
Reactive oxygen species (ROS) formed in living

organisms under normal as well as adverse conditions are

capable of inactivating most important biological macro-

molecules. Excess of ROS initiates oxidative stress and

development of a broad spectrum of pathological condi-

tions (diseases of cardiovascular, respiratory, and nervous

systems, etc.) [1-3]. Antioxidant preparations can be used

to reduce ROS level in cells and correct or neutralize the

development of oxidative stress. The use of antioxidant

enzymes is considered a promising approach for the

development of preparations with antioxidant activity

because they are several orders of magnitude more effec-

tive than the low molecular weight compounds used in

current medical practice [2].

The following enzymes are the most important cat-

alytic antioxidants detoxifying ROS: superoxide dismu-

tase (SOD), catalase (CAT), glutathione peroxidase

(GPx), glutathione transferase (GST), thioredoxin (Trx),

and peroxiredoxin (Prx).

Superoxide dismutases (EC 1.15.1.1) catalyze the

dismutation of superoxide into molecular oxygen and

hydrogen peroxide:

2O2
•– + 2H+

→ H2O2 + O2.                  (1)

Secondary organic hydroperoxides are formed in

free radical interaction with superoxide:

O2
•– + RH → ROOH,                         (2)

where R is an organic molecule.

The formed hydrogen peroxide and organic

hydroperoxides are, in turn, reduced by catalase and

other peroxidases:

2H2O2 → 2H2O + O2 (catalase),               (3)

2R′SH + H2O2 → R′S-SR′ + 2H2O (GPx, Trx, Prx), (4)

2R′SH+ ROOH →R′S-SR′+ H2O+ ROH (GPx, Trx, Prx), (5)

where R′ is a cysteine of the enzyme active center or low

molecular weight thiol-based reductant.

Hydrogen peroxide as well as organic peroxides

formed in reactions (1) and (2) migrate until they meet

peroxidase. Before reaching a peroxidase molecule, these

peroxides can oxidize important macromolecules, thus

possibly resulting in the loss of their functions. This can

be avoided if the peroxidase enzyme would be located at

near where the peroxide is formed. It was exactly this

approach that was used by Maksimenko and coauthors,

who chemically conjugated superoxide dismutase with

catalase from bovine liver producing one molecule [4, 5].

Despite the fact that the activity of enzymes in the com-

position of the conjugate reduced significantly (by more

than one order of magnitude) the final therapeutic effect

(prevention of vascular thrombosis and infarction) was
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much higher than in the case when the two enzymes func-

tioned independently [4]. Chemical conjugation of pro-

teins is a nonspecific reaction that can lead to shielding of

active centers of enzymes, and, hence, reflect negatively

on their activity. Preparation of fused enzymes with the

methods of genetic engineering, i.e. construction of genes

encoding two enzymes in a single polypeptide chain, is a

promising solution to this problem. It must be noted that

this type of study has been conducted previously [6-8],

but authors most often used one type of enzyme, such as

two isoforms of Cu/Zn-superoxide dismutase (extracellu-

lar and intracellular) [6]. It is obvious that these chimeric

enzymes catalyze a very narrow spectrum of neutraliza-

tion of ROS, and, hence, cannot be sufficiently effective

from the therapeutic point of view.

In this work, we decided to build upon the successful

work of Maksimenko et al. Superoxide dismutase was

used as the first component of the chimeric protein. It is

an irreplaceable enzyme in the dismutation reaction of

superoxide, which is a key form of ROS. Three types of

superoxide dismutases are present in humans (and other

mammals): SOD1 (Cu,Zn) – in cytoplasm, SOD2

(Mn) – in mitochondria, and SOD3 (Cu,Zn) – an extra-

cellular form. The important physiological role of super-

oxide dismutases was demonstrated experimentally using

SOD-knockout mouse models. The Cu/Zn-SOD1-knock-

out mice exhibit a broad spectrum of pathologies includ-

ing developing carcinoma, cataract, muscle dystrophy,

and reduced lifespan [9]. Mitochondrial Mn-SOD2-

knockout mice die within a few days after birth from the

development of strong oxidative stress [10]. Mice lacking

the gene for the extracellular form of Cu/Zn-SOD3 do not

exhibit significant deviations from the norm of physiolog-

ical development and lifespan, but are more susceptible to

hyperoxia in comparison with the wild type animals [11].

Hence, the most severe consequences have been observed

for the manganese-dependent superoxide dismutase

(Mn-SOD2) knockouts, and it is likely that this enzyme

plays the most important role in protection from superox-

ide and can be used in practice. However, in practice the

activity of superoxide dismutase in vivo depends strongly

on the source of the enzyme. Surprisingly, it was shown in

experiments with rats (edema model) that the enzyme

from rats themselves was ineffective. The highest antiin-

flammatory effects were observed for the enzymes from

phylogenetically distant species such as manganese-con-

taining superoxide dismutase from E. coli [12]. The fact

that the Mn-SOD from E. coli (unlike other superoxide

dismutases) is not inactivated by H2O2 formed in the

course of superoxide dismutation also counts in favor of

this enzyme [13-15].

We decided to use a peroxidase demonstrating the

broadest possible spectrum of neutralization of hydroper-

oxides as the second component of the chimeric protein –

a peroxiredoxin. Six types of peroxiredoxins (Prx1-Prx6)

are present in mammals. These peroxiredoxins contain

one or two cysteine residues in the active center (1-Cys-

peroxiredoxin Prx6 and 2-Cys-peroxiredoxins Prx1-5,

respectively), and they neutralize a broad spectrum of

hydroperoxides (both organic and inorganic) [16, 17]. We

selected peroxiredoxin 6 (Prx6) because it demonstrates

the broadest spectrum of hydroperoxide neutralization

and, unlike the remaining representatives of the Prx fam-

ily, it is capable of reducing phospholipid peroxides and

peroxynitrite [18, 19]. The mice lacking a functional Prx6

gene are highly susceptible to hyperoxia despite high level

of other peroxidases [20]. Moreover, high therapeutic

activity of Prx6 was demonstrated on skin damage, lung

inflammation, and ischemia–reperfusion-induced injury

of kidney, colon, and isolated rat heart [21-26]. It seems

likely that Prx6 can have important medical application

for treatment of pathologies caused by free radicals.

Hence, the chimeric protein could be able to neutralize

all major types of ROS. Based on this reasoning, the

following combination was selected for construction of

the chimeric protein: human Prx6 and Mn-SOD from E.

coli.

MATERIALS AND METHODS

Oligonucleotides used in this work are presented in

Table 1.

Mn-SOD gene from E. coli was constructed using a

PCR method with the Tersus high-fidelity DNA poly-

merase (Evrogen, Russia) and gene-specific primers sod-

F and sod-R (Table 1). Genomic DNA of E. coli was used

as a template. PCR conditions: denaturation at 94°C –

2 min; then 30 cycles: denaturation at 94°C – 30 s, primer

annealing at 54°C – 30 s, DNA synthesis at 72°C – 1 min;

DNA elongation at 72°C – 5 min.

The human Prx6 gene was constructed using the PCR

method with a Tersus high-fidelity DNA polymerase and

gene-specific primers prx6-F and prx6-R (Table 1), a

plasmid containing the human Prx6 gene being used as

the template. PCR conditions: denaturation at 94°C –

2 min; then 30 cycles: denaturation at 94°C – 30 s, primer

annealing at 56°C – 30 s, DNA synthesis at 72°C – 1 min;

DNA elongation at 72°C – 5 min.

Genes encoding fusion proteins were constructed

using the PCR method with Tersus high-fidelity DNA

polymerase (Evrogen) and overlapping primers sod-prx6

and prx6-sod (Table 1) complementary to both the

human Prx6 gene and the Mn-SOD gene from E. coli. Two

variants of spatial arrangement of the genes are possible:

5′-Prx6-Mn-SOD-3′ and 5′-Mn-SOD-Prx6-3′. Two

PCR fragments were prepared for each construct.

Procedure for preparation of 5′-Prx6-Mn-SOD-3′: the

first fragment was produced with primers prx6-F and sod-

prx6 that contained an NdeI restriction site at the 5′-ter-

minus. The second fragment was produced with primers

prx6-sod + sod-R with XhoI restriction site at the 3′-ter-
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minus. PCR conditions for both fragments were as fol-

lows: heating at 94°C – 3 min, then 30 cycles: heating at

94°C – 20 s, annealing of primers at 55°C – 20 s, synthe-

sis at 68°C – 60 s; and elongation at the end of RCR –

5 min at 68°C. Both fragments contained overlapping

complementary sequences at the ends. The fragments

were purified from primers by electrophoresis in 1%

agarose gel, cut from the gel, and the DNA was isolated

using silica gel columns (Evrogen). The isolated frag-

ments were mixed at equimolar ratio (50 ng of each in a

50-µl volume), heated at 95°C for 5 min, and slowly

(2°C/min) cooled to 52°C. The fragments were “glued”

together via their complementary ends as a result of

annealing. Next the PCR was conducted with the hybrid

fragment using forward and reverse primers of both genes:

prx6-F and sod-R (for the 5′-Prx6-Mn-SOD-3′ con-

struct) and sod-F + prx6-R (for the 5′-Mn-SOD-Prx6-3′

construct). PCR conditions were the following: chain

elongation after “gluing” of fragments at 68°C – 10 min,

then 30 cycles: heating at 94°C – 20 s, primer annealing

at 58°C – 20 s, synthesis at 68°C – 60 s; and elongation at

the end of RCP for 5 min at 68°C. As a result, the target

DNA molecules were produced consisting of two adjacent

genes.

The Prx6, Mn-SOD, and fused hybrid genes were

cloned into expression vector pET23b at the NdeI and

XhoI restriction sites according to standard procedures

[27]. The resulting constructs were verified by sequenc-

ing.

Preparation and purification of proteins. A separated

biomass (5 g) of an E. coli strain producer (Mn-SOD,

Prx6, or hybrid proteins) was resuspended in 25 ml of

buffer (12 mM Tris-HCl, pH 7.8, 10 mM imidazole) prior

to loading onto a column, and the cells were disrupted

with ultrasound at 4°C using a UDZN-2T sonicator

(Russia). Cell debris was removed by centrifugation at

14,000g for 30 min, the supernatant was filtered by pass-

ing through a 0.45-µm pore size filter (Corning, USA)

and then loaded onto a column with a Ni-NTA-agarose

(Invitrogen, USA) that was pre-equilibrated with buffer,

in which the cells were resuspended and disrupted. The

bacterial lysate was incubated with Ni-NTA-agarose for

40 min with shaking at 4°C. Next the column was washed

with 300 ml of 12 mM Tris-HCl buffer, pH 7.8, with

20 mM imidazole. The protein was eluted with 10 ml of

the same buffer supplemented with 250 mM imidazole.

The protein was concentrated using a Vivaspin concen-

trator with a 30-kDa cut-off membrane (Sartorius,

Germany) and then dialyzed in the same unit against

phosphate buffer (1.7 mM KH2PO4, 5.2 mM Na2HPO4,

150 mM NaCl, pH 7.4). Protein concentration was deter-

mined with a NanoDrop ND-1000 spectrophotometer

(NanoDrop Technologies, USA).

Determination of activity. Peroxidase activity and

constants of the Michaelis–Menten equation were deter-

mined according to Kang et al. [28] with minor modifica-

tion as described earlier [29]. Superoxide dismutase activ-

ity was determined with a commercial Superoxide

Dismutase Assay Kit (Calbiochem, USA) in accordance

with the supplier’s instructions.

Determination of thermal stability. Protein solutions

(1 mg/ml) were heated in an MJMini BioRad thermocy-

cler from 37 to 90°C (deviation from the target tempera-

ture 0.2°C). The sample volume was 100 µl, and the dura-

tion of heating was 30 min. The residual peroxidase activ-

ity was determined at 37°C, and superoxide dismutase

activity at 25°C.

RESULTS AND DISCUSSION

Preparation of genetic constructs. Schematic repre-

sentations of the genetic constructs are given in Fig. 1. In

the construct encoding the PSH protein (Prx6-MnSOD-

6His) the Prx6 gene (without stop codon) is located at the

5′-terminus followed by the Mn-SOD gene (without stop

codon), and after that the sequence encoding His-tag is

placed followed by the stop codon. In the construct

Oligonucleotide sequence 5'-3'

TTTCATATGCCCGGAGGTCTGCTT

AACTCGAGAGGCTGGGGTGTGTA

CCGCTACACACCCCAGCCTAGСTATACCCTGCCATCCTG

CAGGGATGGCAGGGTATAGCTAGGCTGGGTGTGTAGCGG

TTTCATATGAATATGAGCTATACCCTG

AACTCGAG TTTTTTCGCCGCAAAACGTGCCGC

GCGGCACGTTTTGCGGCGAAAAAACCCGGAGGTCTGCTTCTCGGGG

CCCCGAGAAGCAGACCTCCGGGTTTTTTCGCCGCAAAACGTGCCGC

Name

prx6-F

prx6-R

prx6-sod-F (1)

prx6-sod-R (1)

sod-F

sod-R

sod-prx6-F (2)

sod-prx6-R (2)

Table 1. Oligonucleotides

Notes: Restriction sites (NdeI, XhoI) are shown in bold and underlined. Complementary sites of prx6-sod-F,R (1) and sod-prx6-F,R (2) oligonu-

cleotides corresponding to the Mn-SOD gene are shown in italic, and the sites corresponding to the Prx6 gene are shown in bold.
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encoding the SPH protein (Mn-SOD-Prx6-6His) the

Mn-SOD gene (without stop codon) is located at the 5′-

terminus followed by the Prx6 gene (without stop codon),

and the sequence encoding six histidine residues (His-

tag) is located at the 3′-terminus followed by the stop

codon.

Isolation and purification of PSH. Electrophore-

grams of the lysates of the producers of the investigated

proteins are presented in Fig. 2. The SPH protein synthe-

sized by construct No. 2 in E. coli cells aggregates almost

completely (>90%), forming water-insoluble inclusion

bodies (Fig. 2b).

The low content of the water soluble fraction of SPH

provides insufficient quantities of the protein for determi-

nation of enzymatic activities, and isolation of the protein

from inclusion bodies under denaturing conditions using

8 M urea followed by protein folding via dialysis against

phosphate buffer is accompanied by the loss of activities.

Hence, this variant of the hybrid protein was not used in

further work.

Construct No. 1 encodes PSH, which is synthesized

in E. coli cells in a water-soluble form (>90%). The

amount of the hybrid PSH synthesized in the cells of the

producing bacterium reaches 40-50% of the total protein.

The yield of purified PSH was ∼40 mg per liter of culture.

The purity degree of the protein estimated form the poly-

acrylamide electrophoresis was �95% (Fig. 2d). The

enzyme preparation was stored in phosphate buffer

(1.7 mM KH2PO4, 5.2 mM Na2HPO4, 150 mM NaCl,

pH 7.4) at concentration of 10-20 mg/ml at –20°C. No

activity loss was observed during the two months of stor-

age.

To evaluate the effect of covalent conjugation of two

enzymes – Mn-SOD and Prx6 – on their activity in the

composition of the chimeric PSH protein, these enzymes

(Prx6 and Mn-SOD) were produced using the procedure

described above for PSH.

Determination of enzymatic activity of the chimeric

PSH protein. The data on enzymatic activities of the

chimeric PSH protein are presented in Fig. 3.

The peroxidase activity of the PSH with respect to

hydrogen peroxide was ∼100 nmol/min per mg protein,

which was approximately 2-fold lower than the activity of

pure human Prx6 (Fig. 3a), and similar results were

obtained with tert-butyl hydroperoxide (an organic

hydroperoxide) as the substrate. The substrate specificity

(apparent Michaelis–Menten constants) of the chimeric

PSH protein with respect to H2O2 and tert-butyl

hydroperoxide (tBOOH) is in agreement with that for

human Prx6 (Table 2).

Superoxide dismutase activity of the PSH was

0.073 U/µg of protein, which was ∼2-fold lower than the

activity of the pure Mn-SOD protein from E. coli

(0.139 U/µg of protein) (Fig. 3b).

Considering that molecular weight of the PSH is

∼47 kDa (Prx6 ∼25 kDa, Mn-SOD ∼22 kDa), it is obvi-

ous that 1 mg of the PSH contains approximately twice

less of the Prx6 and Mn-SOD molecules than 1 mg of the

Prx6 protein or the Mn-SOD protein, and, therefore

approximately two-fold reduction of activities per mg of

Fig. 1. Schematic representation of genetic constructs encoding chimeric proteins PSH (Prx6-MnSOD-6His) and SPH (MnSOD-Prx6-6His).

T7 promoter

T7 promoter

No. 1

No. 2
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PSH is expected. Hence, it can be concluded that both

the peroxidase and superoxide dismutase activities in the

composition of the PSH protein have been fully retained.

Thermal stability of the enzymes. To evaluate the

effect of combining the two enzymes (Prx6 and Mn-

SOD) on the stability of their structures, the thermal sta-

bility of the chimeric and initial proteins was investigated.

The peroxidase activity of PSH is preserved under the

same temperatures as for the human Prx6: ∼50% of activ-

ity is retained following 30 min incubation at 53°C

(Fig. 4a).

It should be mentioned that protein aggregation was

observed for human Prx6 protein solution at temperatures

above 50°C, which was manifested by the increase in light

scattering, while aggregate formation for the chimeric

PSH protein was observed only above 60°C (data not

shown). It seems likely that the Mn-SOD prevents aggre-

gation of the chimeric protein; nevertheless, inactivation

of peroxidase activity of PSH occurs at the same temper-

atures as in the case of Prx6 (Fig. 4).

The thermal stability of the PSH and Mn-SOD

determined from the superoxide dismutase activity was

also found to be the same: ∼50% of the chimeric PSH and

of Mn-SOD retained their superoxide dismutase activity

after 30 min incubation at 67°C (Fig. 4b). Hence, it could

be concluded that combining of Prx6 and Mn-SOD into

the chimeric PSH protein did not affect either their enzy-

matic activities or their physicochemical properties.

PSH exhibiting peroxidase and superoxide dismutase

activity can be considered as a bifunctional enzyme. Such

enzymes have been found in many prokaryotic organisms.

It has been suggested that they emerge during evolution as

a result of in frame fusion of two adjacent genes [30-32].

Such enzymes can be also created artificially, but some

Fig. 2. Polyacrylamide gel (12.5%) electrophoresis in the presence of 0.1% SDS. a: 1) Prx6 producer; 2) Mn-SOD producer; 3) molecular

weight markers; b: SPH producer: 1) molecular weight markers; 2) water-soluble protein fraction; 3) water-insoluble protein fraction; c: PSH

producer: 1) molecular weight markers; 2) water-soluble protein fraction; 3) water-insoluble protein fraction; d: 1) molecular weight markers;

2) purified PSH protein.

1          2          3                      1            2                 3                       1               2               3                   1             2

a                                  b                                   c                            d

35 kDa

25 kDa

45 kDa

45 kDa
45 kDa

Vmax (арр) PSH, nmol/min per mg protein

100 ± 10

45 ± 7

Table 2. Peroxidase activity and Michaelis–Menten constants

Vmax (арр) Prx6, nmol/min per mg protein

220 ± 10

95 ± 9

Km (арр) PSH, µM

122 ± 10

98 ± 7

Km (арр) Prx6, µM

125 ± 12

100 ± 8

Substrate

H2O2

tBOOH
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modification of at least one gene is required [33, 34]. The

gene encoding the PSH was obtained by fusion of two

genes (peroxiredoxin 6 and manganese-containing super-

oxide dismutase), and the ATG start codon of the super-

oxide dismutase gene was removed in the process. Hence,

the Prx6 is located at the N-terminus of the chimeric pro-

tein followed by the Mn-SOD and the sequence encoding

six histidine residues. It seems likely that the C-terminus

of the Prx6 is not essential for its activity [35-38]. In any

case, the removal of ∼40 a.a. from the C-terminus of the

Prx6 protein results only in a slight loss of activity (90% of

peroxidase activity is retained) [38, 39]. On the other

hand, the first 30 a.a. at the N-terminus of superoxide dis-

mutase are highly variable and, probably, are not so

important for its activity [40]. Hence, it could be expect-

ed that fusion of these two sites would not result in the

disruption of the structure and the loss of activity of the

respective enzymes, which indeed was observed in the

experiments. Testing of the PSH enzyme in animal mod-

els of various pathologies accompanied by the develop-

ment of oxidative stress could be an important confirma-

tion of the functional activity of the protein. As of now,

successful testing of this protein in experimental models

of thermal and chemical burn of the upper respiratory

tract [23], ischemia/reperfusion-induced injury of kidney

[41], and rat heart [42] has been conducted. The results

indicate that high protective and therapeutic activity of

the PSH protein is observed in all the mentioned patholo-

Fig. 3. a) Peroxidase activity of PSH (curve 2) and Prx6 (curve 1) with respect to hydrogen peroxide; b) superoxide dismutase activity of PSH

(curve 2) and Mn-SOD (curve 1).
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gies. It must be noted that the use of Mn-SOD and Prx6

proteins separately in the abovementioned models did not

provide the same outstanding therapeutic results as in the

case with the PSH.

We believe that PSH offers considerable promise for

practical application as a component of perfusion solu-

tion for conserving isolated organs as well as for treatment

of various diseases of respiratory organs.

This work was financially supported by the Russian

Foundation for Basic Research (project No. 15-04-

04021a).
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