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Introduction 
Organophosphates are extremely toxic compounds that 
have been used as plasticizers, air fuel ingredients,  
chemical warfare agents, and more commonly as pesti-
cides and insecticides. These compounds inactivate a large 
family of serine hydrolase. One of the most important  
enzymes deactivated by these compounds is Acetylcholin-
esterase which exists at the central nervous system.  
Inactivation of this enzyme results in the accumulation of 
acetylcholine in nervous system, the dysfunction of  
muscles, and damage in breathing leading to coma and 
finally death. Biodegradation methods, including the use 
of enzymes, are the most important methods for decontam-
ination of organophosphorus chemicals [1, 2].  
The Organophosphorus hydrolase enzyme (OPH) has been 
one of the most studied enzymes to decontaminate organo-
phosphorus chemicals [3]. The OPH, first noticed in  
Flavobacterium strain ATCC 27551 and Pseudomonas 
diminuta. OPH, is a ~36 kDa homodimeric metalloprotein 
with two Zn2+ ions (which can be substituted with Mn2+, 
Cd2+, Co2+, or Ni2+)  in the active site of native OPH en-
zyme that can degrade a broad spectrum of organophos-
phorus chemicals [4-6]. 
OPH has been expressed in many hosts including bacteria, 
insect cells and fungi. The expression of OPH in Esche-

richia coli is in too much higher than P. diminuta. E. coli 
strains produce low yields of OPH enzyme due to the low 
solubility and the degradation rate of proteolytic enzymes. 

However, in most cases the level of OPH production has 
been, relatively low and unstable with improper folding  
[1, 7-9]. Although OPH has a very large conformational 
stability (~40 kcal/mol), only a small volume of energy 
(~4 kcal/mol) needs to unfold this enzyme into its inactive 
form. In fact, its operational stability is much lower [10, 
11].  
Many strategies have been attempted to enhance OPH  
production yield, solubility, folding and stability, such as 
varying growth conditions, using fusions protein and  
mutation creation [1, 8]. Of course the use of an  
engineered host that secretes the active enzyme may also 
be useful to solve the problems [12].  The production of 
soluble and stable protein in high-level in E. coli strains is 
still a major block for researchers, and there is a need to 
solve it [4, 13]. To facilitate this problem, a number of 
fusion tags (thioredoxin, maltose binding protein, NusA, 
etc.) are used. Fusion tags can improve protein expression, 
stability and resistance to proteolytic degradation. There 
are many reports on an increase in the yield, solubility and 
stability of fused proteins when overexpressed in E. coli 
strains [12].  
TRX is a small protein (a molecular weight about 12 kDa) 
found from archaebacteria to humans [14]. It has a central 
core with five β-sheet strands surrounded by four α-
helices[15]. It is a soluble tag that assists the protein  
refolding, the resistance to proteolytic degradation, the 
high-level production of proteins and disulfide bonds  
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formation. TRX not only is an important factor in solubili-
ty, but in most cases it is also biological active agent. Also 
TRX has an inherent thermal stability [16-18]. The pET32 
expression vector is one of the systems that containsTRX 
tag [5]. This vector is designed for cloning and high yield 
expression of protein sequences fused with TRX protein 
[19].  
In this paper, we described the expression of opd gene at 
two systems; with and without TRX fusion protein 
(pET32a with fusion protein and pET21a without fusion 
protein) in engineered E. coli shuffle T7 to evaluate the 
TRX role at high-level production, solubility and stability. 
 
Materials and Methods 

Design, Optimization and synthesis of the pET-32a-opd 

and pET-21a-opd constructs 

The opd gene (1008 bp) was designed and optimized for E. 

coli by JCat software [20], Gen Script’s 
(http://www.genscript.com/cgibin/tools/rare_codon_analys
is) and Mfold softwares [21], and finally was cloned into 
pET21a and pET32a vectors (Biomatik, Canada) as 
NdeI/HindIII with His tag fused at N-terminal. All the 
clones were confirmed by DNA sequencing (Fig. 1). At 
pET32a vector ,TRX is fused at N-terminal because it is 
more effective when located on the N-terminal of target 
protein [22, 23]. His tag fused at N-terminal of OPH gene 
because the N-terminus of OPH in a region distant from 
the active site (OPH active site is located at C-terminal) 
[24]. 
There are 29 amino acids at N-terminal of OPH known as 
peptide leader. This peptide leader was removed from the 
clone because it would affect OPH stability and folding. 
The removal of this sequence caused a major increase in 
the level of protein expression and stability [13, 25, 26] . 
Expression optimization of opd gene in E. coli Shuffle T7  

100 µl of the transformed cells was inoculated in LB Amp 
(80 µg/ml) plates. A single colony of transformed E. coli  
Shuffle T7 was  removed and  grown at 37°C in 15 ml LB 
broth medium with 80 mg/L ampicillin and 1 mM ZnCl2 
(to provide a divalent metal ion which is required for  
enzyme active site) at 150 rpm. Cultures were grown to an 
OD 600 of 0.8, and the expression of recombinant OPH 
was induced by adding different concentrations of IPTG 
(0.1 to 1 mM) at varied temperatures (14°C, 18° C, 24°C, 
30°C and 37°C) for 4, 6, 8, 10, 12, 14,16, 24 and 48 h. 
After incubation, the cells were harvested and suspended 
in 20 ml of lysis buffer (20 mM Tris/HCl, pH 9.0, 200 mM 
NaCl) with 1 mM PMSF, 10 mM ZnCl2, 0.2 mg/ml lyso-
zyme and 0.2 mg/ml DNaseI. The cells were lysed by six 
30-s sonication steps. T separate soluble and insoluble 
fractions, the extract were clarified by centrifugation for 20 
min at 14,000 rpm, at 40°C [27, 28].  
Analysis of Expression Level, Solubility and Protein Pu-

rification 

Equal portions of whole-cell lysate, soluble fraction, and 
insoluble fraction were analyzed on 12% SDS-PAGE. To 
evaluate the stability, OPH purification was done with the 
hexa-histidine tag by Ni-NTA Colum (Qia gene).  
1 ml of the Ni-NTA solution was added to soluble fraction 
and mixed by shaking (150 rpm) at 4°C for an overnight. 

The soluble fraction–Ni-NTA mixtures were spilled into a 
column with a bottom covered, then the bottom cap was 
removed and the flow was collected. Washing was done 2 
times with 2 ml wash buffer (100 mM NaH2PO4, 10 mM 
Tris.HCl, 20 mM imidazole, Adjust pH to 8.0). Elution 
was done 2 times with 2 ml elution buffer (100 mM 
NaH2PO4, 10 mM Tris.HCl, Adjust pH to 8.0) with 150 
and 250 mM imidazole. The protein concentration was 
determined using Bradford method. Flow, wash and  
elution fractions were used for SDS-PAGE analysis [29]. 
Activity assay and stability evaluation 

For each assay, 40 µL of supernatant (OD 600 = 1.0) were 
added into a solution with 140 µL of Tris.HCl buffer (10 
mM ZnCl2, adjust pH8.5) and 20 µl of 20 mM paraoxon in 
20% deionized water. The reaction was conducted in 1.5 
ml eppendorf tube for 10 min at 37◦C. 100 µl of reaction 
medium was added in a 96-deep-well plate and the produc-
tion of p-Nitrophenol (PNP) was determined by measuring 
the absorbance at 405 nm where PNP absorbs strongly at 
ambient temperature using microplate reader. A unit of 
enzyme activity was as one micromole of paraoxon hydro-
lyzed to PNP per minute, per milliliter [30].  
Enzyme activity was calculated according to: Absorbance 
at 405 nm × Volume of assay × Dilution factor/Extinction 
coefficient of PNP × Volume of enzyme × Time [31]. 
To evaluate OPH stability, we used two independent 
methods; thermal and proteolytic. For thermal stability 
evaluation, pure OPH produced by two constructs was 
incubated at 600c for 0, 10, 20, 30, 40, 50 and 60 minutes, 
and then was assayed based on the above protocol [32].  
Evaluation of proteolytic stability is a useful biochemical 
method which can give information about protein structure 
and conformational changes [33, 34]. In an analysis of the 
proteolytic stability between the two forms, pure OPHs 
was incubated at 400°C for one hour then was treated with 
trypsin (100 µg/ml) with 1:10 trypsin/OPH ratio at 20 mM 
Tris buffer, pH 8.0 and 37°C. For OPH activity assay after 
proteolytic cleavage, aliquots of the reaction were removed 
at specific time points (5, 10, 30, and 60 minutes) then 
trypsin activity was stopped by adding 0.1mM PMSF 
(phenylmethylsulfonyl fluoride). To remove the PMSF, the 
aliquots were dialyzed against 50mM Tris then were  
assayed according to the assay protocol immediately [15, 
35-42]. The concentrations of pure OPH obtained from 
both constructs were the same. 
 
Results 

Optimum condition for soluble expression 

The effects of temperature, IPTG concentration and  
duration of incubation were investigated. The best condi-
tion for OPH expression at both constructions were 18°C, 
30°C and 37°C, IPTG 0.3 mM and 7 hrs.  
Evaluation of OPH Solubility by SDS Page Analysis  

SDS-PAGE of whole-cell lysate, soluble and insoluble 
fractions obtained from both constructs showed two dis-
tinct bands at anticipated monomeric molecular weight 
(~35 kDa for pET 21a-opd construct and ~46 kDa for 
pET32a-opd construct). The results of SDS page analysis 
revealed increased OPH expression level and solubility in 
the pET32a-opd construct compared to the pET21a vector. 
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As can be seen in Figure 2, OPH solubility increased in the 
pET32a-opd construct compared to the pET21a vector due 
to the presence of the fusion with TRX in pET32a (This is 
known at the three temperatures and IPTG concentrations).  
Of course, despite using the different conditions of  
temperature, time and IPTG concentration, the majority of 
this protein was in the insoluble fractions in both  
systems. It is suggested to take denaturation refolding. 
 

 
 
Figure 1. The electrophoresis of opd gene and vector. The opd 
gene and vector are shown. 

 

 

 
Figure 2. SDS-PAGE analysis of pET21a-opd and pET32a-opd 

whole-cell lysate, soluble and insoluble fractions expressed in E. 

coli shuffle T7 cells with 0.3 mM IPTG for 7 h at 18°C, 30°C and 
37°C. M: Molecular weight Marker; P: Pellet; S: soluble. 
 

OPH purification  

The purification results at SDS-PAGE analysis showed 
two bands of ~46 kDa and ~35 kDa. By comparing the two 
bands, pET32a-opd band was stronger than pET21a-opd 
band, revealing an increase in the expression level and 
solubility (Fig. 3).  The concentration of protein was de-
termined using Bradford method (0.1 mg/ml for pET- 32a-
opd construct and 0.04 mg/ml for pET- 21a-opd construct).  

Activity assay and stability evaluation  

By investigating the activity of produced OPH in solution 
fractions against specific substrate (paraoxon), most  
protein was actively expressed in samples from the 
pET32a-opd construct (Fig. 4). This increase in activity 
due to the strong bands in the SDS-PAGE was predictable 
(Fig. 2).  

 
 

Figure 3. SDS-PAGE analysis of purified proteins. M: Molecu-
lar weight Marker; 1: OPH with TRX, 2: without TRX. 
 
Thermal stability was determined by measuring residual 
enzymatic activity after incubation at 600c temperature for 
different times (Figure 5a). To determe proteolytic  
stability, residual activity was measured after incubation 
with trypsin for different times (Figure 5b). The results 
were indicated the stability of pET32a-opd samples in 
comparison with of pET21a-opd samples (Fig. 5).    
 

 
 
Figure 4. Activity assay of soluble fractions at pET32a-opd and 
pET21a-opd enzymes. The compression of activity at three tem-
peratures, the most activity was observed in sample expressed at 
30°C and the lowest in sample expressed at 37°C.   

Discussion 

E. coli strains produce low yields of OPH enzyme due to 
the low solubility and stability of this protein [43]. How-
ever, in most cases, the production level and  
stability of OPH has been relatively low and the protein is 
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degraded by proteases. The production of soluble and  
stable protein in E. coli strains is still a major block for 
researchers, and there is a need to improve the folding of 
produced recombinant protein in E. coli [13, 24, 26, 44].  
A 

 
B 

 

 
 
Figure 5. Thermal and proteolytic stability curves for pET32a-
opd and pET21a-opd enzymes. A) The thermal stability of the 
enzymes was determined by monitoring residual enzymatic  
activity after incubation for 0 to 60 minutes at 60°C temperature 
and B) proteolytic stability the enzymes was incubated at 40°C 
for one hour then was treated with 20mM trypsin for 5, 10, 30, 
and 60 minutes. Enzymatic activity was then assayed using 
standard enzyme assay. Both diagrams indicated the stability of  
produced OPH by pET32a-opd construct compared to the 
pET21a vector. 
To enhance OPH expression level, solubility and  
resistance to proteolytic degradation, the use of fusion  
proteins and engineered hosts (include E. coli shuffle T7, 
E. coli Rosetta-gami and etc.) are of the most important 
methods [12]. Fusion tags can improve protein expression, 
resistance to proteolytic degradation and solubility [45]. 
There are reports on an increase in the solubility and the 
stability of fused proteins when overexpressed in engi-
neered E. coli strains. According to the studies, TRX, Gb1 
and MBP were most efficient tags in giving a soluble pro-
tein [12, 46]. TRX is a soluble tag assisting protein refold-
ing which needs a reducing condition and is resistant to 
proteolytic degradation [47]. 
In this study, we described the expression of opd gene at 
two systems; with and without TRX fusion protein 
(pET32a with fusion protein and pET21 without fusion 
protein) in engineered E. coli strain (shuffle T7) to evalu-

ate the TRX role at expression level, solubility and stabil-
ity.  
In evaluating the expression level and the solubility of  
produced enzymes, the results of SDS page analysis and 
assay reflected an increase in the expression level and the 
solubility of OPH produced by pET32a-opd construct, 
which were higher than OPH produced by pET21a-opd 
construct, which were due to the presence of TRX fusion 
protein in pET32a. These results were similar to previous 
studies in the TRX role at the high level production and 
increased solubility [18, 19, 48]. 
Although solubility of produced OPH by pET32a-opd  
construct was increased compared to the pET21a vector 
but the majority of this protein was found in the insoluble 
fractions that is suggested to take denaturation refolding. 
Of course fusion proteins such as TRX increases the yield 
of soluble proteins after refolding steps [49]. 
The results of thermal and proteolytic experiments showed 
stability improved at OPH produced by the pET32a-opd 
construct compared to the pET21a vector because of the 
presence of TRX. TRX has a central core with five β-sheet 
strands surrounded by four α-helices and contains a  
cis-proline located in beta-strand 4 that interacts with cys-
teines in the active site and is essential for both stability 
and function [15, 50, 51]. The TRX structure also has a 
very tight fold so that >90% of its primary sequence is 
involved in secondary structure [52]. It probably acts as a 
scaffold for OPH and causes resistance to protease and so 
thermal stability [51]. The previous studies confirm our 
results on the thermal and proteolytic stability that is  
related to the present of TRX [15, 50, 51, 53]. 
 
Conclusion 

In summary, we have described the first application of the 
utility of TRX as an increasing agent of the expression 
level, moderate solubility and stability of recombinant 
OPH enzyme. In particular, a significant correlation was 
made between OPH expression level, moderate solubility, 
stability and TRX. Meanwhile, the use of the engineered 
host (E. coli shuffle T7) was played an important role in 
strengthening it. 
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