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ABSTRACT

The enzymatic depolymerization of polyethylene terephthalate (PET) offers a sustainable approach for
the recycling of PET waste. Great efforts have been devoted to engineering PET depolymerases on the sub-
strate binding cleft and the surrounding loops/a-helices on the surface. Here, we report the systematic
engineering of whole p-sheet regions in the core of IsPETase (a PETase from Ideonella sakaiensis) via a flu-
orescent high-throughput screening assay. Twenty-one beneficial substitutions were obtained and itera-
tively recombined. The best variant, DepoPETase B, with an increase in the melting temperatures (T,,) of
22.9 °C, exhibited superior depolymerization performance and enabled complete depolymerization of
100.5 g of untreated post-consumer PET (pc-PET; 0.26% Wenzyme/Wper €nzyme loading) in liter-scale
bioreactor at 50 °C within 4 d. Crystallization and molecular dynamics simulations revealed that the
improved activity and thermostability of DepoPETase  were due to enhanced hydrogen bonds and salt
bridges in the p-sheet region, a more tightly packed structure of the core sheets and the surrounding
helix, and improved binding of PET to the active sites. This study not only demonstrates the importance
of engineering strategy in the B-sheet region of PET hydrolases but also provides a potential PET depoly-

merase for large-scale PET recycling.
© 2024 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Polyethylene terephthalate (PET), synthesized from the building
blocks terephthalic acid (TPA) and ethylene glycol (EG), is one of the
most abundant polyester plastics [1-4]. Owing to its excellent
properties, such as its durability, light weight, and waterproofness,
PET is widely used in the textile, packaging, electric appliance, and
medical fiber industries and almost 70 million tonnes of PET are
manufactured annually worldwide [1-4]. Large amounts of post-
consumer PET (pc-PET) waste are generated and accumulate in nat-
ure, causing severe environmental pollution [5,6]. In addition, PET
waste is one of the main sources of microplastics that have been
introduced into the food chain through marine animals or mam-
mals, posing a serious threat to animal and human health [7-10].
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The depolymerization and recycling of pc-PET waste is a sustain-
able strategy for the utilization of resources and reducing our
dependence on petroleum resources. Compared with chemical
depolymerization approaches, environmentally friendly biodepoly-
merization of PET has attracted extensive attention [6,11-14].

PET hydrolases, such as lipase [15,16], thermophilic cutinase
[17-25], and mesophilic IsPETase [26], have been identified and
extensively studied in recent years [6,27-32]. Great efforts have
been devoted to sourcing cutinase-like or IsPETase-like enzymes
from various databases to increase the number and diversity of
PET hydrolases [33-52]. These enzymes can catalyze the hydrolysis
of PET into mono(2-hydroxyethyl) terephthalic acid (MHET), TPA,
and EG [49,53-55]. Among them, a variant of leaf compost cuti-
nase, LCC'““C [23] and a recently developed PET hydrolase, PES-
H1'92F/%4Y [33] showed superior depolymerization performance
at temperatures ranging from 60-72 °C [49]. Moreover, IsPETase
can hydrolyze PET more specifically at ambient temperature [56-
58]. However, the insufficient activity and robustness of IsPETase
limit the development of industrial-scale enzymatic PET
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depolymerization processes under mild conditions. The (semi)ra-
tional design of IsPETase has been extensively carried out since
the first crystal structure of PETase was resolved in 2017 [57,59].
Several highly improved variants were obtained, such as Thermo-
PETase [60], DuraPETase [61], FAST-PETase [62], and DepoPETase
[50,59,63-70] (Fig. 1). Moreover, great progress has also been
made in the directed evolution of IsPETase. The first directed evo-
lution workflow employing ultra-performance liquid chromatogra-
phy (UPLC) for the engineering of IsPETase yielded a thermostable
variant, HotPETase (melting temperatures (T,) = 82.5 °C), which
enabled 48.1% depolymerization of the semicrystalline PET section
of PET/PE composite films in 24 h with an enzyme loading of
0.29 mg-g~! at 60 °C [71]. However, until recently, the engineered
regions of IsSPETase were mainly focused on the substrate-binding
cleft and its surrounding areas, which are composed of loops and
o-helices on the surface (Fig. 1) [60-63,71-74]. The buried B-
sheet region and its vicinity in IsPETase have been less explored,
except for the four positions F229Y [65], S282C [73], M154G [71],
and F201I [72]. Considering that the folding pattern of IsPETase
consists of a core of nine B-sheets flanked by seven helical struc-
tures on either side, the stability of the core skeleton of IsPETase
is largely determined by the strength of the interaction between
the core sheets and the surrounding helical structure [56]. More-
over, the overall structural stability of IsPETase affects the integrity
of the catalytic triad located on the protein surface [75]. Therefore,
engineering the B-sheet region could be beneficial for improving
the stability and activity of IsPETase. Additionally, there have been
successful attempts to improve activity or stability by engineering
the B-sheet regions of other enzymes [76-78].

In this study, we screened 58 site saturation mutagenesis (SSM)
libraries covering the whole B-sheet region of IsPETase. Beneficial
substitutions were identified and recombined by employing a
sequential recombination strategy as well as a K-means clustering
algorithm-guided combination strategy. The resulting variants
exhibited significantly increased melting temperatures and excel-
lent depolymerization performances toward different pc-PET
materials under mild conditions. Moreover, complete depolymer-
ization of untreated pc-PET waste was achieved with the best vari-
ant in a liter-scale reactor.

2. Materials and methods
2.1. Chemicals and materials

All the chemicals used in this study were of analytical grade or
higher and were obtained from Sinopharm Yuanye Biological (China),
Aladdin (China), or Yuanye Biological (China) unless stated other-
wise. The amorphous PET films (ES301445) were obtained from
Goodfellow GmbH (UK). The packaging box of drumsticks was pur-
chased from a local supermarket (China). The lid of soda cup was pur-
chased from Kentucky Fried Chicken (KFC; China). The plasmid was
constructed by inserting the gene PETase with the signal peptide pelB
between the EcoRI and Xhol restriction sites of pET22b (+). TransStart
FastPfu DNA Polymerase was obtained from TransGen Biotech
(China), and QuickCut Dpn I was obtained from Takara Bio, Inc.
(China). Oligonucleotide synthesis was carried out by Genewiz
(China) or Tsingke Biotechnology Co., Ltd. (China). DNA sequencing
was conducted by Genewiz (China).

2.2. Synthesis and characterization of MHET-OH

First, 1.82 g of 2-hydroxyterephthalate (TPA-OH), 0.5 mL of sul-
furic acid, and 15 mL of EG were added to a three-necked round
bottom flask. The mixture in the flask was stirred and refluxed at
20 °C for 48 h. Subsequently, the supernatant was removed by
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reducing pressure, and 3-hydroxy-4-((2-hydroxyethyl) carbonyl)
benzoic acid (MHET-OH) was separated from the residues by col-
umn chromatography. The synthesized MHET-OH was character-
ized by proton nuclear magnetic resonance ('H-NMR).

2.3. Construction of the high-throughput screening assay

The fluorescence spectra of MHET-OH and TPA-OH were
obtained following a previously reported procedure [63]. At an
excitation wavelength (/gx) of 320 nm, the fluorescence emission
intensities at emission wavelengths (igy) ranging from 350-
850 nm of 2.5 mmol-L"! MHET-OH and TPA-OH were measured.
The wavelength at which the TPA-OH product exhibited prominent
fluorescence while the MHET-OH substrate resulted in the lowest
background fluorescence was selected as the optimal emission
wavelength. Excitation was then induced with various excitation
wavelengths in the range of 230-400 nm at the optimal emission
wavelength to determine the optimal excitation wavelength. Sub-
sequently, MHET-OH acted as the substrate to detect the hydroly-
tic activity of the crude enzyme pET22b-PETase. pET22b-PETase
(15-50 pL) was added to a 96-well black multi-tier plate (MTP)
and supplemented to 150 pL with Na,HPO,-NaH,PO, buffer
(0.1 mol-L™!, pH 8.0). Then, 50 pL of 10 mmol-L~! MHET-OH was
added to start the reaction. The control reaction was prepared by
replacing the crude enzyme with a supernatant from the expres-
sion vector pET22b. The fluorescence intensity was monitored at
Jex = 320 nm and /gy, = 400 nm at 30 °C for 240 min [63].

2.4. Construction of p-sheet-SSM libraries of IsPETase

The SSM libraries were generated with the standard polymerase
chain reaction (PCR) protocol using the plasmid pET22b-PETase
wild-type (WT) gene [53] as a template. The degenerate codons
NNK and MNN (5’-3’) were used for forward and reverse primer
design, respectively. The PCR system and procedure were prepared
following the instructions in the manual. After the DNA templates
of the PCR products were digested with QuickCut Dpn I (Takara Bio
Inc., China), the products were transformed into Escherichia coli
(E. coli) BL21-Gold (DE3) competent cells. The positive clones were
chosen for further investigation.

2.5. Cultivation and expression of 3-sheet-SSM libraries of IsPETase in
96-well plates

The cultivation and expression of the IsPETase B-sheet-SSM
libraries were conducted in 96-well MTP plates as previously
described [53], except that the crude enzyme was collected by cen-
trifugation at 4 °C for 20 min.

2.6. Screening of p-sheet-SSM libraries of IsPETase in 96-well MTP
plates with the MHET-OH assay

Screening of B-sheet-SSM libraries of IsPETase was conducted
with the developed substrate MHET-OH. The screening for improved
hydrolytic activity was performed as described previously [63],
except that bis (2-hydroxyethyl) 2-hydroxyterephthalate (BHET-
OH) was replaced with MHET-OH (2.5 mmol-L™"). The activity of
PETase was represented by the linear increase in the fluorescence
intensity per minute (Flu-min~'). The activity ratio of variants to
WT represents relative activity. For thermostability screening,
120 pL of NaHPO4-NaH,PO, buffer (0.1 mol.L~, pH 8.0) and
30 pL of the expression supernatant were mixed in a 96-well black
MTP and then heated at 47/50 °C for 10 min. After cooling at room
temperature for 10 min, 2.5 mmol-L~! MHET-OH was injected to ini-
tiate the reaction [53,63]. Subsequently, the same procedure as above
was applied for the activity test in this case. The residual activity (%)
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Fig. 1. (a) The reported beneficial amino acid substitutions of IsPETase; (b) selected studies for engineering of IsPETase for improving catalytic performance [60-63,71-74].

was represented by the ratio of the activity with heat treatment to
that without heat treatment.

2.7. Rescreening of IsPETase variants in shake flasks with the MHET-
OH assay

Cultivation and expression in shake flasks were carried out as
previously reported [53]. The relative activity and residual activity
were measured with the MHET-OH assay according to the above
procedure.

2.8. Purification of IsPETase WT and variants

The expression of PETase WT and variants, the collection and con-
centration of crude enzyme, and the purification were performed as
described previously [63]. Sodium dodecyl-sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) was used to determine the purity of
the target protein. A BCA protein assay kit (Genstar, China) was used
to quantify the concentration of the target enzyme solution.

2.9. Determination of apparent melting temperature
The apparent melting temperatures (T,) of PETase WT and its

variants were measured with a protein thermal shift dye kit (Thermo
Fisher Scientific, USA). The reaction system was prepared according

182

to the manufacturer’s instructions. An ABI 7500 FAST real-time poly-
merase chain reaction system (Applied Biosystems, USA) was used. A
charge-coupled device (CCD) was used for monitoring the fluorescent
signal changes resulting from protein heat denaturation. The first
derivative curve was used for identifying the Ty, values.

2.10. Long-term depolymerization of amorphous Goodfellow
amorphous PET film

One square piece of 0.8 cm x 0.8 cm commercial Goodfellow
amorphous PET (gf-PET) film was prepared and soaked with
60 pL of purified enzyme (0.5 mg-mL™") in 2940 puL of Na,HPO4-
NaH,PO, buffer (0.1 mol.L™!, pH 8.0) [63]. Subsequently, the
depolymerization reaction was performed at 37 and 50 °C for
7 d. The reaction solution was removed at 1, 5, and 7 d and boiled
for 10 min to terminate the reactions. Each sample was diluted to
the linear detection range of TPA and MHET and then filtered
through a 0.22 pum filter for HPLC analysis [63]. Triplicates for each
experiment were used to calculate the average.

2.11. Scanning electron microscopy analysis of the surface morphology
and thickness of the gf-PET film

After 10 days of treatment with the WT and variant PETases, the
gf-PET films were sequentially washed with 1% SDS solution,
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ethanol, and distilled water for 20 min. After drying, the surface
morphology and thickness were observed by a SU8010 scanning
electron microscope (SEM; Hitachi, Japan) operating at a beam-
accelerating voltage of 5 kV under high vacuum.

2.12. Complete depolymerization assay using gf-PET and untreated pc-
PET

Square gf-PET and two types of pc-PET films with a size of 0.8
cm x 0.8 cm were prepared and soaked in 36 pL of 0.5 mg-mL™!
PETase WT or its variants in 2964 pL of glycine-NaOH buffer
(0.1 mol-L'!, pH 9.0). The depolymerization reaction was per-
formed at 50 °C. Fresh enzymes and buffers were added every
day. The reaction mixture of each day was diluted to the linear
detection range of TPA and MHET for quantitative analysis. All
experiments were conducted in triplicate.

2.13. Comparison of depolymerization performance of DepoPETase 3
(V20), FAST-PETase, and DepoPETase toward gf-PET films at 50-60 °C.

Round gf-PET films (0.6 cm in diameter) were prepared and
soaked with DepoPETase B (V20), FAST-PETase and DepoPETase
(60 pL, 0.5 mg-mL ~!) in glycine-NaOH buffer (2940 pL, 0.1 mol-L ™},
pH 9.0). The reactions were carried out at 50, 55, and 60 °C. Fresh
enzyme and solution buffer were replenished after 24 and 72 h.
The samples were collected every day. The collected samples were
diluted to the linear detection range of TPA and MHET before quan-
titative analysis. All experiments were conducted in triplicate.

2.14. Complete depolymerization of pc-PET waste in a 3 L bioreactor

A total of 100.5 g of pc-PET (PET packaging from a local super-
market) was prepared as rectangular flakes (about 0.5 cm x 1 cm)
and then added to a 3 L bioreactor (New Brunswick BioFlo 115,
Eppendorf, Germany) containing glycine-NaOH buffer (2 L,
0.1 mol-L™!, pH 9.0) [63]. In total, 260 mg of purified DepoPETase
B (0.26% Wenzyme/Wper, W: weight) was added in batches during
the depolymerization process. Temperature regulation at 50 °C
was performed by water bath immersion, and constant agitation
at 500 r-min~' was controlled by a single marine impeller. The
pH of the reaction solution was adjusted to 8.6 (+0.2) by adding
NaOH solution (2 mol-L™!) via a peristaltic pump. The reaction
solution was collected at different time points and diluted to the
linear detection range of TPA and MHET for HPLC analysis.

2.15. HPLC analysis

The quantitative analysis of the products released from the PET
samples was conducted as previously reported [63]. The mobile
phase consisted of buffer A (NaHPO4-NaH,PO, buffer,
20 mmol-L~!, pH 7.0; 70%) and buffer B (acetonitrile; 30%). The elu-
tion conditions were a linear gradient of 30% to 70% buffer B. TPA
and MHET were detected at 260 nm [63]. Calibration curves for
TPA and MHET were constructed by plotting the corresponding
peak areas versus the concentration of standard solutions, the coef-
ficient of determination (R), R? values of the plots were at least
0.998. The samples were diluted if the concentration of the prod-
ucts exceeded the range of the calibration curves.

2.16. Determination of the crystallinity of the PET samples via
differential scanning calorimetry

The crystallinity of the PET materials was detected with a differ-
ential scanning calorimetry instrument (DSC; DSC 250, TA Instru-
ments, USA), and the crystallinity was calculated as described
previously [63]. The results are shown in Table S1 in Appendix A.

183

Engineering 47 (2025) 180-193
2.17. Consensus analysis

An amino acid sequence alignment was performed by ClustalW
toward sequences with 40%-100% identity with IsPETase, which
were acquired from the national center for biotechnology informa-
tion (NCBI) database’ [61]. Subsequently, the sequence alignment
was visualized as a logo using the WebLogo webpage® [79]. Multiple
sequence alignment and the crystal structure of PETase WT (PDB ID:
5X]JH) [80] were used to construct evolutionary conservation profiles
of the p-sheet regions of PET hydrolases via the online tool ConSurf®
[81-83]. Structure-mapping was performed by the PyMOL program
(China) [84].

2.18. Energy calculations

Energy calculations with FoldX [85] were performed with the
crystal structure of IsPETase (PDB ID: 5XJH). All 58 residues located
on the B-sheet region of PETase were mutated to 19 other proteino-
genic amino acids in silico [61]. The relative folding free energy
changes (AAG™'Y) were calculated based on the equation below[61]:

Fold Fold— Fold
AAG = AGsubstitution AGWT

The difference in the free energy between the folded and
unfolded structures represents the AGF®Y [61], which was pre-
dicted by the FoldX algorithm [85]. The standard parameters were
set except for temperature, which was set at 50 °C, and the average
value of five calculations was used.

2.19. Crystallization, data collection, structure determination, and
refinement

All crystallizations of the PETase variants were carried out using

the vapor-diffusion method (25 °C). One microliter of PETase V16
(IsPETas @D283R/V84L/N233K/F220Y/R280E/F2011 /E204Q) or PETase V20
( ISPETaseP283R/V84L/N233K/F229Y R280E/F2011/R53Q/D1 SGH) solution (30

mgmL™! in 25 mmolL™! tris(hydroxymethyl)aminomethane
hydrochloride (Tris-HCl), pH 7.5, 150 mmol-L™' NaCl) was mixed
with an equal volume of reservoir solution in sitting drop crystalliza-
tion plates and equilibrated against reservoir solution (100 pL). The
following crystallization conditions were used for PETase V16:
0.1 mol-L™' N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid
(HEPES), pH 7.5, 8% v/v ethylene glycol, 10% w/v PEG 8000, and
0.2 mol-L™! (NH,4),S0,. For PETase V20 the following conditions were
applied: 0.2 mol-L™! potassium fluoride (KF) pH 7.2, and 20% w/v PEG
3350. The optimal crystals reached suitable sizes for X-ray diffraction
data collection within 5 d. X-ray diffraction datasets were tested and
collected at beamlines BLO2U1 (BL17U), BL10U2, BL17B, BL17UM,
BL18U1, and BL19U1 of the National Facility for Protein Science in
Shanghai (NFPS) at the Shanghai Synchrotron Radiation Facility
(SSRF). Protein crystals were soaked in cryoprotectant solution and
mounted onto a cryoloop before data collection at 100 K. All of the
diffraction images were processed by using HKL2000 [86], and the
structures were solved by molecular replacement with Phaser [87]
in the program suite Phenix [88], and the structure of the IsPETase
from Ideonella sakaiensis 201-F6 (PDB ID: 5XGO0) [57] was used as
the search model. Model building and further rounds of structure
refinements were performed by using the program phenix.refine
[89] and Coot [90]. Five per cent of the reflections were randomly
selected for the calculations of Ry, a statistical quantity for assessing
crystal structure accuracy [91]. Table S5 in Appendix A shows the

© https://www.ncbi.nlm.nih.gov/
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diffraction data collection and structure refinement statistics. PyMOL
was used to prepare all of the figures [84].

2.20. Molecular docking

Molecular docking was performed using Schrédinger 2018 soft-
ware (Schrodinger, USA). The crystal structure of PETase WT (PDB
ID: 5XJH) [80] was used as the receptor protein. 4-Poly PET (4PET)
was docked into three systems: WT at binding Site 1 (WTB1), WT
at binding site 2 (WTB2), and R53Q at binding Site 2 (Q53B2). Bind-
ing Site 1 is the catalytic site (centered at S160). Binding Site 2 is
the binding region where residue R53 is located and is centered
on residue F55. The length of the binding box was set to
35 x 35 x 35 (A). Induced fit docking in Schrédinger was used to
dock the 4PET, receptor, and ligand van der Waals scaling was
set to 0.30, and the side chains of residues approximately 5.0 A
from the ligand pose were refined. Up to 20 docking poses were
generated for each system, and these poses were clustered by
interaction analysis. The best docking pose of each cluster was
refined with the binding pose metadynamics. Finally, the best
docking pose of each system was selected for molecular
mechanics-generalized born surface area (MM-GBSA) binding
energy calculations with Amber20 (USA).

2.21. Molecular dynamics simulation

All variants were built using the mutate module of
Schrédinger software. The molecular dynamics (MD) simulation
was performed with Amber20 software. The Protein.ff19SB and
Gaff2 force fields were used to construct the simulation systems.
For the 4PET binding energy calculation, a 50 ns MD simulation
was performed at 310 K for all three systems (WTB1, WTB2,
and Q53B2). MM-GBSA calculations were performed to evaluate
the binding energy.

For structural stability analysis, 1000 ns MD simulations were
performed for all eight systems (R53Q, V84L, F201I, F229Y,
N233K, R280E, D283R, and DepoPETase B). The first 100 ns of the
simulation was set at 310 K to allow the variant a certain amount
of time to achieve the conformational changes caused by the amino
acid substitutions, and the next 900 ns of the simulation was set at
370 K. Hydrogen mass repartitioning (HMR) simulation with 4 fs
integration time was used to examine the changes in structural
stability at high temperatures. We initiated energy minimization
steps to resolve any unfavorable interactions within the initial
structures. Throughout this step, the protein backbone was
restrained using harmonic force constants of 20 kcal-mol ~!. This
minimization step comprised 1500 steps of steepest descent mini-
mization, succeeded by 1500 steps utilizing the conjugate gradient
approach. Subsequent to energy minimization, the system under-
went gradual heating to 310 K over 500 ps of molecular dynamics
with a constraint of 5 kcal-mol~!, employing a time step of 2 fs for
integration. Following the heating phase, the structures were equi-
librated under constant number of particles, pressure, and temper-
ature (NPT) conditions for 500 ps without any constraints. Periodic
boundary conditions were established throughout the system with
a TIP3P water model [92]. For the long-range components of the
electrostatic interactions, we utilized the particle mesh Ewald
(PME) method in conjunction with the Amber software suite
[93]. In the molecular dynamics simulations, bonds involving
hydrogen were constrained using the SHAKE algorithm [94]. Tem-
perature control was achieved through the Langevin thermostat,
which has a collision frequency of 2 ps~!, while pressure was regu-
lated by an anisotropic Monte Carlo barostat [95]. The simulations
were expedited wusing the graphics processing unit
(GPU)-accelerated version of PMEMD [96] on NVIDIA GeForce
RTX 30 Series graphics cards.
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2.22. Root mean square fluctuation calculation

Root mean square fluctuation (RMSF) values were calculated
using an HMR MD trajectory of 900 ns (370 K) for each system,
with 225 000 frames per system. To approximate the reference
structure of the backbone for comparison, the initial structure of
each system was used for the reference structure of the average
coordinate dataset calculation. The initial structures are those con-
formations obtained after the minimization step using AMBER.

3. Results and discussion

3.1. Establishment of a new high-throughput screening system based
on MHET-OH

We previously demonstrated that the BHET-OH assay based on
the BHET-OH, an analog of BHET, can be used for the engineering of
PETase [63]. Following a similar principle, we designed and synthe-
sized another new compound, MHET-OH, which has an additional
hydroxyl group on the aromatic ring compared to MHET (Fig. S1 in
Appendix A), for the systematic engineering of the p-sheet region
of PETase. MHET-OH is cleaved at the ester bond by PETase, releas-
ing TPA-OH, which is thereby quantified for assessing the activity
of PETase (Fig. 2(a)). The advantage of the MHET-OH assay over
the BHET-OH assay is that only one ester bond of MHET-OH is
cleaved for the release of fluorescent TPA-OH instead of double
hydrolytic cleavage when using BHET-OH as substrate. Therefore,
the MHET-OH assay allows for more prompt monitoring of the
hydrolysis procedure of PETase.

We first investigated the excitation and emission spectra of the
MHET-OH substrate and TPA-OH product. As shown in Fig. 2(b),
the maximum emission wavelength of MHET-OH shifted by
30 nm to the right compared to that of TPA-OH when excited at
320 nm. Since the fluorescence intensity of TPA-OH can be clearly
distinguished from that of MHET-OH at 400 nm, the excitation (/gx)
and emission (Agm) wavelengths used for the detection of TPA-OH
were 320 and 400 nm, respectively. The fluorescent signal
response shows a linear correlation (R* = 0.98) with increasing con-
centrations of TPA-OH and MHET-OH ranging from 0 to
2.5 mmol-L™! at 2g, = 320 nm and g, = 400 nm (Fig. S2 in Appen-
dix A). Subsequently, we detected the activity of WT PETase toward
MHET-OH by monitoring the continuous increase in the fluores-
cence signal. As shown in Fig. S3 in Appendix A, the fluorescence
intensity increases as the hydrolysis reaction proceeds, confirming
the applicability of the developed MHET-OH assay. We further
measured the residual activity of PETase WT after heat treatment
at 45, 47, and 50 °C. The WT exhibited 63.3%, 38.2%, and 5.95%
residual activity after being incubated at 45, 47, and 50 °C for
10 min, respectively (Fig. S4 in Appendix A). Heat treatment at
47 °C is suitable because it enables a suitable room for the
improvement of thermostability, while 45 °C is slightly gentle,
and 50 °C is too harsh for PETase WT. Therefore, heat treatment
at 47 °C was conducted for thermostability screening.

3.2. Engineering of the B-sheet region of PETase for enhanced
hydrolytic activity and thermostability

SSM libraries of 58 amino acid residues that form the B-sheet
region and its vicinity to PETase were constructed. Two hundred
clones were screened for each SSM library using the MHET-OH assay
(Fig. S5 in Appendix A). After the first screening of about 12 000
clones and rescreening of 157 clones, 21 amino acid substitutions
located at ten positions with improved hydrolytic activity or ther-
mostability were identified, as shown in Fig. 3(a). Among them, 14
substitutions (R53A/Q/H, S54T, T56E, E204Q, N233S/M/F/G/L, and
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Fig. 2. The high-throughput screening assay based on MHET-OH was established. (a) The reaction mechanism of the fluorescent MHET-OH assay; (b) fluorescence emission
spectra of 2.5 mmol-L~! MHET-OH and TPA-OH at an excitation wavelength of 320 nm. The black arrow represents the largest difference between the fluorescence intensity of

TPA-OH and the background fluorescence of MHET-OH at 400 nm.

R280Y/E/F) exhibited enhanced activity toward MHET-OH at 30 °C,
ranging from 1.1-1.7 fold that of the PETase WT. Moreover, 19 ther-
mostable substitutions, including R53A/Q/H, S54T, T56E, V84L,
F2011, E204Q, F229Y, N233K/S/M/G/F/L, R280S/A/E, and D283R,
exhibited increased T, values of 1.3-10.0 °C compared with that
of the WT (46.7 °C; Fig. 3(b)). Among them, the substitutions
S54T, T56E, F2011, and R280S/A maintained 38.1%-64.5% activity,
while the WT maintained 28.5% after heat treatment at 47 °C for
10 min, and the substitutions R280E, V84L, E204Q, F229Y,
N233K/S/M/G/F/L, and D283R maintained 12.4%-85.2% of their
activity, while the WT almost completely lost its activity after heat
treatment at 50 °C for 10 min (Fig. S6 in Appendix A). Subsequently,
we analyzed the lethality rates of each SSM library to evaluate the
effects of these 58 positions of the B-sheet region on the activity
and thermostability of PETase. As shown in Fig. 3(c), the 58 amino
acid positions were divided into three groups according to the
lethality rate of the SSM library. Group 1 (red triangles) comprised
amino acid positions with lethality rates lower than 50% both with
and without heat treatment. Most of these positions showed similar
levels of lethality with and without heat treatment, except for E204,
E231, and A152. The lethality rate of Group 1 was relatively low
compared to that of Group 2 and Group 3, indicating that most of
the residues of Group 1 are flexible for amino acid substitutions
and are less likely to negatively affect enzyme activity or thermal
stability. Moreover, 60% of the identified beneficial positions, includ-
ing R53, T56, E204, F229, N233, and R280, belonged to Group 1.
Most of the residues in Group 2 (yellow circles) exhibited a less than
50% lethality rate before heat treatment but a far greater than 50%
lethality rate after heat treatment, indicating that most of these resi-
dues are more conserved in terms of thermostability and less con-
served in terms of activity. Notably, two identified substitutions
(S54T and D283R) with improved thermal stability belong to Group
2. Group 3 (green squares) includes the positions with a high lethal-
ity rate (> 60%) before heat treatment and similar or even higher
lethality values after heat treatment, which implies that most of
the residues in Group 3 are dominantly conserved in activity and
less conserved in thermostability. The identified substitutions
F2011 and V84L belong to Group 3, and their activities are 8.6%
and 29.8% lower, respectively than that of the WT, while their T,
values are 4.3 and 3.8 °C higher than that of the WT, respectively.
The sequence consensus analysis (Figs. 3(d) and Fig. S7 in Appendix
A) illustrates the variability of the residues of the B-sheet region,
which is consistent with the lethality rate analysis. Moreover, FoldX
analysis of these 58 positions of the B-sheet region showed that 57%
of our identified substitutions showed reduced AG™4, while 43%
showed increased AG™Y, indicating partial consistency between
the experimental data and FoldX analysis (Fig. S8 in Appendix A).
Overall, these results provide comprehensive insight into the
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mutability and contribution of the amino acid residues of the -
strand region of PETase, which is valuable for expanding the field
of PETase engineering.

After the identification of single amino acid substitutions of the
B-sheet region, iterative recombination of the 21 substitutions at
ten positions was performed to yield further improved variants
with a sequential recombination strategy (Fig. 4(a)) and K-means
clustering algorithm-guided combination strategy in parallel (Sup-
plementary Text and Fig. S9 in Appendix A). As the thermostability
further increased in the recombination step, the screening pressure
was gradually increased by increasing the heat treatment temper-
ature (from 47 to 60 °C) or time (10-25 min) in the heat inactiva-
tion step to assess the combinatorial variants. The sequential
recombination generated several excellent variants for further
characterization, and the recombination process is shown in
Fig. 4(b). The four most stabilizing substitutions, N233K, D283R,
F229Y, and V84L, were first selected for a systematic recombina-
tion study, generating all 11 possible combinational variants, V1-
V11 (Table S1 in Appendix A). Although V11 exhibited about 50%
reduced hydrolytic activity, it (V84L/F229Y/N233K/D283R) has an
increased T, value of 17.1°C and retained about 94% of its activity
after heat inactivation at 47 °C for 15 min or even more rigorous
conditions (55 °C for 15 min; Table S2 in Appendix A). It is advis-
able to select variants with higher thermostability as templates
for subsequent accumulation to circumvent enzyme unfolding
[61]. Therefore, V11 was considered a template for the second
round of recombination. The remaining 10 substitutions (R53A/H,
S54T, T56E, F2011, E204Q, and R280F/A/S/E) were combined with
V11 and resulted in the best hit, V12 (V11 + R280E), which exhibi-
ted slightly decreased thermostability but 100% recovery of activ-
ity in comparison with V11. Subsequently, V12 was selected as
the new template for third-round recombination, combined with
the substitutions at the remaining five positions, R53A/H/Q, S54T,
T56E, F2011, and E204Q. In the third round, variant V13 (V12 +
F2011) showed the highest thermostability (95.0% of residual activ-
ity after heat treatment at 60 °C for 10 min) but reduced activity by
higher than 50% compared to V12, and variants V14 (V12 + S54T)
and V15 (V12 + R53H) exhibited slightly improved thermostability
(by 9.1%) and hydrolytic activity (by 18.8%) compared with that of
V12, respectively. Considering both the thermostability and activ-
ity, V13, V14, and V15 served as templates for the next stage. In the
fourth round, the substitutions E204Q, R53Q/A/H, T56E, and
S54T were introduced into V13, generating six V13-derived vari-
ants that exhibited slight decreases in residual activity (1.6% to
14.8%) after heat treatment (60 °C for 20 min) and up to 34.3%
greater activity than that of V13. Two variants, V16
(V13 + E204Q), which has slightly decreased thermostability and
activity, and V17 (V13 + R53Q), which has 34.3% greater activity
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Fig. 3. Identification of substitutions with increased activity and thermostability in PETase from systematic engineering of the B-sheet region of PETase with the MHET-OH
assay. (a) Location of the beneficial amino acid positions (blue balls) in the B-strand region and its vicinity in PETase (PDB ID: 5X]JH) [80]. (b) ATy, value and relative activity of

the obtained variants. ATy, value (°C

) is the difference between the Ty, value of the variant and that of PETase WT. The Ty, value was determined by a protein thermal shift dye

kit (Thermo Fisher Scientific) with a 7500 fast real-time PCR system (Applied Biosystems) [60]. The relative activity (%) is represented by the activity of variants divided by
that of PETase WT determined with the MHET-OH assay at 30 °C. The activity of PETase was measured by the linear increase in the fluorescence of the released TPA-OH per
minute with the MHET-OH assay (Flu-min~"). Dotted line indicates the value of WT. (c) Lethality rate analysis of SSM libraries of 58 amino acid positions which form the p-
sheet region and its vicinity of PETase before and after heat treatment. The lethality rate was calculated as the percentage of inactive variants of the SSM library at each
position. The inactive variants were identified with the MHET-OH assay both without and with heat treatment (47 °C, 10 min). The 58 positions were divided into three
groups based on the lethality rate before and after heat treatment greater than or less than 50%: red triangles represent the residues in Group 1, yellow circles represent the
residues in Group 2, and green squares represent the residues in Group 3. The black diagonal line represents equal lethality before and after heat treatment. (d) Consensus
analysis of the B-sheet region and its vicinity to PETase. A color scheme was used to represent conservation around p1-9, blue represents low conservation level with a

gradual change to pinkish-purple indicating increased conservation.

than that of V13, were chosen for further characterization in this
study. However, introducing substitutions (R53A/Q, T56E, and
E204Q) to V14 significantly reduced the thermostability (12.5% to
39.4% after heat treatment at 60 °C for 20 mins). The introduction
of the substitutions T56E, S54T, and E204Q to V15 increased the
residual activity by 1.8-2.3 fold. In particular, variants V18 (V15
+ T56E) and V19 (V15 + S54T) showed 100% recovered
activity. Moreover, the T, values of representative combinatorial
variants (V11, V13, V14, V16-V19) in the key stages of recombina-
tion increased by 16.9-18.6 °C compared to those of the WT
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(Fig. 4(c)), which is mostly consistent with the results of the heat
inactivation experiments shown in Fig. 4(b). Subsequently, V17,
which had the greatest increase in the Ty, value (AT, = 18.6 °C),
was combined with the substitution D186H, which has been
reported previously to increase thermostability and hydrolytic
activity [60,61,72,73]. The MHET-OH assay indicated that the
resulting variant V20 showed 100% recovery activity as did the
WT at 30 °C and 30.7% greater residual activity than did V17 after
heat treatment at 60 °C for 25 min. The T, value of V20 increased
by 4.3 °C compared to that of V17 (Figs. 4(b) and (c)).
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Fig. 4. Iterative recombination of the identified amino acid substitutions with improved activity and thermostability by the sequential recombination strategy. (a) Schematic
diagram of the five rounds of recombination of 21 substitutions using the sequential recombination strategy. The best variants of each round labeled with a black box served
as the parents for combination with the remaining substitutions in the next round. (b) The activity () and stability of the recombinant variants determined with the MHET-
OH assay. The relative activity was calculated by dividing the activity of the variant toward MHET-OH at 30 °C by that of the WT. The residual activity was calculated by
dividing the activity of the variant or the WT after heat treatment by the activity before heat treatment. The evolution pressure was gradually increased by increasing the
temperature or increasing the duration of heat treatment during the recombination process. In each round, the variants with red asterisks act as the parents of the next round.
The first-round variants V1-V11 harbored the following amino acid substitutions: V1 (V84L/F229Y), V2 (V84L/N233K), V3 (D283R/V84L), V4 (D283R/N233K), V5 (F229Y/

N233K), V6 (D283R/F229Y), V7 (D283R/N233K/F229Y), V8 (D283R/F229Y/V84L), V9 (D283R/V84L/N233K), V10 (V84L/F229Y/N233K), and V11 (V84L/F229Y/N233K/D283R).
(c) The increase in the ATy, of the identified combinational variants.

To cover as many recombinations as possible, K-means cluster- in Fig. S9(a), the 21 single substitutions were grouped into three
ing algorithm-guided [86] recombination was performed in paral- clusters (Cluster 1: D283R, N233K/S/L/M/G/F, and E204Q; Cluster
lel to sequential recombination (Fig. S9 in Appendix A). As shown 2: V84L, F201l, R53A, and R280A/Y/F/S/E; Cluster 3: R53Q/H,
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S54T, T56E, and F229Y) by a set of parameters, including experi-
mentally verified relative activity, residual activity, the expression
level of substitutions, interactions between substitutions (such as
hydrogen bonds and salt-bridge interactions), the location of sub-
stitutions as determined by the distance between C, atoms of
the substitutions and the catalytic triads, whether it is near the
PET-binding pocket and potential effects on the structure
(Table S3 in Appendix A). However, after five rounds of recombina-
tion, all the resulting variants exhibited significantly lower ther-
mostability (residual activity reduced by 17.9% to 81.5%) than
V11, which was obtained from the sequential recombination strat-
egy performed in parallel. Therefore, the recombination strategy
based on the K-means algorithm was terminated (Fig. S9(c)). The
variants obtained with the sequential recombination strategy were
subjected to further characterization.

3.3. Depolymerization performance of PETase variants toward gf-PET

After obtaining the variants with significantly improved proper-
ties, we further investigated the depolymerization performance of
the key variants, including V11, V13, V16, V17, and V20, toward
commercial amorphous PET film (gf-PET, from the supplier
Goodfellow) in a 3 mL reaction system without controlling the pH
at 37 °C and 50 °C. Although V17 showed a 0.4 °C higher T, than
V16 (Fig. 4(c)), its depolymerization performance was lower than
that of V16, as shown in Fig. 5. As shown in Fig. 5(a), the concentra-
tion of the total released products mediated by the PETase variants
increased by 5.9-12.5 fold at 37 °C and by 139.2-179.4 fold at 50 °C
compared with that of the PETase WT after 7 d of incubation. Nota-
bly, at 50 °C, the five variants showed 3.5-6.9 fold increased activity
compared with their activity at 37 °C, while the WT exhibited only
26% of its activity at 37 °C. Overall, V20 exhibited the highest PET
depolymerization performance. These results further verified the
remarkably enhanced thermal resistance of the identified variants.
Moreover, clear distinctions between the surfaces of gf-PET films
treated with the PETase variants and WT were observed even at
the visual level. The surface morphology of the gf-PET films treated
with the variants V16 and V20 was rougher and less transparent
than that of the films treated with the WT both at 37 and 50 °C
(Fig. S10 in Appendix A). Scanning electron microscopy (SEM) was
carried out to analyze the surface morphology in detail. As shown
in Fig. 5(b), severe erosion occurred on the surface of the V16/
V20-treated gf-PET films with significantly increased and distensi-
ble holes at both 37 and 50 °C, while some tiny pores on the surface
of the WT-treated gf-PET films were observed at 37 °C but not at
50 °C. Moreover, the thickness of the enzyme-treated gf-PET films
was measured by SEM. The thickness of the gf-PET treated with
V16 and V20 was reduced by 30.6% at 37 °C and by 25.6%-57.5%
at 50 °C, respectively, compared with that of the buffer-only con-
trol, while only a 4.3% reduction in thickness was observed at
37 °C for the WT (Table S4 in Appendix A).

3.4. Depolymerization of untreated pc-PET wastes

Apart from the commercial PET samples commonly used in the
literature, it is crucial to explore the depolymerization perfor-
mance of the variants for untreated pc-PET wastes. Enzymatic
depolymerization of the amorphous gf-PET film and two types of
pc-PET, including a packaging box of drumsticks from a local
supermarket with 7.6% crystallinity and the lid of soda cup from
KFC with 4.8% crystallinity (Table S5 in Appendix A), was carried
out in a 3 mL reaction system at 50 °C under the optimized reaction
conditions. All PET films were cut into squares (0.8 cm x 0.8 cm). In
addition, the depolymerization performances of the purified vari-
ants V16 and V20 were compared with that of the reported well-
characterized FAST-PETase (Fig. S11 in Appendix A), which showed
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Fig. 5. Depolymerization performance of combinatorial variants toward gf-PET.
(a) Treatment of gf-PET film with PETase WT and variants at 37 and 50 °C. The
gf-PET (0.8 cm x 0.8 cm) film was soaked in 2940 pL of Na,HPO4-NaH,PO,4 buffer
(0.1 mol.L™!, pH 8.0) with 60 pL of PETase (0.5 mg-mL™") for 7 d. The released
products were detected via HPLC. (b) SEM analysis of gf-PET film treated with
buffer-only control, PETase WT, variants V16 and V20 at 37 and 50 °C for 10 d.

superior depolymerization performance [62]. As shown in Figs.
6(a)-(c) [62] and Fig. S12 in Appendix A, variants V16, V20, and
FAST-PETase all achieved complete depolymerization of the gf-
PET film (6.2 g-L7'), the drumsticks packaging box (6.9 g-L™') and
the lid of soda cup (8.8 g-L™!) within 4-7 d, while the PETase WT
did not achieve complete depolymerization under the same condi-
tions. Moreover, the complete depolymerization time of variant
V16 was relatively longer than that of V20 and FAST-PETase. V20
showed comparable activity to that of FAST-PETase and produced
364.1, 305.3, and 72.3 fold more products than PETase WT when
depolymerizing gf-PET, the drumstick packaging box, and the lid
of the soda cup, respectively. Notably, further comparison of the
depolymerization performance showed that V20 exhibited greater
activity than FAST-PETase [62] and DepoPETase [63] at 55 and
60 °C, as shown in Fig. S13 in Appendix A. After 2 d of incubation,
although the total amount of depolymerization products released
by V20, FAST-PETase, and DepoPETase at 55 °C was similar, V20
exhibited a 1.7-fold greater initial reaction rate than FAST-PETase
and DepoPETase. At 60 °C, V20 released 6.6-fold and 4.4-fold more
products than did FAST-PETase and DepoPETase, respectively, after
4 d of incubation. Moreover, V20 showed a 3.5 °C higher T, than
DepoPETase, suggesting that V20 exhibits superior thermal stabil-
ity. Interestingly, when we increased the substrate loading from
5 mg/3 mL to 150 mg/3 mL, V20 functioned slightly better at
50 °C than at 55 °C. The possible reason could be that a higher sub-
strate loading requires hydrolysis for a longer time and that 50 °C
is more ideal for DepoPETase B, even though it exhibited a higher
initial reaction rate at 55 °C than at 50 °C (Fig. S14 in Appendix
A). The results above inspired us to further investigate the applica-
tion of the variant PETase V20, which was named DepoPETase B.
To further demonstrate the applicability of DepoPETase B in the
PET waste depolymerization process, we performed the liter-scale
depolymerization of untreated pc-PET (packaging of snacks from a
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Fig. 6. Depolymerization of pc-PET by using PETase variants at 50 °C. (a) Time course of the depolymerization of gf-PET, (b) a drumstick packaging box, and (c) a soda cup lid
from KFC by PETase V16 (V84L/F229Y/N233K/D283R/R280E/F2011/E204Q), DepoPETase B (V20: V84L/F229Y/N233K/D283R/R280E/F2011/R53Q/D186H), and FAST-PETase
[62]. The PET samples were immersed in glycine-NaOH buffer (2964 pL, 0.1 mol-L™!, pH 9.0), and then purified enzyme (36 pL, 0.5 mg-mL™!) was added. Fresh purified
enzyme solution was replenished every day. The released products were detected with HPLC. All measurements were carried out in triplicate. (d, e) Time course of liter-scale
depolymerization of 100.5 g of pc-PET waste (the lid of the soda cup from KFC) with DepoPETase f in a 3 L bioreactor. The total enzyme loading was 0.26% (Wenzyme/ Wper). The
pH of the reaction mixture was adjusted to 8.6 (+ 0.2) by adding NaOH solution (2 mol-L™").

local supermarket, 100.5 g) with the pH regulated automatically in
a 3 L bioreactor at 50 °C. The initial reaction volume was 2 L. As
shown in Figs. 6(d) and (e), complete depolymerization of the
PET flakes was achieved by DepoPETase B in 96 h with an enzyme
loading of 0.26% (Wenzyme/Wper). The amount of released product
increased linearly in the initial 72 h, and 83% of the products were
obtained. After 96 h, although the sum of the MHET and TPA did
not increase further, the ratio of TPA to MHET changed dynami-
cally. The proportion of TPA increased from 79.2% at 96 h to
96.6% at 144 h, indicating that DepoPETase B further hydrolyzed
the hydrolysis product MHET into TPA at the late stage of depoly-
merization, which can simplify the subsequent purification and
recycling of depolymerization products for practical application.
These results demonstrated that DepoPETase B is a promising cat-
alyst for enzymatic PET waste depolymerization.

3.5. Molecular mechanism of the enhanced property of DepoPETase

To elucidate the molecular mechanism of the enhanced PET
depolymerization performance of the variants, the crystal struc-
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tures of variants V16 (PDB ID: 8H83) and DepoPETase 3 (PDB ID:
8J5N) were solved with resolutions of 1.93 and 1.95 A, respectively
(Table S6). According to the crystal structure and MD analysis,
DepoPETase B showed significantly decreased RMSF values in loop
B (116-119), loop C(185-190), loop E (237-244), and loop F (276-
281) compared to those of the WT, as well as a minor decrease in
other regions (Fig. 7). The significantly decreased RMSF value indi-
cates that DepoPETase B has overall greater structural stability
than the WT. Particularly, DepoPETase B exhibits significant
improvements in stability in loop E, where the catalytic residue
H237 is located, and in loop C, which forms the substrate binding
pocket. The enhanced stability of loop E and loop C will improve
the structural integrity of the catalytic triad, thereby improving
the depolymerization performance of PETase.

We performed MD of the single substitutions R53Q, V84L,
F2011, F229Y, N233K/F, R280E, D283R, and DepoPETase B to ana-
lyze the structural changes caused by each amino acid substitution.
As shown in Fig. 7(c), when Asp283 of B9 was substituted with Arg,
the nearby single salt bridge (D283-R285) located on 9 became a
double salt bridge composed of E231-R283 between 8 and p9 and
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Fig. 7. Structural analysis of the variant DepoPETase p. (a) The crystal structure of DepoPETase B (V84L/F229Y/N233K/D283R/R280E/F2011/R53Q/D186H; PDB ID: 8]J5N). The
green atoms represent the C, of amino acid substitutions in DepoPETase B. 1-p9 are colored marine blue. The dark green line represents the residues (amino acid: 84-88) of
loop A; the orange line represents the residues (amino acid: 113-118) of loop B; the cyan line represents the residues (amino acid: 180-197) of loop C; the hot pink line
represents the residues (amino acid: 204-213) of loop D; the yellow line represents the residues (amino acid: 233-245) in loop E; and the magenta line represents the
residues (amino acid: 275-280) in loop F. The gray sticks represent the catalytic triad residues H237 and D206. (b) Comparison of RMSF values of PETase WT and DepoPETase
B. (c-i) Structural effects of the substitutions (c) D283R, (d) F229Y, (e) R280E, (f) F2011, (g) V84L, (h) N233K/F, and (i) R53Q in DepoPETase § (marine blue) compared to those
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the shape and volume of the voids around (f) F201I and (g) V84L. The docked 4PET is shown as yellow sticks.
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D220-R285 between o5 and B9. In addition, a hydrogen bond was
formed between N212 of a5 and R283 of 9. These changes stabi-
lized loop E containing the catalytic residue H237 (Fig. S15(a) in
Appendix A) while also eliminating the electrostatic repulsion
between E231 of B8 and D283 of B9, resulting in a triple benefit.
When Phe at 229 of B8 is substituted with Tyr, E231 can form
hydrogen bonds with both Y229 and S282. The introduced hydro-
gen bonds stabilized E231 and the hydrogen bond network of S282.
The construction of this hydrogen bond network led to adjust-
ments in the relative positions of sheets B7, B8, and B9, especially
at the beginning of B9, where S282 is located. The distance
between the beginning of B9 and the end of B7 decreased from
9.0 A in the WT to 7.8 A in the variant DepoPETase B (Fig. 7(d)).
The shortened distance was beneficial for the stability of loop E
(connected with B8) and loop F (connected with B9), which was
reflected by their significantly reduced RMSF values (Fig. S15(b)).
As shown in Fig. 7(e), the substitution R280E utilizes a water mole-
cule to form a bridging hydrogen bond with N246. Moreover,
R280E can also form a hydrogen bond with T279. This newly intro-
duced hydrogen bond network enhances the interaction between
loop E and loop F, thereby increasing the structural stability of loop
E. This can be observed from the RMSF analysis shown in Fig.
S15(c), in which there is a moderate reduction in loop E and only
a slight reduction in loop F. The large and rigid hydrophobic resi-
due F201 located in B7, together with the surrounding hydrophobic
residues, which are mainly composed of Leu and Ile, prevent a6
from fully contacting 7. In contrast, substitution F201I allowed
o6 to move closer to B7, resulting in tighter packing of PETase
(Fig. 7(f) and Fig. S15(d)). With respect to the V84L substitution,
there were two voids around residue V84 in the WT, which
affected the strength of the interaction between 4 and o3, leading
to insufficient stability of loop B. By substituting Val with Leu at
residue 84, the two gaps disappeared (Fig. 7(g)). Compared with
that of the WT, the RMSF of residues 113-119 of variant V84L in
loop B decreased, indicating stronger structural stability (Fig.
S15(e)). Substitution of N233K adjacent to the edge of B8 resulted
in a salt bridge between E204 and K233, neutralizing the charges,
maintaining the stability of the hydrogen bond between E231
and S282, and resolving all unfavorable effects, such as electro-
static repulsion between E204 and E231 (Fig. 7(h)). N233K was also
reported by Lu et al. [62] during our independent study period.
Moreover, we observed that substitutions to hydrophobic residues
at 233, such as N233F/L/M, can also have a stabilizing effect (Fig.
3(b)). Taking N233F as an example, we can see that F233 occupies
the space above S282, pushing E204 away and allowing E204 to
form hydrogen bonds with N205 and G234. Although the increase
in interaction caused by the substitution of N233F is not as signif-
icant as that caused by the substitution of N233K, N233F is still an
effective substitution for reducing electrostatic repulsion.

It was observed from the crystal structures of DepoPETase B
that D283R forms a new salt bridge, while V84L fills the gap that
allows penetration of water molecules. Both F229Y and R280E
establish hydrogen bond networks. These results are similar to
those observed from the MD simulation results of single substitu-
tions. However, N233K and F2011 of the crystal structure of Depo-
PETase pB differ from the MD simulation results of single
substitutions (Fig. S16 in Appendix A). In the simulation system
involving the N233K single-point substitution, N233K forms a salt
bridge directly with E204 or indirectly through a water-mediated
salt bridge. In DepoPETase B, K233 has no interaction with the
nearby negatively charged residues E204 and E280, which we
believe is inconsistent with the improvement in stability. After
MD simulation of DepoPETase B, it can be observed that N233K
forms a hydrogen bond with the main-chain carbonyl of T279,
which strengthens the hydrogen bond network consisting of
K233, N246, T279, and E280 and a water molecule. The substitu-
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tion F201I did not cause visible main-chain conformational
changes in the DepoPETase B crystal structure.

The substrate binding surface of PETase displays an overall posi-
tive charge, which mainly exists in two groove regions, one of
which is the catalytic site of the substrate, and the other groove
is located on the B1 side, both of which contain strongly positive
charge regions. With respect to the R53Q substitution located on
B1, the MD simulation revealed that R53 had no potential hydro-
gen bond or salt bridge interactions with other parts of PETase.
Docking the 4PET substrate at the two groove regions of PETase
WT showed that the MM-GBSA binding energy of 4PET at the cat-
alytic site was (-36.15 + 3.17) kcal-mol~!, while the binding
energy of 4PET at the B1 binding site reached (-32.79 + 3.16)
kcal-mol~!. The similar binding energy at the two sites led to
potential competition between the two binding sites. Substitution
R53Q disrupted the salt bridge interaction between R53 and the
carboxyl group of 4PET, which was reflected by the decreased
binding energy of 4PET to the p1 site ((—29.63 + 3.48) kcal-mol™')
(Fig. 7(i)). The variation in binding energy reduces the competitive
binding of the B1 site, which can increase the probability of sub-
strate binding at the catalytic sites and thereby enhance the activ-
ity. By comparing the simulation results of the single substitutions
and the crystal structure of DepoPETase B, we can see that the sim-
ulated structural changes caused by D283R, V84L, F229Y, and
R280E are consistent with the crystal structure of DepoPETase 8.

Overall, among the nine B-sheets, 1-2, and p8-9 are located on
the surface of PETase, and their residues are partially exposed. The
stability of these two regions relies on the construction of strong
hydrogen bonds and salt bridges. The substitutions D283R,
F229Y, R280E, and N233K contributed to enhancing the number
of hydrogen bonds and salt bridges in this region. p3-7 is in the
core of PETase. Therefore, increasing the hydrophobic interactions
by the substitution D186H and a more tightly packed structure
caused by F201I and V84L was beneficial for stabilizing the p3-7
region.

4. Conclusions

In summary, this study provides the first systematic engineer-
ing study of the whole B-sheet region of IsPETase with a high-
throughput fluorescence assay. Iterative recombination of the
identified beneficial substitutions resulted in the combinatorial
variant DepoPETase B, which significantly improved depolymeriza-
tion performance compared with that of the WT at mild tempera-
tures. Moreover, complete depolymerization of untreated PET
waste in a bioreactor was achieved by DepoPETase B, demonstrat-
ing its potential application in the enzymatic PET depolymerization
process. Further mechanistic analysis of DepoPETase B revealed
that the beneficial substitutions located in the outer B-sheets con-
structed strong hydrogen bonds and salt bridges, while the benefi-
cial substitutions located in the inner B-sheets supported a more
tightly packed structure, providing new insights into PET hydro-
lases. The engineering strategy for the B-sheet region is likely
applicable to other PETase hydrolases that share a scaffold similar
to that of PETase.
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