
Vol.:(0123456789)

Applied Biochemistry and Biotechnology (2024) 196:5471–5483
https://doi.org/10.1007/s12010-023-04837-8

1 3

ORIGINAL ARTICLE

Display of PETase on the Cell Surface of Escherichia coli Using 
the Anchor Protein PgsA

Takuma Yamashita1 · Takuya Matsumoto1  · Ryosuke Yamada1 · Hiroyasu Ogino1

Accepted: 19 December 2023 / Published online: 2 January 2024 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2023

Abstract
Enzymatic degradation of polyethylene terephthalate (PET) is attracting attention as a new 
technology because of its mild reaction conditions. However, the cost of purified enzymes 
is a major challenge for the practical application of this technology. In this study, we 
attempted to display the surface of the PET-degrading enzyme, PETase, onto Escherichia 
coli using the membrane anchor, PgsA, from Bacillus subtilis to omit the need for purifica-
tion of the enzyme. Immunofluorescence staining confirmed that PETase was successfully 
displayed on the surface of E. coli cells when a fusion of PgsA and PETase was expressed. 
The surface-displaying E. coli was able to degrade 94.6% of 1  mM bis(2-hydroxyethyl) 
terephthalate in 60 min, and the PET films were also degraded in trace amounts. These 
results indicate that PgsA can be used to present active PETase on the cell surface of E. 
coli. This technique is expected to be applied for efficient PET degradation.
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Introduction

Polyethylene terephthalate (PET) is a plastic widely used in industry and daily life [1]. 
However, its high durability results in the accumulation of discarded PET in the environ-
ment for hundreds of years. This is a concern because of its negative impact on ecosystems 
and human health [2–4].

Several recycling methods have been developed for the recovery of PET. Mechanical 
and chemical recycling are representative methods [5, 6]. Mechanical recycling is a method 
in which PET is crushed, dissolved, and remolded. It is considered to be cheaper than 
chemical recycling [7]. However, the drawback is that the product properties deteriorate 
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with each cycle [8]. In chemical recycling, PET is chemically depolymerized into mono-
mers, which are then repolymerized. Therefore, PET can be recycled with minimal quality 
loss [9]. However, chemical recycling is more expensive than mechanical recycling and 
thus, it offers fewer economic benefits [10]. In addition, the chemical decomposition of 
PET requires high temperature, high-pressure conditions, and large amounts of energy 
[11].

PET degradation by microorganism-derived enzymes proceeds under mild conditions, 
such as 30 to 70 °C and normal pressure. Therefore, this strategy has attracted attention as 
a new option for environment-friendly PET recycling. To date, several enzymes have been 
reported to be involved in the degradation of PET, such as the cutinase HiC from Humilica 
insolens [12], the cutinase LCC from leaf and branch compost [13], and hydrolase TfH 
from Thermobifida fusca [14].

In 2016, the bacterium Ideonella sakaiensis 201-F6 was shown to grow on PET 
as a major energy and carbon source in recycling plants in Japan [15]. PETase, a PET-
degrading enzyme secreted by this bacterium, shows higher PET degradation efficiency 
and substrate specificity than other PET-degrading enzymes at room temperature. PETase 
hydrolyzes PET and releases mono(hydroxyethyl)terephthalate (MHET) and terephthalate 
(TPA). In recent years, protein engineering modifications of this enzyme have been widely 
used to improve the enzymatic activity and thermal stability of PET [16, 17]. Notable 
mutant enzymes include DuraPETase [18] and FAST-PETase [19]. Both mutant PETases 
have extremely high PET degradation activity and thermal stability compared to wild-type 
PETase, and therefore, the implementation of enzymatic PET degradation is becoming a 
reality.

When such enzymes are used industrially, they are generally prepared using microor-
ganisms such as recombinant E. coli. The desired enzyme can be obtained through cultiva-
tion of recombinant Escherichia coli, cell disruption, and enzyme purification. However, 
the cost of enzyme purification is known to be very high [20]. In addition, because the 
enzyme is water-soluble, it can only be used once for the required reaction and then it 
becomes waste. To implement PET degradation using enzymes, it is desirable to address 
these issues.

Techniques have been developed to display target enzymes on the cell surface using 
membrane anchors to eliminate the enzyme purification process [21, 22]. When fused with 
the target enzyme, membrane anchors display the target enzyme and express enzyme activ-
ity at the cell surface [23]. Therefore, these cells can be used as immobilized catalysts. 
Cells can be easily separated from the generated monomers by centrifugation or filtration, 
without the need for cell disruption. Furthermore, the separated cells can be reused [24].

Various membrane-anchor-based surface display systems have been developed for 
E. coli. Outer membrane proteins [25], ice nucleation proteins [26], and autotransport-
ers [27] are used as anchors. In this study, we used the PgsA protein from Bacillus sub-
tilis as the anchor protein. This protein is part of the enzyme complex that synthesizes 
poly-γ-glutamic acid (PGA) in B. subtilis [28]. Narita et al. successfully fused PgsA with 
α-amylase (AmyA) from Streptococcus bovis 148 and lipase B (CALB) from Candida ant-
arctica to display these enzymes in an active form on the cell surface of E. coli [29]. Gallus 
et al. developed a new cell surface display system using the post-translational fusion of tar-
get proteins and membrane anchors using the SpyCatcher/SpyTag system [30]. This system 
has been reported to successfully display heme- and diflavin-containing cytochrome P450 
BM3 monooxygenase from Bacillus megaterium in E. coli, with higher levels of presenta-
tion than conventional genetic fusion using a plasmid [31].
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We heterologously expressed PETase and PgsA in E. coli via genetic and post-transla-
tional fusion. In both cases, we successfully expressed the fusion protein and confirmed 
that the active form of the PETase was present on the cell surface of E. coli. E. coli express-
ing PETase by genetic fusion was able to degrade the PET intermediate bis(2-Hydroxye-
thyl) terephthalate (BHET) more efficiently than E. coli expressing PETase intracellularly 
or in a crude enzyme solution. It was also confirmed that E. coli can degrade PET films, 
albeit in small amounts, indicating that this is a promising new approach to PET degrada-
tion, although further improvement of the degradation efficiency is necessary.

Materials and Methods

Strains and Growth Conditions

E. coli DH5α was used to generate the plasmids. Cells were transformed with plasmids for 
cloning using heat shock. The cells were incubated overnight at 37  °C in Luria–Bertani 
medium (20 g/L LB broth, Lenox; Nacalai Tesque, Kyoto, Japan) containing 100 μg/mL 
ampicillin.

E. coli BL21(DE3) cells were used for protein expression analysis. The cells were trans-
fected with each plasmid by electroporation. They were then incubated in LB medium con-
taining 100 μg/mL ampicillin overnight at 37 °C. The transformants were incubated over-
night at 37 °C, 180 rpm in test tubes containing 4 mL of LB liquid medium with 100 μg/
mL ampicillin. The precultures were inoculated into flasks containing 100 mL of LB liq-
uid medium with 100 μg/mL ampicillin and incubated at 37 °C, 150  rpm until the opti-
cal density at 600 nm  (OD600) reached 0.5–0.8. Protein expression was then induced with 
0.5 mM isoIsopropyl-β-d-thiogalactopyranoside, and the cultures were incubated at 20 °C 
and 150 rpm for 20 h. After the induction of expression, the cells were harvested by cen-
trifugation (12,000  rpm, 3 min, 4  °C), washed with phosphate-buffered saline (PBS, pH 
7.4), 50 mM Tris–HCl buffer (pH 8.0) with 100 mM NaCl or 50 mM Tris–HCl buffer (pH 
9.0), and resuspended in the respective solutions.

Plasmid Construction and Transformation

The plasmids used in this study are listed in Table  S1 and the primers are listed in 
Table S2. Polymerase chain reaction (PCR) was performed using KOD Plus or KOD One 
master mixes (Toyobo Co., Ltd., Osaka, Japan). The vectors and inserts were ligated using 
NEBuilder (New England Biolabs Inc., Ipswich, MA, USA) according to the manufactur-
er’s protocol.

Primers 1 and 2 were used to amplify PgsA using the pHLA vector as the template 
[29]. The SpyCatcher gene with a glycine-serine (GS) linker was amplified by PCR using 
primers 3 and 4, and a synthetic gene (synthesized by Integrated DNA Technologies Inc., 
Coralville, IA, USA) was used as a template. The amplified fragment was inserted into 
the NcoI site of the pETDuet-1 vector (pDuet), and the resulting plasmid was named 
pDuet_PgsA-SC.

The PETase gene with a Myc Tag was amplified using primers 5, 6, and 7 with a syn-
thetic gene (Eurofins Genomics Inc., Tokyo, Japan) as the template. The amplified frag-
ment was inserted into the NdeI site of the pETDuet-1 vector, and the resulting plasmid 
was named pDuet_PETase-Myc.
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Primers 1 and 8 were used to amplify PgsA, using pDuet_PgsA-SC as the template. 
The PETase gene with a Myc tag was also amplified using primers 9 and 10 with pDuet_
PETase-Myc as the template. These amplified fragments were inserted into the NcoI site 
of the pETDuet-1 vector, and the resulting plasmid was named pDuet_PgsA-PETase-Myc.

Primers 5, 11, 12, and 13 were used to amplify the PETase genes with Spy-
Tag and MycTag, using synthetic genes as templates. The amplified fragment was 
inserted into the NdeI site of pDuet_PgsA-SC, and the resulting plasmid was named 
pDuet_PgsA-SC_PETase-ST.

Using primers 14 and 15 and the synthetic gene as a template, the PETase gene with 
a His tag was amplified by PCR. After treating the pETDuet-1 vector with the restriction 
enzymes NcoI and AvrII, the amplified fragment was inserted, and the resulting plasmid 
was named pDuet_PETase-His.

Sodium Dodecyl Sulfate–Polyacrylamide Gel Electrophoresis

Cells were resuspended in 50 mM Tris–HCl Buffer (pH 7.5) and adjusted to an  OD600 of 
5.0. The cell suspension was collected in microtubes and sonicated using a BIORUPTOR 
UCD-250 instrument (Tosho Electric Co., Ltd., Tokyo, Japan). Sodium dodecyl sulfate 
(SDS) treatment was performed by mixing equal amounts of SDS sample buffer with the 
protein solution after sonication and heating at 95 °C for 5 min. Proteins were separated 
by SDS–polyacrylamide gel electrophoresis (PAGE) (4.5% or 15% [w/v] acrylamide) and 
stained with Coomassie Brilliant Blue.

Crude Enzyme Preparation

After the induction of protein expression, BL21(DE3) cells harboring pDuet_PETase-His 
(BL21/pDuet_PETase) were resuspended in 50 mM Tris–HCl buffer (pH 8.0) containing 
100 mM NaCl and adjusted to an  OD600 of 10. The cell suspension was collected in micro-
tubes and sonicated using a BIORUPTOR UCD-250 instrument (Tosho Electric Co., Ltd.). 
The resulting solution was centrifuged (13,000  rpm, 10 min, 4  °C), and the supernatant 
was used as a PETase crude enzyme solution.

Immunofluorescence Analysis

After culture, cell suspensions of each strain were resuspended in PBS to an  OD600 of 
5.0 and 2 mg/L rabbit anti-myc affinity-purified antibody was added to the solution and 
incubated at 25 °C, 800 rpm for 1 h. After centrifugation (13,000 rpm, 1 min, 25 °C) and 
removal of the supernatant, the cells were washed with PBS. To the washed cells, 4 mg/L 
Alexa Flour® anti-rabbit IgG was added, and the cells were incubated at 25 °C, 800 rpm 
for 1 h. The cells were centrifuged (13,000 rpm, 1 min, 25 °C) to remove the supernatant 
and then washed with PBS. After resuspending the cells in PBS, fluorescence intensity was 
measured at an excitation wavelength of 485 nm and an emission wavelength of 528 nm 
using a Synergy LC plate reader (BioTek, Winooski, VT, USA).
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BHET Degradation Reaction

Enzymatic reactions were performed with cells or crude enzymes  (OD600 = 2.5) in 50 mM 
Tris–HCl Buffer (pH 8.0) containing 100 mM NaCl. BHET (dissolved in dimethyl sulfox-
ide) was added to a final concentration of 1 mM, and the samples were incubated at 30 °C 
for 1 h in 96-well plates. The reaction was stopped by the addition of 16.7% acetonitrile.

Evaluation of Reusability

Reusability was evaluated using suspensions of BL21(DE3) cells harboring pDuet_PgsA-
PETase-Myc  (OD600 = 2.5) in 50  mM Tris–HCl buffer (pH 8.0) containing 100  mM 
NaCl. Then, 1  mM BHET (dissolved in dimethyl sulfoxide) was added and incubated 
in microtubes at 30 °C, 800 rpm for 15 min. The reaction was stopped by centrifugation 
(13,000 rpm, 1 min, 4 °C), and the supernatant was diluted with 16.7% acetonitrile. After 
removing the remaining supernatant, the cells were washed with 50 mM Tris–HCl buffer 
(pH 8.0) containing 100 mM NaCl. The cells were then resuspended in 50 mM Tris–HCl 
buffer (pH 8.0) containing 100 mM NaCl. Then, 1 mM BHET (dissolved in dimethyl sul-
foxide) was added, and the samples were incubated in a microtube at 30 °C, 800 rpm for 
15 min. This procedure was repeated five times.

PET Degradation Reaction

A sheet of PET film (15 mm × 15 mm, 0.2-mm thick; RP Topla, Co., Ltd., Osaka, Japan) 
was immersed in 4  mL of the cell suspensions of each strain  (OD600 = 5.0) in 50  mM 
Tris–HCl buffer (pH 9.0) and incubated at 30 °C for 48 h. The solution was collected, and 
16.7% acetonitrile was added to stop the reaction.

Product Analysis

The concentration of BHET, MHET, and TPA were determined by high-performance liq-
uid chromatography (Shimadzu Co. Kyoto, Japan; solvent delivery system, LC-20AD; col-
umn, 5C18-AR-II (Nacalai Tesque, Inc., Kyoto, Japan); column temperature, 35 °C; detec-
tor, SPD-10A). The peak of each compound was detected in the order of TPA, MHET, and 
BHET.

Results and Discussion

Preparation of PETase‑Displaying E. coli

Fusion of a membrane anchor with an enzyme of interest allows the enzyme to be dis-
played on the cell surface. In this study, we used PgsA, a membrane protein from Bacillus 
subtilis, as a membrane anchor, when expressed by fusing an enzyme to the C-terminus of 
PgsA, it acts as a membrane anchor in E. coli [29]. Genetic fusion between an anchor and 
an enzyme is employed in cell-surface display systems. Generally, genetic fusions may lead 
to unfavorable domain-domain interactions and misfolding, resulting in reduced display 
efficiency and loss of enzyme function. Therefore, we attempted to use a post-translational 
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fusion system with SpyCatcher/SpyTag [30]. Using this method, the membrane anchor 
fused to SpyCatcher and the enzyme fused to SpyTag are expressed separately, and the 
two are then combined by the covalent binding of SpyCatcher and SpyTag. This method 
is expected to improve display efficiency and enzyme activity by reducing unfavorable 
domain interactions and misfolding because the membrane anchor and enzyme are folded 
separately and independently. Therefore, we used two expression systems, one with genetic 
fusion at the plasmid stage (pDuet_PgsA-PETase-Myc) (Fig. 1a) and the other with post-
translational modification using the SpyCatcher/SpyTsg system (pDuet_PgsA-SC_PETase-
ST-Myc) (Fig. 1b). In the former, PETase and PgsA were fused via a flexible GS linker. In 
the latter, PETase was fused to SpyTag and PgsA to SpyCatcher via a flexible GS linker. 
Schematic illustrations showing protein translation and membrane localization of the 
respective transformants are shown in Fig. 1c and d.

To assess protein expression, the lysates of each cell line were analyzed using SDS-
PAGE. As shown in Fig. 2, a band corresponding to PgsA-PETase-Myc (lane 2; 71.9 kDa) 
was observed. Although the PETase-SpyT-Myc (30.7 kDa) band was observed in lane 3, 
conjugation between PETase-SpyT-Myc and PgsA-SpyC was also observed (PgsA-SpyC-
SpyT-Myc-PETase; 85.9  kDa). This result indicates that the SpyCatcher component of 
PgsA-SC and the SpyTag component of PETase-ST-Myc formed a covalent bond, resulting 
in the fusion protein, PgsA-SpyC-SpyT-Myc-PETase. The expression level of PgsA-SpyC-
SpyT-Myc-PETase was higher than the expression level of PgsA-PETase-Myc. Therefore, 
expression levels of the fusion proteins were higher when post-translational fusion was 

Fig. 1  Schematic diagram of the cell surface display of PETase. a Plasmid expressing PETase on the cell 
surface by genetic fusion: pDuet_PgsA-PETase-Myc. b Plasmid expressing PETase on the cell surface by 
post-translational fusion using the SpyCatcher/SpyTag system: pDuet_PgsA-SpyC_PETase-SpyT-Myc. c 
Image of genetic fusion of PgsA and PETase on BL21/pDuet_PgsA-PETase. d Image of post-translational 
fusion of PgsA-SpyCatcher and PETase-SpyTag on BL21/pDuet_PgsA-SpyC_PETase-ST
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performed using SpyCatcher/SpyTag than when PETase and PgsA were fused to a plas-
mid. This is presumably because folding occurs more smoothly when the individual pro-
teins are expressed separately.

Fig. 2  SDS-PAGE results 
of whole-cell fractions of 
BL21/pDuet (lane 1), BL21/
pDuet_PgsA-PETase (lane 2: 
PgsA-PETase-Myc, 71.9 kDa), 
BL21/pDuet_PgsA-SC_PETase-
ST (lane 3: PETase-ST-Myc, 
30.7 kDa; PgsA-SC-ST-Myc-
PETase, 85.9 kDa), and BL21/
pDuet_PETase (lane 4: PETase-
His, 28.6 kDa)

Fig. 3  Results of fluorescence intensity measurements after immunofluorescence staining. Data are pre-
sented as the average of triplicate independent experiments, and error bars represent the standard deviation
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Evaluation of Cell Surface Expression of PETase

Surface exposure of the fusion protein was analyzed by immunofluorescence staining using 
a rabbit anti-Myc primary antibody that binds to the Myc tag attached to the C-terminus of 
PETase and an Alexa488-conjugated anti-rabbit secondary antibody. Figure 3 shows the 
fluorescence quantification results obtained using a microplate reader. BL21(DE3) harbor-
ing pDuet_PgsA-PETase-Myc (BL21/pDuet_PgsA-PETase) and BL21(DE3) harboring 
pDuet_PgsA-SC_PETase-ST-Myc (BL21/pDuet_PgsA-SC_PETase-ST) exhibited higher 
fluorescence intensities than BL21(DE3) harboring pETDuet-1 (BL21/pDuet). This result 
indicated that both strains had PETase on the cell surface. Additionally, the fluorescence 
intensity was higher for BL21/pDuet_PgsA-PETase than BL21/pDuet_PgsA-SC_PETase-
ST. Although the SDS-PAGE results (Fig. 1) showed that the expression level was higher 
for the post-translational fusion product than the genetic fusion product, the amount of dis-
played PETase was greater with the genetic fusion than with the post-translational fusion 
using SpyCatcher/SpyTag. This is probably because the proportion of fusion proteins 
transported to the outer membrane of the total fusion protein expressed was lower in the 
case of post-translational fusion.

BHET Degradation by PETase‑Displaying E. coli

Two types of surface-displaying strains were employed to degrade BHET. PET degrada-
tion is much slower than BHET degradation; therefore, we used BHET as a substrate to 
ensure that the surface-displayed PETase remained active initially. BHET is hydrolyzed 
to MHET by PETase. An intracellular PETase expression strain (BL21/pDuet_PETase) 
and a crude enzyme solution were also evaluated for BHET degradation. Figure 4 shows 
that BL21/pDuet_PETase degraded only 7% of the BHET in 60  min, whereas BL21/

Fig. 4  Results of bis(2-Hydroxyethyl) terephthalate (BHET) degradation to mono(hydroxyethyl)terephtha-
late (MHET) by BL21/pDuet_PgsA-PETase (closed green squares), BL21/pDuet_PgsA-SC_PETase-ST 
(open green squares), BL21/pDuet_PETase (closed blue circles), crude enzyme (closed blue triangles), and 
BL21/pDuet (closed gray circles). Data are presented as the average of triplicate independent experiments, 
and error bars represent the standard deviation



5479Applied Biochemistry and Biotechnology (2024) 196:5471–5483 

1 3

pDuet_PgsA-PETase degraded 94.6% and BL21/pDuet_PgsA-SC_PETase-ST degraded 
24.4% of the BHET. Both strains displaying PETase degraded more BHET than the 
strain expressing PETase intracellularly, indicating that the degradation of poorly mem-
brane-permeable BHET favored the surface-display system. The results of BHET deg-
radation and immunofluorescence staining indicated that the use of PgsA enabled the 
display of the active form of PETase on the cell surface of E. coli. The extent of BHET 
degradation was greater in BL21/pDuet_PgsA-PETase than in BL21/pDuet_PgsA-
SC_PETase-ST cells. This result was consistent with the immunofluorescence staining 
results, suggesting that the strategy of genetic fusion with the PgsA anchor was suitable 
for this study.

The crude enzyme solution degraded 56.5% of the BHET in 60  min. As shown in 
Fig. S1, no soluble PETase band was observed, suggesting that the expression level of 
PETase was low. Previous studies have also reported low expression levels of soluble 
PETase [32]. In addition, intracellular PETase has almost no activity in Fig. 4. Hence, 
the activity of BL21/pDuet_PgsA-PETase was derived from PgsA-PETase localized 
on the cell surface. It is thought that the activity of displayed-PETase was higher than 
that of the crude enzyme solution because the amount of PgsA-PETase on the cell sur-
face of BL21/pDuet_PgsA-PETase was greater than the soluble PETase expressed by 
BL21/pDuet_PETase. Considering that the amount of BHET degraded by BL21/pDuet_
PgsA-PETase was only 1.7 times the amount degraded by the crude enzyme solution, 
the expression level of PETase on the cell surface of BL21/pDuet_PgsA-PETase was 
expected to be relatively low. In Fig.  S1, a band corresponding to PgsA-PETase was 
clearly observed in lane 2. This suggests that most of the identified fusion proteins may 
not be transported to the outer membrane, but remain in the cytoplasm. PgsA has no 
signal peptide targeting it to the periplasmic space [33]. Therefore, passage through the 
inner membrane and insertion were presumed to occur via spontaneous insertion into 
the membrane by the hydrophobic portion of PgsA. Thus, improving the transportation 
of fusion proteins by adding a signal peptide may facilitate BHET degradation.

Fig. 5  Relative residual activity when repeated cells were utilized. Data are presented as the average of trip-
licate independent experiments, and error bars represent the standard deviation
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The reusability of BL21/pDuet_PgsA-PETase was investigated using the BHET deg-
radation reaction. The BHET degradation reaction was performed five times in micro-
tubes. Between cycles, the cells were separated by centrifugation and washed to remove 
unreacted BHET. As shown in Fig. 5, 55% of the BHET-degrading activity was main-
tained in one reaction, and 36% was maintained in two reactions. The reason for the 
decrease in BHET degradation with each cycle may be the inevitable loss of cells per 
cycle or desorption of fusion proteins during the reaction and washing steps.

PET Degradation Reaction

BL21/pDuet_PgsA-PETase was used for PET film degradation. Figure  6 shows the 
amount of MHET and TPA released. Although no PET monomer was detected in the 
reaction solution of BL21/pDuet, 59 nmol of PET monomer was detected in the reaction 
solution of BL21/pDuet_PgsA-PETase. This confirmed that the PET film was degraded 
by surface-displayed PETase. However, the relatively low level of degradation may be 
due to the low presentation of PETase on the cell surface and the insufficient contact 
angle between the cells and the PET film. Further studies are required to improve the 
contact between the PET film and cells, as well as the activity of PETase.

Conclusions

In this study, the PET-degrading enzyme, PETase, was displayed on the cell surface of E. 
coli using the membrane anchor PgsA from B. subtilis. The fusion of PgsA and PETase 
was performed using two strategies: genetic fusion and post-translational fusion. Immu-
nofluorescence staining showed that both the strains successfully displayed PETase on 

Fig. 6  Results of PET degradation. Data are presented as the average of triplicate independent experiments, 
and error bars represent the standard deviation. PET polyethylene terephthalate, TPA terephthalate, MHET 
mono(hydroxyethyl)terephthalate
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their cell surfaces. Strains expressing PgsA-PETase generated by genetic fusion showed 
higher BHET-degrading activity than the strains with intracellular expression or crude 
enzyme solution. This strain also degraded PET films. These results indicate that the 
surface display of PETase by PgsA is a promising approach for PET degradation.
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