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ARTICLE INFO ABSTRACT

Article history: Organophosphates (OPs) widely exist in ecosystem as toxic substances, for which sensitive and rapid
Received 8 August 2013 analytical methods are highly requested. In the present work, by using N-terminal of ice nucleation
Received in revised form 18 October 2013 protein (INP) as anchoring motif, a genetically engineered Escherichia coli (E. coli) strain surface dis-

Accepted 20 October 2013 played mutant organophosphorus hydrolase (OPH) (S5) with improved enzyme activity was successfully

constructed. The surface location of INP-OPH fusion was confirmed by SDS-PAGE analysis and enzyme
activity assays. The OPH-displayed bacteria facilitate the hydrolysis of p-nitrophenol (PNP) substituted
organophosphates to generate PNP, which can be detected spectrometrically at 410 nm. Over 90% of the
Organophosphorus hydrolase recombinant protein present on the surface of microbes demonstrated enhanced enzyme activity and
p-Nitrophenol long-term stability. The OPH activity of whole cells was 2.16 U/ODggo using paraoxon as its substrate,
Spectrophotometric detection of which is the highest value reported so far, The optimal temperature for OPH activity was around 55 °C,
organophosphates and suspended cultures retained almost 100% of its activity over a period of one month at room temper-
ature, exhibiting the better stability than free OPH. The recombinant E. coli strain could be employed as
a whole-cell biocatalyst for detecting PNP substituted OPs at wider ranges and lower detection limits.
Specifically, the linear ranges of the calibration curves were 0.5-150 .M paraoxon, 1-200 wM parathion
and 2.5-200 .M methyl parathion, and limits of detection were 0.2 M, 0.4 wM and 1 M for paraoxon,
parathion and methyl parathion, respectively (S/N=3). These results indicate that the engineered OPH
strain is a promising multifunctional bacterium that could be used for further large-scale industrial and
environmental applications.
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1. Introduction

Organophosphorus hydrolase (EC 3.1.8.1, OPH) which was ini-

tially isolated from Pseudomonas diminuta MG and Flavobacterium
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catalyze the hydrolysis reaction of p-nitrophenol (PNP) substituted
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and methyl parathion to generate phosphate esters and PNP. The
typical hydrolysis of paraoxon by OPH is shown in Eq. (1).
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OPs are widely used as pesticides and warfare agents in agri-
culture, industry and military affairs all over the world [6-8].
Additionally, OPs are generally strong neurotoxic, cholinesterase-
inhibiting molecules that inflict severe toxic effects on various
living organisms [9]. Organophosphorus compounds such as
paraoxon, methyl parathion and dichlorvos can cause severe dam-
age to ecosystem, which have been forbidden to produce and use.
However, OPs can extensively disperse in environment for a long
time and turn into persistent organic pollutants due to its sta-
ble chemical properties. Therefore, a rapid and sensitive method
to detect OPs is highly desirable. Conventional detection methods
mainly include gas chromatography and liquid chromatography
[10-13], which require expensive instrumentation, complicated
sampling handling procedures, and are therefore time-consuming.
In recent years, various biosensors were developed based on
enzyme and microorganism for convenient, rapid and accurate
determination of OPs [4,14-18]. OPH-based biosensor with puri-
fied enzyme has been proposed to analyze various OPs [14,15].
Although the method is simple, rapid and direct, the tedious pro-
cess of purifying enzymes has limited its practical applications.
The transport barrier of organophosphate pesticides across the cell
membrane would hinder the interaction between substrate and
intracellular enzymes. Microbial surface display provides an alter-
native solution to purified enzyme for sensitive and cost-effective
OPs detection. So far, OPH has been displayed on the surface of
several microbes using different anchoring motifs, including ice
nucleation protein (INP) from Pseudomonas syringae [19,20], Lpp-
Omp A from Escherichia coli (E. coli) [21] and «-agglutinin anchor
from Saccharomyces cerevisiae [22]. The majority of OPH-display
systems have been used for detoxification of organophospho-
rus pesticides [11,23,24]. Unfortunately, the level of whole cell
OPH activity was unsatisfactory, and thereafter, hard to meet the
demands of practical applications in the fields [25]. On the other
hand, a few microbial sensors with surface displayed OPH have
been reported for detection of paraoxon, methyl parathion and
other OPs|[17,26,27].For example, E. coli cells surface displayed OPH
were integrated with optical transducer resulting in a microbial
biosensor with detection limits of 3 wM for paraoxon and parathion
[18]. Carbon paste electrodes modified with surface-anchored OPH
showed a low detection limit of 0.2 wM of paraoxon and 1M
of parathion [16]. However, the above biosensors were insensi-
tive, which is mostly probably originating from the lower level
of whole cell OPH activity. The analytical performance of these
biosensors could be improved by enhancing the catalytic efficiency
of OPH. Nevertheless, to date, little efforts have been devoted to
raise the functional expression level and enzyme activity. In the
context, Roodveldt obtained an OPH variant S5 containing three
point mutations that led to a 50-fold increase in esterase activ-
ity [28], which could make the strain an extremely promising
candidate for the preparation of OPH biosensor. In our previous
work, on basis of the cell surface display system using the N-
terminal domain of INP from P. borealis as anchoring motif, we have
successfully constructed both xylose dehydrogenase- and glucose
dehydrogenase-displaying strains, by which a series of biosensors
have been developed for the sensitive and selective measurement

NO,

p-nitrophenol (1)

of D-xylose [29,30] or p-glucose [31,32] and xylose-based biofuel
cell was assembled [33]. In the present study, mutated OPH (S5)
was displayed on the surface of E. coli using INP display system. The
enzyme activity and stability were also investigated. And finally, the
novel whole cell biocatalyst was utilized for establishing sensitive
and rapid detection method for PNP substituted OPs. To the best
knowledge of the authors, this is the first report on the functional
surface displaying of mutated OPH for OPs detection.

2. Materials and methods
2.1. Bacterial strains and materials

E. coli DH5a (F~ ¢80 lacZAM15A (lacZYA-argF) U169 endA1 recA1 hsdR17 (ry—,
my*) supE44\-thi-1 gyrA96 relA1phoA) was used for constructing recombinant plas-
mids. E. coli strain BL21 (DE3) (F~ ompT hsdSg(rg~mg~) gal dcm(DE3)) was used
as the host cell for the expression of recombinant protein. Cells bearing recombi-
nant plasmid were grown in LB media with 50 mg/L kanamycin at 37 °C. Bacteria
harboring expression vectors were grown to an OD of 0.6 before induction with
isopropyl-3-p-thiogalactoside (IPTG) at final concentrations ranging from 0.1 mM
to 1mM for 8 h at 25°C. INP was generously provided by Prof. Virginia K. Walker
(Department of Microbiology and Immunology, Queen’s University, Canada). Buffer
solutions with different pH values were prepared: 20 mM citrate-NaOH buffer, pH
3-5.5; 20mM phosphate buffer, pH 5.5-7.5; 20 mM Tris-HCl buffer, pH 7.5-8.5;
20 mM glycine-NaOH buffer, pH 8.5-10.5.

2.2. Construction of INP-OPH fusion

The inaPb-opd fusion was constructed as follows. The OPH-coding opd
gene originally from P. diminuta (without leader peptide-coding gene) was
amplified from plasmid pMAL-c2x/S5, which was a kind gift from Dr. Rood-
veldt (Department of Biological Chemistry, the Weizmann Institute of Science,
Israel). Forward (5'-CGCGGATCCATCACCAACAGCGGCGATCGG-3') and reverse (5'-
CCCAAGCTTTGACGCCCGCAAGGTCGGTGA-3') primers were applied to introduce
BamHI and Hindlll restriction sites (underlined). The amplified fragment was lig-
ated to pGEM-T easy vector and digested with HindIll and BamH]I, and then inserted
into the same sites of vector pTInaPb-N, resulting in plasmid pTInaPb-N/Oph. The
plasmid pTInaPb-N was the ligation of inaPb and pET-28a (+) conserved in our lab.
Finally, the recombinant plasmid pTInaPb-N/Oph was transformed into E. coli BL21
(DE3) and expressed under the control of T7 promoter.

2.3. Whole cell OPH activity assay

The OPH activity assay was based on a method developed by Shimazu et al. [19].
E. coli cells harboring plasmid pTInaPb-N/Oph were grown for 8 h after IPTG induc-
tion, harvested, and resuspended in 75 mM Tris-HClI buffer with 50 wuM CoCl, (pH
8.0). For each assay, 200 L of cells (ODgoo = 1.0) were added to 700 p.L of Tris-HCl
buffer and 100 pL of 20 mM paraoxon in 20% methanol. The reaction was conducted
in 1.5 ml plastic tube for 2 min at 37 °C and then centrifuged at 12,000 rpm for 1 min
to remove the cells. 200 p.L supernatant was added in a 96-deep-well plate and the
production of PNP was determined by measuring the absorbance at 410 nm where
PNP absorbs strongly at ambient temperature using microplate reader. Enzyme
activities were expressed as pmol of paraoxon hydrolyzed per minute (U) per ODggo
whole cells.

2.4. Cell fractionation and SDS-PAGE analysis

Cells harboring INP-OPH fusion were harvested and resuspended in 15ml
Tris-HCl buffer (pH 8.0) containing 1 mM EDTA and 10 p.g/ml lysozyme. Then the
cells were incubated on ice for 1 h. The cells were disrupted by ultrasound sonica-
tion. After centrifugation at 6000 rpm for 10 min, the cell debris was removed and
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the supernatant was total cell protein. To obtain membrane fraction, the supernatant
was centrifuged at 39,000 rpm for 1 h with an ultracentrifuge. The pellet (total mem-
brane fraction) was resuspended with PBS buffer containing 0.01 mM MgCl, and 2%
Triton X-100 and was then incubated for 30 min at room temperature for solubil-
izing the inner membrane (IM). Subsequently, the outer membrane (OM) fraction
was repelleted after centrifugation at 39,000 rpm for 1 h. All components were sus-
pended in Tris—HCl buffer (pH 8.0) for further analysis. SDS-PAGE was conducted to
determine the location of OPH expression. Cytoplasm and membrane fractions of
E. coli BL21 harboring pET-28a (+) were prepared as a control.

2.5. The effect of temperature and pH on OPH activity

E. coli cells harboring plasmid pTInaPb-N/Oph were grown in LB medium for
8 h after IPTG induction, harvested, and resuspended in 75 mM Tris-HCl buffer (pH
8.0) containing 50 wM CoCl;. To determine the optimal temperature of OPH activity,
the enzyme activity assay was conducted under different temperatures (20-80°C)
in Tris-HCI buffer (pH 8.0). To investigate the pH stability of cell surface displayed
OPH, equal volumes of cells were incubated at 4 °Cin different buffer at a pH between
3 and 10.5 for 1 h. The residual activity was determined under standard condition.

2.6. Stability of culture expressing INP-OPH fusion protein

OPH surface-displaying bacteria cells were suspended in 75 mM Tris-HCl buffer
with 50 uM CoCl, (pH 8.0) and incubated at different temperatures. The same
amount of sample solution was taken out for OPH activity assay at regular intervals
for a month.

2.7. Substrate specificity assay

Substrate specificity of surface displayed OPH was determined by measuring the
enzyme activity toward various organophosphorus pesticides, including parathion,
methyl parathion, fenitrothion, phoxim, chlorpyrifos and dimethoate. All reactions
were conducted in Tris-HCI buffer solution (pH 8.0) containing 1 mM substrate and
50 wM CoCl; at 37 °C for 2 min. Hydrolysis of organophosphorus pesticides except
fenitrothion was measured spectrophotometrically by monitoring the production
of p-nitrophenol at 410 nm. Hydrolysis of fenitrothion was detected at 358 nm spec-
trophotometrically by quantifying the resultant 3-methyl-4-nitrophenol.

2.8. Detection of PNP substituted OPs using cell surface displayed OPH

The detection of PNP substituted OPs was conducted in Tris—HCl buffer (75 mM,
pH 8.0) containing 50 mM CoCl,, recombinant cells (200 wl, ODggo =1) and vary-
ing concentrations of paraoxon (0-250 wM), parathion (0-250 wM) and methyl
parathion (0-250 uM) at 37 °C for 10 min. After removing the cells, absorbance at
410 nm was measured. All experiments were repeated at least three times.

3. Results and discussion
3.1. Surface expression of OPH using INP

In an attempt to target OPH to the surface of E. coli, a trun-
cated INP was used as the anchoring motif, which has been
used to efficiently target enzymes to the surface of Moraxella sp.,
Salmonella spp., P. putida and E. coli with no influence on cell via-
bility [19,34,35]. Plasmid pTInaPb-N/Oph with inaPb-opd fusion
was constructed and transformed into E. coli strain BL21 (DE3)
to express INP-OPH. Strain harboring vector pTInaPb-N/Oph was
grown at 25°C and induced with IPTG to produce fusion protein.
Cells were disrupted by sonication after induction, and then the
fraction of inner membrane and outer membrane were separated.
To investigate whether OPH was properly expressed on the surface
of E. coli, SDS-PAGE was conducted to analyze protein expression of
different cellular fractions. As shown in Fig. 1, a particular band cor-
responding to INP-OPH at 55 kDa was detected in total cell lysate
and outer membrane fraction of E. coli cells harboring pTInaPb-
N/Oph, while there was no such band detected in inner membrane
fraction, cytoplasmic fraction and all fractions of negative control
strains. So it is confirmed that INP-OPH fusion was correctly dis-
played on the surface of E. coli strain BL21 in a steady conformation.

3.2. Whole-cell OPH activity of surface displayed OPH

E. coli harboring pTInaPb-N/Oph was cultured in LB medium
until ODggp reached about 0.6, and IPTG was added to a final
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Fig. 1. SDS-PAGE analysis of INP-OPH fusion in different cellular fractions. Lane M,
protein standard markers. Lanes 1-4, E. coli cells harboring pTInaPb-N/Oph: lane 1,
total cell lysate lane 2, outer membrane fraction; lane 3, inner membrane fraction;
lane 4, cytoplasmic fraction. Lanes 5-8, E. coli cells harboring pET28a (+): lane 5,
total cell lysate; lane 6, outer membrane fraction; lane 7, inner membrane fraction;
and lane 8, cytoplasmic fraction.

concentration of 0.1 mM, 0.2 mM, 0.5 mM and 1 mM, respectively.
After an 8h induction at 25°C, the cells were harvested and
washed twice with Tris—HCI buffer (pH 8.0). The enzyme assay was
conducted using paraoxon as its substrate. The maximum whole
cell OPH activity was obtained when the cells were incubated with
0.1mM IPTG (data not shown). The further increase in concen-
tration of IPTG led to the decline of catalytic efficiency due to the
formation of inclusion body and growth inhibition at speeding
transcription rates. As shown in Table 1, the OPH activity of whole
cells was 2.16 U/ODggg (12.44 U/mg cells), and over 90% of the total
activity was found in the outer membrane fraction, which is in
accordance with the distribution of INP-OPH recombinant protein
on SDS-PAGE gels. The intracellular expression of mutated OPH
(S5) was investigated in previous study, which was obtained by
directed evolution to improve enzyme activity [28]. The esterase
activity of OPH mutant was 50-fold higher than the wild type. In
our study, the OPH mutant was fused with INP for surface display
on bacteria, and the recombinant protein exhibited significant
paraoxonase activity which was much higher than those observed
in several previously reported OPH-displaying systems. For exam-
ple, E. coli strain MB109-406 exhibited a whole cell OPH activity
of 0.62U/mg cells [36], which was just 5% of our OPH activity.
Yang reported that the activity of cell-surface-displayed-OPH
was 0.039U/ODggo [25], which was only 1.8% of our data. Thus,
our results indicated that OPH was successfully displayed on the
surface of E. coli strain BL21 (DE3) with excellent OPH activity.

3.3. The effects of temperature and pH on OPH activity

The effects of temperature and pH on the enzymatic activity
of surface displayed OPH were investigated. As shown in Fig. 2A,
the optimal temperature for OPH activity was around 55 °C, which
increased 20 °C in comparison with other purified OPH [37]. How-
ever, enzymatic activity dropped by 82% at 20°C and decreased
dramatically at temperature above 70°C.
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Table 1
OPH activity of different subcellular fraction of E. coli harboring expression vectors.

OPH activity (U/ODggo)

Plasmid Entire cell Cell lysate Outer membrane Cytoplasm Inner memberane
pTInaPbN-Oph 2.164+0.05 1.96 +£0.08 1.87+£0.11 0.09+0.002 0.13+0.004
pET28a(+) ND ND ND ND ND

The activity was measured with paraoxon as the substrate. Activities were expressed in units (1 wmol of substrate hydrolyzed per min) per ODgoo whole cells. ND, not
detectable. Data are shown as mean value + standard deviations from three separate experiments.

The whole cell could retain over 50% of its initial activity within
pH 6.5-9 (Fig. 2B). After incubation for 1 h at pH 3-6, less than 10%
of OPH’s initial activity remained. The sharp decline of OPH activity
below pH 7 was probably due to the conformation disruption of its
active site. The effect of pH on surface displayed OPH activity was
in fairly agreement with free enzyme in a previous study [37].

3.4. Stability of cell surface displayed OPH

In order to test the stability of INP-OPH fusion protein, the whole
cell was incubated in Tris-HCI buffer (pH 8.0) at different tempera-
tures and the OPH activity was determined intervally. As shown in
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Fig. 2. (A) The effect of temperature on OPH activity. Enzyme activities were mea-
sured at different temperatures in standard reaction system. (B) The effect of and
PH on OPH activity. Residual activities were determined after incubating in buffer
solutions of various pH values for 1 h. Absorbance at 410 nm was determined using
a microplate reader. The results were obtained in three independent experiments,
and the error bars are shown.

Fig. 3A, the entire cell activity of E. coli remained essentially the orig-
inal level over one month period at ambient temperature, which
showed great potential in biosensor and biodegradation applica-
tion. When the temperature increased to 40°C, 52% OPH activity
was lost after one month incubation (Fig. 3B). The half-life of the
whole cell was 2.5 days at 60°C (Fig. 3C). These results demon-
strated that the surface display of OPH using N-terminal domain
of INP as anchoring motif did not disturb the membrane struc-
ture, which is in accordance with other INP surface-display systems
[19,38]. The OPH variant S5 lost its all paraoxonase activity when
the crude enzyme was incubated above 60 °C for 20 min [28]. In our
present study, cell surface displayed mutant OPH showed higher
stability than free protein probably owing to the INP-based cell
surface display system.

3.5. Substrate specificity

Substrate specificity of E. coli displayed OPH was examined. PNP
substituted OPs can be hydrolyzed to generate PNP, which can be
monitored by spectrometric method. The relative hydrolytic OPH
activities of the whole cell toward parathion, methyl parathion, fen-
itrothion, phoxim, chlorpyrifos and dimethoate are listed in Table 2.
Obvious absorbances at 410 nm were observed when parathion and
methyl parathion were added to the reaction system. However,
very little signal was detected for fenitrothion, and no absorbance
peak was observed when other three OPs without binding PNP were
present. These results indicated that only PNP substituted OPs could
be detectible by our established approach, which meant no inter-
ference from other OPs with regard to the determination of PNP
substituted OPs.

3.6. Detection of PNP substituted OPs using cell surface displayed
OPH.

Based on the established conditions earlier, absorbances at
410nm for different concentrations of paraoxon (0-250 M)
in Tris-HCl buffer (75mM, pH 8.0) containing 50 mM CoCl,
and recombinant cells (200 1, ODggp =1) were measured using
microplate reader. The absorbance at 410nm as a function
of paraoxon concentration is shown in Fig. 4, from which
the absorbance was linear with paraoxon concentration within
0.5-150 wM. Thereafter, the absorbance response was leveled off

Table 2
Substrate specificity of surface displayed OPH.

Substrate Absorbance at 410 nm Relative activity (%)
Paraoxon 1.459+0.015 100

Parathion 0.801 +£0.007 54.83

Methyl parathion 0.331+0.008 22.69

Fenitrothion 0.077 +0.004 5.28

Phoxim 0 0

Chlorpyrifos 0 0

Dimethoate 0 0

The OPs-hydrolyzing activity was assayed with seven OP pesticides as the substrate
that described in Section 2. Data are shown as mean value + standard deviations
from three separate experiments.
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Fig. 3. Stability of cell surface displayed OPH varying incubation temperature. (A)
Room temperature; (B) 40 °C; and (C) 60 °C. Residual activities were measured after
incubating for various times at different temperature. Enzyme activity assays were
conducted in standard condition. The results were obtained in three independent
experiments, and the error bars are shown.

upon further increase of paraoxon concentration, suggesting that
itis feasible to detect paraoxon based on cell surface display system
using spectrophotometric method. The limit of detection (LOD),
which is defined as three times the standard deviation of the
response obtained for a blank (S/N=3), was 0.2 wM for paraoxon.
Similarly, parathion and methyl parathion could also be detected

4. Conclusions

In this work, OPH mutant (S5) was successfully displayed on
the cell surface of E. coli, using a functional truncated INP motif.
The whole cell biocatalyst exhibited excellent OPH activity for
paraoxon which is the highest among the surface displayed OPH
reported previously. Compared with free S5 variant, the cell
surface displayed S5 showed good thermostability with an optimal
temperature of 55°C for OPH activity. In addition, the whole cell
could retain over 50% of its initial activity within pH 6.5-9. As a
whole, the resulting recombinant strain is more stable and robust
than purified OPH in terms of long-term stability and facilitation
of the protein purification. The prepared OPH-displayed bacteria
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were used to develop a novel method for the monitoring of
paraoxon, parathion and methyl parathion. This approach showed
awide linear range within 0.5-150 wM for paraoxon, 1-200 wM for
parathion and 2.5-200 pM for methyl parathion and a low detec-
tion limit of 0.2 wM, 0.4 M and 1M for paraoxon, parathion
and methyl parathion, respectively (S/N=3). Considering the
above-mentioned excellent features, the prepared OPH-displayed
bacteria are promising for sensitive detection and fast remediation
of pollution caused by specific OPs.
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