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Abstract

Poly(ethylene terephthalate) (PET) is one of the world's most widely used polyester plastics. Due
to its chemical stability, PET is extremely difficult to hydrolyze in a natural environment. Recent
discoveries in new polyester hydrolases and breakthroughs in enzyme engineering strategies have
inspired enormous research on biorecycling of PET. This study summarizes our research efforts
toward large-scale, efficient, and economical biodegradation of post-consumer waste PET,
including PET hydrolase selection and optimization, high-yield enzyme production, and high-
capacity enzymatic degradation of post-consumer waste PET. First, genes encoding PETase and
MHETase from Ideonella sakaiensis and the ICCG variant of leaf-branch compost cutinase
(LCCCCS) were codon-optimized and expressed in Escherichia coli BL21(DE3) for high-yield
production. To further lower the enzyme production cost, a pe/B leader sequence was fused to
LCCCC 5o that the enzyme can be secreted into the medium to facilitate recovery. To help bind
the enzyme on the hydrophobic surface of PET, a substrate-binding module in a
polyhydroxyalkanoate depolymerase from Alcaligenes faecalis (PBM) was fused to the C-
terminus of LCC““C. The resulting four different LCC'“““ variants (LCC, PelB-LCC, LCC-PBM,
and PelB-LCC-PBM), together with PETase and MHETase, were compared for PET degradation
efficiency. A fed-batch fermentation process was developed to produce the target enzymes up to
1.2 g/L. Finally, the best enzyme, PelB-LCC, was selected and used for the efficient degradation
of 200 g/L recycled PET in a well-controlled, stirred-tank reactor. The results will help develop an

economical and scalable biorecycling process toward a circular PET economy.

Keywords: Poly(ethylene terephthalate), Terephthalic Acid, Biodegradation, Leaf-Branch

Compost Cutinase, PETase,
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Introduction

Poly(ethylene terephthalate) (PET) is one of the world's most widely used polyester plastics.
PET is durable, transparent, lightweight, non-reactive, thermally stable, cost-effective,
exhibiting high-pressure resistance, mechanical strength, and barrier properties (i.e.,
impermeable to carbon dioxide). While the remarkable material properties make PET a desirable
material for applications in food and beverage packaging and the textile industry, they also make
PET very challenging to decompose. The demand for PET bottles is continually rising as more
bottled beverages are consumed. In 2016, 480 billion plastic bottles were sold in the global market,
while 300 billion were sold in 2004 [1]. In addition, 56 million tons of PET were manufactured
but only 2.2 million tons were recycled in 2013 [2]. The vast amount of post-consumer PET waste
released into the environment harms marine life by entering the food chain [3, 4]. Growing
concerns surrounding the environmental impact of post-consumer plastic waste have inspired the
search for new technologies and solutions, where microbial biodepolymerization is presently
evaluated as a more environmentally friendly strategy for dealing with plastic pollution [5-7].

A variety of bacterial and fungal PET hydrolases have been characterized by actinobacteria
and fungi, such as Thermobifida fusca (8], Ideonella sakaiensis [9, 10], Fusarium solani [11-13],
and Humicola insolens [14]. Advances in metagenomic analysis have created the possibility of
obtaining complete or nearly complete genome sequences from uncultured microorganisms,
broadening the extent to which genetic information can be explored [15, 16]. A novel gene,
encoding a cutinase homolog, with PET degradation activity, leaf-branch compost cutinase (LCC),
was cloned from a fosmid library of a leaf-branch compost metagenome by functional screening
using tributyrin agar plates [17].

Recently, a gram-negative bacterium, /. sakaiensis 201-F6, that can use PET polymer as an
energy and carbon source was discovered and isolated [10]. Two important hydrolases to degrade
PET were identified, namely the PETase (PET hydrolase) and MHETase (mono(2-hydroxyethyl)
terephthalate hydrolase) [18, 19]. The PETase from I. sakaiensis and its engineered variants
catalyze the degradation of PET polymer into terephthalic acid (TPA), mono(2-hydroxyethyl)
terephthalate (MHET), bis(2-hydroxyethyl) terephthalate (BHET), and ethylene glycol (EG) [20].
A mutated Ideonella PETase (IsPETase) has been reported to manifest superior thermal stability
and higher PET depolymerizability as compared to its wild type counterpart [21]. MHETase
further catalyzes the deconstruction of BHET or MHET into TPA and EG. The catalytic activities



O© 00 I O »n B~ W N =

W W NN N N N N N N N N e e e e e e e e
—_— O O 00 NN N R WD =, O O 0NN Y N R W N = O

of five different cutinases from bacteria 7. fusca (BTA1 and BTA2), I. sakaiensis (PETase),
filamentous fungus F. solani pisi (FsC), and metagenome-derived LCC have been recently studied
on crystalline bottle-grade PET [22] where wild the type LCC outperformed all other evaluated
PET hydrolases. Various computational and experimental studies have been performed to study
the optimal depolymerization conditions for the development of redesigned PETase variants with
improved melting temperatures and enhanced degradation performances at elevated temperatures
[20, 23, 24]. In general, the PET degradation rate of wild type LCC (93.2 mg TPA/h/mg enzyme),
in the aforementioned study, has outperformed most other enzymes [22]. Owing to the high
potential of LCC in degrading persistent semi-aromatic polyesters such as PET, more efforts are
being made to seek strategies to make LCC work more efficiently. Detailed structural and
functional analysis of LCC has facilitated an understanding of the mechanism by which LCC
hydrolyzes PET and thus led to the development of a more efficient enzyme. Several research
studies have been accomplished for the improvement of enzymatic PET degradation efficiency
and performance by fusing different binding domains to the C-terminus of previously reported
variants of LCC [25, 26]. These binding domains, fused to selective PET hydrolases, are able to
improve the enzyme sorption at solid-water interface. Therefore, they are considered to be highly
effective affinity tags for immobilizing the target enzyme on the surface of the solid substrates,
resulting in improved hydrolysis of polymer substrates [27]. The enzyme’s activity can be further
improved by increasing its thermostability. Tournier et al. generated all possible 209 LCC variants
through site-specific saturation mutagenesis [22]. Of those LCC mutant candidates, two variants,
namely ICCG (F2431/D238C/S283C/Y127G) and WCCG (F243W/D238C/S283C/Y127G),
demonstrated increased deactivation temperatures (thermal tolerance) and significantly increased
PET depolymerization [22].

In this study, major PET hydrolases including PETase, MHETase, and LCC'““C were
investigated for the degradation of various PET materials, including extruded post-consumer waste
PET flakes, PET powder, and amorphous PET films having different physical properties. The E.
coli BL21(DE23) strain was employed for the overexpression of desired enzymes, and a fed-batch
fermentation process was developed and optimized to achieve high-yield enzyme productions (>
1 g/L). To further improve LCC““%’s efficiency, new variants of LCC!““C were generated to
improve the secretion of the produced enzyme in fermentation and to enhance the binding

efficiency of LCC!““C on PET surfaces. Finally, the top two LCC““S variants (LCC and PelB-
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LCC) were used to degrade recycled PET in a scaled-up reactor with a high working capacity (200
g PET/L).

Materials and Methods

Strains, Growth, and Culture Conditions

Escherichia coli NEB5a was used as the host strain for plasmid construction and propagation.
E. coli BL21(DE3) was used as the host for protein expression under a T7 promoter. The plasmids
used in this study are listed in Table 1. All recombinant plasmids were originally derived from
low copy number pET-based expression vectors including pET21b(+), pET26b(+), and pET28a(+).
The genes of interests inserted into plasmids were under the control of the T7 RNA polymerase

promoter.

TABLE 1. Plasmids used in this study.

PLASMID DESCRIPTION REFERENCE

Kan®, pET26b(+) derivative that contained a codon-optimized leaf branch
pLCC compost cutinase (LCC'°“) variant (F2431/D238C/S283C/Y127G, ICCG) under the [22]
control of T7 promoter.

Kan®, pET26b(+) derivative that a codon-optimized PelB-LCC fused gene which
was constructed by fusion of a signal peptide (PelB) of Pectate lyase B (Met1-

PelB-LCC This work
pre Ala22) from Pectobacterium carotovorum to a LCC'®®® under the control of T7 15 wor
promoter.
Kan®, pET26b(+) derivative that contained a codon-optimized LCC-PBM fused
gene which was constructed by fusion of a linker region from Pro263-Pro287 of
pLCC-PBM 1,4-beta-cellobiohydrolase | from Trichoderma reesei and a This work

polyhydroxyalkanoate binding module (Ala428-Pro488) (PBM) of the
polyhydroxybutyrate depolymerase from Alcaligenes faecalis (GenBank
AAA21974.1) to an LCC'“® under the control of T7 promoter.

Kan®, pET26b(+) derivative that contained a codon-optimized PelB-LCC-PBM
pPelB-LCC-PBM fused gene which was constructed by fusion of a PelB to an LCC-PBM under the  This work
control of T7 promoter.

AmpR, pET21b(+) derivative that contained a codon-optimized IsPETase
pPETase (W159H/S238F) from Ideonella sakaiensis 201-F6 under the control of T7 [28]
promoter.

Kan®, pET28a(+) derivative that contained a codon-optimized MHETase gene

from Ideonella sakaiensis 201-F6 under the control of the T7 promoter. This work

pMHETase
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*All plasmids were constructed with the addition of a short tract of the poly-histidine tag to the N-terminus or C-
terminus to facilitate the enzyme purification

The plasmid constructs were transformed into E. coli strains NEB5a and BL21(DE3)
competent cells (New England Biolabs, Ipswich, MA) by the heat shock method. Media and
growth conditions for E. coli have been previously described by Sambrook and Russell [29]. E.
coli strains were grown at 30 °C, pH 7.0 with constant agitation speed for shaking at 250 rpm in
Luria—Bertani Broth supplemented with 100 ug/mL ampicillin or 50 pg/mL kanamycin. The LB
medium contained 10 g/L NaCl (BP 358-212, Fisher Bioreagents), 10 g/L Bacto™ Tryptone
(211705), and 5 g/L ultra-pure yeast extract (J850-500G, VWR chemicals).

Plasmid Construction

General molecular biology methods. Restriction enzymes and DNA polymerases were
procured from New England Biolabs. Polymerase chain reaction (PCR) amplifications were
conducted with Q5 High-Fidelity DNA Polymerase or Tag DNA polymerase at recommended
conditions. PCR products and DNA fragments were purified using Monarch® PCR & DNA
Cleanup Kit (New England Biolabs). Electrophoresis analysis of the resultant PCR amplicons was
carried out in a 1-2% agarose gel. Gel extraction was performed using the QIAquick Gel
Extraction kit (Qiagen). Plasmids containing the desired genes were constructed using NEBuilder

HiFi DNA assembly cloning kit (New England Biolabs).
Shake-flask Cultivations of E. coli Strains

LCC!CY [16], PelB-LCC (fused signal peptide of Pectate lyase B (Met1-Ala22) (PelB) to
LCCI€CY), LCC-PBM (fused polyhydroxyalkanoate binding module (Ala428-Pro488) (PBM) to
LCC!CY), PelB-LCC-PBM (fused PelB to an LCC-PBM), PETase (IsPETase W159H/S238F),
and MHETase were expressed in E. coli BL21(DE3) with the corresponding plasmids shown in
Figure S4 and Table 1. The E. coli cells were grown in ZYM-5052 auto-induction medium, which
contained 1% tryptone (gibco Bacto™ Tryptone, Cat. No. 211705), 0.5% yeast extract, 25 mM
NaxHPO4, 25 mM KH>PO4, 50 mM NH4Cl, 5 mM NaxSO4, 2 mM MgSOy4, 0.2X trace elements,
0.5% glycerol, 0.05% glucose, and 0.2% a-lactose. The final pH of the medium was adjusted to
7.0 using 1M NaOH. A single transformed colony was selected from an LB plate with an

appropriate antibiotic for selection and used to inoculate a starter culture in an LB medium. The
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starter culture was grown overnight at 30 °C with agitation speed of 250 rpm and was freshly used
at a dilution of 1:50 to inoculate expression cultures in the ZYM-5052 auto-induction medium.
The expression cultures were grown at 25 °C, 250 rpm for 24 h to achieve maximum enzyme
production. Samples were taken sterilely after 0, 3, 6, 12, and 24 h and analyzed for ODggo. From
ODsoo dry cell weight (DCW, g/L) was calculated by an established correlation (DCW = 0.47

x ODesoo). All flask culture experiments were performed in duplicate.

1-L Fed-batch Fermentation of E. coli Strains

For seed preparation, E. coli strains were cultivated on LB agar plates with antibiotics at 30
°C overnight and one single colony was inoculated to 30 mL LB medium in a 250-mL shake flask
to start the first-stage seed culture. When the ODsoo reached 3-4, 1 mL of the first-stage seed culture
was transferred to a 250-mL flask containing 35 mL fresh seed culture medium to grow for another
6 hours until an ODgoo of 1.5-2.5 was reached. All shake flask cultures were carried out at 30 °C,
250 rpm in a New Brunswick G25 Shaker Incubator. The second-stage seed culture was used to
inoculate the 1-liter fed-batch fermentor (Biostat B-DCU, Sartorius, Germany) at 5% (v/v). The
exponentially growing cells from the second-stage flask seed culture were transferred into the
bioreactor to initiate the fermentation (t = 0 h). The initial fermentation medium (0.7 liters)
contained 20 g/L yeast extract, 1.7 g/L citric acid, 14 g/L KH,POs4, 4 g/l (NH4)HPOy4, 0.6 g/L
MgSOs4, 0.5 g/L NaCl, 11 mg/L CaCly, 15 g/L glucose, 1X trace metals I, ImL/L kanamycin, and
1 mL/L antifoam 204 (Sigma, United States of America). The trace metals I (100X) stock solution
contained 840 mg/LL EDTA, 220 mg/L CuSO4-5H>0, 1500 mg/L MnCl>-4H>0, 250 mg/L
CoCly'6H20, 300 mg/L H3BOs3, 4 g/ CsHsFeNO7, 250 mg/L NaxMoO4-H>0, and 1,300 mg/L
Zn(CH3COO),. The dissolved oxygen level of the fermentation experiments was set at > 5% of air
saturation by cascade controls of agitation speed between 600 and 1200 rpm, gas flow rate between
0.3 - 0.6 vvm, and pure oxygen enrichment (0-50 %). A two-stage temperature control profile was
implemented (30 °C for the growth phase during 0-12 h and 25 °C for enzyme production in the
remainder of the run) and the pH value was maintained at 7.0 throughout the run by feeding 5M
ammonium hydroxide solution. Glucose feeding started as initial glucose was depleted (t = 10-11
h). The glucose feed solution contained 600 g/L glucose, IM MgSQOs, and 1X trace metals II. The
trace metals II (100X) stock solution contained 1,300 mg/L EDTA, 370 mg/L CuSO4-5H20, 2,350
mg/L MnCl2-4H>0, 400 mg/L CoCl2'6H20, 500 mg/L H3BOs, 4 g/ C¢HsFeNO7, 400 mg/L
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NaxMo0O4-H>0, and 1,600 mg/L Zn(CH3COO),. Residual glucose concentrations were maintained
at limited levels (< 0.1 g/L) during the fed-batch fermentation by using the pre-set feeding profile.
Enzyme expression was induced by adding three shots of Isopropyl B-D-1-thiogalactopyranoside
(IPTG), i.e., 3 mL, 2.5 mL, and 2.5 mL of IPTG (0.1 M in stock solution) at 11 h, 14 h, and 17 h,
respectively, to achieve a total IPTG concentration of 1 mM in the culture medium. For DCW
analysis, 5 mL of cultivation broth was washed and centrifuged (4,500 g for 10 min at 4 °C), and
then filled into a pre-dried and pre-weighed aluminum weighing dish before drying at 60 °C for
72 h. The E. coli fermentation broth was collected and centrifuged (4,500 g for 30 min at 4 °C).
Both pellets and supernatants were frozen separately at -20 °C for subsequent product extraction
and quantification. For crude enzyme preparation, the E. coli cells were disrupted by several
freeze/thaw cycles at -80 °C and the cultivation broth was centrifuged (4,500 x g for 30 min at 4

°C). The supernatant containing crude enzymes was harvested.

Enzyme Extraction and Quantification

Polyhistidine-tagged expressed proteins were collected and purified using the MagneHis™
protein purification system (Promega). The size and molecular weight (kDa) of enzymes were
estimated via protein migration in SDS-polyacrylamide gel using XCell SureLock™
electrophoresis tank and the enzyme concentrations were quantified using the Pierce™ Gold BCA

protein assay kit to determine the mass concentration (g/L) of enzyme/protein produced.
Poly(ethylene terephthalate) (PET) Substrates

Post-consumer recycled waste PET flakes (RPET), PET powder (PPET, Goodfellow), and
amorphous PET film (AmPET, Goodfellow) were used as substrates for the enzymatic degradation
of PET in this study. The Extruded RPET (ExPET) was obtained by extrusion of RPET using twin
screw extrusion at 200 rpm with a throughput of 9 g/min (15 mm diameter screws 60:1 L:D,
Technovel Japan) [30]. The types of poly(ethylene terephthalate) (PET) materials used in this
study and their properties are listed in Table 2. Glass transition temperature (Tg), melting
temperature (Tm), and crystallinity (%) values were acquired using Differential Scanning
Calorimetry (DSC) analysis. Number average and weight average molecular weight (i.e., Mn and
Mw, respectively) for PET substrates was determined using Gel Permeation Chromatography

(GPC). Detailed protocols for DSC and GPC analysis are provided in the Supplementary
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Information. However, intrinsic viscosity (IV) measurements were carried out using Ubbelohde
Viscometer by adding o-chlorophenol as a solvent. Billmeyer’s relationship, as described in

Supplementary Information, was used to determine IV values for PET substrates.

TABLE 2. Types of poly(ethylene terephthalate) (PET) used in this study.

(Z-é) (ZE) Crystallinity IV " Mw — pp)

Abbreviation Description Manufacturer (kba)  (kDa)

Recycled PET bottle Post-consumer
RPET flakes acquired after 81.8 244.5 30.5% 0.75 35.9 68.7 1.91
; . from UltrePET
washing/shredding

PET powder,
PPET copolymer with 1ppm  Goodfellow 74.2 2441 > 40% 0.8 27.3 52.0 1.91
Acetaldehyde, 300 um

EXPET Extruded RPET Post-consumer 67.9 251.9 7% 038 17.6 443 251
from UltrePET

Amorphous PET film,

Goodfellow 69.7 250.2 2-5% 0.75 - - 1.58
0.25mm

AmPET

The RPET flake used in this study was obtained from UltrePET, LLC. (Albany, New Y ork),
which has a number average molecular weight (M,) of 24,500 g/mol, a melting point (7)) of
244.5 °C, a glass transition temperature (7) of 81.8 °C, and a 30.5% crystallinity. An ultra-high
twin screw extruder (Technovel Corporation Osaka, Japan) was used for the reactive processing
of RPET flakes. A mechanical grinder (Wiley Mill grinder) was used to mill the extruded samples
into small particles, which were then sieved using a Rotap sieve shaker for further analysis and
degradation studies. The PET materials were ground into particles with Mesh-40 and -60 sizes,
which correspond to maximum particle sizes of 0.4 mm and 0.25 mm, respectively. The intrinsic
viscosity (IV) and M, of the extruded samples were calculated using o-Chlorophenol (Sigma-
Aldrich). The experimental protocols for reactive extrusion setup and RPET particle preparation

are included in the supplementary information.

PET Depolymerization in 15-mL tube reaction

Using PPET or RPET as Substrate: The enzymatic reactions were carried out in 15 mL

glass tubes, with each containing 5 mg PPET or RPET (40 mesh or 60 mesh size) and 1 mL of

10
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protein-specific buffer, i.e., 100 mM potassium phosphate buffer (pH 8.0) for LCC'““C variants
and 50 mM glycine-sodium hydroxide (pH 9.0) for IsPETase (W159H/S238F) and MHETase. The
depolymerization was initiated by adding the purified enzyme (LCC“C variant, IsPETase, or
IsPETase + IsMHETase) to a final concentration of 0.1 pM. The tube reactions were conducted
without pH control at 40 °C for PETase and PETase + MHETase and 65 °C for LCC with an
agitation of 250 rpm in a water-bath shaker for 48 h. Samples were harvested at multiple time
points and analyzed by thin-layer chromatography (TLC) or high-performance liquid
chromatography (HPLC) to determine PET depolymerization kinetics. Samples taken for HPLC
and TLC analysis were quickly quenched using equal volume of methanol for immediate
termination of the depolymerization reaction. PET degradation was observed at 40X magnification
under a light microscope. Assays were performed in duplicates and evaluated accordingly.

Using AmMPET or ExPET as Substrate: The enzymatic reactions were carried out in 15
mL glass tubes, with each containing either 10 mg AmPET + 2 mL potassium phosphate buffer
(100 mM, pH 8.0) or 2.5 mg EXxPET + 1 mL potassium phosphate buffer (100 mM, pH 8.0). The

C'CCG variant to a final concentration of

depolymerization was initiated by adding the purified LC
0.1 uM. The tube reactions were conducted without pH control at 65 °C with an agitation of 250
rpm in a water-bath shaker for 10 days. Samples were harvested at multiple time points and
quenched using an equal volume of methanol to immediately terminate the reaction. Harvested
and quenched samples were then analyzed by HPLC to determine PET depolymerization kinetics.
PET degradation was observed at 40X magnification under a light microscope. Assays were

performed in duplicates and evaluated accordingly.
PET Depolymerization in 1-L reactor

The enzymatic degradation of PET was scaled-up in a 1-L bioreactor (BIOSTAT® B-DCU,
Sartorius, Germany). Prior to the 1-L reactor experiments, the recycled PET (RPET) rods with a
crystallinity within 10-12% and diameters of 1-2 mm were ground into pellets with particle sizes
<2 mm. The reaction medium (0.5 L) contained 200 g/LL RPET pellets in the 100 mM potassium
phosphate buffer (pH 8.0). The pH meter was calibrated using standard pH 4.0 and pH 7.0 buffers.

The reaction was initiated by adding the purified LCC“C¢

or PelB-LCC enzyme to the reaction
medium to a final concentration of 2 uM which corresponds to ratios of 0.29 mg LCC/g PET or
0.31 mg PelB-LCC/g PET, respectively. The reactor’s temperature was controlled at 65 °C and

the pH value was maintained at 8.0 by cascade control with the addition of KOH (10 M). The

11
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agitation speed was maintained at 200 rpm throughout the experiment using a single six-blade,
Rushton-type impeller to provide efficient mixing in the reactor.

Samples of 5 mL were collected every 2-12 h from the reaction at different time points using
the sterile syringe for further HPLC analysis. An equal volume (5 mL) of tetrahydrofuran (THF)
was immediately added to each sample right after collection, to quickly quench the reaction. These
samples were then diluted using 100 mM potassium phosphate buffer (pH 8.0) to determine the
amount of TPA and BHET produced from the degradation of PET pellets using HPLC.

Analytical Methods for TPA, MHET, BHET Detection and Quantification

Thin-Layer Chromatography (TLC): TLC, as a qualitative technique, was used to
separate TPA from untreated and degraded PET samples and performed directly on the spots of
TLC aluminum sheets (silica gel 60 F2s4) (Millipore-Sigma). The same samples analyzed by TLC
were also analyzed by HPLC. The solvent for TPA detection and separation on the TLC plate was
prepared by mixing methanol: deionized water: 7.6% hydrochloric acid (by dissolving 37% HCl
in methanol) in the ratio of 18: 2: 0.15 (v/v/v), respectively. After developing the TLC plate, the
TPA spots were detected using a 254 nm UV lamp.

High-Performance Liquid Chromatography (HPLC): The concentrations of TPA,
MHET, and BHET in samples were quantified by HPLC to determine the extent of PET
depolymerization. When required, samples were diluted in 100 mM potassium phosphate buffer
at a pH of 8.0. Then, 500 pL of methanol was added to 500 puL of sample dilution. After
homogenization and filtering through a 0.25 um syringe filter, samples were injected into Agilent
1100 Series HPLC system (Agilent Technologies, Palo Alto, CA) equipped with a pump module,
an autosampler, a column oven, and a UV absorbance detector.

The separation of the sample mixtures was achieved using a Luna® C18(2) LC column (150
x 4.6 mm, 5 um) (Phenomenex, Torrance, CA). The mobile phase consisted of deionized water
with 20 mM H>SO4 (A), and methanol (B), which were eluded using the following gradient: 80%
A and 20% B to 35% A and 65% B in 15 min, back to 80% A and 20% B in 5 min, and held at the
composition for another 5 min. The flow rate was adjusted to 0.6 mL/min. The temperature was
held constant at 40 °C. The injection volume was 1.5 pL. The chromatograms were acquired at
240 nm. The TPA, MHET, and BHET peak areas were calibrated using solutions prepared by
commercial TPA (Acros Organics, Geel, Belgium) and BHET (TCI, Tokyo, Japan) and MHET

12
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synthesized in-house. Typical HPLC chromatograms and the retention times for standard TPA,
MHET, BHET and real reaction samples are shown in Figure S1 in Supplementary Information.
Sample quantification assays were performed in triplicates and evaluated accordingly.

These HPLC results were then utilized to determine the percentage degradation efficiency
of PET into TPA, MHET, and BHET by using the Equation (1), which considers the
depolymerization of PET into its all three possible monomer products (TPA, BHET, or MHET).
Since the repeating unit of PET has a molecular weight of 192 g/mol and the molecular weights of
the monomers TPA, MHET, BHET are 166 g/mol, 209 g/mol, and 254 g/mol, respectively, the

overall PET degradation efficiency can be calculated as:

192 192 192

Total PET loaded (g)

Degradation Ef ficiency (%) = %X 100% (1)

Results
Expression of PETase, MHETase, and LCC'CCS variants in E. coli BL21(DE3)

The E. coli BL21(DE3) with a T7 RNA polymerase-based expression system was used to
overexpress the re-engineered PETase (IsPETase W159H/S238F) and MHETase with enhanced
efficiency [28]. After that, the expression system was further used to express the LCCIC“C [22]
and its variants to degrade PET more efficiently than PETase and MHETase. To promote the
production of LCC in the culture medium, the secretion of recombinant proteins in the periplasmic
space or extracellular environment offers a potential advantage [31]. Thus, an N-terminal PelB
signal peptide, leader sequence of pectate lyase B (Metl-Ala22) from Pectobacterium
carotovorum, was attached to the LCC to direct the protein to the outer membrane through the
Sec-dependent pathway. Recombinant proteins were produced as LCC without the signal peptide
or with the N-terminal PelB (PelB-LCC). Since binding the enzyme to the surface of PET may
help initiate the degradation process, the substrate-binding modules (polymer-binding domain,
PBM) of a polyhydroxyalkanoate depolymerase from Alcaligenes faecalis, together with the linker
(2.3 kDa) from a cellobiohydrolase from Trichoderma reesei, [32,33] was fused to the C-terminus
of LCC to improve enzyme adsorption to the PET substrate. Therefore, four LCC'“CC constructions
(namely LCC, PelB-LCC, LCC-PBM, and PelB-LCC-PBM) were generated and compared for
PET degradation. Plasmids containing the genes encoding PETase, MHETase, LCC, PelB-LCC,
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LCC-PBM, and PelB-LCC-PBM were constructed separately with the addition of a short tract of
the poly-histidine tag to the N-terminus or C-terminus to facilitate the enzyme purification. The E.
coli BL21(DE3) cells harboring corresponding plasmids were grown in shake flasks for producing
the target enzymes, which were purified through an immobilized metal affinity chromatography
(IMAC) and verified by SDS-PAGE.

As shown in the non-reducing SDS-PAGE gel pictures in Figures 1(e), 2, and S2, the E.
coli cells successfully produced all the target enzymes (LCC: 29 kDa; PelB-LCC: 31 kDa; LCC-
PBM: 37 kDa; PelB-LCC-PBM: 40 kDa; PETase: 36 kDa; MHETase: 52 kDa) in the shake flask
cultures. In addition, it appeared that some of the produced PETase and MHETase were leaked
into the culture medium after the IPTG induction for 20 h, suggesting that some cell lysis might

have taken place due to the possible toxicity of PETase or MHETase to the E. coli cells.

High-Yield Production of PETase and LCC'CCC Variants in Fed-Batch Bioreactor

Based on the recent techno-economic analysis by the National Renewable Energy
Laboratory (NREL) [34], a significant portion of the cost of the recycled TPA from the enzymatic
PET hydrolysis process is due to the enzyme cost. The results suggested that increasing the enzyme
loading from 1 to 10 mg/g PET may lead to an 11% higher total cost [34]. Therefore, reducing the
enzyme production cost is important to a commercially viable PET enzymatic hydrolysis process.
In addition to the earlier effort of using PelB signal peptide to help secrete the produced target
protein, we further optimized the fed-batch fermentation conditions, including the temperature
profile, glucose feeding strategy, and IPTG induction for protein expression, to achieve the highest
production of PETase, MHETase, and four LCC'““C variants (LCC, PelB-LCC, LCC-PBM, and
PelB-LCC-PBM) with the E. coli BL21(DE3) expression systems, as described in the fed-batch
fermentation protocols. All enzyme expressions were induced by adding three shots of IPTG

during 11~17 h for a total of 0.1 M in the fermentation medium.
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FIGURE 1. Production of LCC“S enzymes (LCC, PelB-LCC, LCC-PBM, PelB-LCC-PBM) from
fermentation of E. coli BL21(DE3) under 1-L fed-batch bioreactor conditions. (a) - (d) Time courses of
intracellular and extracellular total protein and purified LCC, PelB-LCC, LCC-PBM, and PelB-LCC-PBM,

respectively. (e) Non-reducing SDS-Page gel results of the samples of whole cell lysate, supernatant, and

purified LCC'“S enzymes from both cell pellets (intracellular LCC'““) and supernatant (extracellular

LCC'“CY), The E. coli BL21(DE3) was transformed with the plasmid pLCC, pPelB-LCC, pLCC-PBM, or

pPelB-LCC-PBM, respectively, for the production of corresponding LCC'““C variants. Enzyme expression

was induced by adding three shots of IPTG during 11~17 h for a total of 0.1 M in the fermentation medium.
Note: The non-reducing SDS-PAGE results of LCC and PelB-LCC may give higher molecular weights

than expected because their 3D structures retain disulfide bond.
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The produced enzymes PETase (IsPETase W159H/S238F), MHETase, and four LCC!¢¢
variants (LCC, PelB-LCC, LCC-PBM, and PelB-LCC-PBM) were purified. The concentrations of
total proteins and purified enzymes were quantified by using Pierce™ Gold BCA protein assay Kkit,
as described in the protocols. These purified enzymes were further tested and compared for their
PET depolymerization activities with various PET materials to identify the best enzyme. Figure 1

C'CCG yariants under

shows the production of the total protein and the target enzyme for all four LC
the optimized fed-batch fermentation conditions. For all four strains, the total protein production
reached the peak values (7-12 g/L) at around 18 h, which was about 6 hours after the first IPTG
induction. After that, the total protein production started to decline. It appeared that the PelB signal
peptide for LCC secretion helped increase total protein production. The strain expressing PelB-
LCC-PBM produced the highest total protein (12 g/L), followed by the strain expressing PelB-
LCC (9.5 g/L). Among all the total protein produced, about 10-15% was the target LCC enzyme.
PelB-LCC was produced at the highest concentration (1.2 g/L or 38 uM), followed by PelB-LCC-
PBM (1.1 g/L or 28 uM), LCC (0.8 g/L or 28 uM), and LCC-PBM (0.6 g/L or 16 uM), respectively.
Unlike the total protein productions, which had a peak concentration at approximately 18 h, all
LCC concentrations continued to increase until the end of the run. The PelB secretion peptide
indeed helped the E. coli strains secrete more extracellular LCC enzymes, which contributed to
about 30% of the total PelB-LCC and PelB-LCC-PBM produced (Figure 1 b and d). However,
for LCC and LCC-PBM about 10-15% was also produced extracellularly (Figure 1 a and c). A
similar study has been conducted to improve the secretion efficiency of PETase by E. coli BL21
using PelB signal peptide [31]. However, the secretion efficiency and PET degradation capability
reported in that study were not as high as observed by our E. coli strains that secreted more
extracellular LCC enzyme with a contribution to about 30% of the total targeted LCC enzyme for
significantly improved PET degradation capabilities. Probably due to cell lysis, as indicated by the
cell density decline in Figure S3 (a), some proteins were released from the cells for strains without
expressing the PelB signal peptide. The produced LCC enzymes were confirmed with the non-
reducing SDS-PAGE gel analysis (Figure 1 e).

The total protein and PETase production for strain E. coli BL21(DE3)/pPETase under the 1-
L fed-batch fermentation conditions was shown in Figure 2. The total protein production reached
the maximum value (5 g/L) at 16.5 h, and the PETase concentration continuously increased to 0.4

g/L at around 24 h and remained constant until the end of the run. As indicated by the extracellular
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portion in Figure 2 (a) and (b), up to 30% of the total protein or PETase was released into the
medium in the late stage of the fermentation due to cell lysis. It seems that PETase is more toxic
to the E. coli cells as compared to LCC'““C variants (LCC, PelB-LCC, LCC-PBM, and PelB-LCC-
PBM), thus the cell density (Figure S3 b), total protein, and target enzyme production were all
lower than those achieved in the experiments with the E. coli strains expressing LCC enzymes
(Figure 1). The lower cell density as shown in Figure S3 (b) clearly supports the claim of the
increased toxicity from PETase. The produced PETase was also confirmed by SDS-PAGE for the
samples of whole-cell lysate and purified PETase (Figure 2 c).

(a) Total Protein (g/L) (©) SDA-Page Gel for Cell Lysate and Purified PETase
5 MIntracellular = Whole Cell Lysate Purified Intracellular PETase
Extracellular %
4 - F el Shr 12hr 15hr 18hr 21hr 24hr 36hr 9hr 12hr 15hr 18hr 21hr 24hr 36hr
3 -
kDa kDa
2 — ! ' 3 —
. . - -
° - -
70 70
9 105 135 165 21 24 36
Culture Time (hr) 55 55
(b) PETase (g/L) 40 == 40 ==
0.5 ®Intracellular PETase 35 - 35 - - O ...
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0.4 25 - 25 -
I
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0.2 — -
0.1
0 T o — Ead
9 12 15 18 21 24 36
Culture Time (hr) From fermentation of E. coli BL21(DE3)/pPETase MW of PETase: ~36.5kDa

FIGURE 2. Production of PETase from the fermentation of E. coli BL21(DE3) under 1-L fed-batch
bioreactor conditions. (a) Total intracellular and extracellular protein produced by E. coli
BL21(DE3)/pPETase; (b) Intracellular and extracellular PETase produced by E. coli BL21(DE3)/pPETase;
(¢) The non-reducing SDS-Page gel results of the samples of whole cell lysate and purified intracellular

PETase enzymes from both cell pellets (intracellular PETase) and supernatant (extracellular PETase).

Comparison between LCC, PelB-LCC, LCC-PBM, and PelB-LCC-PBM

To increase the binding efficiency of the PET hydrolase to the PET substrate surface, a
PBM (6.3 kDa) was designed to attach to the LCC'“C by a linker sequence (2.3 kDa). The
cutinases fused to the binding module were compared to the original LCC““C enzymes in terms
of affinity towards the hydrophobic substrates, PET substrate from post-consumer bottle scraps,

and commercial PET powders. Binding efficiency of enzyme with PET substrate was estimated in
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accordance with the difference between the final and initial concentration of free enzyme in the
buffer solution, along with PET substrate, after certain reaction time. In both cases, the adsorption
of PBM-containing enzymes, i.e., LCC-PBM and PelB-LCC-PBM, almost doubled the binding
efficiency on PET films and PET powders as compared to the cutinases without binding domains

(LCC and PelB-LCC) (Figure 3 a).

(a) LCC binding efficiency (%) on PET powder and film (b) TPA released from enzymatic PET degradation
(0.03 pM LCC enzyme and 6 g/L PPET) (0.03 uM LCC enzyme and 2 g/L PPET)

Lcc

PelB-LCC

LCC-PBM

TPA (mg/mL)

—&—LCC -@—PelB-LCC

PelB-LCC-PBM —-LCC-PBM —o—PelB-LCC-PBM
0% 10% 20% 30% 40% 50% 0 6 12 18 24 30 36 42 48
PET Film m PET Powder Time (hr)

FIGURE 3. Comparison between the four LCC'“C variants (LCC, PelB-LCC, LCC-PBM, and PelB-LCC-
PBM) for PET degradation and enzyme binding efficiency (%) on PET. (a) Binding/adsorption efficiency
(%) of four LCC'“C variants on PET powder (Goodfellow) and film; enzyme and substrate loading: 0.03
mg enzyme /g PET; error bar: triplicate reaction. (b) TPA is produced from the degradation of PET powder
(Goodfellow) with four different LCC'““S variants. The experiments used 0.03 uM LCC enzyme and 2 g/L
PPET; buffer loading: 100 mM potassium phosphate buffer (pH 8.0); reaction temperature: 65 °C.

The use of PBM links containing the hydrophobic nature contributed to increased binding
efficiency on the surface of PET. This relevance of enzyme adsorption for efficient hydrolysis of
polymers by fusing PBM with the native enzyme has also been reported in literature [33]. However,
The PET degradation efficiencies were PelB-LCC > LCC and PelB-LCC-PBM > LCC-PBM based
on the TPA released from the reaction (Figure 3 b). It appeared that the improved binding on the
PET surface with PBM failed to improve the PET degradation. Interestingly, the PelB signal
peptide for protein secretion significantly improved the PET degradation as PelB-LCC > LCC and
PelB-LCC-PBM > LCC-PBM, as seen in Figure 3 (b). In addition, the PelB peptide slightly
improved the binding efficiency of the enzyme on PET surface (Figure 3 a). It is still unclear

whether binding the enzyme to the PET surface is critical to the enzymatic degradation process.
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Identify the Best PET Hydrolase for Biodegradation of PET

Various PET materials were further tested to identify the best enzyme from the candidate
group of LCC, PelB-LCC, LCC-PBM, PelB-LCC-PBM, PETase, and PETase + MHETase.
Commercial PET powders (PPET, Goodfellow) with particle sizes < 0.3mm and crystallinities >
40%, mesh-40 recycled PET (RPET) particles with sizes < 0.4 mm and crystallinities of 28.2%,
mesh-60 RPET particles with sizes < 0.25 mm and crystallinities of 30.5% were used as the
feedstocks (Figure 4 a). TPA generated from the PET degradation experiments within 48 h was
rapidly confirmed by TLC (Figure 4 b and ¢). Then the produced TPA using four LCC'“C variants,
PETase, PETase + MHETase was further analyzed by HPLC and the degradation efficiencies are
shown in Figure 4 d and e.

(a) PPET RPET_60 mesh RPET_40 mesh (d) B LCC mPelB-LCC ®LCC-PBM M PelB-LCC-PBM
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FIGURE 4. Catalytic activities of LCC'““C variants on PET powder (PPET) or recycled PET (RPET) flakes.
(a) PPET, RPET 60 mesh, and RPET 40 mesh particles observed under a microscope; (b) Degradation of
PPET, RPET 60 mesh and RPET 40 mesh particles with LCC'““C variants; (¢) Degradation of PPET,
RPET 60 mesh and RPET 40 mesh particles with PETase and MHETase; (d) PET degradation efficiency
(%) for LCC'“C variants based on produced TPA; (e) PET degradation efficiency (%) for PETase and
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PETase + MHETase based on the produced TPA. The TPA released from PET was analyzed by TLC for
(b) and (c¢) and further quantified with HPLC for (d) and (e). Enzyme loading: 0.1 uM; substrate loading: 5

mg/mL; buffer: 100 mM potassium phosphate buffer (pH 8.0); reaction temperature: 65 °C.

As shown in Figure 4 b and d, The RPET samples with 60 mesh sizes (< 0.45 mm) had
higher degradation rates than the samples with 40 mesh sizes (< 0.7 mm) for all the enzymes
investigated. Several studies have been reported suggesting the higher initial enzymatic
depolymerization rate for substrate with higher surface area and smaller particle size as compared
to substrates with lower surface area [35, 36]. It was observed that the smaller particles of PET
had higher specific surface area, which was more beneficial for the enzymatic degradation process.
TPA production from PPET (< 0.30 mm), however, was comparable to that from RPET 40 mesh
(£ 0.45 mm). The higher crystallinity in PPET increased the difficulty in enzymatic degradation,
though PPET has the smallest particle size [37]. Among all four LCC'““C variants/constructions,
PelB-LCC led to the highest TPA production, followed by LCC, PelB-LCC-PBM, and LCC-PBM.
The results were consistent with our early investigation, as seen in Figure 3 (b), i.e., the PelB
peptide improved PET degradation as well as protein secretion. Although the adsorption to PET
by the LCC-PBM and PelB-LCC-PBM fusion enzymes was significantly enhanced as compared
with LCC and PelB-LCC, their catalytic activities on PET substrates were not as competitive
(Figure 3 b, Figure 4 d).

The PETase and the PETase + MHETase produced from E. coli BL21(DE3) were also tested

C'CCG yariants was

for PET degradation. Overall, the performance of PET hydrolysis using any LC
much higher than that using PETase and MHETase from /. sakaiensis 201-F6 (Figure 4 d and e).
About 12% degradation by PETase was obtained from the provided PPET after 48 hours. PETase
has an optimal operating temperature of around 40°C, which is relatively low compared to the
glass transition temperature (Tg) of PET, which is around 70 °C [38]. However, all LCC'cC¢
variants showed the highest activities at 65°C, which is close to PET’s glass transition temperature
Tg. It appeared that the lower thermotolerance of PETase and its optimum working temperature
(40 °C) far lower than T, may have limited the enzyme’s degradation activity. Further engineering
of PETase for higher thermotolerance (65 °C or higher) may be helpful to significantly improve
its degradation capability at a large scale [23, 39]. In addition, the substrates treated with PETase

and MHETase cocktail exhibited lower levels of TPA production than those only treated with
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PETase (Figure 4 e). These results were different from what was reported earlier [10, 28]. The
MHETase produced from the E. coli system may need to be further optimized and purified for

future studies.
Degradation of Low-crystallinity PET with PelB-LCC in 15-mL tube reaction

As demonstrated earlier (Figure 3 b and Figure 4 d), PelB-LCC was the most efficient

C'CCG constructs. It was further used

enzyme for PET degradation among all four investigated LC
to examine its catalytic activities for two lower-crystallinity PET materials: circular amorphous
PET films (crystallinity 2-5%, diameter ~12 mm, thickness ~0.5 mm) and extruded amorphous PET
strands (crystallinity ~7%, length ~5 mm, diameter ~0.25 mm). The results showed that EXPET strands
were completely degraded after being treated with PelB-LCC for 72 hours while the AmPET films
were nearly completely degraded (Figure 5 a and b). For the circular AmPET films, the edges
remained undegraded after the enzymatic hydrolysis for 120 hours. The edges of the films, created
via mechanical forces, looked opaque and may have higher crystallinity, which may have caused
the slow degradation (Figure 5 a). The EXPET strands, however, had very minimal rough edges,
and thus showed almost complete degradation after 72 hours (Figure 5 b). The results were further
confirmed by direct weight loss measurements (Figure 5 ¢) and the calculated degradation
efficiency based on the TPA yields determined by the HPLC (Figure 5 d). In addition, the AmPET
films treated with purified PelB-LCC showed a slower degradation efficiency in the beginning as
compared to the EXPET strands. The primary reason was that the AmPET films have much smaller
specific surface areas than the EXPET strands. The degradation rate of the AmPET films eventually
caught up after three days, probably because enzymatic degradation in the early stages created
more holes and uneven surfaces, which helped open more surfaces available for accelerating the
degradation process. This was verified by the observations of the reacting PET samples under the
microscope, where prominent pitting was observed on the surfaces of both AmPET films and

ExPET strands (Figure S5).
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FIGURE 5. Biodegradation of AmPET films (crystallinity 2-5%, circular film with a diameter ~12 mm
and a thickness ~0.5 mm) and EXPET strands (crystallinity ~7%, short string with a length ~5 mm and a
diameter ~0.25 mm) with PelB-LCC. (a) Pictures for AmPET film sample during the biodegradation
process; (b) Pictures for EXPET strand sample during the biodegradation process; (¢) Weight loss (%)
during the biodegradation process; (d) Mass loss (%) determined by the produced TPA concentrations
(analyzed by HPLC) (i.e., the calculated degradation efficiency % based on the TPA, MHET, and BHET
produced). Enzyme loading: 0.1 uM purified PeIlB-LCC; substrate loading: 5 mg/mL AmPET or 2.5 mg/mL;
buffer loading: 100 mM potassium phosphate buffer (pH 8.0); reaction temperature: 65 °C.

Scale-up of the degradation of recycled PET in 1-L reactor

To scale up the developed enzymatic PET degradation process, the enzymatic reaction was
further carried out in a 1-L bioreactor system with temperature, pH value, and agitation speed
controlled at 65 °C, pH 8.0, and 200 rpm, respectively. Recycled PET (RPET) materials in rod
(with a crystallinity of ~12%) were extruded into pellets (as described by the protocols provided
in Supplementary Information), with most of them having sizes within 1-2 mm (Figure 6 a) and
loaded to the reaction medium at an initial concentration of 200 g/L. Based on the enzyme activity

CICCG

results from the 15 mL tube scale reactions, the top two LC variants, namely LCC and PelB-

LCC, were selected as candidates for the scale-up (1-L reactor) experiments. The LCC enzymes
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were added into the reactor to a concentration of 2 uM, which corresponded to enzyme/substrate

ratios of 0.29 mg LCC/g PET and 0.31 mg PelB-LCC/g PET, respectively.

(a) Reaction Mixture (200 g/L RPET + 2uM PelB-LCC) att=0h (b) Reaction Mixture (200 g/L RPET + 2uM PelB-LCC)att=72h
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FIGURE 6. Scaled-up degradation of recycled PET pellets (with particle sizes of ~2 mm) in a 1-L
bioreactor with 200 g/L PET and 2 pM LCC (0.29 mg enzyme/g PET) or PelB-LCC (0.31 mg enzyme/g
PET). (a) the reactor and the PET material at t = 0 h, (b) the reactor and the leftover PET material
(undegraded) at t = 72 h, (¢) TPA, MHET, and BHET produced during the reaction with LCC (determined
by HPLC), (d) PET degradation efficiency (%) for the reaction with LCC by estimation with total KOH
used to neutralize the produced TPA or by calculation with TPA, MHET, and BHET measured by HPLC,
(e) TPA, MHET, and BHET produced during the reaction with PelB-LCC (determined by HPLC), (f) PET
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degradation efficiency (%) for the reaction with PelB-LCC by estimation with total KOH used to neutralize
the produced TPA or by calculation with TPA, MHET, and BHET determined by HPLC.

Consistent with what was observed earlier in tube reaction experiments (Figure 3 b), PelB-
LCC demonstrated more efficient degradation of the recycled PET in the 1-L reactor than LCC,
within three days which achieved 80% and 70% degradation, respectively (Figure 6 d and f). TPA
was observed to be the overall major degradation product along with the minimal production of
BHET. During the depolymerization process of PET, it was observed that MHET was produced
as an intermediate product, and mainly accumulated during the first three days (Figure 6 ¢ and e).
After that, it was further converted into TPA, which is the primary product of our interest. In both
scaled-up reaction experiments, the raw PET pellets were depolymerized very quickly at the
beginning of the reaction, but the depolymerization rate started to slow down with no significant
degradation seen after 72 h. While the original PET pellets looked transparent (Figure 6 a), the
residual pellets (undegraded PET) after 72 h were typically seen in reduced sizes and looked white
and opaque (Figure 6 b). Further DSC analysis of the undegraded PET materials showed a
significantly increased crystallinity (up to 30%), which may be one of the major reasons that
caused the extremely slow degradation after 72 h. In addition, it was observed that the produced
TPA had a low solubility in the aqueous reaction medium (< 10 g/L) under pH 8.0 as gradually
increased tiny, white suspensions/precipitations were seen in the reactor during the reaction

(Figure 6 b), which may be caused by accumulation of TPA (> 100 g/L in the late stage).

Discussion

The cutinase-like enzyme from the leaf-branch compost cutinase, LCC, is a good candidate
for biodegradation of post-consumer PET waste. In this study, LCC““C [22] demonstrated
significantly higher degradation efficiency for several PET materials from different sources than
PETase from 1. sakaiensis [10, 28]. Four variants of LCC!“““, namely LCC, PelB-LCC, LCC-
PBM, and PelB-LCC-PBM, were constructed with codon optimization and expressed in E. coli
BL21(DE3) under the inducible T7 expression system, which aimed to improve the overall enzyme
production in bioreactors, the binding efficiency of the produced enzyme on PET surface, and/or

the enzyme’s catalytic activities.
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E. coli cells, like other Gram-negative bacteria, possess an inner and outer membrane that
separates the organism into two main subcellular compartments: the cytoplasm and the periplasm.
The most common choice to produce recombinant proteins is in the cytoplasm. However, the
periplasmic space or the extracellular environment is more suitable when disulfide bonds are
required for correct protein folding [40, 41], especially toxic heterologous recombinant proteins.
In fact, the toxicity caused by the expression and accumulation of intracellular LCC led to decline
of cell density after the E. coli reached its maximum DCWs within 20 h (Figure S3 a). LCC
contains one disulfide bond, which contributes not only to the thermodynamic stability but also to
the kinetic stability of LCC [42]. The disulfide bridge cannot be efficiently formed in the reducing
condition of the cytoplasm [40]. To overcome the limitation of E. coli cytoplasm expression, we
engineered the LCC with a signal sequence that directs them to the more oxidizing bacterial
periplasm for proper folding. With the assistance of the N-terminal PelB leader sequence [31],
about 30% of the recombinant PelB-LCC or PelB-LCC-PBM produced by E. coli was secreted to
the culture medium (Figure 1 a-d). The secretion of recombinant proteins not only facilitates
downstream recovery but also offers other potential advantages. The translocation increases the
cell viability (reduces cell toxicity) and enzyme yields, which is consistent with our results that the
E. coli transformed with pPelB-LCC-PBM or pPelB-LCC plasmids showed higher cell densities
(PelB-LCC > LCC and PelB-LCC-PBM > LCC-PBM) (Figure S3 a) and enzyme titers (PelB-
LCC > LCC > PelB-LCC-PBM > LCC-PBM) (Figure 1 a-d). In addition, the translocation also
reduces the exposure of the recombinant enzyme to the cytoplasmic protease, thus reduces the
enzyme degradation. Although the PelB signal peptide may be cleaved when it passes the inner
periplasmic membrane, we found that the PelB-LCC purified from both cell pellets (intracellular)
and fermentation supernatant (extracellular) had almost the same activity and both showed > 20%
improvements over LCC. This suggests the produced PelB-LCC is most likely a mature protein.

Though it is believed that the PelB signal peptide can be cleaved by the signal peptidase
during the translocation across the inner periplasmic membrane, resulting in the release of the
mature protein into the periplasm, a few research studies indicated that the signal peptide may not
necessarily be cleaved, or at least not completely cleaved from the linked protein [43-45]. In this
study, the SDS-Page denaturing gels of the purified intracellular PeIB-LCC (31.4 kDa) and LCC
(28.8 kDa) showed that the former indeed had a higher molecular weight (Figure 1e and Figure
S7), which suggests that the majority of the intracellular PeIB-LCC stayed as a mature protein,
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similar to what was observed by Deb A et al [45] using mass spectrometry and denaturing gels.
However, it was also observed that the extracellular PelB-LCC showed a reduced molecular size,
with a molecular weight very similar to LCC (Figure S7). It seemed that the PelB signal peptide
was likely cleaved when the produced PelB-LCC was secreted into the extracellular medium. In
the E. coli fermentation, about 70% of the PelB-LCC was produced intracellularly, which may
have helped retain the PelB signal peptide [46, 47]. Interestingly, we observed that both
extracellular and intracellular PelB-LCC showed very comparable PET biodegradation activity,
which were both significantly higher than what was observed for the intracellular LCC. This
suggested that the PelB signal peptide may not necessarily have a direct impact on LCC’s catalytic
activity. Instead, it was reported that the PelB signal peptide could influence the soluble protein
levels and improve the bioactivity of protein owing to the slow aggregation process and shifting
of the target protein to a folding pathway [48]. The cytoplasmic reducing conditions may
contribute to the LCC misfolding and inclusion body formation. However, the desirable high level
of protein expressions in industrial applications may lead to the aggregation and misfolding of
desired proteins and resultantly affecting the function of protein. This negative effect on the
activity of cutinase, has been experimentally observed in various studies [49, 50]. If the target
protein is expressed in the cytosol with aggregation and misfolding, it generally lacks to fulfill its
biological function [51]. With the help of secreting some of the produced enzyme to the
extracellular medium, PelB-LCC exhibited higher catalytic activities on PET degradation as
compared to other three LCC'“C variants (Figure 3 b and Figure 4 d).

Apart from the active site area, the surface interaction of the cutinases and substrates appears
to have a major impact on the hydrolysis of PET [32, 52]. If a PET hydrolase harbors a substrate-
binding module linked via spacers to its catalytic domain, it may facilitate the adsorption of the
enzyme during the natural hydrolysis of a polymer [27]. Enzymes with substrate binding domains
have been shown not only to increase the amount of active enzyme on the polymer interface [53],
but also to enhance the hydrolysis of insoluble substrates by partially disrupting the structure of
the polymer and therefore making the targeted bonds more accessible to the catalytic domain [54-
56]. To increase the adsorption of active enzymes on the PET interface, LCC enzymes were
engineered to fuse a polymer-binding module (PBM) from A. faecalis via a linker from 7. reesei
to the C-terminus in this study. The PBM binding module has a hydrophobic nature that can help
bind the enzyme on the hydrophobic surface of PET. Our results showed that adsorption to PET
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by the LCC-PBM and PelB-LCC-PBM enzymes was almost doubled as compared with LCC and
PelB-LCC (Figure 3 a). Although the performance of PET hydrolysis of all four LCC'®“S
constructions was much higher than that of the bacterial enzyme PETase from Ideonella
sakaiensis 201-F6, the degradation efficiencies of LCC-PBM and PelB-LCC-PBM were not as
high as LCC and PelB-LCC (Figure S and Figure 6). The increased binding efficiency of PBM
failed to improve PET degradation, which may be attributed to the complexity of the binding
process and the formation of the active enzyme-substrate complex. Our unpublished data showed
that the crystallinities of PET in aqueous solution gradually increased from 12% to ~30% in the
first three days. Previous studies have shown that PET hydrolases preferably degrade the
amorphous regions of PET [57-61], which is similar to what we observed in the biodegradation of
low-crystallinity PET, where nearly 100% degradation rate was achied when the amorphas PET
was employed as feedstock for the PelB-LCC reaction (Figure 5 a-d). Increased crystallinity limits
the movement of the polymer chains and therefore, decreases the availability of polymer chains
for enzymatic attack [62]. On one hand, enzyme should be bound to low-crystallinity (e.g., <20%)
PET surface to start the depolymerization process. On the other hand, if the enzyme happens to be
bound to the high-crystallinity (e.g. > 30%) substrate, then it may no longer become available for
a new enzymatic reaction, thereby limiting the overall depolymerization activity.

Biodegradation is a complex process and is governed by many factors, such as the
availability of the substrate, surface topology, morphology, molecular weight of the polymer, and
orientation of the polymer chains [62-65]. The accessibility of the polymer structure to enzymes
and water depends primarily on crystallinity, hydrophobicity, and the steric effects of the side
groups in the polymer backbone [66]. Different levels of PET degradability were shown in this
study, especially based on the particle size of PET (i.e., specific surface area) and the degree of
crystallinity. To improve biodegradation efficiency, recycled PET (RPET) was ground into smaller
pellets to decrease particle size and increase the surface area. As a result, the degradation rate of
LCC in the presence of smaller RPET particle sizes (with 60 mesh screen) was significantly
improved (Figure 4 b and d).

Genetic engineering methods can be used to create recombinant enzymes and/or microbial
strains as the preferred strategy to enhance the biodegradation of synthetic petroleum-based plastic
waste. Recently, advances in artificial intelligence and its application in protein design and

engineering bring in new opportunities for discovering or creating new enzymes with significantly
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higher catalytic activities. For example, Alper’s group has used a machine learning algorithm to
engineer IsPETase. The mutant enzyme, FAST-PETase, has an increased thermotolerance up to
50 °C and demonstrated nearly complete degradation of some postconsumer PET within a week
[20].

Small size reactions in tubes or shake flasks were efficient for screening enzymes and
optimizing basic reaction conditions such as the temperature and initial PH values, but it is not
necessary that these preliminarily determined conditions can be easily extended to large-scale
applications. For example, using a phosphate buffer is enough to maintain the pH value within 7~8
in tube reactions with ~ 5 g/LL PET substrate, but in a reactor with high-capacity PET loading, such
as 200 g/L in the 1-L reactor study, concentrated base (KOH, NaOH) has to be continuously fed
into the reactor to control the pH value and maintain the enzyme’s activity. Other challenges
including the inefficient mixing and mass transfer due to the use of high loadings of solid substrate
(PET) and accumulation of insoluble product (TPA) may also become limiting factors in PET
degradation. Therefore, scale-up experiments in reactors with high-capacity substrate loading is
crucial for understanding the practical applications of the selected enzyme(s) and the optimized
process conditions at large scale. More importantly, the scale-up experiments will provide key
technical data for techno-economic analysis and identify the major limiting factors or technical
barriers that may affect the commercialization opportunities. In this study, the top two LCC!¢¢
variants (namely LCC and PelB-LCC) were selected for further testing in a 1-L stirred tank
bioreactor, which contained 200 g/L recycled PET. PelB-LCC improved PET degradation rate by
>20% over the original LCC'““S, which would lead to the reduction of either the use of the enzyme
or the reaction time in a real application. In either case, this improvement suggests lower process
cost, as analyzed by the earlier TEA study [34].

In the scaled-up experiments, crystallinity increase in substrate (PET) and enzyme instability
may be the two major reasons that accounted for the gradual slow-down depolymerization rate
after the first two or three days (Figure 6 c-f). The whitish color and the change to the opaque
appearance of the undegraded PET material (Figure 6 b) suggested that the crystallinity of the
surface of recycled PET have increased during the reaction, which was verified by DSC analysis
as the crystallinity increased from 12% for the original material to ~ 30% for the undegraded PET
materials after 72 h. This may have led to significantly less efficient degradation of PET since our

previous research indicated that high crystallinity is one of the major challenges for efficient PET
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degradation [22, 37]. Our preliminary research on the enzyme stability also indicated that the
specific activities of LCC and PelB-LCC at 65 °C may decline by 30% within 120 hours (Figure
S6). The combined effects from both the crystallinity increase of PET and the enzyme instability
may have led to the near stop of the PET depolymerization after 72 hours. Further research should
be conducted to understand the enzymatic reaction mechanism at a large scale so that the limiting
factors can be revealed, and the major barriers can be overcome. The continuing research may
include improving the enzyme activity and stability, increasing the specific surface area of PET,
and lowering the crystallinity by pretreating PET so that complete and fast degradation of post-

consumer PET waste can be achieved.

Conclusion

Enzymatic degradation provides an attractive approach for the biodegradation and
biorecycling of post-consumer plastic wastes. The LCC““C showed significantly higher PET
degradation efficiency than PETase (W159H/S238F) from Ideonella sakaiensis 201-F6 due to its
higher thermostability and peak activity at 65 °C. Four designed LCC'““S variants including LCC,
PelB-LCC, LCC-PBM, and PelB-LCC-PBM were expressed by the E. coli BL21(DE3). A fed-
batch fermentation process was developed to produce the LCC enzymes up to 1.2 g/L within 36
hours. The PBM binding module doubled the binding efficiency of LCC on PET samples but failed
to improve the degradation rate. The PelB unit not only helped secrete the produced enzyme but
also improved PET degradation. In general, PET samples with smaller particle sizes and lower
crystallinity had significantly higher degradation efficiency. Nearly complete degradation was
achieved in tube reactions for amorphous PET films and extruded recycled PET particles treated
with 0.2 umol PelB-LCC/g PET for 72 hours. The developed enzymatic degradation process was
scaled up in 1-L bioreactor experiments containing 200 g/L recycled PET pellets and 2 uM (or 60
mg/L) LCC or PelB-LCC, which demonstrated more than 80% degradation within three days.
Further studies on enzyme engineering and stability, the enzymatic reaction mechanism, and the
pretreatment of post-consumer waste PET materials are needed in future to achieve fast and

complete degradation at a large scale.
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