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Significance and Impact of the Study: This manuscript describes the expression and characterization of
a superoxide dismutase (SOD) from Thermus filiformis with thermophilic and cambialistic characteristics.
The SODs are among the most potent antioxidants known in nature, and their stability and pharmacoki-
netics can vary widely in accordance to their biological source. Although the currently clinical research
work has been focused on human and bovine SODs, alternative sources may become more biotechno-
logical attractive in the near future. Our study brings new insights for the research field of antioxidant
enzymes with potential application on pharmaceutical, cosmetics and food formulations.
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Abstract

The superoxide dismutase (TfSOD) gene from the extremely thermophilic

bacterium Thermus filiformis was cloned and expressed at high levels in

mesophilic host. The purified enzyme displayed approximately 25 kDa band in

the SDS-PAGE, which was further confirmed as TfSOD by mass spectrometry.

The TfSOD was characterized as a cambialistic enzyme once it had enzymatic

activity with either manganese or iron as cofactor. TfSOD showed

thermostability at 65, 70 and 80°C. The amount of enzyme required to inhibit

50% of pyrogallol autoxidation was 0�41, 0�56 and 13�73 mg at 65, 70 and

80°C, respectively. According to the circular dichroism (CD) spectra data, the

secondary structure was progressively lost after increasing the temperature

above 70°C. The 3-dimensional model of TfSOD with the predicted cofactor

binding corroborated with functional and CD analysis.

Introduction

Antioxidant enzymes such as superoxide dismutase (SOD)

and catalase protect living cells from reactive oxygen and

nitrogen species that are responsible for oxidative damage

of essential components of cell structure (Pantazaki et al.

2002). Superoxide dismutases are a class of antioxidant

defence metalloenzymes that disproportionate superoxide

radical ion into molecular oxygen and hydrogen peroxide

(Whittaker and Whittaker 1999). Due to its antioxidative

effects, SOD has been widely applied in medical treatments,

as well as cosmetic, food, agricultural and chemical indus-

tries (Liu et al. 2011). SODs have recently found applica-

tions as supplementation to prevent or reverse the adverse

effect of cardiovascular diseases, ageing, infertility, neuro-

logical disorders, ischaemia–reperfusion injury, transplant

rejection, autoimmune diseases, rheumatoid arthritis,

diabetes, asthma, septic shock-induced tissue injury and

cancer, as well as in the pharmaceutical and cosmetic

industries (Bafana et al. 2011).

Once thermal denaturation is a common cause of

enzyme inactivation in the industry, one of the major
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requirements for commercial SOD is the thermal stability.

This fact has stimulated a widespread interest in the

biochemistry and molecular biology of extremophiles

organisms (Morozkina et al. 2010). However, the extreme

conditions required for growth and maintenance of these

organisms present a problem for large-scale isolation of

proteins from their native sources. Thus, gene cloning

and heterologous expression can be used to achieve high

levels of recombinant thermophilic protein production in

a mesophilic host (Hough and Danson 1999). Thermo-

zymes display higher stability and activity than their

counterparts currently used in the biotechnology industry.

Thermozymes are not only more thermostable, but also

more resistant to chemical agents than their mesophilic

homologues, these properties that make them extremely

interesting for application in industrial processes (Panta-

zaki et al. 2002; dos Santos et al. 2011).

In this study, we report gene cloning and expression,

followed by purification and functional characterization

of a cambialistic thermostable superoxide dismutase from

Thermus filiformis (TfSOD). Thus, our main goal was to

characterize the thermostability potential of this enzyme

throughout biochemical and biophysical analysis targeting

novel biotechnological applications.

Results and discussion

Thermophilic SOD was successfully expressed in

mesophilic host

The amplified sequence of TfSOD was sequenced in 3500xL

Genetic Analyzers (Applied Biosystems, Foster City, CA,

USA) and then the amino acid sequence (KC768706) was

compared with others SOD on NCBI. The TfSOD showed

96% of identity with SOD from T. oshimai (AAM93203)

and T. thermophilus JL-18 (YP006059182) and 94% of

identity with SOD from T. antranikianii (AAM93199) and

T. brockianus (AAM93200).

Superoxide dismutase (SOD) was expressed in E. coli

BL21 (DE3) cells in the soluble fraction at 37°C. The

enzyme was purified using two chromatographic steps

(Figs 1a,b) yielding approximately 0�1 mg of purified

enzyme per ml. The purified SOD presented a single band

near 25 kDa (Fig. 1c) in the SDS-PAGE analysis. This

isolated band was trypsin digested and the peptide analy-

sis by LC-MS/MS confirmed the expression of the recom-

binant SOD from T. filiformis with FDR (false discovery

rate) of 1�35% (Table 1).

A cambialistic SOD with high thermostability

Despite the high expression level of the thermophilic pro-

tein by the mesophilic host, the recombinant protein was
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Figure 1 (a) Elution profile of superoxide dismutase (SOD) on 5 ml HiTrap Chelating HP column. Bound fractions were eluted using nonlinear

imidazole gradient (dashed line) ranging from 5 to 500 mmol l�1 at 1 ml min�1. (b) Size-exclusion chromatogram of SOD on a Superdex 200 10/

300 column in 20 mmol l�1 sodium phosphate buffer pH 7�5 containing 100 mmol l�1 NaCl at 0�5 ml min�1. (c) SDS–PAGE analysis of SOD

samples where: M: Molecular weight marker (Thermo Scientific, Milwaukee, WI, USA), 1: Purified Mn-SOD.

Table 1 Protein identification by LC-MS/MS

Protein

Accession

number

organism Peptide m/z z

Superoxide

dismutase

gi∣22135443
Thermus

filiformis

LLTPGGAK 378�7057 +2

LTQAAMGR 424�1778 +2

EPVGELKK 450�2169 +2

EKLTQAAMGR 552�758 +2

FGSGWAWLVK 575�7892 +2

AVDEQFGGFAALK 676�8151 +2

KAVDEQFGGFAALK 494�2526 +3

HLAALPQDIQTAVR 766�8825 +2

HHGAYVNNLNAALEK 550�9493 +3

FGSGWAWLVKDPFGK 565�6015 +3

FGSGWAWLVKDPFGK 847�9043 +2
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not active at ambient temperatures. However, it regained

activity in the presence of a metal ion after heating at the

physiological growth temperature of the source organism

(approximatly 70°C). This effect was previously described

by Whittaker and Whittaker (1999). The thermostability

was further investigated after preincubating the enzyme

with 10 mmol l�1 of MnCl2 or FeCl2 for 30 min at tem-

peratures ranging from 65 to 90°C. The enzyme was

highly active at 65 and 70°C with both metals, as shown

by the white halo in the NBT-PAGE (riboflavin-nitroblue

tetrazolium assay in nondenaturing polyacrylamide gel)

(Fig. 2a,b). As TfSOD regained enzymatic activity after

incubation with either Mn2+ or Fe2+, this enzyme can be

considered as a cambialistic SOD. This property was not

previously reported for other recombinant SOD enzymes

from Thermus genera (Liu et al. 2011; Yanbing et al.

2011).

The Mn-dependent SOD activity of T. filiformis was

quantified by the pyrogallol assay and shown to be ther-

mostable in the range from 65 to 80°C. At 65 and 70°C,
the enzyme presented higher stability with IC50 values of

0�41 mg and 0�56 mg, respectively, whilst at 80°C, the

activity considerably decreased requiring 13�73 mg of the

enzyme to inhibit 50% of pyrogallol autoxidation

(Fig 2c).

The thermostability shown by TfSOD was lower than

the MnSOD previously isolated from T. thermophilus,

which was demonstrated to be highly stable until 90°C
(Liu et al. 2011). On the other hand, the TfSOD was

active at higher temperatures than SODs from Thermus

sp. JM1 and Thermomyces lanuginosus, which were stable

up to 60°C (Yanbing et al. 2011; Li et al. 2005), as well

as, SODs from Aspergillus flavus, A. niger, A. nidulans and

A. terreus, which were stable only until 50°C (Holdom

et al. 1996).

The TfSOD a-helix content was disarranged along the

thermal denaturation

Far-UV circular dichroism (CD) spectrum of SOD

showed a positive band at approximatly 190 nm and

negative bands at approximatly 208 nm and approximatly

222 nm, characteristic of the a-helix spectrum (Fig. 3a)

(Corrêa and Ramos 2009). Deconvolution of CD data

using K2d method available in the Dichroweb server

(Whitmore and Wallace 2004) showed that the secondary

structure (SS) is formed by 58% a-helix, 8% b-sheet and
34% random coil (at 20°C). These values are similar to

the SS contents observed for superoxide dismutase of

T. thermophilus (Liu et al. 2011). As well as, regarding the

SS, this result also validated properly folding of the

recombinant TfSOD expressed in the E. coli.

The SOD thermal stability was assessed by monitoring

the effect of temperature over the range 20–100°C on

protein SS, as measured by the changes in the far-UV CD

spectrum (Fig. 3b). According to CD spectral data, the SS

was progressively lost after increasing the temperature

above 70°C. The structural changes of the enzyme SS

were in agreement with decrease in enzyme activity at

temperatures higher than 70°C (Fig 2c). The unfolding

transition was determined by monitoring the wavelength

at 209 nm, the wavelength that characterizes the a-helix
protein content. Therewith, a curve of temperature versus

molar ellipticity at 209 nm was plotted and through the

equation generated by its sigmoidal adjustment, as a

result the denaturation temperature was calculated to be

75�7°C (Fig. 3b). The main SS change after the thermal

treatment was in the a-helix contents, varying from 41%

at 65°C to 26% at 80°C and to 15% at 100°C. According
to the structure of MnSOD from T. thermophilus (Ludwig

et al. 1991; Liu et al. 2011), which shares high identity of
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Figure 2 Effect of temperature (65–90°C) on MnSOD (a) and FeSOD (b) activities based on the Nitroblue tetrazolium reduction on native PAGE.

White halos correspond to positive activity. Inhibition percentage of pyrogallol autoxidation by different amounts of SOD heated at 65°C (■),
70°C ( ) and 80°C ( ) with 10 mmol l�1 of MnCl2 (c). Analyses were done in triplicate.
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amino acid sequence with TfSOD, the manganese is

directly in contact with amino acids of two different

a-helix and one ß-sheet. Based on this previous report, it

was suggested that the alteration of the a-helix conforma-

tion could lead to the loss of the redox-active metal ion

in the catalytic pocket responsible for catalysing the dis-

mutation of superoxide radical ion into molecular oxygen

and hydrogen peroxide. The denaturation temperature

found for TfSOD was close to the optimum growth tem-

perature of the micro-organism (70°C). Recombinant

enzymes may be less stable than the native ones, because

it might require post-translational modifications or spe-

cific chaperones to reach their fully functional and stable

folded state (Vieille and Zeikus 2001).

The TfSOD predicted structure was closely correlated

with experimental data

The best-ranked protein used as a template was the man-

ganese SOD from Thermus thermophilus (TtSOD) (PDB

code 3MDS) from residue 11–189, which has 95% iden-

tity and 98% similarity between the two sequences. The

final minimized structure of TfSOD has root-mean devia-

tion of 0�2 �A from TtSOD (Fig. 4a). The initial tertiary

structure model obtained from I-TASSER was also com-

pared with the TfSOD model obtained from another

protein structure prediction program, RaptorX (K€allberg

et al. 2012) with a very good agreement between the two

models (root-mean deviation of 1�0 �A). The SS prediction

content from the bioinformatics tools I-TASSER, Rap-

torX, Psi-Pred (Jones 1999) and PredictProtein (Rost

et al. 2004) was closely correlated with the experimental

CD analysis. The manganese binding site predicted by

COFACTOR program (Roy et al. 2012) (residues H18,

H73, W122, D156, H160 in Fig. 4b) has similar binding

site as TtSOD and the manganese SOD from Bacillus

anthracis (PDB code 1XRE), both enzymes were used as

top-ranked templates by COFACTOR and has very high

confidence score. It was observed for TfSOD sequence in

the HHpred server (Biegert et al. 2006) that its sequence

is conserved and its SS has high probability (80–99%) to

be similar to 37 manganese and iron SOD enzymes.

Regarding these computational biology analysis, the pre-

dicted model (Fig. 4a) has a good confidence to represent

the 3-dimensional structure model of TfSOD studied in

this manuscript.

Antioxidative enzymes and their role in health are an

emerging field in research and industry. The results

described in this study can be considered as a new addi-

tion to the pool of industrial antioxidant enzymes with

biotechnological application. It is important to highlight

that this group of enzymes is now surpassing many other

biotechnological enzymes in terms of the volume of

research and production. For these reasons, we expect

that our findings bring relevant insights for the research

field of antioxidant enzymes with potential application in

drugs, cosmetics and food formulations.

Material and methods

Cloning of the SOD coding sequence

The T. filiformis (ATCC 43280) strain was obtained from

the National Institute for Quality Control in Health

(INCQS/FIOCRUZ - Rio de Janeiro, Brazil) and the culti-

vation of the micro-organism was conducted according to

Mandelli et al. (2012).

The coding sequence of SOD was amplified from a

genomic DNA of T. filiformis by a standard PCR

method using two oligonucleotide primers (forward,
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Figure 3 Far-UV circular dichroism (CD) spectra of recombinant TfSOD. The experiment was carried out with 0�15 mg ml�1 of SOD in sodium phos-
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5′- TATATCATATGCCGTACACGGCCCTCGAG-3′; reve-
rse, 5′- TATGGATCCTTAGTTCCAGACCGCCTGGAG-3′)
where underlined sequence indicates the recognition site

of the restriction enzymes. The PCR product was recov-

ered after agarose electrophoresis and further digested

with NdeI and BamHI enzymes, according to the manu-

facturer’s instruction. Finally, the double-digested PCR

product was ligated between the NdeI and BamHI sites in

pET-28a (Novagen) vector treated with the same two

enzymes. This approach allowed the insertion of a 6X-His

Tag sequence at N-terminal position of SOD from

T. filiformis.

Protein expression

E. coli BL21 (DE3) was transformed with pET28a/SOD

plasmid and plated in selective solid LB medium contain-

ing kanamycin (50 lg mg�1). Cells from a single colony

were grown in liquid LB-kanamycin (at the same previous

concentration) for 16 h at 37°C and 250 rpm. After that,

this culture was diluted in 500 ml of fresh medium of

LB-kanamycin and grown under the same conditions

until an optical density at 600 nm reached 0�6. After-

wards, MnCl2 was added to a final concentration of

2 mmol l�1, and the recombinant protein expression was

induced by adding 0�1 mmol l�1 IPTG. After 4 h, the

cells were harvested at 8500g and stored at �20°C.

Protein purification

Stored cells were resuspended in a mixture 1 : 1 of lysis

buffer (20 mmol l�1 sodium phosphate pH 7�5,
500 mmol l�1 NaCl, 5 mmol l�1 imidazole, 80 lg of egg

lysozyme ml�1 and 5 mmol l�1 PMSF) and of TE buffer

(10 mmol l�1 Tris–HCl containing 1 mmol l�1 EDTA,

pH 8�0) for 30 min in Nutating Mixer (Labnet, Edison,

NJ, USA). Cell disruption was performed in ice bath by an

ultrasonic processor (7 pulses of 10 s at 500 W; VC750

Ultrasonic Processor, Sonics Vibracell). The extract was

centrifuged at 10 000 g for 30 min at 4°C, the lysate was

heated at 65°C for 30 min in the presence of 10 mmol l�1

MnCl2, to bound the metal and thereby restore the

enzyme activity, and then centrifuged at the same condi-

tions described above. The SOD from the supernatant was

purified by chromatography using an €AKTA FPLC system

(GE Healthcare, Waukesha, WI, USA). Firstly, the super-

natant was loaded onto a 5 ml HiTrap Chelating HP

column (GE Healthcare) charged with Ni2+ and pre-

equilibrated with buffer A (20 mM sodium phosphate pH

7�5, 100 mmol l�1 NaCl, 5 mmol l�1 imidazole) at

1 ml min�1. The column was washed with five column

volumes (CVs) of buffer A to remove unbound fractions,

and the bound fractions were eluted with a nonlinear,

imidazole gradient from 5 to 500 mmol l�1 (buffer B) in

20 CVs. Fractions containing SOD were pooled and

concentrated to 2 ml by filtration using a 30 kDa-pore

Amicon before passage through a Superdex 200 10/300 GL

column (GE Healthcare), which was pre-equilibrated and

eluted with 20 mmol l�1 sodium phosphate buffer pH 7�5
containing 100 mmol l�1 NaCl at 0�5 ml min�1; elution

was monitored at 280 nm. The purified SOD was analysed

by sodium dodecyl sulfate polyacrylamide gel (SDS-

PAGE), and protein concentration was measured by the

Bradford method.

Mass spectrometry

The isolated protein band was excised, reduced, alkylated

and submitted to in-gel digestion with trypsin. An aliquot

(4�5 ll) of the resulting peptide mixture was separated on

(a) (b)

Binding site

H160

D156

H18

H73

W122

Mn2+

Figure 4 Ribbon representation of the 3-dimensional homology model of TfSOD with manganese as cofactor. The model was created by I-TAS-

SER server with the side chains minimized by the foldX software. TfSOD (dark colour) was superimposed to manganese SOD from Thermus ther-

mophilus (PDB code 3MDS) (light colour) (a). Zoom at the predicted five residues coordinating the active site (H18, H73, W122, D156 and H160)

and the manganese atom (Mn2+) in the centre of the figure (b).
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a C18 (100 lm 9 100 mm) RP-nanoUPLC (nanoAcquity,

Waters) column using a gradient from 2 to 90% (v/v)

acetonitrile in 0�1% formic acid (v/v) over 60 min at

0�6 ll min�1. The HPLC was coupled to a Q-Tof Ultima

mass spectrometer (Waters, Milford, MA, USA) with

nano-electrospray source, operated in the ‘top three’

mode, which means one MS spectrum is acquired followed

by MS/MS of the top three most intense peaks detected.

The spectra were acquired using software MassLynx v.4.1

(Waters) and the raw data files were converted to a peak

list format (mgf) by the software Mascot Distiller v.2.3.2.0,

2009 (Matrix Science Ltd., Boston, MA, USA). This list

was searched against NCBI database (12 780 006

sequences; 4 363 582 260 residues) using engine Mascot

v.2.3 (Matrix Science Ltd.), with carbamidomethylation as

fixed modification, oxidation of methionine as variable

modification, one trypsin missed cleavage and a tolerance

of 0�1 Da for both precursor and fragment ions. The FDR

was calculated for estimate the confidence of the peptide

identification.

Enzyme activity assay

Superoxide dismutase (SOD) activity was determined by a

modified procedure of pyrogallol autoxidation (Marklund

and Marklund 1974). Different amounts of the enzyme

solution (0�3–3�4 mg) were added in a 50 mmol l�1 Tris

buffer containing 1 mmol l�1 EDTA, at pH 8�2. After vor-
texing for 1 min, the reaction was initiated by the addition

of 0�2 mmol l�1 pyrogallol (final concentration). The

change of absorbance at 325 nm was measured every 30 s

for 5 min at ambient temperature. The results were

expressed as the amount of enzyme in mg required for

50% of inhibition of pyrogallol autoxidation (IC50).

Metal incorporation and Thermostability

To determine the metal specificity and thermostability of

TfSOD, the enzyme was incubated in 75 mmol l�1

sodium phosphate buffer (pH 7�4) with 10 mmol l�1 of

MnCl2 or FeCl2 at 65, 70, 80 and 90°C. The remaining

enzyme activity was observed with riboflavin-nitroblue

tetrazolium assay with nondenaturing polyacrylamide gel

(NBT-PAGE) (Boonmee et al. 2011).

Circular dichroism spectroscopy and thermal

denaturation

Far-UV CD spectra were recorded on a Jasco J-810

spectropolarimeter (Jasco International Co. Ltd., Tokyo,

Japan), equipped with a Peltier temperature control unit,

from 190 to 260 nm in a 1 mm quartz cuvette. The puri-

fied band of SOD (0�15 mg ml�1) was measured in

75 mmol l�1 of sodium phosphate buffer, pH 7�5. The

data collection parameters were set to scan rate of

100 nm/min, response time of 0�5 s, scan step of 0�1 nm

and accumulation of 8. The CD data are shown as mean

residue ellipticity units (deg cm2 dmol�1). The SS con-

tents were evaluated by deconvolution of the CD spec-

trum using the DichroWeb K2d database (Whitmore and

Wallace 2004).

For thermal scans, the protein samples (0�15 mg ml�1)

were heated from 20 to 100°C and subsequently cooled to

20°C with a heating/cooling rate of 1°C min�1 controlled

by a Jasco programmable Peltier element. Far-UV CD

spectra were recorded every 2°C, and all the spectra were

corrected by discounting the solvent contribution.

Structure modelling of TfSOD

The TfSOD amino acid sequence was sent to I-TASSER

web server (Zhang 2008; Roy et al. 2010) to create the

3-dimensional model for the enzyme. The side chain

energy minimization was performed in the predicted

model from I-TASSER using the foldX software

(Schymkowitz et al. 2005a,b). Moreover, the manganese

binding site was predicted by the COFACTOR program

(Roy et al. 2012).
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