2. 3D structure model of TtBcp. A) The structural model was performed by Phyre2 using as template the crystal structure of an alkyl hydroperoxide reductase from Burkholderia
ambifaria (PDB n: c5enuB). B) The zoomed picture shows the active site with amino acids involved in the catalysis: T43 (cyano), C46 (black), R121 (magenta), C51 (black).
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3.2. Expression, purification and analysis of the quaternary structure of TtBcp

Ttbcp, synthetically produced, was cloned into pET28b vector
(pET28Ttbcp) and expressed in the E. coli BL21(DE3)RILstrain. The protein
was purified through a two-step procedure: a thermal precipitation at
70 °C and an IMAC chromatography onHis-trap column. Thefinal amount
obtained was of 12 mg per liter of bacterial culture. The homogeneity of
the purified protein was checked by SDS-PAGE (Fig. 3A). The results
showed that the recombinant protein has a MW of approximatively
19,000Da in agreementwith that predicted, considering also thepresence
of the AAALEHHHHHH sequence fused at C-terminus (19,056,76 Da).

To establish TtBcp quaternary structure, the proteinwas analyzed by
size exclusion chromatography on a Superdex 75 PC using a calibration
curve (insert in Fig. 3B): the molecular mass was estimated to be
15.708 kDa according with a monomeric structure (Fig. 3B) suggesting
that the protein belongs to monomeric atypical 2-Cys Prx. This result
agrees with most of the characterized enzymes belonging to Bcp/PrxQ
subfamily, where the only Bcp with a different structure is the dimeric
Bcp4 from S. solfataricus [10].
3.3. Circular Dichroism studies

To assess TtBcp thermal stability, structural studies by CD were per-
formed. Far UV spectra were recorded in the 190–250 nm region at
Fig. 3. Purification and analysis of quaternary structure of TtBcp. A) SDS analysis of TtBcp purific
IPTG - induced cells; lane 4) cellular heat treated extract; lane 5) purified TtBcp after His-trap ch
molecular weight standard curve.
25 °C, 50 °C and 80 °C to evaluate the influence of the temperature on
the secondary structure of the protein. All recorded spectra showed a
similar overall shape, suggesting that increased temperature has negli-
gible on the protein secondary structure. The spectra have a maximum
at 195 nm and a negative peak at 208 nm (Fig. 4A), revealing the pres-
ence of both alfa and beta secondary structure elements. A quantitative
estimation of the secondary structure content recorded at 25 °C, was
carried out using the DichroWeb software (CDSSTR set 4 program):
the α-helix, the β-strand, turns, and unordered structure contents
were 13.3%, 34.4%, 21.4%, 30.9%, respectively. Similar values were ob-
tained from the spectra analysis recorded at 50 °C and 80 °C, suggesting
that the protein is highly stable.

The thermal stability of the proteinwas also analyzedmeasuring the
CD signal change at 222 nm in the temperature range between 60 °C
and 105 °C. The thermal denaturation, showed in Fig. 4B, was reversible
with a Tm of 94 °C, confirming the high thermostability of the protein.

3.4. Functional characterization of TtBcp peroxidase activity

3.4.1. TtBcp peroxidase activity
Theperoxidase activity of TtBcp towards various substrateswas exam-

ined by comparing the reduction of three different peroxides: H2O2, t-
BOOH and CHP. Peroxidase activity was measured using DTT as electron
donor for enzyme recycling; the amount of remaining peroxide was de-
tected by measurement of the purple-coloured ferrithiocyanate complex
ation steps: lane 1)molecular marker; lane 2) cellular extract; lane 3) cellular extract from
romatography. B) Analysis of TtBcp by S-75 gel filtration chromatography. Inset (top right):



Fig. 4. CD studies of TtBcp. A) Far-UV CDperformed at 25 °C (——-), 50 °C (_ _ _ _ _) and 80 °C (———). The protein concentration to acquire the spectrawas 10mMB) Thermal denaturation
curve obtained by recording the changes in molar ellipticity at 222 nm in the temperature range between 60 °C and 105 °C.
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at 60 °C, a temperature value at which all the peroxides are still stable. As
showed in Fig. 5, TtBcp was able to reduce all the peroxides tested; the
maximum activity was established versus CHP followed by H2O2 and t-
BOOH as for the PrxQ of Synechocystis [33] and C. glutamicum [34].

3.4.2. TtBcp peroxidase activity using TtPDO as electron donor
To gain insight into the redox system to regenerate TtBcp in

T. thermophilus, a thermophilic disulfide reductase hybrid system was
used [17]. Heterologous couples for recycling Prxs have already been
used for the regeneration of different enzymes: for istance, Tr and Trx
of the yeast have been utilized to recycle both Prx2 of mammals [35]
and Bcp1 of S. solfataricus [36]. Furthermore, the heterologous electron
donor pair, SsTr of S. solfataricus and Trx of E. coli, has been employed
to reduce disulfide bond of the arsenic reductase (ArsC) of
T. thermophilus [37]. Based on these evidences, the redox pair consti-
tuted by SsTr, that shows a 37% identity with putative TtTr
(WP_011173929) of T. thermophilus, and TtPDO [17], was analyzed to
regenerate TtBcp.

SsTr and TtPDO were purified and their enzymatic activity were
measured in independent assays as reported in materials and methods
(data not shown); therefore, the peroxidase activity of TtBcp in the
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Fig. 5. Substrate specificity of TtBcp. The peroxidase activity of TtBcp versus H2O2, t-BOOH
and CHPwasmeasured at 60 °C in presence of DTT by ferrothiocyanate colorimetric assay.
presence of H2O2 [0–1000 μM] and NADPH/SsTr/TtPDO system was
measured at 60 °C following the decrease in the absorbance of the
NADPH at 340 nm. The determined kinetic parameters suggest that
TtPDO is one of the partners involved in the recycling of TtBcp (Fig. 6).
Table 1 reports kinetic parameters determined for TtBcp in comparison
to those of other Bcp/Prx previously measured. The results show a good
affinity vs H2O2 of TtBcpwith a Km value comparable to that of E.coli Bcp
[38] and lower than that PrxQ of Poplar [39] and Prx of C. glutamicum
[34]; in addition TtBcp has a higher catalytic efficiency the other Prxs.
However, it can be hypothized that TtBcp catalytic efficiency could be
even higher using a homologous system and considering that the enzy-
matic assay was performed under non optimal conditions (redox sys-
tem and temperature, see below).

These results suggest that TtBcp could play a key role in the defence
against peroxides contributing with other H2O2 detoxification enzymes
such as Mn catalase of T. thermophilus HB8 [26–28,40] to face off oxida-
tive stress.

3.5. Effect of temperature on TtBcp peroxidase activity

The effect of temperature on the activity and stability of TtBcp was
determined using DTT assay in presence of H2O2 as substrate. The opti-
mum temperature for enzymatic activity resulted to be 80 °C, whereas
0 200 400 600 800 1000
0

100

200

300

Fig. 6. Michaelis–Menten plot of TtBcp using H2O2 as substrate. The peroxidase was
measured using NADPH/SsTr/TtPDO coupled system, determining the consumption of
NADPH via a decrease in absorbance at 340 nm.



Table 1
Kinetics parameters of TtPDO-dependent activity of TtPrx vs H2O2 compared to other Prxs belonging PrxQ/Bcp family.

Km

(μM)
kcat (s−1) kcat/Km

(103 M−1 s−1)
Vmax

(μmol NADPH ox min−1 μmol−1)

TtBcp 61.36 ± 8.836 0.91 14.6 270.6
PrxQ Poplar [37] 367 ± 37.5 2.93 7.98 176
Bcp E.coli [36] 47.8 n.d. 2.45 7.01
Prx C. glutamicum [26] 220.9 ± 28.1a

333.4 ± 27.6b
2.11 ± 0.07a

1.39 ± 0.03b
9.6a

4.2b
n.d.

Peroxidase assays were performed with NADPH assay as described in Materials and methods.
n.d.: non detected.

a Trx1 dependent activity of PrxQ.
b Trx2 dependent activity of PrxQ.
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at 50 °C and 60 °C the enzymatic activity was ~30% and ~40% of its max-
imum, respectively (Fig. 7A).

The thermostability of TtBcp was determined, measuring the resid-
ual activity after incubation for different times at 60 °C, 70 °C, 80 °C
and 90 °C (Fig. 7B). The results showed that the enzyme retains ~50%
of peroxidase activity after 240, 160 or 120 min of incubation at 60 °C,
70 °C, or 80 °C respectively. Finally, the enzyme was completely
inactivated after 15 min at 90 °C.

TtBcp temperature optimum was compared with that of
S. solfataricus Bcp1, Bcp3, Bcp4 [15] and resulted to be more like that
of Bcp1 with which TtBcp shares the highest sequence identity, but
very different from Bcp4 that has higher optimum of temperature
(95–100 °C) [10] .This difference in the optimal temperature of TtBcp
was ascribed to thedifference in the growth temperatures of twomicro-
organisms that are in the range 50–82 °C [41] and 60–92 °C [42] for
T. thermophilus and S. solfataricus respectively.

3.6. DNA defence of TtBcp from oxidative damage

To evaluate the antioxidant activity of TtBcp on damaged DNA,
pUC18 plasmid DNA was incubated with increasing amount of TtBcp
in the presence of a nicking solution represented bymetal-catalyzed ox-
idation (MCO) system and its mobility analyzed by agarose gel electro-
phoresis (Fig. 8). The assay was based on the ability to protect plasmids
against reduction of O2 toH2O2, catalyzed by Fe3+in the presence of DTT
as electron donor. Via the Fenton reaction, the H2O2 formed in these
conditions was further converted into .OH, which nicks supercoiled
plasmidDNA. As shown in Fig. 8 (lane 1) in the absence of TtBcpplasmid
DNA was converted in nicked form by oxidative damage generated by
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Fig. 7. Effect of temperature on TtBcp enzymatic activity. A) Temperature optimumwas determ
activity (%) at 60 °C, 70 °C, 80 °C, 90 °C as function of time. The peroxidase activity versus H2O
MCO system, otherwise TtBcp (lane 3–5) preserved the supercoiled
DNA plasmid in a concentration dependent manner. However, as
shown in Fig. 8, the supercoiled DNA plasmid is not completely
protected, this is probably due to the temperature of the assay (37 °C)
that is far from optimal temperature of the enzyme. Nevertheless,
these results highlight the role of TtBcp in DNA protection as also
showed for different Prxs-Q and Bcps characterized in various microor-
ganisms [15,42,43].

4. Conclusions

Prxs are enzymes of great relevance for their various functions and
properties. From an evolutionary point of view Prxs have been found
from the archaea to man; they belong to the Trx subfamily [8] that is
characterized by the Trx fold, a scaffoldwhich has proven to be awinner
during the evolution for themaintenance of cellular redox homeostasis.

In this work we have demonstrated both the peroxidase activity of
TtBcp and its ability to reduce peroxides using a novel redox pair repre-
sented by Tr/PDO, highlighting a new possible physiological role of
TtPDO in the antioxidant Bcp system of T. thermophilus HB27. Until
now, this reductase disulfide systemwas described only in the archaeon
S. solfataricus. PDOs are present exclusively in thermophilicmicroorgan-
isms [21–24] and are characterized by two Trx folds with reductase, ox-
idase and isomerase activities.

Prxs are very attractive for possible biotechnological application, re-
cently Bcp1 from S. solfataricus, particularly thermostable and resistant
to extremes pH has been linked on probiotic spores of Bacillus
megaterium and it has been shown that it maintains its antioxidant ac-
tivity [44]; it is therefore conceivable that they can be used in drug
B
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ined in the temperature range 40–90 °C. B) Thermostability was determined as residual
2 was measured by DTT assay.
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pUC18 + +++ +

Fig. 8. TtBcp protection assay of plasmidic DNA in Metal ion Catalyzed Oxidation (MCO)
system. Lane 1: plasmid pUC18; lane 2: plasmid pUC18 + MCO system; lane 3: plasmid
pUC18 + MCO system + 2 μM TtBcp; lane 4: plasmid pUC18 + MCO system + 10 μM
TtBcp; lane 5: plasmid pUC18 + MCO system + 20 μM TtBcp; Sc: Supercoiled form of
plasmid, Nc: Nicked form of plasmid.
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delivery in pathologies of the inflamed intestine in which ROS are pro-
duced. In addition, for thermostable Prxs, such as TtBcp, it is possible
to hypothesize applications in different fields ranging from food to
pharmacology to cosmetics.

In conclusion in this workwe have not only characterized a new an-
tioxidant enzyme, TtBcp, involved in the reduction of peroxides but we
have identified for the first time in a thermophilic bacterium the pecu-
liar disulfide reductive pathway involving PDO instead of Trx for the re-
generation of Bcps.
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