
The study of native tobacco peroxidase (TOP) isolat�

ed and characterized in this laboratory [1] revealed a

number of unusual properties of the enzyme. First is its

high stability both during storage and in the reaction

course, in particular at extreme pH values in the presence

of calcium ions. High stability of TOP over a wide range

of pH allows its activity towards veratryl alcohol to be

detected at pH < 2 [2], which is impossible in the case of

horseradish peroxidase. The enzyme is also stable in the

course of its chemical modification in alkaline medium

resulting in more active conjugates of antibodies and

tobacco peroxidase compared to those of horseradish per�

oxidase [3, 4]. Second, this enzyme has a different profile

of substrate specificity compared to peroxidases from

other sources. For instance, contrary to horseradish per�

oxidase, TOP is almost inactive towards iodide and phe�

nol, and extremely active towards luminol even in the

absence of chemiluminescence enhancers, which makes

the enzyme promising for the purposes of chemilumines�

cent assay [5]. Third, the properties of intermediate com�

pounds of tobacco peroxidase, i.e., high stability of

Compound I and low stability of Compound II in acidic

medium, are very close to the properties of intermediate

compounds of fungal peroxidase Coprinus cinereus

(Arthromyces ramosus) that has been patented as a chemi�

luminescent reagent [6]. Fourth, contrary to other perox�

idases, spectral and catalytic properties of TOP are regu�

lated by calcium ions [2, 7]. Computer modeling of the

tobacco peroxidase tertiary structure based on peanut and

horseradish structures [7] revealed the presence of

Glu141 at the active center entrance, while other peroxi�

dases have Phe in this position. The presence of negative�

ly charged glutamic acid residue 141 at the TOP active
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Abstract—Coding DNA of the tobacco anionic peroxidase gene was cloned in pET40b vector. The problem of 11 arginine

codons, rare in procaryotes, in the tobacco peroxidase gene was solved using E. coli BL21(DE3) Codon Plus strain. The

expression level of the tobacco apo�peroxidase in the above strain was ~40% of the total E. coli protein. The tobacco peroxi�

dase refolding was optimized based on the earlier developed protocol for horseradish peroxidase. The reactivation yield of

recombinant tobacco enzyme was about 7% with the specific activity of 1100�1200 U/mg towards 2,2′�azino�bis(3�ethylben�

zothiazoline�6�sulfonate) (ABTS). It was shown that the reaction of ABTS oxidation by hydrogen peroxide catalyzed by

recombinant tobacco peroxidase proceeds via the ping�pong kinetic mechanism as for the native enzyme. In the presence of

calcium ions, the recombinant peroxidase exhibits a 2.5�fold decrease in the second order rate constant for hydrogen perox�

ide and 1.5�fold decrease for ABTS. Thus, calcium ions have an inhibitory effect on the recombinant enzyme like that

observed earlier for the native tobacco peroxidase. The data demonstrate that the oligosaccharide part of the enzyme has no

effect on the kinetic properties and calcium inhibition of tobacco peroxidase.
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center entrance may be the cause of its unusual proper�

ties.

Systematic study of structure–function relationships

for tobacco peroxidase by site�directed mutagenesis is

ongoing in this laboratory. The current expression sys�

tems of TOP in transgenic tobacco and tomatoes [8],

being laborious, time consuming, and expensive, are not

suitable for these purposes. The most efficient system for

production of peroxidase mutants is an E. coli expression

system, which, in addition, results in the expression of a

non�glycosylated enzyme. This allows us to obtain infor�

mation on the role of the oligosaccharide part in catalysis

and stability. It is well known that expression of peroxi�

dase genes in E. coli yields a non�soluble product in the

form of inclusion bodies, which can be reactivated into an

active and soluble enzyme via a special refolding proce�

dure. The refolding conditions for each peroxidase are

very different. This article presents the results on the

expression of anionic tobacco peroxidase protein in E.

coli cells and optimization of its refolding procedure.

MATERIALS AND METHODS

The gene of anionic tobacco peroxidase was cloned

in the laboratory of Prof. L. M. Lagrimini [9] and

expressed in transgenic plants [8]. To obtain a construct

expressing tobacco peroxidase in E. coli cells, cDNA of

the TOP gene was amplified by polymerase chain reaction

(PCR) with the following primers:

5′�CATATGCAATTAAGTGCAACATTTTATGATACC�3′ 

and

5′�GTCGACGAA�TTCTTAATTAACCCTCTT�3′

containing NdeI and XhoI restriction sites, respectively

(shown in bold italic). The PCR product was cloned via

“blunt” ends into an intermediate vector pCRII�TOPO.

The NdeI�XhoI restrict of 0.9 kb containing the gene of

tobacco peroxidase was then cloned into the expression

vector pET40b via NdeI and SalI restriction sites (XhoI

and SalI give the same “sticky” ends). Plasmids were iso�

lated from two independent clones and sequenced to con�

firm the absence of any additional mutation. The plas�

mids were used to transform E. coli BL21(DE3) and

BL21(DE3)CdPlus.

Transformed E. coli BL21(DE3)CdPlus cells were

grown in 2�liter flasks in 400 ml LB�medium prepared

with 10 mM Tris�HCl buffer, pH 8.0, containing

0.04 mg/ml kanamycin at 37°C. Expression was initiated

by 2·10–4 M isopropyl�β�D�thiogalactopyranoside

(IPTG) in the mid�log phase of cell growth (0.5�0.7

absorbance unit at 600 nm), and the cultivation was con�

tinued for 4�6 h. The biomass was collected by centrifu�

gation at 5000g and resuspended in 10 mM Tris�HCl

buffer, pH 8.0, and disrupted by sonication (22 kHz,

10 min) in the presence of 2 M NaCl and 10 mM dithio�

threitol (DTT). The mixture was incubated for 1.5 h at

room temperature and then sonication was repeated. The

supernatant was removed, and the precipitate was washed

with 0.05 M Tris�HCl buffer, pH 8.5, with subsequent

solubilization in 60 ml of 6 M urea containing 1 mM

DTT. The solubilized TOP apoprotein (95% purity,

1 mg/ml) was added drop by drop to 600 ml of the refold�

ing medium and incubated at 4°C. The optimization of

refolding medium was performed by varying the concen�

tration of urea (1.8�2.3 M), oxidized glutathione (0.1�

0.7 mM), DTT (0.1�1 mM) with fixed 5 mM CaCl2, 5 µM

hemin, 5% glycerol in 50 mM Tris�HCl buffer, pH 8.4�

9.5. The enzyme activity was measured towards ammoni�

um 2,2′�azino�bis(3�ethylbenzothiazoline�6�sulfonate)

(ABTS) during the incubation course. When the activity

reached the plateau, the mixture was saturated with

ammonium sulfate (60%). The precipitate was isolated by

centrifugation and dissolved in 30 ml water. Alternatively,

the protein was concentrated by ultrafiltration of the

refolding medium through an Amicon YM�10 membrane

(Amicon, USA). The resulting solution was applied in 15�ml

portions to a Sephacryl S�200 (5.2 × 80 cm) column

equilibrated with 0.005 M Tris�HCl buffer, pH 8.5. Active

fractions were pooled and concentrated.

The protein content was determined spectrophoto�

metrically using the formula: c (µg/ml) = 183·A230 –

75.8·A260 [10] which, as preliminarily shown, gives the

same results as the Lowry method [11]. The purity of

recombinant TOP preparations was monitored by SDS�

PAGE.

The activity was assayed with a Shimadzu UV 120�02

spectrophotometer (Japan) at 25°C in 0.1 M Na�acetate

buffer (pH 5.0, if not indicated otherwise) with 0.4 mM

ABTS and 1 mM H2O2. Rate constants in the reaction of

ABTS oxidation were determined from steady�state data

by varying the concentration of substrates in the range

0.015�0.15 mM for ABTS and 0.01�0.5 mM for H2O2 in

the presence and in the absence of 50 mM CaCl2 in 0.05 M

Na�acetate buffer, pH 4.5. The extinction coefficient for

ABTS oxidation product at 405 nm was taken equal to

36.8 mM–1·cm–1 [12]. Hydrogen peroxide concentration

was determined spectrophotometrically (ε240 =

43.6 M–1·cm–1) [13].

RESULTS AND DISCUSSION

Optimization of refolding. The tobacco peroxidase

gene contains 11 arginine codons AGA and AGG, which

are rare for prokaryotes. As a rule, genes containing these

codons cannot be expressed in regular E. coli strains, and

we observed that this rule holds for E. coli BL21(DE3) in

the case of tobacco peroxidase gene. Its expression was
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observed only in E. coli BL21(DE3)CdPlus, which solves

the problem of rare codons due to the introduced genes of

the corresponding tRNA. The electrophoresis data of E.

coli whole cells before and after IPTG induction are

shown in Fig. 1 (lanes 1 and 2, respectively). The expres�

sion level of recombinant TOP is higher than 40% of the

total E. coli protein. Like other peroxidases, tobacco per�

oxidase is expressed in the form of inclusion bodies. The

primary purification step, i.e., centrifugation of disrupted

cells, removes soluble E. coli proteins. The further treat�

ment of the precipitate with 2 M NaCl provides further

purification of the inclusion bodies. The purity of TOP

apoprotein solubilized from inclusion bodies in 6 M urea

is ~85�90% and is sufficient for the subsequent refolding

procedure. The optimal conditions for tobacco peroxi�

dase refolding were slightly different from those for horse�

radish peroxidase. The maximum activity yield for the

recombinant TOP was observed at pH 9.5 and 1.8 M urea

(pH 9.3 and 2.0 M urea, respectively, for horseradish per�

oxidase [14]), and with changed ratio for DTT and oxi�

dized glutathione from 1 : 7 to 1 : 5 (0.1 and 0.5 mM,

respectively) (Table 1). The decrease in the concentration

of oxidized glutathione slows down the rate of refolding

compared to horseradish peroxidase, i.e., the refolding

procedure takes 6�7 days instead of 36�48 h for horserad�

ish peroxidase. The specific feature of TOP refolding is in

hemin addition just after the addition of the solubilized

(in 6 M urea) enzyme apoprotein. In the case of horse�

radish peroxidase, hemin is added at the end of refolding

to the apoenzyme with the restored tertiary structure. The

entrapment of hemin by the apoenzyme active center

resulting in the formation of the horseradish peroxidase

holoenzyme takes only 2 h. One of the possible reasons

for the poor entrapment of the negatively charged hemin

by the active center of TOP can be the presence of a Glu

residue in position 141 while other peroxidases have a Phe

residue in this position. We showed earlier that

Phe143Glu mutation in the molecule of horseradish per�

oxidase in an attempt to mimic the active center of TOP

resulted in the impossibility of hemin entrapment by the

mutant apoenzyme at the end of refolding. In that case,

like in the one with the wild�type TOP, we had to add

hemin in the refolding medium in the very beginning of

the process [14]. However, even under this condition, the

yield of the Phe143Glu mutant of horseradish peroxidase

was much lower (5�10%) than that of the wild�type

enzyme (up to 50%) [14]. The correctness of the pro�

posed effect of Glu141 residue on hemin entrapment by

recombinant TOP in the process of its refolding can be

tested by Glu141Phe mutation. Currently, the mutant has

been constructed and expressed and the study of its

refolding is under way.

Purification of recombinant TOP. Isolation of the

active recombinant enzyme from the refolding medium

and its subsequent purification by ultrafiltration and gel

filtration demonstrated the difference between the

recombinant forms of tobacco and horseradish peroxidas�

es (TOP and HRP, respectively) even more.

In the case of HRP, the first purification step is per�

formed by precipitation with ammonium sulfate, which

Fig. 1. SDS�PAGE of E. coli BL21(DE3)CdPlus cells before

(1) and after IPTG induction (2); 3) marker proteins (on the

right, their molecular masses in kD).
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32
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Table 1. Effect of urea concentration, pH, and the ratio

between DTT and oxidized glutathione concentrations

on the yield of active enzyme in the course of refolding of

recombinant tobacco peroxidase

Relative activity, %



1192 HUSHPULIAN et al.

BIOCHEMISTRY  (Moscow)  Vol.  68  No. 11   2003

concentrates the enzyme and provides the removal of

refolding medium components and improperly folded or

aggregated protein. For the recombinant TOP, precipita�

tion with ammonium sulfate results in a significant loss in

activity (70�80%), which can be avoided by using ultrafil�

tration. In this case, there is no detected loss in activity at

the concentrating step (Table 2).

Further purification is achieved by gel filtration. The

elution profile of the recombinant TOP (Fig. 2) shows

that more than 80% of the protein is present in the high

molecular weight form with low activity towards ABTS. It

is likely that this is apoenzyme aggregates with partial

entrapment of the holoenzyme. Unfortunately, the over�

lapping peaks of aggregated and non�aggregated enzyme

forms (Fig. 2) does not allow their separation to be

achieved in one step. High�purity enzyme preparations

(>95% purity) have been obtained only after an addition�

al gel filtration step. The results of recombinant TOP

purification are presented in Table 2.

An interesting feature of the aggregated enzyme is

the shift of its Soret band to 409 nm (Fig. 3). As shown

earlier [2], native tobacco peroxidase undergoes a shift in

the Soret band in the presence of calcium at extremely

low pH values; however, this shift is accompanied with

the growth of the enzyme extinction up to 1.5�fold, to

150 mM–1·cm–1, and the corresponding increase in RZ,

from 3 to 4.5 [2], which is not observed in this case.

The additional gel filtration step yields a homoge�

neous recombinant TOP preparation with specific activi�

ty of 1100 U/mg protein and RZ 3.0. The yield of the

active enzyme with respect to the total recombinant TOP

protein solubilized from inclusion bodies is about 8%,

which is 3�4�fold lower compared to the recombinant

HRP (Table 2). The cause of the lower reactivation yield

of the recombinant TOP is still unknown. To clarify the

problem and provide higher yields of the active enzyme,

more experiments are needed.

Effect of calcium cations on kinetic parameters of
ABTS oxidation. The native TOP, as shown earlier, is sen�

sitive to calcium ions: the second order rate constant for

the enzyme interaction with hydrogen peroxide decreases

3 times upon addition of [Ca2+] > 40 mM at pH 5 [15]. As

can be seen from the data in Fig. 4, the activity of the

recombinant TOP is also dependent on the presence of

calcium ions in the reaction medium. The slope of the

dependence of the reaction rate on hydrogen peroxide

concentration in double reciprocal plots increases by 2.5�

Purification step

Solubilization in 6 M urea

Reactivation

Ultrafiltration

Gel�filtration

Ultrafiltration

Gel�filtration

RZ

0.9

1.0

1.0

2.7

2.7

3.0

Table 2. Production and purification of recombinant wild�type tobacco peroxidase (from 1.8 liters of culture medium)

Purification
factor

—

1

1.7

6.7

6.7

7.3

Activity
yield, %

0

100

100

70.8

70.6

56.7

Total 
activity, U

—

9000

9000

6375

6350

5100

Total 
protein, mg

60
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40

6.38

6.35

4.6

* Calculated as the ratio of the active enzyme to the total peroxidase apoprotein solubilized from inclusion bodies.
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Fig. 2. Elution profile of the recombinant wild�type tobacco

peroxidase at the first gel filtration step: 1) absorbance at

280 nm (A280); 2) enzyme activity (U/ml).
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fold upon addition of 50 mM calcium ions to the solu�

tion.

Enzymatic reactions catalyzed by heme�containing

peroxidases, including tobacco peroxidase [16], proceed

via a ping�pong mechanism [17]. In accordance with it,

the dependence of the reaction rate on the concentration

of one substrate at any fixed concentration of the second

one (“primary” plots) presents a series of parallel lines

with a slope linearly proportional to the inversed second�

order rate constant for the enzyme interaction with varied

substrate and fits the equation:

1/v = 1/[E]0{(1/kH2O2
[H2O2]) + (1/kS[S])},

where [E]0 is the initial enzyme concentration, kH2O2
and

kS are the second�order rate constants for H2O2 and the

donor substrate (in this case, ABTS), respectively. In

accordance with the above equation, the intercepts at the

ordinate axis in the “primary” plots are linearly propor�

tional to the inversed concentration of the second sub�

strate, and the second�order rate constant for the varied

“fixed” substrate can be calculated from the slope of the

“secondary” plot.

As it is obvious from the data in Fig. 4, the double

reciprocal plots of the reaction rate dependence on the

concentration of ABTS in the presence of any fixed con�

centration of hydrogen peroxide present a series of paral�

lel lines both in the presence and in the absence of calci�

um ions. This confirms the ping�pong mechanism of the

reaction of ABTS oxidation with hydrogen peroxide cat�

alyzed by the recombinant non�glycosylated TOP and

remains unchanged in the presence of calcium ions.

However, the addition of calcium ions decreases the rate

constant for hydrogen peroxide by 2.5�fold (from 3.6·106

Fig. 3. Absorbance (A) spectra for recombinant wild�type

tobacco peroxidase: 1) high�molecular�weight fraction; 2)

highly purified preparation.

1 

3

2

2 

1

0
200

А

250 300 350 400 450

λ, nm

1 

2 
120

80

60

40

20

0

In
te

rc
e

p
t 

at
 o

rd
in

at
e

 a
xi

s

c

0

1/[H2O2] × 103, µM–1

10 20 30 40

160

120

80

40

0

1
/v

, 
µ

M
–

1
·s

e
c

b

0

1/[ABTS] × 103, µM–1

10 20 30 40 50

80

60

40

0
0

a

1/[ABTS] × 103, µM–1

201
/v

, 
µ

M
–

1
·s

e
c

10 20 30 40 50

Fig. 4. Kinetics of ABTS oxidation with hydrogen peroxide

catalyzed by recombinant wild�type tobacco peroxidase. a, b)

Dependences of the initial reaction rate on ABTS concentra�

tion at different fixed concentrations of hydrogen peroxide (28,

56, 84, 141, 169, and 197 µM) in double�reciprocal plots in the

presence (a) and in the absence (b) of 50 mM Ca2+; c) second�

ary plots of the dependence of intercepts at the ordinate axis of

the primary plots (a and b) on the inverse concentration of

hydrogen peroxide in the absence (1) and in the presence cal�

cium ions (2).
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to 1.4·106 M–1·sec–1) and for ABTS by 1.5�fold (from

8.2·106 to 6.0·106 M–1·sec–1) (Fig. 4). It is interesting that

the rate�limiting step of ABTS oxidation catalyzed by

TOP is hydrogen peroxide cleavage rather than the sub�

strate oxidation step, as occurs for all other peroxidases

including the horseradish enzyme.

Thus, the interaction of TOP with calcium ions is

likely to be determined by the peculiarities of the protein

polypeptide chain folding because the recombinant

enzyme synthesized in E. coli is non�glycosylated. The

effect of calcium can reflect the instability of its distal

binding site because the refolding proceeds with an excess

of calcium ions in the medium, but the purification is

performed in their absence. The lack of calcium in the

distal binding site usually results in a decrease in the rate

constant for hydrogen peroxide because of the shift of the

distal histidine towards the heme plane and the formation

of a hexa�coordinated iron [18]. The second order rate

constant for hydrogen peroxide is of the same order of

magnitude for both TOP and HRP, and thus, it is unlike�

ly that the heme iron is hexa�coordinated in TOP in the

absence of calcium. The lesser accessibility to the active

site of TOP or non�optimal coordination of its catalytic

histidine in the presence of calcium can result from struc�

tural changes caused by calcium cation adsorption on the

protein surface, which has an excess of negatively charged

residues (pI < 3.5). As noted above, one of the negatively

charged residues, Glu141, contrary to Phe143 in horse�

radish peroxidase [15], controls the access to the enzyme

active center. The interaction of this residue with calcium

ions in solution may result in the active center screening

and therefore, in its lower accessibility in the presence of

calcium. Further work on mutagenesis of the active cen�

ter residues will give a definite answer on the role of the

Glu141 residue in the unusual behavior of anionic tobac�

co peroxidase induced by calcium.

Thus, the experiments resulted in the production of

active non�glycosylated recombinant TOP from E. coli

inclusion bodies. The comparison of the properties of

native and recombinant tobacco peroxidase shows that

the oligosaccharide part of the enzyme has no principal

effect on the catalytic mechanism and calcium regulation

of the enzymatic activity.

The work was funded by INTAS 991�1768 and

INCO�Copernicus ICA2�CT�2000�10050 grants.
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