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Abstract The increased production and consumption of polyethylene terephthalate (PET)-based
products over the past several decades has resulted in the discharge of countless tons of PET
waste into the marine environment. PET microparticles resulting from the physical erosion of
general PET wastes end up in the ocean and pose a threat to the marine biosphere and human
health, necessitating the development of new technologies for recycling and upcycling. Notably,
enzyme-mediated PET degradation is an appealing option due to its eco-friendly and energy-saving
characteristics. PETase, a PET-hydrolyzing enzyme originating from Ideonella sakaiensis, is one
of the most thoroughly researched biological catalysts. However, the industrial application of
PETase-mediated PET recycling is limited due to the low stability and poor reusability of the
enzyme. Here we developed the whole-cell catalyst (WCC) in which functional PETase is attached
to the outer membrane of Escherichia coli. Immunoassays are used to identify the surface-expressed
PETase, and we demonstrated that the WCC degraded PET microparticles most efficiently at
30°C and pH 9 without agitation. Furthermore, the WCC increased the PET-degrading activity
in a concentration-dependent manner, surpassing the limited activity of soluble PETase above
100 nM. Finally, we demonstrated that the WCC could be recycled up to three times.
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Figure 1. Schematic diagram of PET degradation by PETase.
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1. A%

Western blotoll A AH-8-# 12} @A) Purified anti-His
tag Antibody} 2} &-A HRP Goat anti mouse IgG
Antibody ¥ FACS A AR-&% Alexa Fluor 488 an-
ti-His tag antibody= BioLegendol| A T-ulj3} T},
1-Step Ultra TMB Blotting Solution<> Thermo
ScientificTMOl A T+l 3}t PET YA+ (<300 pum)
+ GoodFellow®| 4] PET 2% (12 um)< UBIGEO®|
Al skt Z1eF Aok Gkl A Falstel
}.

2. FAA 29 2 FHAAR
pQE-Ipp-OmpA-PETase ~ HdWE =  pQES0
(Qiagen) #EJ ol Lpp, OmpA, PETase -3 &7} 4
°o% JAE SHHARE AFEALE FE Y5}
A 2% A} Lpp-OmpA-PETase &7 AFe] A
AL ofg e} 23l Lpp, OmpA, PETase, His tagoﬂ
Fete LS 4 w5 X, €& X, oldY
=4, #< BE SAAE FESAH
AAAGCTACTAAACTGGTACTGGGCGCGGTAAT
CCTGGGTTCTACTCTGCTGGCAGGTTGCTCCAG
CAACGCTAAAATCGATCAGGGAATTAACCCGT
ATGTTGGCTTTGAAATGGGTTACGACTGGTTAG
GTCGTATGCCGTACAAAGGCCAGCGTGAAAAC
GGTGCATACAAAGCTCAGGGCGTTCAACTGAC
CGCTAAACTGGGTTACCCAATCACTGACGACCT
GGACATCTACACTCGTCTGGGTGGCATGGTATG
GCGTGCAGACACTAAATCCAACGTTTATGGTAA
AAACCACGACACCGGCGTTTCTCCGGTCTTCGC
TGGCGGTGTTGAGTACGCGATCACTCCTGAAAT
CGCTACCCGTCTGGAATACCAGTGGACCAACA
ACATCGGTGACGCACACACCATCGGCACTCGTC
CGGACAACGGCGGAGGITCTGGAGGAGGGAGCC
AAACAAATCCTTATGCCCGTGGACCCAATCCGACG
GCTGCGTCTTTGGAAGCTAGTGCGGGTCCGTTCA
CCGTGCGTAGTTTCACTGTCAGTAGACCTTCCGGG
TATGGCGCAGGGACTGTCTATTATCCCACAAATGC
TGGGGGCACTGTAGGTGCTATAGCAATAGTACCTG
GITACACGGCGAGACAGAGTAGCATCAAATGGTG
GGGACCTCGITTGGCATCGCACGGATTCGTTGTTA
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TCACAATAGACACAAATTCCACTCTGGACCAGCCG
TCGTCGCGTTCATCTCAGCAGATGGCTGCACTTCG
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5. SDS-PAGES} Western blot

SDS-PAGES} Western blotoll 4] 12% SDS-PAGE
Gelo] AF&-E AT} E. coli-PETase™= ODgoonm#k 0.12
+H] 5 3L 5xSDS-PAGE loading buffer (Biosesang)
< H7Vskar 95ColA 10 min U £ F 10 wd
loading 3F$31L, 150 VZ 85 min 3+ A 7|9 % At
7] 9ol Bt dHHE L staining bufferol] A G4
T AY Western blote] FSPEHATE 022 pm
WestPure PVDF Membrane Sheet (GenDEPOT)®ll 300
mAZ 60 minZt o] H TAL 5% skim milk7}
714 PBSOl 2 h B9 &7 B Q% vl do] 1
2 AT olE oAl AlF & (0.05%
Tween 20, PBS)S. 2 5 min 4 33 A3 % 13}
A 894 (1:2000v/v in 0.05% Tween 20, PBS) 15
ml 2 h 5% A2 vSAHT 13 A7 A2
hilZS A Ao F 5 min ¥ 33 A3 I 2%}
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6. Flow cytometry
W% B3 E coli-PETaseE 4T, 3000 g oA 5
min &< YA B A= JHAE FASA
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AZ JAAZ PBS | mloll AEMA 71 2-& =4
oA AAEEE & W o JPst AZE AH3
ATk THAl PBS 1 mlol] AEAME AEZE 4x107
cellsml7} HAE FA3tHTE AE 4x107 7ol
Alexa 488 anti-His tag antibody”} 2 ug/ml ¢ =7}
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1 h &< F7F AlES & d=5 ATt Glycine-NaOH
(pH 9.0) 20 ml°ll PET &< €11 30T Y 2Tz
oM =& WHFAY. E coli-PETase 1.6x10°
cellsyml ¥ & F7}8tal PET &3 ¥H3o] AlZH
Z] 360 min Al PET E5& AW EN W& F
533tk 5000 g, 5 min®] YAEEE Tl WS &
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1. PETased] ®le|gjo} W g
WATH(E. coli) A PETaseS 114 3}7] 98l A
E. coli &9} @A (Lpp-OmpA)3# PETaseE %Ak
a0t Lpp-OmpAs 13 24 Hhel g ool A
Az dde] 3EA 3 A (surface display)©ll 39
Al AHRE = 7Iviet U R E coli US| A
Z &l 2 (Lipoprotein, Lpp)2] A& FEFo] = A
Aete ofr| At A E LR (oH| A4t 1-9)9) 9 utek
112 A(Outer membrane protein A, OmpA)E 7743}
T oprlieal AR (obu] At 67-180)7F S FE
o] TH26, 27]. Anti-His tag A2} FAIEZ EX7
1

FEH

o 75 gQlst7] 913l Lpp-OmpA-PETase &% T
2ol ¢ Tt His tage A 3HA Th(Figure 2(a)).
Lpp-OmpA-PETase®] &2 IPTGE &3 % A
(before induction, B)3} 2 h % 3 (after induction,
ADS] M EE SDS-PAGE®} Western blotS 53l €1
3} tHFigure 2(b)). °F 45.0 kDa2] 271 & zhe= T
Zo] HHAFAIL, o] 44.8 kDa2] HAFS Zhe
Lpp-OmpA-PETase®] T}, PETase] T 14 o2&
Alexa Fluor 488 anti-His tag 34| 2] M3EE FAZ
Ao 2 218} % th(Figure 2(c))(Table 1). 2F 10,000
M NEZEE X% A3 E coli-PETase®] o3
FAZIMFD)E 5069013 HAAEY E coli®] MFI= 71
2 UER} PETase’} 7 9]0 HAE QS-S ol
o,

Table 1. Representative data of flow cytometry
analysis

SSC-A  FSC-A
Name Events %Total Mean  Mean MFEI
E. coli 9,832 98.32 18,559 18,608 71
E coli- 8,109 81.09 18,897 27,462 5,069

PETase

2. g 2ANA 2 PETase AAE Zuje] PET
23 &4

PETase®] AM|3Zu W& o] &21¥ E. coli-PETaseS
AN E Zul 2 &-8317] 9s), W LA E PETase
o] PET &3l &4 tFs E8lssr oA H7}
3Tt 28 Ao A 300 nlo] A& A Ao PET
A1) BFEE 2.5%W/N), DAL =0 E.
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Figure 2. Bacterial surface expression of PETase. (a) Vector map of pQES80—Lpp—OmpA—PETase and schematic

image of surface—expressed PETase in E. coll

(b) SDS—PAGE and Western blot analysis to detect

Lpp—OmpA—PETase marked with a star. (¢) Normalized cell count of the wild—type £. co/i SHuffle (grey)
or E. coli-PETase (green) treated with fluorescently labeled anti—His tag antibody to detect the
surface—displayed PETase and the corresponding mean fluorescence intensity (MFI) levels by flow cytometry.
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activity of £. coli—PETase with or without shaking at pH 9, 30C and (d) Concentration—dependent catalytic
activity of PETase or £. coli—PETase without shaking at pH 9, 30°C. Error bars represent mean = SD (n=3).
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Figure 4. (a) Reusability test of the E. coli—PETase. The relative activity of each cycle of the reaction was
normalized to the catalytic activity of the first cycle (n=2). The catalytic activity was measured by the end—point
(4 h post—initiation) absorbance at 254 nm divided by the cell density. SEM image of PET film after 12 h
incubation without whole—cell catalyst (b) or with whole—cell catalyst (c).
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