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Surface display of the active proteins on living cells has enormous potential in the degradation of numerous
toxic compounds. Here, we report the codisplay of organophosphorus hydrolase (OPH) and enhanced green
fluorescent protein (GFP) on the cell surface of Escherichia coli by use of the truncated ice nucleation protein
(INPNC) and Lpp-OmpA fusion systems. The surface localization of both INPNC-OPH and Lpp-OmpA-GFP
was demonstrated by Western blot analysis, immunofluorescence microscopy, and a protease accessibility
experiment. Anchorage of GFP and OPH on the outer membrane neither inhibits cell growth nor affects cell
viability, as shown by growth kinetics of cells and stability of resting cultures. The engineered E. coli can be
applied in the form of a whole-cell biocatalyst and can be tracked by fluorescence during bioremediation. This
strategy of codisplay should open a new dimension for the display of multiple functional moieties on the surface
of a bacterial cell. Furthermore, a coculture comprised of the engineered E. coli and a natural p-nitrophenol
(PNP) degrader, Ochrobactrum sp. strain LL-1, was assembled for complete mineralization of organophos-
phates (OPs) with a PNP substitution. The coculture degraded OPs as well as PNP rapidly. Therefore, the
coculture with autofluorescent and mineralizing activities can potentially be applied for bioremediation of
OP-contaminated sites.

Synthetic organophosphates (OPs) are widely used to con-
trol various pests for agriculture and for public health protec-
tion, and these account for �38% of total pesticides used
globally (38). Over 40 million kilograms of OP pesticides is
used annually in the United States, with another 20 million
kilograms produced for export (36). OPs are acute neurotoxins
by virtue of their potent inhibition of acetylcholinesterase
(16, 39).

Organophosphorus hydrolases (OPHs), which are capable
of hydrolyzing a wide range of oxon and thion OPs, have been
extensively studied (25, 34). Most microorganisms that pro-
duce OPH are gram-negative bacteria, and their OPH is lo-
cated within the cells (38). Gram-negative bacteria possess a
complex cell envelope structure that consists of a cytoplasmic
membrane, cell wall, and outer membrane. The outer mem-
brane prevents OPs from interacting with OPH residing within
the cell, reducing the overall catalytic efficiency (28). This bot-

tleneck, however, could be eliminated if OPH is displayed on
the cell surface (21, 28, 36). Various surface-anchoring motifs
that possess the potential to cross both the cytoplasmic and
outer membranes have been developed to target heterologous
proteins onto the cell surface, such as the lipoprotein-outer
membrane protein A chimera (Lpp-OmpA), ice nucleation
protein (INP), and autotransporter (20, 32).

The Lpp-OmpA chimera consists of the signal sequence and
the first nine N-terminal amino acids of the major Escherichia
coli Lpp joined to a transmembrane domain (amino acids 46 to
159) from OmpA (8). The Lpp-OmpA-based cell display sys-
tem has been extensively used for the display of heterologous
proteins, such as �-lactamase (11), cellulases (12), the scFv
antibody (6), cyclodextrin glucanotransferase (42), and chitin-
binding domain (43), on the surface of E. coli.

The INP, which confers on host cells the ability to nucleate
crystallization in supercooled water, is an outer membrane
protein of Pseudomonas syringae (17, 44). The INP has a mul-
tidomain organization with an N-terminal domain containing
three or four transmembrane spans, a C-terminal domain, and
a highly repetitive central domain for ice nucleation (17, 44).
The two types of the several identified INPs that have been
used as anchoring motifs for display of foreign proteins on the
cell surface are InaK from P. syringae KCTC1832 (15) and
InaV from P. syringae INA5 (33).

p-Nitrophenol (PNP), produced from hydrolysis of OPs with
a p-nitrophenyl substitution, is a stable and toxic intermediate
and has been listed as a priority pollutant by the U.S. Envi-
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ronmental Protection Agency (21). One strategy to avoid the
generation of toxic hydrolytic products is to combine bacteria
with complementary metabolic pathways into functional as-
semblages. This approach has been used for biodegradation of
several xenobiotic pollutants, including 4-chlorodibenzofuran
(1), parathion (13), and chlorpyrifos (46).

The green fluorescent protein (GFP) from the jellyfish
Aequorea victoria can be expressed as a fluorescent protein in
heterologous hosts without the need for specific cofactors or
exogenous substrates (4) and can be detected noninvasively
using fluorescence microscopy and flow cytometry (19). In field
studies, GFP has been used as a marker to assess the fate and
activity of specific degrading microorganisms (9, 10). En-
hanced GFP, which is a red-shifted variant of GFP, assembles
the chromophore more rapidly, shows much stronger fluores-
cence than wild-type GFP, and fluoresces after exposure to
daylight (5, 27).

In this study, we aimed to construct autofluorescent whole-
cell biocatalysts by coexpressing OPH and GFP on the E. coli
cell surface. The engineered E. coli was endowed with high
catalytic activity by overcoming the substrate uptake limitation,
its fate and activity in the environment could be easily moni-
tored by fluorescence. Furthermore, a coculture with OP-min-
eralizing activity was constructed by coculture of the engi-
neered E. coli with a natural PNP degrader, Ochrobactrum sp.
strain LL-1.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. E. coli XL1-Blue was used
for codisplay of OPH and GFP. E. coli DH5� was used for recombinant DNA
manipulation. Ochrobactrum sp. strain LL-1, a natural PNP degrader, grew in
coculture with XL1-Blue for complete mineralization of OPs with a PNP sub-
stitution. Plasmids pOP131 (28) and pEGFP-N3 (5) were used as the source of

lpp-ompA and gfp genes, respectively. Plasmid pUC18 was used to construct the
lpp-ompA-gfp fusion gene. Plasmid pPNCO33 (36) was used to target a truncated
INP protein (INPNC)-OPH to the cell surface. The INPNC-OPH gene fragment
was subcloned into EcoRI/HindIII-digested pVLT33 (7), a low-copy-number
plasmid, to generate pPNCO33. All strains, plasmids, and primers used in this
study are listed in Table 1.

E. coli strains bearing plasmids were grown in Luria-Bertani (LB) medium (31)
supplemented with either ampicillin (100 �g/ml) or kanamycin (20 �g/ml). Ex-
pression of both INPNC-OPH and Lpp-OmpA-GFP was induced with 0.1 mM
IPTG (isopropyl-�-D-thiogalactopyranoside) for 24 h at 25°C when cells were
grown to an optical density at 600 nm (OD600) of 0.5. Ochrobactrum sp. strain
LL-1 was grown in minimal salt medium (18) with 0.2 mM PNP at 25°C.

Plasmid construction. The lpp-ompA fusion gene was PCR amplified from
plasmid pOP131 using primers P1 and P2. The PCR products were digested with
EcoRI and BamHI and then ligated into similarly digested pUC18 to generate
pLO18. The gfp gene was PCR amplified from plasmid pEGFP-N3 using primers
P3 and P4. The PCR products were digested with BamHI and PstI and then
ligated into similarly digested pLO18 to generate pLOG18. To construct a
control plasmid for the expression of the OPH intracellularly, the opd gene was
PCR amplified from plasmid pPNCO33 using primers P5 and P6. The PCR
product was digested with EcoRI and BamHI and then ligated into similarly
digested pUC18 to generate pUO18. To construct a control plasmid for the
expression of GFP intracellularly, the gfp gene was PCR amplified from plasmid
pEGFP-N3 by using primers P7 and P4. The PCR product was digested with
EcoRI and PstI and then ligated into similarly digested pUC18 to generate
pUG18. The recombinant plasmids were sequenced to verify the correct se-
quence of the inserted genes. Transformation of plasmid into E. coli XL1-Blue
was carried out using the CaCl2 method (31).

Cell fractionation. Cells were harvested and resuspended in 25 mM Tris-HCl
buffer (pH 8.0). The cell lysate was prepared as described below. Lysozyme was
added to a final concentration of 50 �g/ml. The cells were incubated on ice for
1 h and then disrupted by sonication on ice in three pulses of 10 s each. The crude
extract was centrifuged for 10 min at 11,000 � g to remove cell debris. The cell
extract was then centrifuged for 1 h at 115,000 � g to separate the membrane and
soluble fractions. The supernatant representing the soluble fraction was retained.
For further outer membrane fractionation, the pellet (total membrane fraction)
was resuspended with phosphate-buffered saline (PBS) (31) containing 0.01 mM
MgCl2 and 2% Triton X-100 for solubilization of the inner membrane and was

TABLE 1. Strains, plasmids, and primers used in this study

Strain, plasmid,
or primer Descriptiona Source or reference

E. coli strains
XL1-Blue recA1 endA1 gyrA96 thi-1 hsdR17(rK

� mK
�) supE44 relA1 lac (F� proAB lacIqZ	M15

Tn10 
Tetr�)
Stratagene

DH5� supE44 	lacU169(�80 lacZ	M15) recA1 endA1 hsdR17(rK
� mK

�) thi-1 gyrA relA1
F� 	(lacZYA-argF)

Tiangen

Plasmids
pOP131 Gene source of Lpp-OmpA fusion 28
pEGFP-N3 Source of gfp gene 5
pUC18 Vector for construction of lpp-ompA-gfp fusion gene TaKaRa
pLOG18 pUC18 derivative, vector for expressing Lpp-OmpA-GFP on the cell surface, lac

promoter, Apr
This study

pPNCO33 E. coli/Pseudomonas shuttle vector for expressing INPNC-OPH on the cell surface, oriT,
RSF1010, oriV, lacIq, tac promoter, Kmr

36

pUO18 pUC18 derivative, control plasmid for expressing OPH intracellularly This study
pUG18 pUC18 derivative, control plasmid for expressing GFP intracellularly This study

Primers
P1 GAATTCCTCTAGAGGGTATTAATAATGAAAGCTACTAAACTGGTA This study
P2 GGATCCGTTGTCCGGACGAGTGCCGAT This study
P3 GGATCCATGGTGAGCAAGGGC This study
P4 CTGCAGTTACTTGTACAGCTCGTCCA This study
P5 GAATTCCATGCAAACGAGAAGG This study
P6 GGATCCTCATGACGCCCGCAAGGT This study
P7 GAATTCCATGGTGAGCAAGGGC This study

a The restriction sites in the primers (5
prime�33
prime�) are underlined. Tet, tetracycline; Ap, ampicillin; Km, kanamycin.
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incubated for 30 min at room temperature, and then the outer membrane
fraction was repelleted by ultracentrifugation (22).

Western blot analysis. Samples of the whole-cell lysates and soluble and outer
membrane fractions were analyzed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis with 10% (wt/vol) acrylamide (31). After electrophoresis, the
separated proteins were electroblotted overnight at 40 V to the nitrocellulose
membrane (Millipore, Billerica, MA) with a tank transfer system (Bio-Rad,
Hercules, CA) containing a transfer buffer (25 mM Tris, 192 mM glycine, 10%
methanol). After blocking nonspecific binding sites with 3% bovine serum albu-
min in TBST buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.05% Tween-20),
the membrane was incubated with either rabbit anti-GFP polyclonal antibody
(Molecular Probes, Eugene, OR) or anti-OPH serum (36) at a 1:1,000 dilution
in TBST buffer. Subsequently, the membrane was incubated with alkaline phos-
phatase-conjugated goat anti-rabbit immunoglobulin G (IgG) antibody (Pro-
mega, Madison, WI) at a 1:2,000 dilution. The membrane was then stained with
Nitro Blue Tetrazolium–BCIP (5-bromo-4-chloro-3-indolylphosphate) in alka-
line phosphatase buffer (100 mM Tris-HCl, pH 9.0, 100 mM NaCl) for visual-
ization of antigen-antibody conjugates.

Immunofluorescence microscopy. Cells were harvested and resuspended
(OD600 
 0.5) in PBS with 3% bovine serum albumin. Cells were then incubated
with either anti-GFP antibody or OPH antisera at a 1:1,000 dilution for 2 h at
30°C. After being washed with PBS, the cells were resuspended in PBS with goat
anti-rabbit IgG conjugated with rhodamine (Invitrogen, Mukilteo, WA) at a
1:500 dilution and were incubated for 1 h at 30°C. Prior to microscopic obser-
vation, cells were washed five times with PBS and mounted on poly-L-lysine-
coated microscopic slides. Photographs were taken using fluorescence micros-
copy (Nikon) equipped with fluorescein isothiocyanate and rhodamine filters.

OPH assay. Cells were harvested and resuspended in 50 mM citrate-phosphate
buffer with 50 �M CoCl2 (pH 8.0). The cell lysate was prepared as described
above. For each assay, 200 �l of cells (OD600 
 1.0) was added to 700 �l of 50
mM citrate-phosphate buffer with 50 �M CoCl2 (pH 8.0) and 100 �l of 20 mM
paraoxon (Sigma) in 10% methanol. Changes in absorbance (410 nm) were
measured with a Beckman DU800 spectrophotometer for 2 min at 37°C. Activ-
ities are expressed as units (micromoles of paraoxon hydrolyzed per minute) per
OD600 of whole cells (ε410 
 16,500 M�1 cm�1 for PNP).

Measurement of whole-cell fluorescence. The GFP fluorescence intensity was
determined using a fluorescence spectrophotometer (F-4500; Hitachi, Japan)
with a bandwidth of 5 nm, an excitation wavelength of 488 nm, and an emission
wavelength of 510 nm. Cells were diluted to an OD600 of 1.0 by using a PBS
buffer (pH 7.5) before fluorescence was measured. The fluorescence signal of the
untransformed cells diluted to an OD600 of 1.0 was set as the background level
and was subtracted from the overall fluorescence.

Protease accessibility assay. Cells were harvested, suspended in a PBS buffer,
and adjusted to an OD600 of 10. Pronase (4 units/mg; Sigma, St. Louis, MO) was
added to a final concentration of 2 mg/ml. Cell suspensions were incubated at
37°C for 3 h. Subsequently, pronase-treated and untreated cells were assayed for
OPH activity and GFP fluorescence as described above.

Stability study of resting cultures. Cells were grown in 50 ml of LB medium
supplemented with 0.1 mM IPTG, 100 �g/ml ampicillin, and 20 �g/ml kanamycin
for 2 days, washed twice with 50 ml of 150 mM NaCl solution, resuspended in 5
ml of 50 mM citrate-phosphate buffer with 50 �M CoCl2 (pH 8.0), and incubated
in a shaker at 25°C. Over a 2-week period, 0.1 ml of samples was removed each
day. Samples were centrifuged and resuspended in 0.1 ml of 50 mM citrate-
phosphate buffer (pH 8.0) containing 50 �M CoCl2. OPH activity assays were
conducted as described above.

Biodegradation of OPs by constructed coculture. A natural PNP degrader,
Ochrobactrum sp. strain LL-1, was isolated from the sludge of a wastewater
treatment plant. Details of the isolation, identification, and degradation charac-
teristics of strain LL-1 are described in the supplemental material. For expres-
sion of INPNC-OPH, E. coli XL1-Blue/pLOG18/pPNCO33 cells were induced
with IPTG as described above. Strain LL-1 was inoculated at an OD600 of 0.1 in
minimal salt medium (18) with 0.2 mM PNP and incubated at 25°C on a shaker
at 200 rpm until the yellow color of PNP disappeared. Subsequently, the induced
XL1-Blue and LL-1 cells (1 g for each) were mixed, followed by two washes with
50 mM citrate-phosphate buffer (pH 8.0) and resuspension in the same buffer
supplemented with 50 �M CoCl2. For the OP and PNP degradation experiments,
0.2 mM paraoxon, parathion, or methyl parathion was added to cell suspension.
Samples were incubated at 25°C with shaking, taken out at different time points,
and measured for the residual OP concentration and PNP released from the
hydrolysis of OPs by gas chromatography and high-performance liquid chroma-
tography, respectively (24, 47).

Nucleotide sequence accession number. The 16S rRNA gene sequence of
strain LL-1 has been deposited in the GenBank database under accession no.
EU098001.

RESULTS AND DISCUSSION

Regulated coexpression of OPH and GFP on the cell sur-
face. Two different anchoring motifs were employed for the
targeting of OPH and GFP onto the cell surface in order to
minimize direct competition for the same translocation ma-
chinery. To date, only a few anchoring motifs, which include
Lpp-OmpA from E. coli and INP from P. syringae, have been
shown to target GFP to the cell surface (22, 35). Here, the
Lpp-OmpA chimera, comprised of a localization domain
(Lpp) and a transmembrane domain (OmpA), was employed
as an anchoring motif, and a pUC18-based vector, pLOG18,
was used to target Lpp-OmpA-GFP to the cell surface of E.
coli. For the coexpression of OPH on the E. coli surface, we
took advantage of an INP-derived anchoring motif, INPNC,
and a compatible plasmid, pPNCO33 (36), which contains an
RSF origin of replication, to target INPNC-OPH to the cell
surface. Expression of INPNC-OPH is tightly regulated by a
tac promoter due to the presence of the lacIq gene on the
plasmid. Both pPNCO33 and pLOG18 can coexist in the same
cell because of the compatibility of the RSF origin of replica-
tion with the pUC origin of replication (7). Introduction of
plasmids was carried out in a stepwise manner, and the result-
ing strain was named XL1-Blue/pLOG18/pPNCO33. The Lpp-
OmpA and INP systems used in this study look promising,
since they are well suited as a carrier of relatively large inserts.
The largest proteins that have been successfully displayed with
Lpp-OmpA and INP in E. coli so far are a 74-kDa cyclodextrin
glucanotransferase and a 90-kDa chitinase, respectively (42, 45).

Production of the Lpp-OmpA-GFP fusion protein was ver-
ified by Western blotting with anti-GFP antibody. A specific
band corresponding to Lpp-OmpA-GFP at 43 kDa was de-
tected in whole-cell lysates (Fig. 1A, lane 5). However, no
signal was detected with the control cells. The localization of
Lpp-OmpA-GFP in the outer membrane fraction was also
demonstrated by immunoblotting (Fig. 1A, lane 3). Expression
of the INPNC-OPH fusion protein was probed by immuno-
blotting with OPH antisera, and the expected 82-kDa band was
detected in both whole-cell lysates and outer membrane frac-
tions (Fig. 1B, lanes 4 and 2, respectively). Over 70% of the
OPH activity was detected in the membrane fraction. In par-
allel, more than 70% of the activity was present on the cell
surface as judged from the ratio of whole-cell activity to cell
lysate activity.

Protease accessibility experiments were performed to ascer-
tain the surface localization of fusion proteins. GFP is resistant
to many common proteases but not pronase, which is a mixture
of broad-specificity proteases (2). Since pronase cannot readily
penetrate the cell membrane, degradation should occur only
with proteins exposed on the cell surface. With the pronase
treatment, the fluorescence intensity for XL1-Blue/pLOG18/
pPNCO33 cells decreased by 82%, while the fluorescence in-
tensity of cells expressing GFP (pUG18) intracellularly
dropped only 7%. Similarly, the OPH activity of XL1-Blue/
pLOG18/pPNCO33 cells decreased by 84%, while the OPH
activity of cells expressing OPH (pUO18) intracellularly
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dropped only 6%. After the treatment of cells with pronase,
the fractionated outer membrane was probed with either GFP
or OPH antiserum. As expected, no signal corresponding to
either of the two target proteins was detected in pronase-
treated cells.

To confirm the presence of GFP and OPH on the cell sur-
face, XL1-Blue cells were probed with either GFP or OPH
antiserum and then fluorescently stained with rhodamine-la-
beled IgG antibody. Since antibodies cannot diffuse through
the cell membrane, specific interactions between a target an-
tigen and an antibody should occur only with proteins exposed
on the cell surface. Under fluorescence microscopy, XL1-Blue/
pLOG18/pPNCO33 cells were brightly fluorescent when la-
beled with both antisera (Fig. 2A and C), and cells emitted
bright green fluorescence (data not shown), which indicated
that GFP was anchored on the cell surface in an active form.
However, XL1-Blue cells expressing either the GFP (pUG18)
or OPH (pUO18) intracellularly were not immunolabeled with
either of the two antibodies (Fig. 2B and D). From all of these
results, we concluded that both GFP and OPH were codis-
played functionally on the cell surface.

Whole-cell activity and fluorescence. The whole-cell activity
of E. coli XL1-Blue/pLOG18/pPNCO33 displaying OPH was
sixfold higher than that of XL1-Blue/pUO18 expressing cyto-
solic OPH. The surface-exposed OPHs have free access to
OPs, and this enhances whole-cell catalytic efficiency. The ac-
tivity and fluorescence increased gradually after induction with
0.1 mM IPTG and reached maximums at 24 h (Table 2). In this

study, 25°C proved to be an optimum induction temperature,
which produced the highest whole-cell OPH activity and sig-
nificant fluorescence. The activity and fluorescence were not
detected for cultures with induction at 37°C, and the cultures
with induction at 30°C exhibited a low activity level (0.006
U/OD600) and weak fluorescence (30% of that achieved at
25°C). These observations suggest that a low temperature may
be favorable for the correct folding and proper translocation of
proteins (3). The adverse effects of a high temperature on the
surface expression of foreign proteins were reported previously
(28, 35).

Since the OPH and GFP targeted toward the cell surface are
competing for the same surface sites, it is important to use
different strengths of promoter and to investigate the optimal
levels of coexpression of GFP and OPH in order to achieve
both significant fluorescence and a high level of whole-cell
activity. Here, expression levels of INPNC-OPH and Lpp-
OmpA-GFP are controlled by a moderately high level of tac
promoter and a moderate level of lac promoter, respectively.
Effects of different levels of induction on activity and fluores-
cence were studied. The expressed INPNC-OPH and Lpp-
OmpA-GFP were located in the outer membrane fraction
when IPTG induction was performed at a concentration of 0.1
mM (Fig. 3A and B). However, the fusion proteins produced
with induction at higher IPTG concentrations (0.5 and 1 mM)
were present only in the soluble fraction. A high transcription
rate can block the translocation pathway of a secreted protein,
as translocation is generally the limiting step (30). The inhib-
itory effects of overexpression on the translocation pathway
have been well documented (22, 35). In this study, whole-cell
activity reached a maximum at an IPTG concentration of 0.1
mM (Fig. 3C). Further induction resulted in a gradual decline
in activity. Fluorescence increased with increasing concentra-
tions of IPTG because it was minimally affected by the barrier
effect of the cell membrane (Fig. 3D). Our results suggest that
induction with 0.1 mM IPTG provides an optimal balance
between whole-cell activity and fluorescence.

Stability of E. coli cultures displaying fusion proteins. An-
chorage of foreign proteins on the outer membrane may result
in instability of the outer membrane and growth inhibition of
the cells (32). To test whether coexpression of the GFP and
OPH on the cell surface inhibits cell growth, growth kinetics of
XL1-Blue/pLOG18/pPNCO33 and XL1-Blue/pUC18/pVLT33
were compared. No growth inhibition was observed for cells
coexpressing GFP and OPH on the surface. The XL1-Blue/
pLOG18/pPNCO33 cells showed the same growth profile as
the XL1-Blue/pUC18/pVLT33 cells (see Fig. S1 in the supple-
mental material). The two cultures reached the same final cell
density after 48 h of incubation. To monitor the stability of
suspended cultures, whole-cell activity was determined period-
ically over a 2-week period. As shown in Fig. 4, whole-cell
activity of XL1-Blue/pLOG18/pPNCO33 remained at essen-
tially the original level over the 2-week period.

Biodegradation of OPs by constructed coculture. Complete
mineralization of parathion or chlorpyrifos has been achieved
by coculture of two genetically engineered strains (13) or two
natural degraders (46), respectively. In this study, a coculture
comprised of two metabolically complementary bacteria, E.
coli XL1-Blue with OPH activity and Ochrobactrum sp. strain
LL-1 with PNP-mineralizing capability, was assembled for

FIG. 1. Western blot analysis for subcellular localization of ex-
pressed Lpp-OmpA-GFP and INPNC-OPH fusion proteins in E. coli
XL1-Blue/pLOG18/pPNCO33. Molecular weights (in thousands) are
listed to the left of the lanes. (A) Western blot analysis of different
cellular fractions with anti-GFP antibody. Lane 1, protein markers;
lane 2, negative control (XL1-Blue/pUC18/pVLT33); lane 3, outer
membrane fraction; lane 4, soluble fraction; lane 5, whole-cell lysates.
The Lpp-OmpA-GFP fusion protein is indicated by an arrow.
(B) Western blot analysis of different cellular fractions with anti-OPH
serum. Lane 1, protein markers; lane 2, outer membrane fraction; lane
3, soluble fraction; lane 4, whole-cell lysates; lane 5, negative control
(XL1-Blue/pUC18/pVLT33). The INPNC-OPH fusion protein is indi-
cated by an arrow.
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complete mineralization of OPs with a PNP substitution. Strain
LL-1 could utilize PNP as the sole carbon, nitrogen, and en-
ergy source. PNP (0.8 mM) was completely degraded by strain
LL-1 in 28 h, concomitant with bacterial growth and nitrite

release (see Fig. S2 in the supplemental material). PNP deg-
radation by strain LL-1 was very rapid at temperatures ranging
from 18 to 30°C and at pHs ranging from 7.0 to 9.0, and the
highest degradation rate was observed at 28°C and pH 8.0.

As shown in Fig. 5, paraoxon (0.2 mM) was quickly degraded
within 60 min, with almost stoichiometric release of PNP. The
PNP produced from hydrolysis of paraoxon was completely
degraded within 2.5 h. Complete hydrolysis of parathion and
methyl parathion occurred within 200 and 450 min, respec-
tively (data not shown). The PNP produced from hydrolysis
was completely degraded within 5.5 and 8 h for parathion and
methyl parathion, respectively. These results suggest that the
constructed coculture can function cooperatively to perform
complete mineralization of OPs with a PNP substitution.

OPs with a PNP substitution (e.g., paraoxon, parathion, and
methyl parathion) are hydrolyzed by OPH-displaying XL1-
Blue to PNP, which is degraded by bacteria through formation
of 4-nitrocatechol, 1,2,4-benzenetriol, or hydroquinone (14,

FIG. 2. Immunofluorescence micrographs of E. coli XL1-Blue/pLOG18/pPNCO33 (A and C), XL1-Blue/pUG18 (B), and XL1-Blue/pUO18
(D). Cells were probed with either rabbit anti-GFP antibody (A and B) or anti-OPH serum (C and D) and then fluorescently stained with goat
anti-rabbit IgG–rhodamine conjugate.

TABLE 2. Whole-cell OPH activity and GFP fluorescence assaya

Time
postinduction

(h)

OPH activity
(U/OD600)

Fluorescence
intensity

0 ND 43 � 5
6 0.012 � 0.0021 621 � 16
12 0.026 � 0.0023 916 � 21
18 0.031 � 0.0035 1,028 � 36
24 0.033 � 0.0028 1,039 � 28

a E. coli XL1-Blue/pLOG18/pPNCO33 cells were incubated at 25°C for 24 h after
induction with 0.1 mM IPTG. Samples were taken out at different time points and
measured for whole-cell OPH activity and GFP fluorescence. Data are mean val-
ues � standard deviations from three replicates. ND, not detected.
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40). Both 4-nitrocatechol and 1,2,4-benzenetriol are the major
degradation products of PNP in gram-positive bacteria (14),
and hydroquinone is the key catabolic intermediate of PNP in
gram-negative bacteria (40). During the degradation of PNP by
strain LL-1, a chromatography peak with a retention time of
22.08 min appeared in gas chromatography-mass spectrometry
analysis and was identified as hydroquinone by its mass-spec-
tral properties (data not shown). However, no other putative
intermediates (4-nitrocatechol or 1,2,4-benzenetriol) were de-
tected. In addition, strain LL-1 was able to utilize 0.8 mM
hydroquinone as the sole carbon source. In conclusion, OPs
with a PNP substitution, like paraoxon, could be degraded by
engineered XL1-Blue–natural LL-1 via degradation of para-
oxon into PNP, which is further degraded into hydroquinone,
which eventually leads to the tricarboxylic acid cycle (see Fig.
S3 in the supplemental material).

Potential of coculture for bioremediation of OPs. Bioreme-
diation is now accepted as a safe and economical alternative to
physicochemical methods that are expensive and less efficient.

At the present, several chemicals have been successfully re-
moved from contaminated sites by inoculation of degrading
consortium (26, 37). E. coli, which is very well known in regard
to its genetic background, is still the most commonly used host
for recombinant protein expression. Recombinant E. coli
strains overexpressing atrazine chlorohydrolase have been ap-
plied for the remediation of atrazine-contaminated soil (41).
However, more-effective and more-competitive strains that
adapt well to the fluctuating environmental conditions and
competition from indigenous microbial populations are re-
quired for in situ bioremediation of contaminated sites.

Bacteria with strong biofilm-forming capabilities have at-
tracted much attention in biodegradation of pollutants. It has
been found that some of these bacteria coaggregate with other
microorganisms to develop biofilms and that these biofilms are
capable of holding other microorganisms (29). In this study, we
have demonstrated that strain LL-1 possesses strong biofilm-
forming capability and is able to form biofilms together with E.

FIG. 3. Localization of the expressed INPNC-OPH (A) and Lpp-OmpA-GFP (B) in E. coli XL1-Blue at increasing concentrations of IPTG.
The fusion proteins in the soluble fraction (S) and outer membrane fraction (OM) were probed with either anti-OPH serum or anti-GFP antibody.
Molecular weights (in thousands) are listed to the left of the lanes. Whole-cell OPH activity (C) and fluorescence (D) of XL1-Blue/pLOG18/
pPNCO33 under different levels of induction are shown. The activity was assayed with paraoxon as the substrate. Data are mean values � standard
deviations from three replicates.

FIG. 4. Whole-cell OPH activity in suspended E. coli XL1-Blue
cultures coexpressing OPH and GFP on the cell surface. The activity
was assayed with paraoxon as the substrate. Data are mean values �
standard deviations from three replicates.

FIG. 5. Biodegradation of paraoxon by constructed coculture con-
sisting of an OPH-displaying E. coli XL1-Blue and a natural PNP-
degrading Ochrobactrum sp. LL-1 strain. Symbols: f, paraoxon; Œ,
PNP formed during the hydrolysis of paraoxon. Data are mean values �
standard deviations from three replicates.
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coli XL1-Blue as a coculture. The biofilm biomass formed by
the coculture was larger than that formed by strain LL-1 alone
(see Fig. S4 in the supplemental material). Strain LL-1 and E.
coli XL1-Blue could be cultivated together in a biofilm, which
may be beneficial for the long-term survival of coculture, as
reported by Gilbert et al. (13) and by Liu and Li (23). We are
currently investigating the degradation of organophosphorus
compounds in a bioreactor with the constructed coculture.
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