
Various organophosphorus pesticides with acute and

cumulative neurotoxicity [1�4] pose a real threat to

human health. With developments in biotechnology,

enzymatic methods are increasingly used for detection

and destruction of these compounds, in particular, meth�

ods based on the use of organophosphate hydrolase

(OPH, aryldialkylphosphatase, phosphotriesterase, EC

3.1.8.1). This enzyme hydrolyzes organophosphorus

compounds (OPC) containing P–O, P–F, and P–S

bonds in triesters of orthophosphoric acid [5].

The need for industrial production of OPH stems

from its possible application as a catalytically active ele�

ment in biosensor devices designed for detection of OPC

in various samples (food, river and waste water) [6, 7].

Methods for biological degradation of OPC (also includ�

ing those that utilize OPH [8]) are being actively devel�

oped worldwide. To facilitate the practical application of

these methods, technologically feasible, economic, and

highly effective approaches for enzyme production are

needed. As a rule, such approaches imply the increase in

enzyme synthesis due to the optimization of cultivation

conditions of recombinant OPH producers, as well as

optimization of protein isolation and purification

processes with minimization of the number of steps.

The currently used process for OPH isolation and

purification consisting of five consecutive steps [10] is

labor�intensive, time�consuming, and thus is not techno�

logically adaptable. Preparation of a genetic construct for

expression of recombinant protein containing an addi�

tional hexahistidine tag (His6) allows obtaining highly

purified enzyme already after two technological steps

using metal chelating chromatography [11, 12]. Such an

approach to protein isolation and purification is based on

the formation of affinity complexes between protein His6

tag and metal ions, which are incorporated in the chro�

matographic support modified with chelating agents [13].

In most cases introduction of a His6 tag in a protein

molecule does not affect its catalytic properties [14�16].

This fact motivates wide practical application of the

abovementioned approach for the efficient isolation of

recombinant proteins. However, it is known from the lit�

erature data that His6 tag modification can in some cases

alter the properties of the target protein, in particular,

enzyme catalytic properties [17, 18], solubility [19], and

ability to form oligomers [20]. Moreover, the level of

modified protein in the active soluble form can decrease

due to the formation of inclusion bodies [21].

All these factors listed above defined the design of

genetic constructs to achieve a high level of expression of

native OPH containing His6 at the N�terminus of the pro�

tein molecule (His6�OPH) [22�24]. An Escherichia coli

strain providing the maximal level of soluble His6�OPH
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accumulation was selected [23]. The modified protein

was isolated and purified to 98% homogeneity on Ni�

NTA agarose [24].

The present work focuses on the investigation of the

following catalytic properties of the His6�modified pro�

tein: substrate specificity, pH optimum, and temperature

dependence of enzyme activity. The properties of the

native and modified OPH are also compared in this work.

MATERIALS AND METHODS

Materials. The following chemicals were used in this

work: paraoxon (diethyl�p�nitrophenyl phosphate),

parathion (diethyl�p�nitrophenyl thiophosphate), imida�

zole, Ches (2�[N�cyclohexyl�amino]ethanesulfonic acid,

Hepes (4�[2�hydroxyethyl]�1�piperazineethansulfonic

acid), cobalt chloride hexahydrate, nickel chloride, glyc�

erol, bromophenol blue, Coomassie brilliant blue R�250,

ampicillin sodium salt, kanamycin disulfate, egg albu�

min, sodium dodecyl sulfate (Sigma, USA); methyl�

parathion (dimethyl�p�nitrophenyl phosphate) (Fluka,

Switzerland); tryptone, yeast extract (Difco, USA); acryl�

amide, bis�acrylamide, ethylenediaminetetraacetic acid

(EDTA) (Merck, Germany); isopropyl�β�D�thiogalac�

topyranoside (IPTG), protein markers for electrophore�

sis with molecular weights 14.4, 18.4, 25.0, 35.0, 45.0,

66.2, and 116.0 kD (Fermentas, Lithuania); N,N,N′,N′�
tetramethylethylenediamine (TEMED), ammonium

persulfate (Bio�Rad, USA). Ni�NTA agarose was used as

affinity chromatography support (agarose modified with

nitrilotriacetic acid) (Quiagen, USA). All other chemi�

cals were of analytical grade and purchased from

Labtekhnika and Khimmed (Russia).

To transform E. coli the following genetic constructs

were used: pTES�OPH (containing the previously cloned

oph gene from Pseudomonas diminuta VKM B�1297

cells) and pTES�His�OPH (for expression of OPH con�

taining hexahistidine tag at the N�terminus of the pro�

tein molecule). The constructs were obtained as

described earlier [22, 24]. Escherichia coli DH5α and E.

coli SG13009[pREP4] cells were used for the isolation of

native and modified OPH, respectively.

The E. coli DH5αα cells were cultured at 37°C in LB

medium with ampicillin (100 µg/ml), whereas

SG13009[pREP4] strain containing pTES�His�OPH

plasmid was grown in LB medium with both ampicillin

(100 µg/ml) and kanamycin (25 µg/ml). After cultivation

for 16 h, the inoculate was introduced into 100 ml of the

nutrient medium containing (g/liter): tryptone, 12.0;

yeast extract, 24.0; glycerol, 4.0; KH2PO4, 6.95;

K2HPO4·3H2O, 12.54 (pH 7.0). When the absorbance

reached 0.6 at 540 nm (A540), enzyme expression was

induced by addition of IPTG in the medium up to the

concentration of 0.25 mM. At the same time, CoCl2 solu�

tion was added to give 10–4 M concentration of Co2+. The

cells were cultivated at 30°C with constant stirring

(200 rpm) on a thermostatted Adolf Kuhner AG shaker

(Switzerland) for 21�24 h. Then the biomass was separat�

ed by centrifugation (20 min at 5000g) on a Beckman J2�

21 centrifuge (USA).

Native OPH was isolated and purified according to

the known procedure [23], which yielded 12 mg of target

protein with specific activity of 5820 units/mg from 1 g of

cell biomass. The enzyme yield was 69% of the initial

OPH quantity produced by the cells.

His6�OPH was isolated and purified on Ni�NTA

agarose. Wet biomass was weighed and resuspended in

50 mM phosphate buffer, pH 8.0, containing 300 mM

NaCl to the concentration of 0.2 g/ml. Then the cell sus�

pension was treated with ultrasound (frequency of

44 kHz) 6 times for 45 sec. The resulting cell lysate was

separated by centrifugation (30 min at 15,000g). An equal

volume of Ni�NTA agarose pre�equilibrated in 50 mM

phosphate buffer was added to the supernatant. The

resulting suspension was packed in a chromatographic

column (5 ml) and washed with 50 mM phosphate buffer

(pH 8.0) containing 300 mM NaCl and 10 mM imidazole

at the flow rate of 0.5 ml/min until the absorbance (A280)

decreased to 0.01. The enzyme was eluted by an imida�

zole concentration gradient (10�500 mM). Imidazole was

removed from collected protein fractions by dialysis

against 50 mM phosphate buffer, pH 8.0, and after that

the fractions were analyzed, and protein concentration

and enzymatic activity were determined. As a result,

5.2 mg of highly purified enzyme preparation with aver�

age specific activity of 6870 units/mg protein was

obtained from 1 g of wet biomass. Enzyme yield was

81.7% of the initial amount of His6�OPH synthesized by

the cells.

SDS�PAGE. The level of OPH and His6�OPH

expression as well as homogeneity of enzyme preparations

was estimated by electrophoresis under denaturing condi�

tions in 12% polyacrylamide gel using a Miniprotean II

cell (BioRad) followed by Coomassie R�250 staining.

Protein concentration was determined by the

Bradford method using the reagent supplied by BioRad.

Protein isoelectric points were determined by analyt�

ical isoelectrofocusing (IEF) on a Model 111 Cell instru�

ment (BioRad).

Statistics. All experiments were performed in tripli�

cates, and mean values and standard deviations were cal�

culated in each case.

Determination of OPH and His6�OPH activities.
Enzymatic activity was determined spectrophotometri�

cally using an Agilent 8453�UV instrument (Germany)

monitoring the accumulation of hydrolysis product, 4�

nitrophenolate anion, at 25°C and 405 nm (ε
17,000 M–1·cm–1, pH 9.0; ε 18,000 M–1·cm–1, pH 10.5).

To determine the catalytic activity of OPH and His6�

OPH, 50 mM Ches buffer (pH 9.0) and 50 mM carbon�

ate buffer (pH 10.5) were used, respectively. Aqueous
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solutions of paraoxon, parathion, and methylparathion

(1 mM) were used for the investigation of substrate speci�

ficity of the enzymes. The catalytic reaction was initiated

by introduction of OPH or His6�OPH into the cuvette

containing buffer and the substrate so that the concentra�

tion of each enzyme in the reaction mixture was 10–10�

10–9 M (E0).

One unit of enzymatic activity was defined and

expressed as the quantity of enzyme that is necessary for

hydrolysis of 1 µmol of the substrate per min at 20°C and

pH 9.0 (in the case of native OPH) or pH 10.5 (in the case

of modified OPH).

The enzymatic reaction rates were calculated using

the initial linear regions of the kinetic curves (v0 = tanα).

The maximal velocities of enzymatic reaction (Vmax) and

Michaelis constants (Km) were determined both by using

Lineweaver–Burk coordinates (1/v0 – 1[S]) and from the

entire curves of substrate�dependent reaction velocities.

For the investigation of dependence of enzyme cat�

alytic activity on the pH, 50 mM buffers with overlapping

pH values were used: Hepes (pH 7.5�8.5), Ches (pH 8.5�

10.0), and phosphate�carbonate (pH 9.5�12.0).

To determine the temperature optimum for native

and modified enzymes, the cuvette with buffer and sub�

strate was thermostatted for 10 min at selected tempera�

ture in the range of 20 to 70°C. The reaction was initiated

by addition of OPH or His6�OPH aliquot (10 µl) in

50 mM phosphate buffer (pH 8.0), and the absorbance of

the solution was measured on the Agilent 8454�UV spec�

trophotometer equipped with a thermostatted cell.

Activities of OPH and His6�OPH at different pH and

temperatures were expressed as a percentage of the maxi�

mum value found for each of the enzymes.

For the investigation of dependence of OPH and

His6�OPH enzymatic activities on the nature of the metal

ion, the ions were removed from the enzyme active site by

treatment with 50 mM EDTA prior to the experiment.

The complexing agent was removed by dialysis against

50 mM phosphate buffer (pH 8.0). Then the correspon�

ding apo�enzyme was incubated with 10�fold molar

excess of metal ion and enzymatic activity of OPH and

His6�OPH was determined.

RESULTS AND DISCUSSION

Determination of catalytic properties of OPH and
His6�OPH. Figure 1 shows the electrophoretic data for

analysis of both OPH and His6�OPH isolated enzyme

fractions. The hexahistidine tag changed the elec�

trophoretic mobility of the enzyme. The band correspon�

ding to His6�OPH is located considerably higher on elec�

trophoregram than the native OPH band. The decrease in

electrophoretic mobility of His6�OPH was not propor�

tional to the increase in its molecular weight. Such behav�

ior of His6�OPH is apparently associated with the change

in total protein charge due to the incorporation of addi�

tional amino acid residues in the protein molecular struc�

ture.

According to IEF data, the isoelectric point (pI) for

native OPH is 7.4, and the pI for His6�OPH is shifted to

alkaline pH by 1.1 units resulting in pI value of 8.5. It can

be assumed that introduction of the additional hexahisti�

dine tag in the N�terminus of protein molecule leads to

the protonation of nitrogen atoms in the imidazole ring of

the histidines and release of hydroxyl ions. As a result, the

total protein charge changes, and the pI shift for His6�

OPH is observed.

The pH dependence of enzymatic activity, ther�

mostability, and temperature optimum for native OPH

and His6�OPH were studied.

The modified enzyme displayed steady catalytic

activity in the wide pH range from 7.0 to 12.0, and the

rate of the catalyzed reaction in the end points of the

range was 30% of the maximum. The pH dependences of

enzymatic activities of OPH and His6�OPH had similar

patterns, where the maximal activity for both enzymes

was observed in a rather wide pH range: from 8.5 to 11.0

for native OPH, and from 9.5 to 11.5 for His6�OPH.

Thereby, the optimal pH range for His6�OPH was shifted

to the alkaline range by 0.5�1.0 pH unit as compared with

pH optimum for the native enzyme (Fig. 2). It was found

Fig. 1. Electrophoregram of the purified OPH and His6�OPH

preparations: 1) OPH; 2) His6�OPH; M, molecular weight mark�

ers.
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that the nature of the buffer also has an influence on

activity of the investigated enzyme preparations. The

enzymes retained their activity up to pH 13.0 in the car�

bonate buffer, while a dramatic drop in activity at pH

above 10.0 was observed for both enzymes when other

buffers that maintain pH within the range of 9.5�12.0

were used (Ches, phosphate, and others). This fact con�

firms the earlier assumption that carbonate buffer causes

the formation of carbamylated lysine residue in the

enzyme active site (Fig. 3) [25, 26].

Investigation of enzymatic hydrolysis of OPC by

OPH and His6�OPH at different temperatures and pH

values revealed a number of general trends (Fig. 4). At

pH 8.0, the temperature optimum for both enzymes was

within 57�62°C (Fig. 4a). If the OPC hydrolysis reaction

was carried out at pH 9.0, the temperature optima for

both enzymes were shifted to lower temperatures: the

optimal intervals for native and modified OPH were 50�

55 and 53�58°C, respectively (Fig. 4b).

Significant difference in the temperature optima for

these enzymes was observed at pH 10.5 in the range of 43�

47°C for OPH and 47�52°C for His6�OPH (Fig. 4c).

Thus, the tendency in shifting the temperature optima to

lower temperature under more alkaline reaction condi�

Fig. 2. Dependence of relative enzymatic activity (Crel, % of max�

imum value) of OPH (1) and His6�OPH (2) on the pH of the

medium. Substrate: 1 mM paraoxon. Each point represents the

average of three measurements.
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tions was observed. The shift was more pronounced in the

case of native OPH.

It is known that OPH is a metalloenzyme that con�

tains two bivalent metal ions in the active site [27]. For

this reason, the influence of bivalent ions on the rate of

the His6�OPH catalyzed reaction was investigated. It was

found that with variation of metal ion in the enzyme

active site the activity of His6�OPH decreases in the

series: Co2+ > Ni2+ > Mn2+ >> Cu2+ > Zn2+ (Fig. 5). The

data are nearly identical with those obtained for native

OPH previously, with the exception of that the native

enzyme is more active in the presence of Zn2+ rather than

Cu2+.

Determination of the kinetic parameters for sub�

strate hydrolysis (paraoxon, parathion, and methyl�

parathion) by OPH and His6�OPH (table) demonstrated

that depending on the substrate the catalytic activity of

the modified enzyme was 2�10 times higher than the

native OPH. This difference was most remarkable when

S�containing substrates were used. Thus, in the case of

methylparathion, Vmax/[E0] increased and Km decreased

simultaneously, whereas in the case of parathion Vmax/[E0]

value remained virtually unchanged, and the Michaelis

constant decreased almost 5�fold. In the case of paraoxon

the Km value was also decreased.

Such improvement of the catalytic properties of the

modified enzyme compared to the native one could be

due to conformational changes in the structure of the

sorption site induced by the N�terminal region of the

enzyme molecule, which is spatially close to the C�termi�

nus and located on the opposite side from the active cen�

ter [26]. Moreover, the change in catalytic properties of

the modified enzyme could be caused by emergence of an

additional catalytic center formed by coordinated inter�

action between metal atoms and histidine residues of the

genetically introduced affinity tag sequence. Such metal�

locomplex could potentially be formed and have influ�

ence on OPC hydrolysis by His6�OPH. A number of

examples confirming the possibility of OPC hydrolysis

upon the action of various metallocomplexes [28�30],

especially those containing histidine residues [29, 30], are

known.

According to available literature, the influence of

hexahistidine tag on catalytic properties of metalloen�

zymes has not been studied before. It is likely that the

meager number of publications in this field is associated

with the fact that genetic modification of metalloenzymes

is undesirable due to the possible formation of strong

coordination bonds between metal ions in the chelating

support and the metalloenzyme active site. As a result,

modified protein can be eluted from the column only

under harsh conditions using eluent containing high imi�

dazole concentrations (up to 1 M) or eluent with acidic

pH (3.0�4.0), which can affect the activity of metalloen�

zymes [13]. Moreover, in the vast majority of cases, hexa�

histidine tag is incorporated into the protein structure

only to simplify the isolation procedure, and authors do

not compare the native and recombinant enzyme proper�

ties.

The results of the present work pose a question

regarding the influence of enzyme structure on catalytic

acceleration mechanism. The reasons for altered His6�

OPH properties compared to the native enzyme will be

further investigated.

Fig. 5. Histogram showing dependence of OPH and His6�OPH

specific enzymatic activity on the nature of metal ion in the

enzyme active site. Substrate, 1 mM paraoxon.
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Catalytic characteristics of His6�OPH revealed in

this work evidence enzyme stabilization under alkaline

hydrolysis conditions compared to the native OPH.

Moreover, the modified enzyme has improved catalytic

efficiency towards the number of known substrates (wide�

ly used organophosphorus pesticides). The possibility of

simplification of enzyme isolation procedure by using

metal chelating chromatography, yielding the enzyme

with improved properties, can provide a basis for wide

application of polyhistidine tagged OPH.
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