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ABSTRACT: Poly(ethylene terephthalate) (PET) and phthalate
esters (PAEs) are used extensively as plastics and plasticizers.
Enzymatic degradation of PET and PAEs has drawn great attention
in recent years; however, evolution of PET- and PAE-degrading
enzymes is still a big challenge, partly because of the lack of an
effective screening method to detect phthalic acid (PA) and
terephthalic acid (TPA), which are the main hydrolysis products of
PAEs and PET. Here, by directed evolution of a promiscuous
transcription factor, XylS from Pseudomonas putida, we created two
novel variants, XylS-K38R-L224Q and XylS-W88C-L224Q, that
are able to bind PA and TPA and activate the downstream
expression of a fluorescent reporter protein. Based on these
elements, whole-cell biosensors were constructed, which enabled
the fluorimetric detection of as little as 10 μM PA or TPA. A PAE hydrolase, GoEst15, was preliminarily engineered using this new
biosensor, yielding a mutant GoEst15-V3 whose activity toward dibutyl phthalate (DBP) and p-nitrophenyl butyrate was enhanced
2.0- and 2.5-fold, respectively. It was shown that 96.5% DBP (5 mM) was degraded by GoEst15-V3 in 60 min, while the wild-type
enzyme degraded only 55% DBP. This study provides an effective screening tool for directed evolution of PAE-/PET-degrading
enzymes.
KEYWORDS: biosensor, transcription factor engineering, phthalic acid, terephthalic acid, enzyme evolution, biodegradation

■ INTRODUCTION

Poly(ethylene terephthalate) (PET) and phthalate esters
(PAEs) are widely used as consumer plastics and industrial
plasticizers, respectively. Their hydrolysis rates are remarkably
slow in the natural environment, which results in serious
concerns regarding pollution and public health.1−7 Tereph-
thalic acid (TPA) and phthalic acid (PA) are the main building
blocks and hydrolysis products of PET and PAEs, respectively;
both are industrially produced from raw petroleum. Detection
of TPA and PA can indicate the degree of degradation of PET
and PAEs. There are many reports about biodegradation of
PET and PAEs,8−15 but low enzyme activity toward these
persistent and chemically inert materials impedes real-world
applications. Structure-based and computational-aided protein
engineering of PET-degrading enzymes have been applied to
improve their catalytic performance.10,16−19 These approaches
rely on the elucidation of enzyme three-dimensional (3D)
structures and mechanistic insights.16,20−23 However, because
of the lack of feasible screening methods to detect PA/TPA,
the power of directed evolution has not been fully exploited.
High-performance liquid chromatography (HPLC) can be

used to detect and quantify trace amounts of TPA/PA, but this
time-consuming and discontinuous assay is not suitable for
rapid screening of protein libraries that usually contain 105−

107 variants.24 The fluorimetric assay is a sensitive tool for
product detection, but PA and TPA are not fluorescent. TPA
can be converted to hydroxyphthalic acid, which can be
detected by measuring fluorescence at 421 nm,25−27 but the
addition of Fe(II) and H2O2 is not favorable for enzymes and
this approach is thus unsuitable for large-scale screening.
Furthermore, this method cannot be used to detect PA.
Transcription factor (TF)-based whole-cell biosensors

provide a flexible protocol that couples detection of target
molecules with the downstream expression of fluorescent
reporter proteins, enabling the fluorimetric detection of
molecules and screening of protein variants.28−32 Detection
using whole-cell biosensors relies on the binding of target
molecules to TFs. To date, many TFs have been identified as
recognizing various small molecules.33−37 TphR from
Comamonas sp. strain E6 can bind TPA and regulate the
expression of TPA metabolic pathway genes.38 PobR was
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found to respond to p-hydroxybenzoate (pHB),39 a TPA
analogue, and its mutant can sense p-nitrophenol (pNP).40

Thus, engineering TFs for sensing various chemicals has drawn
great attention in microbial biotechnology.41

XylS is a promiscuous transcription factor from Pseudomonas
putida.42−45 It can bind benzoic acid and various derivatives,
but it cannot recognize PA and TPA. Here, we attempted
directed evolution of XylS to generate new TFs that are
capable of binding and responding to TPA and PA (Scheme
1). Such XylS mutants could be used to construct whole-cell
biosensors for fluorimetric detection of PA and TPA.

■ RESULTS AND DISCUSSION

Generation of the Wild-Type Biosensor Escherichia
coli-pUC57-XylS-sfGFP. First, the xylS gene, the promoter
Pm, and a green fluorescent protein-encoding gene (sfGFP)
were recombined into plasmid pUC57. The resultant plasmid
was transformed into E. coli BL21 (DE3) cells to generate the
whole-cell biosensor E. coli-pUC57-XylS-sfGFP (Figure S1).
Fluorescence analysis showed that this biosensor can detect 2-
hydroxybenzoic acid and 3-chlorobenzoic acid, which are both
known inducers of XylS, but the fluorescence did not change
when TPA or PA were added to the cells (Figure S2).
Directed Evolution of XylS for Detecting PA and TPA.

The mutation A111V was previously found to change the
induction specificity of XylS.46 Thus, the influence of residue
111 was investigated here by performing site-directed
saturation mutagenesis. After screening, XylS variants A111C,
A111L, A111V, and A111F showed clear fluorescence response
to 5 mM PA and TPA (Figure S3). At 4 h, the fluorescence of
XylS-A111V and A111F biosensor increased 3.3- and 2.7-fold
compared with the blank control (0 mM), respectively, while
the fluorescence of the wild-type biosensor did not increase
significantly (Figure 1). These results showed that residue 111
was a switch for substrate specificity. Although mutation
A111V can introduce the function of sensing 5 mM PA and
TPA, the dynamic range and detection limit in low
concentrations (0.1−2.5 mM) were not good enough (Figure
2).
To further improve the detection of PA and TPA by XylS

mutants, error-prone polymerase chain reaction (PCR) was
applied, and the generated libraries of XylS mutants were
screened in 96-well plates. By comparing the fluorescence
differences of cells induced by 0.5 mM PA/TPA with cells
without induction, four variants were then rescreened in
shaken flasks (Figure S4a). Among them, XylS-L224Q was the
best mutant for the detection of 0.01−5 mM PA/TPA (Figure
S4b,c). Then, the combined variant XylS-A111V-L224Q was
subjected to a second round of random mutagenesis. XylS-
K38R-W88C-A111V-N138I-L224Q was identified, and the
detection of TPA by this mutant was improved in the range

0.1−2.5 mM compared with XylS-A111V (Figures S5 and 2b).
Then, three new mutations in this variant (i.e., K38R, W88C,
and N138I) were decoupled and recombined to generate 19
variants with different combinations of point mutations (Table
S1). Among them, the fluorescence differences of whole-cell
biosensors containing XylS-K38R-L224Q and Xyls-W88C-
L224Q were improved between 0 and 2.5 mM PA/TPA
compared with the wild-type biosensors (Figure S6). In this
range, the fluorescence of XylS-K38R-L224Q and XylS-W88C-
L2224Q-based biosensors gradually increased 1.6- and 2.2-fold
compared to the background (0 mM), respectively (Figure
2a). For 0−2.5 mM TPA, the fluorescence ratio of XylS-
W88C-L2224Q-based biosensor was also increased 2.4-fold
(Figure 2b). Compared with the wild-type XylS and XylS-
A111V, the introduction of K38R-L224Q and W88C-L224Q
mutations reduced the detection limit of PA/TPA to 0.1 mM
(Figure S6a,d), validating our hypothesis that the substrate
specificity of the promiscuous XylS can be modified. Notably,
the initial mutation A111V did not appear in these mutants,
showing that residue Ala-111 is not the sole switch for
substrate change. Specificity switch was also observed in
engineering the transcription factor PobR for detecting pNP.40

Jha et al. showed that directed evolution of PobR led to a
mutant pNPmut1 that can sense pNP as low as 2 μM,
switching the specificity of the native effector pHB to pNP.40

pHB is also a TPA analogue; however, it is not clear if this
PobR mutant can sense TPA and PA. In this study, we showed
that XylS mutants can respond to TPA/PA with the detection
limit of 0.1 mM. Thus, it is reasonable to assume that
engineering of TFs such as PobR may also generate new TPA/
PA binding TFs with even lower detection limits.

Scheme 1. Fluorimetric Detection of PA and TPA Using Engineered XylS-Based Whole-Cell Biosensors

Figure 1. XylS site-directed saturation mutagenesis and its effect of
some variants for detecting 5 mM PA and TPA at 4 h. Each
experiment was carried out in three triplicates.
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Characterization of the XylS Variant-Based Whole-
Cell Biosensors. We then investigated the use of wild-type
and engineered biosensors to detect different benzoic acid
derivatives (Figures S7 and S8). After engineering, the ligand
specificity of XylS was changed (Figure 2c). The wild-type
biosensor showed higher fluorescence in response to ligands
1−4 compared with 5−7. The K38R-L224Q-based biosensor
maintained the relatively higher fluorescence toward 1−4
(although decreased compared with the wild-type biosensor),
but its fluorescence response toward 5−7 increased clearly.
This biosensor displayed a good dynamic range for detection
of 1, 2, and 3 with detection limits of 1 μM. It can also detect
0.1 mM 4 and 0.5 mM isophthalic acid. Notably, although
A111V increased the fluorescence toward 5 mM PA and TPA,
its detection ability toward 1−5 was lost.
E. coli cells with XylS-K38R-L224Q and XylS-W88C-

L2224Q-based sfGFP reporter systems were harvested at
different time periods and studied using a confocal
fluorescence microscope (Figure 3a). The wild-type biosensor
cells showed no fluorescence at 0 h and only a few individual

cells were fluorescent at 1 and 2 h due to leaky expression of
the sfGFP gene (Figure 3a, column 1). When 0.5 mM PA or
TPA was added, the number of fluorescent cells and their
fluorescence intensities were similar to those of the wild-type
biosensor at 1 and 2 h (columns 2 and 3), demonstrating that
wild-type XylS cannot recognize PA or TPA. However, when
0.5 mM PA was added, the number of fluorescent cells
containing XylS-K38R-L224Q and their fluorescence inten-
sities were increased significantly compared with those of the
wild-type biosensor at 1 and 2 h (Figure 3a, column 5). For the
XylS-W88C-L224Q biosensor, when 0.5 mM TPA was added,
the fluorescence intensities from single cells were much higher
than those from the wild-type biosensor or cells without the
addition of TPA (columns 6 and 7). These results were
consistent with the measurements carried out in shaken flasks.
Next, we used fluorescence-activated cell sorting to analyze

the fluorescence of large populations of cells (Figure 3b−d).
For the wild-type biosensor, the distribution of the
fluorescence intensity of the cells did not change much when
0.1−5 mM PA was added (Figure 3b). For the XylS-W88C-

Figure 2. Fluorescence of whole-cell biosensors containing different XylS variants in response to (a) PA and (b) TPA at 2 h (4 h for XylS-K38R-
W88C-A111V-N138I-L224Q) after induction. Each experiment was carried out in three triplicates. (c) Ligand specificity of the wild-type and
engineered XylS. Fluorescence ratio of 1 mM each ligand to the background fluorescence at 4 h (2 h for K38R-L224Q and W88C-L224Q) after
induction. 1: 2-hydroxy-3-methylbenzoic acid, 2: 3-chlorobenzoic acid, 3: 3-methylbenzoic acid, 4: 2-hydroxybenzoic acid, 5: 2-acetoxybenzoic
acid, 6: PA, and 7: TPA.
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L224Q- and XylS-W88C-L224Q-based biosensors, the pro-
portion of cells with high fluorescence increased and the peaks
clearly shifted toward the higher fluorescence field when 10
μM to 5 mM PA or TPA was added to the respective cell
cultures (Figure 3c).
In the above experiments, we observed a relatively high

background fluorescence (Figure 2) and leaky expression of
the reporter gene in the engineered biosensors (Figure 3). To
decrease this background fluorescence, the plasmid backbone
was changed from a high copy number pUC57 to a low−
medium copy number pCL1920 without changing the gene
components. After plasmid replacement, the background
fluorescence was decreased from 3000−6000 to 400−1200
FL/OD600, and clear fluorescence differences between 10 μM
and 2.5 mM PA/TPA were observed (Figure 4a,b).
Furthermore, the fluorescence ratios of XylS-K38R-L224Q-
and XylS-W88C-L224Q-based biosensors relative to the
background increased to 2.2- and 3.0-fold in this dynamic
range, respectively, which favors the sub-mM detection of PA
and TPA (Figure 4c,d). However, the replacement of the
original promoter J23114 with other standard promoters did
not improve the performance of the engineered whole-cell
biosensors (Figure S9).
Whole-Cell Biosensor-Based Evolution of PAE-De-

grading Enzymes. As a proof of concept, we used the

pCL1920-XylS-K38R-L224Q-sfGFP biosensor for the directed
evolution of PAE-degrading enzyme GoEst15.8 GoEst15 can
hydrolyze PAEs into mono-alkyl phthalates, which are
subsequently hydrolyzed into PA by GoEstM1 (Figure 5a).
Here, we inserted the sensing plasmid in the E. coli cell to
generate a single cell with double plasmids (GoEst15-
GoEstM1/pCL1920-XyIS-K38R-L224Q) for GoEst15 evolu-
tion (Figure 5b). Homology modeling of GoEst15 based on
PDB entry 1C7J was conducted and dibutyl phthalate (DBP)
was docked into the active-site pocket (Figure S10a,b). Based
on the results of homology modeling and molecular docking, a
total of 49 residues located around the active site were selected
for site-directed saturation mutagenesis (Table S2). Fluores-
cent screening of the GoEst15-mutant libraries (5000 variants)
identified several hits that were selected and characterized
(Figure S10c). Among them, GoEst15-V3 (P306Y/I393V/
L78W/F437L/L129I/K76P) was identified and purified
(Figure S10d). The specific activity of GoEst15-V3 toward
DBP and another substrate p-nitrophenyl butyrate (pNPB),
i.e., 4.7 and 54.0 U/mgprotein, is 2.0- and 2.5-fold higher than
that of the wild-type enzyme, respectively. The time-course
degradation of 5 mM DBP showed that 96.5% DBP was
degraded by GoEst15-V3, while only 55% DPB was degraded
by the wild-type enzyme in 60 min (Figure 5d), which
indicates that the whole biosensor is effective for screening PA-

Figure 3. Single cell analysis of the evolved XylS biosensors. (a) Fluorescence images of biosensors in the presence of PA and TPA of different
concentrations. Fluorescence characterization of (b) XylS, (c) XylS-K38R-L224Q with the induction of PA, and (d) XylS-W88C-L224Q with the
induction of TPA.
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degrading enzyme variants. We believe that the catalytic
performance of GoEst15 can be further enhanced by several
rounds of iterative evolution. Nevertheless, these results

demonstrate the promise of the XylS mutant-based biosensor
in the detection of PA for screening of libraries of mutants of
PAE-degrading enzymes.

Figure 4. Fluorimetric detection of (a) PA and (b) TPA using engineered XylS-based whole-cell biosensors containing the low-copy pCL1920
plasmid. The corresponding ratios of fluorescence at each time to the background fluorescence are plotted in panels (c) and (d). Each experiment
was carried out in three triplicates.

Figure 5. Directed evolution of GoEst15. (a) Dual enzyme-catalyzed degradation of PAEs. (b) Illustration of the screening system using a single
cell with a double plasmid. (c) Specific activity of the wild-type and various variants of GoEst15 toward DBP and pNPB. (d) Degradation of 5 mM
DBP in 1 mL of phosphate buffer (pH = 7.0) containing 10% dimethylsulfoxide (DMSO) and 0.14 mg of purified enzymes at 30 °C for 60 min.
Each experiment was repeated in triplicates.
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■ CONCLUSIONS

In conclusion, we created two novel TFs, XylS-K38R-L224Q
and XylS-W88C-L224Q, through directed evolution of P.
putida XylS. These variants can effectively sense as little as 10
μM PA and TPA. As a proof of concept, the biosensor
pCL1920-XylS(K38R-L224Q)-sfGFP was used for the evolu-
tion of GoEst15, and a mutant with 2.0- and 2.5-fold enhanced
specific activity toward DBP and pNPB was identified. XylS-
based whole-cell biosensors directly detect the hydrolysis
products of PAE/PET, providing a general screening method
for evolving various hydrolases. The detection performance of
the biosensor can be further improved by optimization of
sensor components and development of more efficient TFs for
PA and TPA detection using the methods described in this
study.

■ MATERIALS AND METHODS

General Information. Luria−Bertani (LB) media was
used for the culture of E. coli cells. PAEs were obtained from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
Tryptone and yeast extract were obtained from Oxoid
(Hampshire, UK). Other chemicals were purchased from
TCI (Japan), Aladdin and Shaoyuan (Shanghai, China).
Protein Iso Ni-nitrilotriacetic acid (Ni-NTA) resin was
supplied by Trans Gen Biotech (Beijing, China). Ultrafiltration
tubing (15 mL/30 kDa) was obtained from Millipore
(Shanghai, China). All other reagents were of analytical
grade unless otherwise stated. Primers were synthesized by
Generay Biotech (Shanghai, China).
Construction of the E. coli-pUC57-XylS-sfGFP Sensor.

The nucleic acid sequence of the transcription factor XylS and
its promoter Pm and terminator were handed over to the
company for synthesis and synthesized on the pUC57 plasmid
and then the recombinant plasmid pUC57-XylS was obtained.
During sequence synthesis, Xho I and BamH I restriction sites
were designed at both ends of sfGFP. The original sfGFP
sequence in the laboratory and recombinant plasmid were
subjected to double digestion with Xho I and BamH I, ligated
with T4 ligase at 16 °C for 8 h, and the ligation solution was
transformed into E. coli BL21 (DE3) cells to obtain the E. coli
biosensor pUC57-XylS-sfGFP.
Fluorimetric Detection of PA and TPA with Bio-

sensors in Shaking Flasks. The fluorimetric detection of PA
and TPA with the wild-type and mutated biosensors followed
the same protocol. Typically, E. coli BL21 (DE3) harboring the
recombinant plasmid of pUC57-XylS-sfGFP was grown
overnight at 37 °C in LB medium containing 100 μg/mL
ampicillin in 4 mL test tubes. The culture was then inoculated
(1% v/v) to 100 mL of LB media in shaking flasks at 37 °C
and 220 rpm. When OD600 of cells reached 0.6, PA/TPA of
different concentrations were added in the culture. For each
experiment, samples were collected from three different
shaking flasks at different time periods and centrifuged for 1
min at 12 000 rpm. The precipitated cells were resuspended in
ddH2O, and samples of 200 μL were taken in the microplate
reader (BioTek, Synergy H1) for measurement of fluorescence
intensity (λEx = 488 nm, λEm = 515 nm) and cell density
(OD600). The ratio of fluorescence intensity to OD600 in each
well was calculated and the mean values and errors were
obtained.
Directed Evolution of XylS. The recombination plasmids

containing XylS gene were used as the template for random

mutagenesis. MnCl2 (0.25 mM) was added to the PCR system
for obtaining the desired mutagenesis rate (ca. 1−2 amino acid
mutations per protein). The amplified PCR products were
extracted, digested with EcoR I and Hind III and ligated into
the EcoR I and Hind III sites of pUC57, then transformed into
chemical competent E. coli BL21 (DE3) cells, and plated on an
LB agar plate containing 100 μg/mL ampicillin. The colonies
were picked with sterile toothpicks to inoculate in 300 μL of
LB media containing 100 μg/mL ampicillin in 96-well plates.
The mutants were grown overnight at 37 °C prior to
inoculation in 550 μL of LB in new 96-well plates. The plates
were incubated at 37 °C for 2 h and then PA/TPA was added
and cultured at 37 °C for 8−10 h. A volume of 50 μL of the
sample from each well was mixed with 150 μL of ddH2O and
then transferred to a new microtiter plate for the measurement
of OD600 and fluorescence using a microplate spectropho-
tometer (BioTek, Synergy H1). The mutants with large
differences in FL/OD600 compared with the wild-type were
selected for shaking flask rescreening, and the best mutants
were characterized by subsequent experiments.

Single Cell Analysis with Confocal Fluorescence
Microscopy and FACS. Whole-cell biosensors harboring
pUC57-XylS-sfGFP and pUC57-XylSmut-sfGFP were cultured
following the above protocol. The collected cells were
resuspended in 100 mM PBS buffer (pH 7.0) and diluted to
OD600 0.1 for determination. For confocal microscopy, Nikon
A1R (Nikon, Japan) equipped with a 488 nm exciter was used
for fluorescence imaging. Cell samples of 5 μL were pipetted
on a glass slide covered with a coverslip and sealed with oil
around the slide. The glass slide was placed on the loading
platform, and a 100× lens was selected for imaging. The FACS
(CytoFLEX LX, Beckman Coulter) utilizing the software
CytExpert was used to analyze single E. coli cells with PA and
TPA induction. The FACS housed a laser/photomultiplier
system with excitation at 488 nm and emission at 513 nm. The
software sorting accuracy was set to single events and the event
rate was adjusted to around 1000 events per second (EPS).
The collected cells were resuspended in 100 mM PBS buffer
(pH 7.0). The cell density was diluted to 107/mL and the
samples were injected at 10 μL/min.

Structural Analysis. Homology-based models of GoEst15
were constructed using SWISS-MODEL (http://swissmodel.
expasy.org/). The template for modeling was the esterase Pnb
Esterase 56c8 from Bacillus subtilis (PDB code: 1C7J), which
shared 37% identity with GoEst15. The GoEst15 was used as a
rigid receptor for docking of DBP and DEHP using
AutoDock4.0. The figure was generated using the program
PyMOL.

Directed Evolution of GoEst15. Residues lining in the
substrate binding pocket of GoEst15 were targeted, and a
library was generated by NNK-based saturation mutagenesis.
The site-saturation mutagenesis (1400 clones screened)
included 14 residues (L77, T81, G117, G118, A119, E203,
A205, Y234, P306, L347, F348, K350, I393, G433). The
recombination plasmid containing GoEst15 used as the
template was amplified by PCR with NNK codon degeneracy.
The resulting PCR products were digested with Dpn I (20 U)
at 37 °C for 3 h and was next transformed into chemical
competent E. coli BL21 (DE3) cells containing the pCL1920-
XylS(K38R-L224Q)-sfGFP biosensor and plated on an LB
agar plate containing 50 μg/mL kanamycin and 100 μg/mL
streptomycin. Then, single clones were picked up and cultured
to express the mutated enzyme in deep well plates and induced
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with 200 μM IPTG for 4 h at 16 °C. After IPTG induction,
DBP (5 mM) was added to each deep well plate and reactions
were carried out for 4 h at 35 °C. Selection of positive mutants
was based on the FL/OD600 value.
Purification of GoEst15 Variants. E. coli BL21 (DE3)

cells harboring pET28a-GoEst15-GoEstM1 were grown over-
night at 37 °C in LB medium containing 50 μg/mL
kanamycin. The overnight culture was then inoculated to
100 mL of LB at 37 °C and 220 rpm. The temperature was
then lowered to 16 °C and protein expression was induced
with 0.1 mM IPTG until OD600 reached 0.6. The culture was
grown for 24 h before harvest. After centrifugation, the cells
were resuspended in buffer A (20 mM phosphate buffer, 500
mM NaCl, 10 mM imidazole, 5 mM DTT, pH 7.4), disrupted
by sonication, and the cell lysate was centrifuged (7500 rpm)
for 60 min. The supernatant was loaded on a 2 mL Ni-NTA
resin. The retained protein was eluted with a linear gradient
from buffer A to buffer B (20 mM phosphate buffer, 500 mM
NaCl, 500 mM imidazole, 5 mM DTT, pH 7.4). Purified
proteins were exchanged into buffer C (20 mM phosphate
buffer, 200 mM NaCl, pH 7.4) using an Ultra-4 centrifugal
filter with 30 kDa cut-off (Millipore) and stored with 20%
glycerol (v/v) at −80 °C.
Degradation of DBP by Purified GoEst15. The reaction

mixture (1 mL) containing 100 mM PBS (pH 7.0), 5 mM
DBP (dissolved in 10% DMSO), and 0.14 mg of enzyme was
incubated for 1 h at 30 °C. Samples were taken at defined time
intervals and subjected to HPLC analysis.
HPLC Analysis. All samples dissolved in methanol were

passed through a 0.22 μm filter membrane. HPLC separation
was performed on a Shimadzu LC-2010A HT apparatus
equipped with a Hypersil ODS2-C18 column (5.0 μm, 4.6 ×
250 mm). The mobile phase, 5% H2O and 95% methanol (vol
%), was run at a flow rate of 0.8 mL/min, and the oven
temperature was 30 °C. The eluent was monitored by
absorbance at 254 nm.
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