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Research progress of modern biotechnology-promoted green degradation

of polyethylene terephthalate in plastics
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Abstract: Polyethylene terephthalate (PET) has been widely used in the food packaging and clothing industries due
to its good durability, high plasticity, and safety. However, PET is difficult to be degraded by microorganisms or
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enzymes due to its high hydrophobicity and high crystallinity, which has led to severe environmental and social problems
globally. Some of the high-quality PET can be reused in food packaging, but the majority of waste PET is downgraded
through conventional mechanical recycling ways and cannot be recycled in a green and efficient manner. The proportion
of recycled plastics that relies on recycling and green degradation is decreasing year by year, and only a small percentage
of plastic can be recycled, accounting for 17.6% of annual plastic use. Thus, exploring a safe and efficient biodegradation
for plastic to solve “white pollution” has become a major research issue that needs to be pursued urgently. Herein, this
paper reviews the current status of research on PET biodegradation, focusing on the mining methods of microbes and
genes encoding novel enzyme based on macrogenomics and proteomics. The characteristics and mechanism of plastic-
degrading enzymes from different sources were elucidated through an analysis of the crystal structures. Importantly, the
activity and degradation efficiency of the plastic-degrading enzymes were improved by directed evolution and smart-
computing strategy. This provides insights into the structural modification of plastic-degrading enzymes and introduces
some frontier research fields. The idea of “two-direction modification” is proposed to improve the degradability for PET
raw materials using modifying degradation enzymes. Furthermore, new enzymes mining and modification for plastic
degradation, the development of multi-enzyme catalytic system and the improvement of sustainable performance of

plastic will significantly stimulate the new ideas for exploring efficient biodegradation of PET in the future.

Keywords: polyethylene terephthalate; gene mining methods; biodegradation; directed modification; smart-

computing strategy
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Fig. 1 Plastic production and processing in China in 2020

(The data in the figure come from the National Bureau of Statistics. In
2020, the output of plastic products in China was 76.032 million tons,
and the consumption of plastics was 90.877 million tons. Compared
with 2019, this was a 12.2% increase. Plastic waste was 38.4 million
tons. Green recycling accounts for 17.6% of the total waste)
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Fig. 2 Schematic diagram of screening and mining methods for plastic-degrading enzymes
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R PET [FMR Bt fuitk g
Tab.1 Research progress of PET degrading enzymes

W e 2R 28 7Y I it i A U5 W it I 42 P TR L I 2 /°C SCHR
PET Fosmid 2 [K 3 LCC 50 [19]
Sphagnum magellanicum EstC7 50 [25]

Thermobifida alba AHK119 Est119 45~55 [43]

T alba DSM43185 Tha_Cutl 88.7 [44]

T. cellulosilytica DSM44535 Tc_Cutl 50 [45]

Humicola insolens HiC 70 [46]

Sminthurus viridis AHK190 Cut190 65 [47]

T. fusca DSM43793 TH 55 [49]

T. halotolerans DSM44931 Thh_Est 50 [50]

T. insolens pulA 80 [51]

Thermomyces lanuginosus TLL 37 [53]

Acidovorax delafieldii BS-3 PETase 30 [55]

Ideonella sakaiensis 201-F6 IsPETase 30 [56]

T fusca KW3 TfCut2 70 [95]

50 °C2 A+ N 5 PET AHEARH . IF H 5 72 K
VS fA B RE A BE R VR ME . ME R BE W
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() e 7 B A o0 K — R W (BHET) #5535, W
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64~ a-0R e, Zoad 5 H A A 5 i 0 (R JRE I EE X, K
Bl PETase i f = B44 A S131-H242-D177, PETase
(35 1 10 4% b At 7y 03 i ) BE %8, BT DL PET 1] DA
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S, 185 rUMIFRIE 22 2 W156 H & 1) R i
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9 WERE (Cbotu EstA. Cbotu EstB) HIZE[A, i H
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Eb B fh A ) B Ak R i 2.2 1 . Streptomyces
scabies " (1) FE K sub 1 4 b5 ¥ 85 [ 0T B % PET 4= 1
TPA, FE¥N 0 Triton J& HyE 4 W B3 58, H37°CF
/b FaE 20 d". Farzi 25 U VR T HE B X
PET I % F 5 /1 22 R AE, FIH GC-MS 7 1 4E
YIRS (B 3) . TR LAY Pseudomonas
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IK A SRR R RE /), TTAE 30 °CTR X JGsE JE PET
B fif . Beaulieu %5 " i 1% 11 S. scabies H AT . 3
(1) F e PR AN B i PET HIRE J1. BAL, P citrinum,
T reesei UL J2 B. cepacia #% % 7€ i B B AT [/ PET [
AeJy (k2.
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Fig.3 Process of microbial PET degradation
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2 PET [P0 Tk

Tab. 2 Research progress of microorganisms in

PET degradation

iy n
ﬁiﬁ WA B iﬁﬁ? ik
PET Aspergillus oryzae CCUG33812 30 [54]
Clostridium botulinum ATCC3502 50 [61]
Pseudomonas aestusnigri VGXO014" 30 [65]
Fusarium oxysporum 30 [66]
Fusarium solani 30 [67]
Streptomyces scabies 37 [71]
Penicillium citrinum 30 [72]
Trichoderma reesei 37 [73]
Burkholderia cepacia 37 [74]
Candida antarctica 60 [80]
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3.1.2 A T PET 4 #oe25 # 00 5

TE BT A 0T A2 0 ) 48 i b, DA TR 85 A A A 2
fitlh b 3k AT i DL AR LTS I 1 AT R 0
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Fig. 4 Structure-based modification of PET

degrading enzyme

T I 0 5 R AT OROE SR R e i AR E PR —
J71% . Nakamura 2 2 F) F [ JE A0 T H X6 PET [%
fiF B PET2 () 45 My AT LU X, e 28k T 32 T FL A
HEAT A1 9870 BT I PR IR R IR . S o ik DA
KAt ma itaett, nTLMEPET2 TM (7 AR
()43 AU B2 N 69 °CH iy 21 75.7 °C [ 4(b) ]
Marty %5 {1 F 43— i 322 R 25 ] 43 W SR 0F 90 s 4 45
A, BOE RIE BB LCC XL i 4 4
J& B -5 A A R B T R R R R R, (1S LCC Y
A R R R T 9.8 °C M, K mR A 5] N BB ER K
A Tf Cut2 fEALAL ST, TF Cut2 A m R &
w7 25°C, PRIERERS T 17°C, AT
70 °CAL 3 48 h, %M B AL R B E R g T
1% ¥ 16 PET B AR B 51 N B 7K 2R 1R SO
SRS RGO aw ZNHT
KWL . Ribitsch 55 7 K f# PET (1) £ )i i
K& QA RSB RO R, HiKE
1 A& — P AT DL oS3 3 T 3 A 2 M T T S BT AR
F1, Al LU 3 3 = A T PET MK K7,
AR IC B /K B A B3 P M 1 0T DASR ) T R
K. PNA SN PETase HE4T 1 )2 10 4 F A5 UK
I AT B I 45 K R A RN S R A AR, e
PR £t BRI 0 5 2 TR S IR A R, 2 X
B A TS i LV S S SR X DA N Bl
IKVERG O, T3 TR 5 B I 45 5 3 2
X F2 25 U7l PETase 450 5 F solani K5 K F Ji
it 338 A7 R A = R AR AL S S A R B X A i, R
BHET %} PETase [ /f {b = Bt 14 77 76 W] & 55 4+, Al
F PETase 5 BHET I 73 7 % 3E SE 1 DL B AT
24t T PETase ot (U H G0 7 36 Ak . Ren %5 Y
TR PR T B T fusca KW3 3K 8 1
Tf Cut2 1 LCC 45 #4), 28 62 £ 1) 2 5 IR #t Jik
LCC X B 2 B R ik AL, K IL TF Cut2-G62A 5%}
K HRFES (MHET) 456 3R KRG, Kig
PET MG MEE ™ T 2.7 f%; KN PET FEAERERR T &
5 PET S & 46, 1ZIEHEMI /K i 7= 4 BHET #1 MHET
tH 2 5 PET 32 4+ W (0 35 M b o0, TG A0 1) PET B&
fift o ST ERRE BN ) @b T — Mok B PET V8 AR 8Ll
W1 sakaiensis 1) 3#T % PETase LA X 5 YA 774
KUY E GIRIGER . BT/, FHARRE
PR, 14 TIRWE S8, FF e T XL



%£3% www.synbioj.com 773

F e B HFAE, N PETase 78 ¥R A= ¥ 854k vh (1)
20 TR AN 248 5 .
3.1.3 PET K/ Bi ey A L% e %3t

AR, KREREMARAN TR RE, R
FREE Buk/b 7SI B BRAE R TAE&E, JIF H btk
G TR E A HER T E AR e R Ty
VEAE T 25 11 20 4 HL 326 456 14 i A e 30 B A 7 1 1
FLC T TS, KRB N4, A
TAREBITEE REKE 0I5 R %M 4
G, TERFFE A B PR R, BRE.
MEEERT R EMNRA T B NE P,

JOEAE LR T A N Sk e vk J7 AR T OE
KR, AH4H7 8o ENLE B i A2 B B
MR PR, AT T RIX AT AR, TR B SRR R
AT 2 T A LR S T E SR O BB IR A2
St XNHEMEEE TR T — B T8 A B B
SRR R A, A MEE T CA R
g P Guerois 55 MY JF R T — Bk BONL VL
——FOLDEF, n] DAY & & A5 v 8 5 i f 8 i
SEVREERAEEAER, %6558 &b
MITE R BEUR, DR RT AR 25 5 th T B B s v
SR DA SR R S R AT B R AR TN AT . Meng
SR T MR RE R LA Premuse,
SKEE G BT E AR T A E A 1 3% T8 B B A
EmiEFE, £ Premue ¥ L sakaiensis 201-F6 F iR
{1 IsPETase BEATTHEL, #50J5 A 1486 AR 7 41 v i
6 HY XU TR A& W159H/F229Y, #£40 °C~, PET
(1) B8 gy PR 388 im0 7 0T 40 £%F U, U AR U et
T AN E A TR O RS EE ——GRAPE,
P SRR EIE M G AR AL, KRR T A F
RAFAT R 18] R A B[R] VR 4 B TR] P o DK B
WRFI M EBINEE, & T KA L sakaiensis
ff) PETase [ # A2 e M, B RE s &1t H S
HA R R AR, FEH b — A
DuraPETase, 1% 5€ 742 4 [ 3¢ W0 A% Rl it i 650 BB A Y
PEm31°C, A LAYEMR AN A Tk 2 o/L ikl 56 4
AW R R K IR VE A4 . Marty AR FH i S0 L4
Bl TREH R, X PET /K LCC BBk it, 5
LT AEASE] 10 h IR Pk B 4R 46 17 PET fil 5%,
PR T 90% AL 2 Y, Knott 45 1 MR 58— H
% LlG K B (MHETase) HIS5H. AL Fn4E4

GRFMITIE N R, R HT MHETase 5
PETase ¥ EIAEH , #F 50 7 1% B4k &% PET (1)
WGBS B, R I 2N KR b R A
PETase fF7E & UL FHEm 7 36%, X4 XU PET P4
ARG HRm T T . BHEEA S8 I ) ) AL
Aoy 1450 Z1H5J77%: (ONIOM) 43 #f T MHETase
I, FIR S S ACE R Z S RE I 45 &
AT RRAERTHE TN, X EE BT DL R T
fi# MHETase fi 1t Th 68 DL K& I & 56 & i 4 1 58
A 1ol

BReTHE C & K & B LUE 7 90k B2 347 A3k
Wik & PR E, 2S5k, JUFE A E
IR TR AR Kot R AR B 1 R st e (B S)
— R BT AR R R S 58 o B AR K R 4
TE H o S0 SO A T A AT 5

3.2 PETE#MHBEEIRIT

ey N ST AR e A PR (ENE =9
AR AR R Pk, 2 K 2 00 k) BV f 45 B i J=
WA T I My, SRRA AR
IR e A A G AR — R PR AR N, A
PN A SIEE, A NSRBIk E . Xu
LN T HE R EIER AR . AR REMEE, By
DA B #2244 R A i 221 1 2R B i 1 R JORE, o D 2
R A R, R BT A A B R R Y
SRR R AT IR G, T8R4, REmn
KR E, IX Rl R 2 A ) R AR SRR, i
308 e P L A A6 A R R R SR T ) R B
-9 - A E SR AT FIHIX
— R BT R B EERL, 98% W] B i /N 4y
T, BASPAMBE SN TG FENYR. @
A B PET 1A i 2k B A kL TPAL EG %5 % 748 i
AW J R VR ) IR RE, B S A AE W) PET  (Bio-
PET), AL T X R 46 PET IfKH:, Hgm T
Bio-PET [/ . H Al &1 IRI& 42 #8AS BE A A v 1]
WEEA T TPA, H2A R FIEHIERERIEA T
FAFAE =% oK B, B ks L 4k o TPA MY
CEIES S S ZN VRIOIEY v b ¥ N IRV (SIS
A 2138 42 42 7% Bio-PET [ JR AR 17, Lee
S TSR R BRI R 6 U H R AT SE I TPA [ AR A



774 BRENE $£35

- /@\ Crystal structure

-

% Using algorithms to generate potentially stabilizing mutations

aacus | Folx | "G | Qe | eal)

The computational design of known defective
mutants is eliminated

Screen the remaining mutants through
experimental verification /

-
E% Collect the effective stabilizing mutations

-
ﬁ Accumulate stabilizing mutations in each
cluster according to the greedy algorithm

S

o =
@

\ mutants veriﬁcation/

o Description and classification of good mutants (stability, \
hydrophobicity, etc.) |

- W 1)

~
(0%

Well-predicted Remove unreasonable Experimental

mutation design

®e
L@

—orE

~N

RS ALl S

Fig. 5 Schematic diagram of smart-computing strategy
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