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Cong Guo,1 Li-Qun Zhang,1 and Wenjun Jiang1,2,*
THE BIGGER PICTURE

Plastic pollution poses a growing

global environmental problem.

Enzymatic degradation of plastics

presents a promising solution,

and yet its susceptibility to

degradation by other enzymes

compromises the stability of

plastic-degrading enzymes in

open environments. Here, we

chemically synthesized a non-

biodegradable mirror-image

polyethylene terephthalate (PET)

hydrolase to degrade a variety of

achiral plastics. The plastic-

degrading, non-biodegradable

mirror-image enzyme may help

address the global plastic
SUMMARY

Biodegradation of plastics through the use of enzymes provides an
attractive, environmentally friendly solution to dispose of and
recycle plastic wastes. Although many natural and engineered plas-
tic-degrading enzymes have been developed, their practical appli-
cations are hindered by their biodegradation in open environments.
We reasoned that most popularly used plastics, such as polyeth-
ylene terephthalate (PET), are achiral and hence can be hydrolyzed
by both the L- and D-amino acid versions of plastic-degrading en-
zymes. Here, we chemically synthesized a mirror-image version of
the 231-aa PET hydrolase, which is capable of efficiently degrading
a variety of plastics such as PET, polybutylene terephthalate (PBT),
and polybutylene succinate (PBS) but meanwhile itself is resistant
to biodegradation by soil extract and seawater from the environ-
ment. The synthetic mirror-image PET hydrolase demonstrates the
potential of a new class of plastic-degrading, non-biodegradable
mirror-image enzymes to help address the plastic pollution problem
in our homochiral biosphere.
pollution problem in a variety of

environments.
INTRODUCTION

The world-wide use of plastics has raised tremendous environmental pollution con-

cerns. Currently, approximately 9% of plastic wastes are recycled and 12% are incin-

erated, with the rest of them continuing to accumulate in the natural environment.1

Moreover, the bottom ash from incinerators has been shown to be a potential source

of the microplastics (plastic particles that are less than 5 mm in size2), which are

released into the environment.3 Recent research shows that microplastic particles

could be found in various liquid4,5 and terrestrial environments,6 seriously threat-

ening marine life7,8 and soil quality.9,10 However, the collection of plastic wastes,

especially microplastics, from the natural environment poses considerable technical

and economic challenges.

Enzymatic degradation of plastics provides an ideal environmentally friendly solu-

tion.11 In particular, polyethylene terephthalate (PET) is one of the most widely pro-

duced and used polyester plastic around the world,12 accounting for 8% of global

solid waste by weight.13 Furthermore, the present COVID-19 pandemic outbreak

has caused a several-fold increase in the use of PET polymer.14 Several PET hydro-

lases have been discovered in nature15–19 and engineered to efficiently degrade

PET, with their enzymatic activity and thermostability continuously being improved

upon by various methods.12,20–23 For example, the ThermoPETase22 and

DuraPETase23 were enhanced by �14- and �300-fold compared with the wild-

type Ideonella sakaiensis PETase (IsPETase) at 37�C and 40�C, respectively. More-

over, ICCG (a mutant version of LCC [leaf-branch compost cutinase] with 259 aa)12
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has been engineered to possess one of the highest enzymatic activities at �72�C
among all reported PET hydrolases.24

Nevertheless, biodegradation of plastic-degrading enzymes by enzymes secreted

by microbes and other organisms may undermine the biostability of practical appli-

cations in open environments. We reasoned that most popularly used polyesters,

such as PET, are achiral and hence can be hydrolyzed by both the L- and D-amino

acid versions of the plastic-degrading enzymes (Figure 1A). Meanwhile, mirror-im-

age enzymes themselves are resistant to biodegradation, making them potentially

suitable for practical applications in open environments. So far, several mirror-image

enzymes have been synthesized by combining solid-phase peptide synthesis25

(SPPS) with native chemical ligation26–28 (NCL), including the mirror-image HIV pro-

tease,29 RNase,30 DNA polymerase,31,32 as well as RNA polymerase.33 Here, we set

out to chemically synthesize the mirror-image version of the 231-aa PET hydrolase

(truncated ICCG) with D-amino acids, which efficiently degrades PET and other

plastics and thus may be applied as a non-biodegradable enzyme for mitigating

the plastic pollution problem in natural environments.
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College of Plant Protection, China Agricultural
University, Beijing 100193, China
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RESULTS

Design and synthesis of the natural and mirror-image PET hydrolase

We first compared the activity of recombinant ICCG-WT, DuraPETase, and

ThermoPETase, at room temperature (�28�C). The soluble substrate r-nitrophenyl

palmitate (r-NPP) binds to PET hydrolases in a similar fashion as a PET-like sub-

strate34 and has been used for enzymatic activity assays.35 Degradation assays on

r-NPP (Figure S1A) (with the product r-nitrophenol [r-NP] displaying a distinctive

yellow color under alkaline conditions with an absorbance wavelength at 410 nm),

suggested that the activity of DuraPETase and ThermoPETase is �50% lower than

ICCG-WT (Figure S1B). Next, we sought to evaluate the PET-degradation activity

of these three proteins using PET microparticles (the crystallinities of PET micropar-

ticles is 12.3%, as shown in Figure S2A). We quantified the sum of the detected

released compounds, including terephthalic acid (TPA), mono(2-hydroxyethyl)-

TPA (MHET), and bis(2-hydroxyethyl)-TPA (BHET) at different time points (2, 5,

and 10 days, respectively) (Figure S1C), which suggested that ICCG-WT was an opti-

mized engineered enzyme for the total chemical synthesis.

The chemical synthesis of mirror-image ICCG-WT faced several technical chal-

lenges. In particular, the first peptide segment of ICCG-WT (ICCG-1) (Figure S3A)

in our initially designed synthetic route was difficult to synthesize by SPPS directly

(Figure S3B). Although we were able to synthesize ICCG-1a with isopeptide36 at

Val34-Ser35 with reasonable yields (�3%) (Figure S3B), the subsequent NCL resulted

in rather low efficiency (Figure S3C), possibly owing to the existence of a secondary

structure which affected the ligation efficiency during NCL. Previous studies have

shown the actual MHET-ICCG binding mode37 and deduced 2-HE(MHET)3-LCC

binding mode,12 revealing the amino acid residues in contact with the substrate

(e.g., Y95, M166, H164, H242, V212, andW190), as well as the catalytic core residues

(S165, H242, and D210). Based on this knowledge, we designed several N terminus-

truncated versions of ICCG (-T1, -T2, -T3, and -T4) based on its structure (PDB: 6THT)

to facilitate the NCL (Figures S4A and S4B; Table S1). Among them, ICCG-T2 was

expressed in the inclusion body and no soluble protein could be purified from the

E. coli strain BL21 (DE3) cells (potentially with the truncation affecting the folding

and solubility of ICCG-T2), and thus only ICCG-T1, ICCG-T3, and ICCG-T4 were

tested for their enzymatic activity. Degradation assays on r-NPP suggested that
364 Chem 9, 363–376, February 9, 2023
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Figure 1. Synthetic natural and mirror-image ICCG-T3

(A) Structure of the PET hydrolase, ICCG (PDB: 6THT), in natural and mirror-image forms, showing the a helix in blue, b sheet in purple, and truncated

sequences in yellow.

(B) Amino acid sequence of ICCG-T3, with 36 aa removed from the N terminus and a His6 tag added to the C terminus, resulting in a total length of 231

aa, divided into five segments, the colors of which correspond to the colors used in (C).

(C) Synthetic route for synthesizing ICCG-T3.

(D) Recombinant ICCG-T3 (with a C-terminal His6 tag) expressed and purified from E. coli (recombinant L-), and synthetic natural and mirror-image

ICCG-T3 (synthetic L- and synthetic D-, respectively), analyzed by 12% SDS-PAGE, stained by Coomassie brilliant blue. M, protein marker.
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ICCG-T1 and ICCG-T3 possessed similar enzymatic activity as wild-type ICCG at

�28�C, while the activity of ICCG-T4 was significantly compromised (Figure S4C).

The specific hydrolysis activity of the four proteins on PET microparticles was deter-

mined at �28�C, 50�C, 60�C, and 72�C, respectively (Figure S4D). We found that

ICCG-T3 not only exhibited excellent activity but also thermostability, which was

also assessed by differential scanning fluorimetry (DSF) (Figures S5A and S5B). In

comparison, ICCG-T4 displayed impaired activity and poor thermostability, poten-

tially due to the truncation affecting the stability of the ICCG-T4 structure. Therefore,

we removed 36 aa from the N terminus according to ICCG-T3, with a His6 tag added

to the C terminus, resulting in a total size of the synthetic ICCG-T3 at 231 aa

(Figures 1B and S4A).

Next, we designed a synthetic route for chemically synthesizing ICCG-T3 by assem-

bling fivepeptide segments ranging in length from32 to 58 aa (Figure 1C).We carried

out the total chemical synthesis of both the natural and mirror-image versions of

ICCG-T3. All the peptide segments were prepared by SPPS, purified by reversed-

phase high-performance liquid chromatography (RP-HPLC), and assembled by hy-

drazide-based NCL with a convergent assembly strategy, followed by metal-free

radical-baseddesulfurization38 to convert unprotected cysteine to alanine residue af-

ter NCL. Lastly, the acetamidomethyl (Acm) groups used to protect cysteine were

removed by a Pd-assisted deprotection strategy.39 After the synthesis, ligation, pu-

rification, and lyophilization (Figures S6–S27), a total of 2 mg of the natural version of

ICCG-T3 (L-ICCG-T3) was obtained, with an observedmolecular mass of 25,051.4 Da

(calculated molecular mass of 25,051.6 Da, Figure S16); a total of 4 mg of the mirror-

image version of ICCG-T3 (D-ICCG-T3) was obtained with an observed molecular

mass of 25,051.0 Da (calculatedmolecularmass of 25,051.6 Da, Figure S27). The syn-

thetic L-ICCG-T3 and D-ICCG-T3were folded by 100-fold dilution from6Mguanidine

hydrochloride (Gn$HCl) solution into the renaturation buffer.

Having synthesized and folded the synthetic L- and D-ICCG-T3, we analyzed the

in vitro folded synthetic L- and D-ICCG-T3 by sodium dodecyl sulfate-polyacrylamide

gel electrophoresis (SDS-PAGE), along with the recombinant ICCG-T3 (with a

C-terminal His6 tag) expressed and purified from E. coli to validate their sizes

(Figure 1D). The folding of the synthetic proteins was validated by the 8-anilino-

1-naphthalene sulfonate (ANS) assay40,41 (Figure S28A) and the native PAGE

(Native-PAGE) analysis (Figure S28B).

Enzymatic activity of the synthetic natural and mirror-image PET hydrolase

We next evaluated the enzymatic activity of the synthetic natural and mirror-image

PET hydrolase on soluble substrate r-NPP. As expected, the synthetic D-ICCG-T3

hydrolyzed r-NPP with comparable efficiency to its natural version, including both

the synthetic L-ICCG-T3 and that expressed and purified from E. coli (Figure S29A).

Encouraged by these results, we applied L- and D-ICCG-T3 to degrade PET micro-

particles (⌀ = 10–50 mm) at �28�C and 60�C. The specific hydrolysis activity of re-

combinant L- and synthetic L- and D-ICCG-T3 on PET microparticles showed no sig-

nificant difference (Figure S29B). Optical microscopy images showed that the PET

microparticles were gradually digested at �28�C as time progressed (Figure 2A),

with the total product release increased (Figure 2B). Most of the particles disap-

peared after 10 days at �28�C (Figure 2A) and after 9 h at 60�C (Figure S29C),

respectively.

Next, we applied L- and D-ICCG-T3 to degrade PET films. Scanning electron micro-

scopy (SEM) images of the film surfaces showed that films treated with L- and
366 Chem 9, 363–376, February 9, 2023



Figure 2. Enzymatic activity of the synthetic natural and mirror-image ICCG-T3

(A) Optical microscopic images of PET microparticles degraded by the synthetic L- and D-ICCG-T3, incubated in 50 mM glycine-NaOH (pH 9.0) at �28�C
for up to 10 days. Scale bars, 500 mm.

(B) Enzymatic activity of the synthetic L- and D-ICCG-T3 on PET microparticles (⌀ = 10–50 mm), incubated in 50 mM glycine-NaOH (pH 9.0) at�28�C for up

to 10 days, with released degradation products analyzed by HPLC and the total product release quantified as the sum of the detected released

compounds, including TPA, MHET, and BHET. Error bars represent SD values obtained from triplicate experiments.

(C) Polymer structures of PET, PBT, and PBS, with SEM images and HPLC chromatograms of degradation products TPA, MHET, and BHET released from

PET films, TPA and mono(4-hydroxybutyl)-TPA (MHBT) released from PBT films, and succinic acid (SA) released from PBS films, respectively, treated with

the synthetic L- and D-ICCG-T3 in 50 mM glycine-NaOH (pH 9.0) at �28�C for 15 days. NC, negative controls without the synthetic L- and D-ICCG-T3.

Scale bars, 10 mm.
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D-ICCG-T3 exhibited characteristic surface defects after up to 15 days, while those

treated with the buffer only displayed a smooth and uniform surface (Figure 2C).

In addition, we tested the degradation of both the L- and D-ICCG-T3 on polybutylene

terephthalate (PBT)23 and polybutylene succinate (PBS) (the crystallinities are 10.3%

and 13.6%, respectively, as shown in Figures S2B and S2C). Our results showed that

D-ICCG-T3 also possessed the abilities to degrade PBT and PBS (Figure 2C). Thus,

the high enzymatic efficiency and versatility of mirror-image ICCG-T3 makes it

potentially suitable for applications for degrading a wide range of achiral plastic

polymers.
Stability and enzymatic activity of the synthetic natural and mirror-image PET

hydrolase

To assess the stability of the mirror-image PET hydrolase, we treated both the

natural and mirror-image ICCG-T3 with proteinase K, which is one of the most
Chem 9, 363–376, February 9, 2023 367



Figure 3. Stability and enzymatic activity of the synthetic natural and mirror-image ICCG-T3 in various environments

(A–C) The synthetic L- and D-ICCG-T3 digested by commercial proteinase K for 15 min, incubated with soil extract for 15 days, and seawater for 15 days at

�28�C, respectively, analyzed by His-tag blot stain.

(D) Optical microscopic images of PET microparticles after treated with synthetic L- and D-ICCG-T3 in soil extract and seawater (containing 50 mM

glycine-NaOH [pH 9.0]) at �28�C for 10 days. NC, negative controls without the synthetic L- and D-ICCG-T3. Scale bars, 500 mm.

(E) Enzymatic activity of synthetic L- and D-ICCG-T3 on PET microparticles (⌀ = 10–50 mm) in soil extract and seawater (containing 50 mM glycine-NaOH

[pH 9.0]) at �28 �C for 10 days, with relative activity calculated using the particle numbers and presented as percentages relative to that measured in

H2O. Error bars represent SD values obtained from six images in each experiment.

(F) SEM images of PET films after incubation with synthetic L- and D-ICCG-T3 in soil extract and seawater (containing 50 mM glycine-NaOH [pH 9.0]) at

�28�C for 15 days. NC, negative controls without the synthetic L- and D-ICCG-T3. Scale bars, 10 mm.

(G) Enzymatic activity of the synthetic L- and D-ICCG-T3 after incubating with proteinase K for 15 min, soil extract for 48 h, and seawater for 48 h, on

substrate r-NPP in 50 mM Tris-HCl (pH 8.0) at �28�C for 1 h, with relative activity calculated using the measured r-NP as percentages relative to that

measured in H2O. Error bars represent SD values obtained from triplicate experiments.
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commonly used laboratory model enzymes to digest proteins. His-tag blot stain

showed that the natural ICCG-T3 was rapidly digested by proteinase K, and the

degradation assay with soluble substrate r-NPP showed that the natural ICCG-T3

had lost most of its enzymatic activity. In comparison, the mirror-image ICCG-T3

was entirely resistant to proteinase K digestion, with the enzymatic activity retained

(Figures 3A, 3G, and S30A).

Moreover, we investigated the stability of the natural and mirror-image ICCG-T3 in

both soil extract and seawater (microbial compositions shown in Figure S31 and

Table S2) for potential applications in degrading microparticles in soil and marine

environments. Samples harvested at six time points (0, 1, 2, 4, 7, and 15 days)

with His-tag blot stain showed that the mirror-image ICCG-T3 persisted for more

than 15 days in soil extract and seawater. In comparison, the natural ICCG-T3 was

rapidly degraded within 2–4 days (Figures 3B and 3C).
368 Chem 9, 363–376, February 9, 2023
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To further test the enzymatic activity of natural and mirror-image ICCG-T3 in open

environments, we incubated the synthetic L- and D-ICCG-T3 in soil extract and

seawater for 48 h, after which soluble substrate r-NPP was added to test their enzy-

matic activity. Our results showed that the enzymatic activity of the mirror-image

ICCG-T3 in soil extract and seawater was significantly higher than that of the natural

ICCG-T3 (Figures 3G and S30A), despite the slightly decreased enzymatic activity of

mirror-image ICCG-T3 in seawater, likely due to the high salt concentration as we

further demonstrated in a control experiment (Figure S30B).

Furthermore, we incubated the natural and mirror-image ICCG-T3 with PET micro-

particles in soil extract and seawater for up to 10 days. As expected, the enzymatic

activity of the natural ICCG-T3 in soil extract and seawater was significantly reduced

compared with that treated with pure water. In comparison, the enzymatic activity of

the mirror-image ICCG-T3 was largely unaffected by soil extract and seawater

(Figures 3D and 3E). We also treated PET films by natural and mirror-image

ICCG-T3 in soil extract and seawater for up to 15 days. SEM images displayed

much more extensive degradation, both in the number and size of holes, on the

PET films treated with D-ICCG-T3 than those with L-ICCG-T3 (Figure 3F). Therefore,

while the natural PET hydrolase was rapidly degraded, with its enzymatic activity

severely compromised in natural environment, the stability and activity of mirror-

image PET hydrolase was largely unaffected.
DISCUSSION

In this work, we have reported the engineering and chemical synthesis of a mirror-

image PET hydrolase with D-amino acids, capable of degrading various achiral plas-

tic polymers such as PET, PBT, and PBS. The non-biodegradable nature of this

D-proteinmakes it promising for broad applications in detecting anddegradingplas-

ticwastes in openenvironments. Thus, despite the high cost and limited availability of

synthetic enzymes at the moment, our initial demonstration of a non-biodegradable

plastic-degrading enzyme reported in this work suggests that its potential applica-

tions could be different from the conventional ones (e.g., being used as immobilized

enzymes, recyclable and reusable for degrading uncollectablemicro- and nano-plas-

tics in soil or liquid environments) and could be potentially further expanded in future

research. For example, recent studies have provided evidence of microplastics exist-

ing in human gut,42 human placenta,43 and human blood.44 Thanks to the bio-

orthogonal nature of the mirror-image PET hydrolase and the low immunogenicity

of D-amino acid proteins,45 theymay even potentially be used as synthetic enzymatic

drugs to help digest and clear microplastic particles from the human body. Such pos-

sibilities andother application scenarios can be explored further in future studies on a

variety of non-biodegradable plastic-degrading enzymes.

Potential factors that may ultimately limit the practical applications of mirror-image

PET hydrolase include the low synthesis yield and high costs of synthesis. However,

an improved peptide synthesis method, such as automated fast-flow peptide synthe-

sis46 (AFPS), and optimized synthetic strategies such as split-protein designmay help

to address these issues.32 In addition, the rawmaterial costs for chemically synthesiz-

ingD-proteins are rather low formost of the 9-fluorenylmethyloxycarbonyl (Fmoc)-D-

amino acids, with the exception of D-isoleucine, and hence systematic isoleucine

substitution may also drastically reduce the cost of synthesizing the D-protein.32

Additionally, recent studies have attempted to establish stable marine bacterial

communities that efficiently degrade PET wastes,47 as the mixed floras have greater
Chem 9, 363–376, February 9, 2023 369
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environmental adaptability, higher degradation efficiencies, and a broader usage

scope for bioremediation,48 and yet PET can be finally catabolized into CO2 if

treated with microbes.19 In comparison, the final products of PET treated with

PETase or LCC are TPA and ethylene glycol instead,21 and under certain conditions,

TPA can also be reused after purification.12,24 Thus, the use of non-biodegradable

plastic-degrading enzymes provides an alternative, potentially economically viable

and environmentally friendly solution for plastic degradation.

The synthesized mirror-image PET hydrolase presents an initial proof-of-concept for

producing a new class of plastic-degrading, non-biodegradable mirror-image en-

zymes. Currently, we chose to synthesize the 231-aa PET hydrolase (ICCG-T3) for

its small size, thermostability, and high enzymatic activity both at room and elevated

temperatures. Many other natural cutinases and PETases have been shown to

possess abilities to degrade PET and other achiral plastics,24,47,49 which can also

become potential targets for the total chemical synthesis of their mirror-image ver-

sions. Furthermore, recent developments in protein design50,51 may also present

new opportunities for designing and engineering non-biodegradable mirror-image

enzymes that degrade chiral plastics.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-

filled by the lead contact, Wenjun Jiang (jiangwj@cau.edu.cn).

Materials availability

All materials generated in this study are available from the lead contact without

restriction.

Data and code availability

This study did not generate any datasets.

Synthetic route design

The synthetic segments and routes designedmainly based on the principle of NCL in

the literature,26,28 which has proven to be an efficient ligation reaction between the

polypeptide thioester and the N-terminal Cys peptide. However, the abundance of

Cys in most proteins is low, whereas Cys can be converted into Ala by desulfuriza-

tion.27 With only 4 Cys in ICCG-WT and their location are unsuitable for ligation to

produce full-length protein, we divided the whole protein into 5 segments by select-

ing the N-terminal Ala sites, and each peptide contained 32–58 amino acids, at suit-

able lengths for SPPS.

Fmoc-based SPPS

All peptides were efficiently synthesized by Fmoc-based SPPS on the Liberty Blue

automated microwave peptide synthesizer (CEM Corporation, North Carolina,

USA). ICCG-T3-(1-4) were synthesized on Fmoc-hydrazine 2-chlorotrityl chloride

resin to prepare peptide hydrazides.52 ICCG-T3-5 with a carboxy-terminal carbox-

ylate was synthesized on Wang Chemmatrix resin (CSBio) preloaded with the

first C-terminal residue. The first residue was manually attached to the Wang

Chemmatrix resin by a double coupling method. In the first coupling reaction, amino

acid was coupled for 1 h at 30�C using 4 equivalents (equiv) of amino acid, 3.8 equiv

O-(6-chlorobenzotriazol-1-yl)-N, N, N0, N0-tetramethyluronium hexafluorophos-

phate (HCTU) and 8 equiv N, N-Diisopropylethylamine (DIEA), and the resin was
370 Chem 9, 363–376, February 9, 2023
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washed with N, N-dimethylformamide (DMF) and dichloromethane. Without depro-

tection, the second coupling reaction was carried out overnight at 25�C with 4 equiv

amino acid, 4 equiv ethyl cyanoglyoxylate-2-oxime (Oxyma) and 4 equiv N,

N0-diisopropylcarbodiimide (DIC). All resins were swelled in DMF for 10 min before

use. The Fmoc groups of both the resin and the assembled amino acids were

removed by treating with 20% piperidine and 0.1 M Oxyma in DMF at 85�C. Amino

acid coupling was carried out at 85�C with 4 equiv Fmoc-amino acids, 4 equiv

Oxyma, and 8 equiv DIC. The coupling reactions for Fmoc-Cys (Trt)-OH and

Fmoc-His (Trt)-OH were carried out at 50�C for 10 min to avoid side reactions at

high temperature. Isodipeptide building blocks Fmoc-Val34-Ser35iso-OH (in

segment ICCG-1a) was incorporated during SPPS.53 Trifluoroacetyl thiazolidine-4-

carboxylic acid-OH54 was coupled usingOxyma/DIC activation at room temperature

overnight. 2,4-Dimethoxybenzyl (DMB)-Gly at 57 (in ICCG-T3-2) was incorporated

during SPPS to improve the purity of peptide. Fmoc-Cys (Acm)-OH was used at po-

sitions 168, 205, 213, and 222 to avoid potential complications during the desulfur-

ization step. After the completion of peptide chain assembly, peptides were cleaved

from resin using H2O/thioanisole/triisopropylsilane/1,2-ethanedithiol/trifluoroace-

tic acid (TFA) (0.5/0.5/0.5/0.25/8.25). The cleavage reaction took 3 h under agitation

at 25�C. After N2 bubbling, cold Et2O precipitation, and centrifugation, the crude

peptides were obtained. The crude peptides were dissolved in CH3CN/H2O,

analyzed by RP-HPLC and electrospray ionization mass spectrometry (ESI-MS),

and purified by semi-preparative RP-HPLC.

NCL

The peptide segment with C-terminal hydrazide was dissolved in acidified ligation

buffer (0.1 M phosphate, 6 M Gn$HCl, pH 3.0). The mixture was cooled in an ice-

salt bath (�12�C), and 10 equiv sodium nitrite (NaNO2) in acidified ligation buffer

(0.5 M, pH 3.0) was added. The oxidation process was conducted in ice-salt bath un-

der stirring for 23 min, followed by adding 40 equiv 4-Mercaptophenylacetic acid

(MPAA) in ligation buffer (pH of MPAA solution was adjusted to 5.0–6.0) and 1 equiv

N-terminal Cys peptide. The pH of the solution was adjusted to 6.5–6.8 at room

temperature and the reaction mixture was stirred overnight. Then, 150 mM tris

(2-carboxyethyl) phosphine hydrochloride (TCEP$HCl) in ligation buffer (pH of the

solution was adjusted to 7.0) was added to dilute the system twice and the reaction

system was kept at room temperature for 20 min with stirring. Finally, the ligation

product was analyzed by HPLC and ESI-MS, and purified by semi-preparative HPLC.

Desulfurization

Cysteine-containing peptide (1.5 mg/mL) was dissolved in desulfurization buffer

(0.1 M aqueous phosphate buffer containing 6 M Gn$HCl, 200 mM TCEP, 40 mM

reduced L-glutathione, and 20 mM 2, 20-azobis [2-(2-imidazolin-2-yl) propane] dihy-

drochloride [VA-044], pH 6.8). The mixture was stirred at 37�C overnight, and the

desulfurization product was analyzed by RP-HPLC and ESI-MS, and purified by

semi-preparative RP-HPLC.

Acm deprotection

The Acm group was removed by the Pd-assisted deprotection strategy. Acm-pro-

tected peptide was dissolved in Acm deprotection buffer (aqueous solution of

6 M Gn$HCl, 0.1 M phosphate, and 40 mM TCEP, pH 7.0) to a final concentration

of 1 mM, after which 40 equiv palladium chloride (PdCl2) was added. The reaction

mixture was incubated with agitation at 30�C for 3 h. DL-1, 4-dithiothreitol (DTT)

was added to 50 mM final concentration to quench the reaction. The reaction

mixture was stirred for 1 h and purified by semi-preparative RP-HPLC.
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RP-HPLC and ESI-MS

All RP-HPLC analyses and purifications of the peptides were carried out using Shi-

madzu Prominence HPLC systems with SPD-20A detectors and LC-20AT solvent de-

livery units. An Ultimate XB-C4 column (Welch, 300 Å, 5 mm, 4.63 250mm) was used

for analysis at a flow rate of 1 mL/min, to monitor the ligation reaction and analyze

the purity of the peptide products. Ultimate XB-C4 column (Welch, 300 Å, 5 mm,

10 3 250 mm) and Ultimate XB-C4 column (Welch, 120 Å, 5 mm, 10 3 250 mm)

were used to separate the ligation products at a flow rate of 4 mL/min. C18 column

(Welch, 120 Å, 5 mm, 21.2 3 150 mm) and C4 column (Welch, 300 Å, 5 mm,

21.23 150 mm) were used to separate the crude peptides at a flow rate of 8 mL/min.

The purified products were characterized by ESI-MS on a Shimadzu LC/MS-2020

system. HPLC analysis of the degradation assay was performed on an Agilent

1290 Infinity II system (Agilent Technologies, USA) equipped with an Eclipse Plus-

C18 column (Agilent, 3.5 mm, 4.6 3 100 mm). Separation was performed at 25�C.
TPA, MHET, BHET, and MHBT were separated using a gradient of acetonitrile

(5%–90%) in 0.1% TFA at 260 nm with a flow rate of 1 mL/min. SA was separated

using 20 mM phosphate buffer solution (pH 2.9) at 210 nm with a flow rate of

1 mL/min. Assays were performed in triplicates and evaluated accordingly.

Protein folding

Synthetic ICCG-T3 (1 mg) was dissolved in denaturing buffer (6 M Gn$HCl, 20 mM

Tris-HCl, pH 8.0, 300 mM NaCl, 20 mM DTT, 50 mM NaAc, 0.5 mM ethylenediami-

netetraacetic acid [EDTA], 10% glycerol) at a concentration of 1 mg/mL. The solution

was diluted to 100-fold into renature buffer (20 mM Tris-HCl, pH 8.0, 300 mM NaCl,

20 mMDTT, 50 mMNaAc, 0.5 mM EDTA, 10% glycerol). The sample was placed in a

4�C shaker overnight (100 rpm), after which the solution was heated to 65�C for

30 min to precipitate thermolabile peptides, which were subsequently removed

by centrifugation at 10,000 g for 30 min at 4�C. The supernatant was concentrated

and dialyzed against a storage buffer (20 mM Tris-HCl, pH 8.0, 300 mM NaCl,

50% glycerol) (50% glycerol can best help to preserve the enzymatic activity at

�20�C during long-term storage).

ANS assay

The folding of the synthetic proteins was validated by the ANS assay. 10 mM (final

concentration) proteins in Tris-HCl buffer (20 mM Tris-HCl, pH 8.0, 300 mM NaCl)

were mixed with 50 mM (final concentration) sodium 8-anilino-1-naphthalenesulfo-

nate (ANS-Na)for 1–2 h in dark at 28�C. For fluorescence measurements, ANS was

excited at 380 nm on the SpectraMax i3x (Molecular Devices, USA), and emission

was measured from 405 to 620 nm.

Soil extract and seawater preparation

The seawater was taken from Haiyang, Shandong Province, China. The soil samples

were taken from Tianxing Township, Qiubei County, Yunnan Province, China. 2 g soil

sample was suspended in 10 mL deionized water and shaken at 30�C for 2–3 h. Filter

membranes (0.45 mm) were used to remove insoluble solid impurities. To get more

information about the soil extract and seawater samples, we used quantitative 16S

ribosomal DNA (rDNA) PCR assay for determination of bacterial nucleic acid load

before and after filtration. All bacteria in 10 mL 0.2 g/mL soil extract and 250 mL

seawater unfiltered or filtered by 0.45 or 0.22 mm membrane filters were collected

in a 0.22 mm filter membrane, respectively. Then using the DNeasy PowerSoil Pro

Kit (QIAGEN, Germany) to extract the whole genome, amplifying the V3–V4 region

and calculating the abundance of bacteria in filtered samples relative to bacteria in

unfiltered samples. We amplified the V3–V4 region and calculated the relative
372 Chem 9, 363–376, February 9, 2023
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abundance of bacteria. The result was shown in Figure S31. Furthermore, we

cultured bacteria before and after filtration respectively by using four kinds of me-

diums (Lysogeny Broth [LB], Trypic Soy Broth Medium [TSB], Potato Dextrose Agar

[PDA], and R2A medium) at 28�C. After isolating single bacterial colonies, we ampli-

fied and sequenced the 16S rDNA fragments using 27F/1492R primers. Then the

genus-level identifications were determined by the basic local alignment search

tool (BLAST). The primers used were shown in Table S1 and the number and identi-

fication of isolated colonies were shown in Table S2.
Enzymatic activity assay with r-NPP substrate

To compare the enzymatic activity, r-NPP was chosen as a substrate for enzyme

assay. The r-NP released from the substrate displays a distinctive yellow color under

alkaline conditions with an absorbance wavelength at 410 nm by microplate reader

SpectraMax i3x (Molecular Devices, USA). The reaction buffer contained 20 mL

500 mM Tris-HCl buffer (pH 8.0), 20 mL 8 mM r-NPP, 8 mL 2 mM enzymes and

152 mL ddH2O or environmental samples (soil extract and seawater). After incubation

at �28�C for 1 h, trichloroacetic acid solution was added to stop the reaction, then

Na2CO3 solution was added to develop color. One unit of enzymatic activity was

defined as the amount of enzyme released 1 mmol of r-NP per minute.55
Enzymatic activity assay with PET microparticle substrate

To evaluate the PET-hydrolytic activity of DuraPETase, ThermoPETase, ICCG-WT,

and its variants, and synthetic natural or mirror-image ICCG-T3, PET microparticles

were used as the substrate for degradation assays. The PET microparticles (80 mL)

were added in 420 mL reaction buffer containing 50 mL 500 mM glycine-NaOH buffer

(pH 9.0) (pH 9.0 was the best condition for activity of either PETase or ICCG),12,22,23

20 mL 2 mM enzymes and 350 mL ddH2O or environmental samples (soil extract and

seawater). The reaction mixture was incubated at�28�C for 10 days or at higher tem-

perature (50�C, 60�C, and 72�C) for 9 h. Samples were harvested at multiple time

points. After centrifugation at maximum speed for 15 min, the supernatant was

analyzed by HPLC immediately and the precipitated microparticles were resus-

pended in dimethyl sulfoxide (DMSO). Then, pipetted 5 mL solution for optical mi-

croscope observation. We had taken six images per measurement for statistics.

The ImageJ software (https://imagej.nih.gov/ij) was used to count the numbers.
Enzymatic activity assay with polymer film substrate

The PET, PBT, and PBS films (⌀ = 5 mm) were soaked in 200 mL buffer containing

20 mL 500 mM glycine-NaOH buffer (pH 9.0), 8 mL 2 mM synthetic natural or

mirror-image ICCG-T3 and 172 mL ddH2O or environmental samples (soil extract

and seawater). The reaction mixture was incubated at �28�C for 15 days.
Synthetic natural or mirror-image ICCG-T3 degradation with proteinase K

For protease digestion, 2.5 mg synthetic natural or mirror-image ICCG-T3 in 25 mL stor-

age buffer was treated with 0.5 mL of thermolabile proteinase K for 15min at�28�C fol-

lowedby inactivation for 10min at55�C.Then, 10mLofmixturewas taken forHis-tagblot

stain and 4 mL of mixture was taken for enzymatic activity assay with r-NPP substrate.
Synthetic natural or mirror-image ICCG-T3 degradation with soil extract

and seawater

For environmental sample digestion, 10 mg synthetic natural or mirror-image ICCG-

T3 in 20 mL storage buffer was incubated with 80 mL soil extract or seawater at�28�C
for up to 15 days. Then, 10 mL of mixture was taken for His-tag blot stain at six time
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points (0, 1, 2, 4, 7, and 15 days). After incubation for 48 h, 4 mL of mixture was taken

for enzymatic activity assay with r-NPP substrate.

His-tag blot stain

Protein samples were resolved by 12% SDS-PAGE and transferred onto a nitrocellu-

lose membrane (Merck Millipore, Germany). The nitrocellulose membrane was

stained with 20 mL of ready-to-use InVision His-tag In-gel Stain (ThermoFisher scien-

tific, USA) for 20 min at room temperature. After rinsing the membrane briefly with

deionized water for 2 min, an imager (Azure biosystems C600, USA) was used to visu-

alize and image the membrane.

SEM

After cultivation, the films were washed 3 times each with 1% SDS, distilled water,

and ethanol. Samples were sputter-coated with gold in an ion sputter (EIKO IB-3,

Japan). The morphology of PET, PBT, and PBS with and without enzyme exposure

was examined by S-3400N (Hitachi, Tokyo, Japan) SEM at an accelerating voltage

of 10 kV.
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