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Low Carbon Footprint Recycling of Post-Consumer PET
Plastic with a Metagenomic Polyester Hydrolase
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Earth is flooded with plastics and the need for sustainable
recycling strategies for polymers has become increasingly
urgent. Enzyme-based hydrolysis of post-consumer plastic is an
emerging strategy for closed-loop recycling of polyethylene
terephthalate (PET). The polyester hydrolase PHL7, isolated from
a compost metagenome, completely hydrolyzes amorphous
PET films, releasing 91 mg of terephthalic acid per hour and mg
of enzyme. Vertical scanning interferometry shows degradation
rates of the PET film of 6.8 umh™'. Structural analysis indicates
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the importance of leucine at position 210 for the extraordinarily
high PET-hydrolyzing activity of PHL7. Within 24h,
0.6 mge,,zymegm‘1 completely degrades post-consumer thermo-
form PET packaging in an aqueous buffer at 70°C without any
energy-intensive pretreatments. Terephthalic acid recovered
from the enzymatic hydrolysate is then used to synthesize
virgin PET, demonstrating the potential of polyester hydrolases
as catalysts in sustainable PET recycling processes with a low
carbon footprint.

Introduction

Plastics are ubiquitous and appear to be indispensable in our
daily life. Due to their manifold applications and low cost of the
petrochemical building blocks, the amount of plastics has
immensely increased over the past decades. The worldwide
production of plastics, which started in the 1950s, has resulted
to date in an estimated amount of 8.3 billion metric tons.™ Only
a small fraction is recycled, whereas the largest share has ended
up in landfills or in the environment. Since synthetic plastics are
not readily biodegradable, they accumulate in nature with
detrimental effects on the environment and eventually on
human health.”

Polyethylene terephthalate (PET) is a thermoplastic polymer
consisting of the ester-linked monomers terephthalic acid (TPA)
and ethylene glycol (EG). Depending on its processing, PET
exists either as an amorphous or as a semi-crystalline polymer.”’
PET is widely used in the food packaging industry and for the
manufacture of textile fibers.”

The application of enzymes for the selective conversion of
PET into the monomers at mild reaction conditions is emerging
as a novel strategy for plastic recycling and valorization
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Several enzymes of bacterial or fungal origin able to modify
or degrade PET have been described.®’® Thermostable cuti-
nases (EC 3.1.1.74) and their homologues have been shown to
be the most efficient catalysts to hydrolyze the ester bonds in
PET yielding TPA, mono- and bis(2-hydroxyethyl) terephthalic
acid (MHET and BHET) and EG.®® Cutinases, evolved to degrade

© 2021 The Authors. ChemSusChem published by Wiley-VCH GmbH
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the aliphatic polyester cutin in plants, show a low substrate
specificity which explains their ability to use synthetic poly-
esters such as PET, polyethylene furanoate, polybutylene
succinate and polycaprolactone as substrates.!"” An efficient
enzymatic hydrolysis of PET requires a reaction temperature of
about 70°C where the plastic becomes more viscous at its glass
transition temperature, allowing the enzyme to gain a better
access to the polymer chains due to their increased
mobility."

The thermophilic cutinases from Humicola insolens (HiC) and
from a plant compost metagenome (LCC) have previously
shown the highest PET hydrolysis rates at reaction temperatures
between 65°C and 70°C."*'® Recently, a hyperthermostable
polyesterase with a melting temperature above 100°C from a
hot spring water metagenome!” with similar activity and 94 %
sequence identity to LCC has also been reported."® Mesophilic
polyester hydrolases, for example from Ideonella sakaiensis"®
showed only low activity against PET compared to enzymes
derived from thermophilic actinomycetes or fungi."#*=?

However, the hydrolytic activity of all polyester hydrolases
reported so far appeared to be limited to the amorphous
fraction of PET.'*"%2% A direct enzymatic hydrolysis of PET of
higher crystallinity could therefore not be achieved."**” Herein,
we report a novel polyester hydrolase (PHL7), isolated from
plant composts with a high efficiency to degrade amorphous
PET films and post-consumer PET thermoform packaging. We
compare its performance with the previously reported polyester
hydrolase LCC and demonstrate a fast conversion of PET
clamshell containers into the monomers without any pretreat-
ments. The released TPA was subsequently used to produce
virgin PET in a closed-loop plastic recycling approach.

Results and Discussion

Isolation of polyester-hydrolyzing enzymes from compost
metagenomes

We expected plant composts which are habitats for thermo-
philic microorganisms involved in the degradation of plant
polymers such as cutin to be valuable sources of polyester-
hydrolyzing enzymes.*** By using metagenomic methods we
could also access relevant enzymes from those microorganisms
which cannot be cultivated under laboratory conditions.62%*"
Metagenomes were collected from different compost sites
located in Leipzig, Germany (Table S1). A pair of degenerate
primers was designed to amplify DNA coding for polyester-
hydrolyzing enzymes. A consensus sequence derived from 54
confirmed or putative hydrolase genes was used to design
primers allowing the amplification of mature protein coding
sequences (Table S2). Previous studies have isolated similar
enzymes from metagenomes using degenerate primers for the
conserved serine hydrolase motif GXSXG, coupled with an
inverse PCR step,”® screening of fosmid libraries,””* or
metagenomic mining.”®*" In our approach, amplicons were
directly cloned into an E. coli expression system and screened
on agar plates containing tributyrin as substrate to detect ester

ChemSusChem 2022, 15, €202101062 (2 of 10)

hydrolase activity. Positive clones were further probed with
polycaprolactone and PET nanoparticles as enzyme substrates
(Table S3). Seven enzymes with polyester-hydrolyzing activity
(PHL, Polyester Hydrolases Leipzig) were isolated. PHL1 could
be assigned to Actinomadura hallensis (GenBank: TQM71194.1).
The other PHL showed 65.7% to 91.5% sequence identity with
known hydrolases (Table S4). All of them contained the GXSXG
box, a conserved Ser-Asp-His triad and an alpha/beta-hydrolase
fold. In comparison with previously characterized polyester-
hydrolyzing enzymes, several amino acids of the putative
substrate binding site were exclusively found in the PHL
enzymes. PHL7 has a leucine at position 210, whereas other
known type | polyester hydrolases harbor a phenylalanine.
PHL4 contained the sequence GWSWG instead of GHSMG
flanking the catalytic serine and an unusual oxyanion hole
composition (W132 instead of M132; see the Supporting
Information, Figure S1).

A phylogenetic tree was constructed to illustrate the
sequence similarities (Figure 1A). Whereas PHL2 clustered in the
genus Actinomadura, the other PHL formed separate clusters
and showed highest sequence similarities with dienelactone
hydrolases and cutinases from different Actinomycetales. The
DNA fragments had high GC contents between 69% and 71 %.
In comparison, LCC clustered between the phylum of actino-
bacteria and proteobacteria. The Ideonella sakaiensis PETase as
a representative of the phylum Proteobacteria showed the
largest distance to the PHL enzymes.

PHL3 and PHL7 show high PET-hydrolyzing activity

In a first screening, the isolated enzymes were expressed in E.
coli and partially purified by IMAC chromatography. PHL3 and
PHL7 exhibited the highest initial hydrolysis rates of amorphous
PET films at reaction temperatures up to 80°C (Figure S2A).
Whereas PHL3 and PHL7 also caused a high weight loss of
amorphous PET films, the other PHL were much less active in a
similar range as the previously reported polyester hydrolase
TfCut2®? (Figure 1B,C).

Leucine at position 210is responsible for the high activity of
PHL7 compared to PHL3

A comparison of the amino acid sequences of PHL3 and PHL7
indicated differences in only four positions (A2, L210, D233,
$255 in PHL?). Leucine 210 has been previously suggested to
contribute to the binding of the polymer substrate to the
enzyme.'®*®? A substitution of phenylalanine at this position
with alanine, tryptophane or isoleucine has resulted in variants
with higher PET-hydrolyzing activity.'®*? To explore the reason
for the considerably higher activity of PHL7, we exchanged
leucine 210 in PHL7 with phenylalanine. As a result, the activity
of the variant dropped to the level of PHL3 (Figure 1D).
Likewise, when we replaced phenylalanine 210 in PHL3 with
leucine, the activity of the corresponding variant increased to
the level of PHL7 confirming that the identity of the amino acid
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Figure 1. Characterization of PHL enzymes: (A) Phylogenetic tree of PHL and other confirmed or putative polyester hydrolases from Actinobacteria with
reference to the metagenomic LCC and Ideonella sakaiensis. (B) Weight loss of amorphous PET film determined after a reaction time of 24 h at different
temperatures with PHL1, PHL2, PHL4, PHL5, and PHL6 compared to TfCut2. (C) Weight loss of amorphous PET films determined after a reaction time of 24 h at
different temperatures with PHL3 and PHL7 compared to TfCut2. (D) Relative weight loss of amorphous PET films determined after a reaction time of 24 h at

70°C with PHL3, PHL7 (100%), and the corresponding variants F210L and L210F.

residue 210 is responsible for the detected higher activity of
PHL7.

Structural features of PHL7

The high-resolution crystal structure of PHL7 (1.3 A, PDB: 7NEI;
Table S5), shows the typical features of the alpha/beta-hydro-
lase fold superfamily with a canonical Ser-Asp-His catalytic triad.
The overall fold of PHL7 is almost identical to the previously
reported polyester hydrolase LCC (PDB:4EB0)*¥ indicated by a
root-mean-square deviation (RMSD) value of 1.08 A for the two
chains in the asymmetric unit (alignment of 253 from a total of
259 residues). The amino acids in the active site forming the
substrate-binding cavity also exhibited similarities as well as
several important differences. Residues G62, T64, S69, H130,
$131, M132, W156, D177, A180, H209, N213 (catalytic triad in
italic) are conserved between PHL7 and LCC, whereas F63 (LCC:
Y95), L93 (F125), Q95 (Y127), 1179 (V212) differed (Figure 2A).
Figure 2A also shows that the active site pocket of PHL7 is more
open than that of LCC. This affects in particular T64, L93, L210
and neighboring residues. This difference is more pronounced
in chain A of the two molecules in the asymmetric unit of the
PHL7 crystals and it likely results from crystal packing
interactions (Figure S3). However, the plasticity of these pre-
dominantly hydrophobic regions near the active site may
contribute to binding of larger PET substrates and be a key for
a more tolerant recognition and effective processing of PET at
elevated temperatures concomitant with increased polymer
chain mobility. Indeed, the importance of L210 for catalysis has
already been demonstrated (see chapter above). Interestingly,
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narrowing the binding site in /sPETase by a double mutation to
introduce more bulky side chains increased its activity against
PET.>

Molecular docking demonstrates differences in ligand
binding between PHL7 and LCC

To determine the amino acid residues that contribute to the
PET binding affinity and degradation efficiency of PHL7, we
performed molecular docking experiments with MHET, TPA and
1,2-ethylene monoterephthalate mono(2-hydroxyethyl tereph-
thalate) (EMT) in comparison with LCC. Previous results
obtained with the polyester hydrolase IsPETase have indicated
that the per-residue energetic contributions to binding affinity
are in good agreement with the catalytic contributions of active
site residues towards PET hydrolysis.*® Ligand RMSD-based
clustering for PHL7 showed that 29 out of 100 of the lowest
binding energy EMT docking poses positioned a terephthalic
ring in the same groove as seen for p-nitrophenol and 4-methyl
terephthalate (HEMT) in solved structures of /sPETase (Figur-
es 54 and 55).59 A similar EMT binding conformation was found
in 19 complexes with LCC (Table S6). Further analysis of the five
best EMT-bound complexes of LCC and PHL7 (Figure 2C,D)
demonstrated that their binding energies were similar (—11.9+
1.0 and —12.04+0.6 Rosetta Energy Units (REU) for PHL7 and
LCC, respectively), but the specific per-residue contributions to
ligand binding varied between these enzymes (Figure 2B).
Energetic analysis of the five best docking poses for MHET
(Figures S6 and S7) showed that its binding was more favored
in PHL7 (—10.74+0.4 REU) than in LCC (—9.2+0.2 REU). The

© 2021 The Authors. ChemSusChem published by Wiley-VCH GmbH
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Figure 2. Comparison of the crystal structures of PHL7 and LCC and docking
experiments: (A) Active site structures of PHL7 (chain A) and LCC. S131
adopts two different conformations, of which the most occupied is
displayed. (B) Predicted per-residue binding energy contribution based on a
docking of 1,2-ethylene monoterephthalate mono(2-hydroxyethyl terephtha-
late) (EMT) in PHL7 and LCC. The best five out of 40000 complexes with the
lowest interface binding energy and RMSD lower than 1.5 A in relation to
the p-nitrophenol and HEMT cocrystal structure of /sPETase are shown.>®
(C,D): Lowest RMSD pose of the 0.25% best interface binding energy
complexes of EMT with PHL7 (C) and LCC (D).

same phenomenon was observed for TPA (Figures S6 and S7;
—10.0+0.4 and —9.04+0.3 REU for PHL7 and LCC, respectively).
Interestingly, the per-residue contribution of F63 in subsite |
towards MHET and TPA binding was lower than for EMT, and
similar to the energetic contribution of Y95 in LCC.

Residue F63 in PHL7, which conforms with the aromatic
clamp of subsite | of polyester hydrolases,”” contributed almost
twice the binding energy than the equivalent residue Y95 in
LCC, whereas no differences were observed for the aromatic
clamp residue W156 (W190 in LCC). Other subsite | residues,
such as the contiguous T64 and also 1179 gave a small
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contribution to EMT binding not found in LCC. In contrast,
residues near or within subsite Il in LCC (5101, Y127, H242,
F243) gave a higher contribution to EMT binding than the
equivalent residues in PHL7 (S69, Q95, H209, L210). Among
them, residue F243 (LCC), which is characteristically replaced by
serine in IsPETase®™ and other Type Ilb polyester hydrolases®”
and is also replaced by L210 in PHL7, is one of the three
residues that contributes most of the binding energy in LCC but
has a negligible contribution towards EMT binding in PHL7.
These results suggest that the phenylalanine/leucine replace-
ment could be partially responsible for the changes in per-
residue binding energy contributions in PHL7, similarly to what
was observed for [sPETase by the substitution of the highly
conserved phenylalanine in thermophilic enzymes by serine.™

Thermostability of PHL7

Analysis of the thermostability of PHL7 by nano differential
scanning fluorimetry showed a temperature melting point (T,,)
of 79.1°C, which is 5.2°C lower than that of LCC (Figure S8).
Since the substitution F243I in LCC reduced its melting point by
3°C, this could explain the lower thermostability of PHL7 which
has a leucine in the corresponding position 210."" PHL7 was
stabilized by increasing concentrations of Ca’" and Mg*" ions
up to a T, of 86.1°C and 83.7°C at a concentration of 100 mm,
respectively (Figure S8B). The crystal structure of PHL7 shows a
metal ion coordinated by the side chains of Glu148 and Asp233,
the carbonyl group of Phe230 and three water molecules in a
distorted octahedral geometry (Figure S9). We modeled this ion
as sodium due to the electron density at this position and the
high concentration (100 mm) of Na® in the crystallization
buffer. However, the nature of this binding site appears also
well suited to coordinate Ca’" ions. The T, of PHL7 was
increased to 84°C when the phosphate buffer concentration
was raised from 50 mm to 1 M. The high buffer capacity was
also needed to maintain the pH of the medium during the
hydrolysis reaction.*® In addition, we observed that the T,
also increased to 86°C in the presence of a PET nanoparticle
suspension, confirming previous reports on a stabilizing effect
of PET on LCC activity.®™

Fast hydrolysis of amorphous PET films by PHL7

When amorphous G-PET films with 5-7% crystallinity were
hydrolyzed with PHL7 in concentrations ranging from 0.34 to
5.5 MAengyme Jper |+ the molar ratio of TPA:MHET detected after a
reaction time of 1 h increased from 0.65 to 4.12 (Figure 3A).

This indicates that MHET initially released during the
reaction was further hydrolyzed to TPA and EG in the presence
of higher enzyme concentrations. From the determination of
the initial velocity of the formation of TPA and MHET (TPAeq) at
different enzyme concentrations, we selected 0.6 mgenzymegpg’1
as sufficient to obtain a weight loss of the PET films of >90%
within a reaction time of 16 h.

© 2021 The Authors. ChemSusChem published by Wiley-VCH GmbH
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Figure 3. Hydrolysis of amorphous PET films by PHL7: (A) Initial reaction
velocity expressed as TPA,, (sum of TPA and MHET) released from G-PET
films within 1 h of reaction as a function of enzyme concentration. A curve
fit of the initial velocity was performed with a Langmuir type heterogeneous
kinetic model."** (B) Specific G-PET film hydrolysis activity of PHL7 and LCC
at different reaction times with 0.6 mgenzymegpg". (C) TPA and MHET released
from G-PET films by PHL7 and LCC within 16 h of reaction time with

0.6 MJenzyme Jper - (D) Comparison of the weight loss of G-PET films after
reaction times of 4, 8, and 16 h with 0.6 MJen,ymeGper ' Of PHL7 and LCC.

For the following PET degradation experiments,
0.6 MGenzyme Iper | Of homogeneous enzyme fractions were used
and the performances of homogenous PHL7 and LCC prepara-
tions were compared (Figure S10). PHL7 released higher
amounts of MHET and TPA from amorphous G-PET films within
a reaction time of 16 h compared to LCC (Figure 3B,C). A
maximum specific activity of PHL7 with
91 mgTPA,, h™'MQYenyme ' Was determined between 4 and 8 h
of reaction, compared to 48 mgTPA., h™' MQenyme | with LCC
between 8 and 16 h. Using pulverized amorphous PET with a
higher surface area, a specific activity of
82 mgTPA,, h 'MQenyme ' has previously been reported for
LCC.l'¥ In addition to TPA and MHET, small amounts of BHET,
EMT and EBT (1,2-ethylene-bis-terephthalate) were also de-
tected by mass spectrometry as PET hydrolysis products of
PHL7. Two further products containing one and two TPA
moieties, respectively, could not be identified (Figures S11 and
S12, Tables S7 and S8).

PHL7 also caused a higher weight loss from the G-PET films
(90% +2.8%) than LCC (45%=+0.3%) within 16 h of reaction
(Figure 3D). The films were completely degraded by PHL7
within 18 h, whereas only 73% weight loss was observed with
LCC within 24 h of reaction. PHL7 thereby outperformed other
previously reported polyester hydrolases in the hydrolysis of
amorphous PET films.'"*'92*4% \Whereas Shirke et al. described a
weight loss of G-PET films by LCC of 25% and of 95% with a
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Analysis of G-PET films by vertical scanning interferometry (VSI)
after different times of exposure to PHL7 and LCC showed an
irregular degradation of the film surface with the formation of
pits which increased in diameter during exposure (Figure 4).
The corresponding degradation rate maps and histograms
revealed a heterogeneous distribution of the degradation rates
with a larger distribution range for PHL7 (1.5 umh™") compared
to LCC (0.85 umh™"). PHL7 showed a 4-fold higher degradation
rate compared to LCC, resulting in a substantial surface
degradation already after an exposure time of 1 h (Figure 5).
The underlying surface images (Figure S14) and the re-
corded degradation rates in the exposure periods O0h to 1h

60
X (um) 80

Figure 4. Surface topography of G-PET films exposed to PHL7 and LCC. (A,B)
Surface retreat after an exposure time of 1 h compared to a masked surface
area (left part) with LCC (A) and PHL7 (B). (C-F) Topographic details of the
surface sections after an exposure time of 1 h (C,D) and 16 h (E,F).
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Figure 5. (A,B) Degradation rate maps and histograms of G-PET films after
exposure for 1 h with LCC (A) and PHL7 (B). (C) Rate distribution curves of (A)
and (B) indicating different retreat rate modes of 1.0 umh~' for LCC
compared to 4.0 umh' for PHL7. Although both rate histograms are
moderately skewed left, the degradation rate distribution observed with
PHL7 (B) shows a larger variability of the lower rate portions, exemplified by
the map and rate histograms of sections B.1 and B.2. For better visibility, the
graphs of B.1 and B.2 are vertically magnified.

and 1 h to 16 h (Figure S15) indicated a progressive acceleration
of the degradation process by both enzymes. PHL7 showed a
degradation rate of 6.7 umh™" after 16 h of exposure compared
to 3 umh~'in the case of LCC.

Scanning electron microscopic analysis of the eroded PET
films exposed to the two polyester hydrolases confirmed the
formation of pits on the eroded surfaces (Figure S16). On the
films exposed to LCC, particles and needle-shaped structures
were detected on the surface.

Recycling of post-consumer PET thermoform packaging by
PHL7

PET thermoform packaging made of amorphous or recycled PET
is increasingly used to produce clamshells, trays, boxes and
tubs. With their recyclability and high versatility in the
processing, PET thermoforms represent a compelling sustain-
able packaging solution for food products with an estimated
global market size of more than 34 billion EUR¥? Post-
consumer thermoform PET packaging could be readily hydro-
lyzed by PHL7 without any pretreatments of the material. Four
types of clamshell food containers (Table S9) were completely
degraded within 24 h using 0.6 m(_:;enzymegpg’1 at 70°C. Similar
thermoform packaging could only be partially degraded by the
polyester hydrolase TfCut2 even though this enzyme com-
pletely dissolved amorphous G-PET films of similar crystallinity
within 120 h of reaction”” The efficient degradation of
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amorphous PET converted from post-consumer PET bottles by a
LCC variant has also been demonstrated recently.'

As a proof of concept of a closed-loop biocatalytic recycling,
we enzymatically degraded a whole clamshell container
(17.43 g) cut into flakes of approximately 3x3 cm? without any
further pretreatment within 48 h of reaction at 60°C employing
0.63 mgenzymegm’1 PHL7 at the start of the reaction and a
second addition of 0.52 MQeymeper | after 24 h. An almost
complete dissolution corresponding to a weight loss of 98.6 %
was achieved with only a few fragments of cutting edges
remaining (Figures S13 and S17). The released TPA was
separated from the hydrolysate by precipitation with concen-
trated HCl. The purity of the TPA preparation was confirmed by
HPLC and 'H NMR analysis (Figures S18 and S19). TPA with a
purity of 94%+ 1.3% was obtained corresponding to 84.7 % of
the theoretical yield. The enzymatically produced TPA was used
to synthesize virgin PET with properties comparable to a
commercial amorphous PET sample. Analysis by 'H NMR
spectroscopy indicated an average degree of polymerization of
151, corresponding to an average molecular weight of 29835 g
mol~" (Figure 520). Analysis of the synthesized PET by Fourier-
transform infrared spectroscopy indicated the integrity of the
synthesized PET (Figure S21).

Confirming these results, it has been recently demonstrated
that PET synthesized with TPA obtained by enzymatic hydrolysis
of post-consumer PET could be used to make PET bottles with
properties comparable to those made from fossil-based
feedstocks."™ Although petrochemical EG was used in the PET
polycondensation reaction, the process can be further devel-
oped to also employ the EG produced by the enzymatic
hydrolysis which could be recovered by distillation. As an
alternative, EG derived from biomass could also be envisaged
for producing recycled PET without the use of any
petrochemicals.”?!

Thus, by employing powerful enzymes such as PHL7 it is
possible to directly recycle post-consumer thermoform PET
packaging in a closed-loop process with a low carbon footprint
and without the use of petrochemicals, realizing a sustainable
recycling process of an important PET plastic waste stream.

Conclusion

A degenerate primer method was found to be useful for the
isolation of novel metagenomic polyester hydrolases from plant
composts. One of the enzymes, PHL7, hydrolyzed complete
amorphous PET films with high efficiency, outperforming
previously reported polyester hydrolases. The gradual surface
degradation process could be monitored in detail by vertical
scanning interferometry. Structural analysis of the enzyme
indicated that leucine at position 210 contributed to the high
PET hydrolytic activity compared to other polyester hydrolases.
PHL7 could be utilized for the rapid and complete degradation
of post-consumer thermoform PET packaging at low temper-
atures in an aqueous reaction system. PET packaging flakes
were directly degraded without the need of energy-consuming
grinding, melting, and extrusion steps thus contributing to a
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low carbon footprint of the process. Virgin PET with properties
comparable to commercial samples made from petrochemicals
could be synthesized using TPA recovered from the enzymatic
PET hydrolysis process.

Experimental Section

Enzymes, polyester substrates and chemicals

Primers were synthesized by Metabion International AG (Planegg,
Germany). Tributyrin was purchased from Carl Roth (Karlsruhe,
Germany) and polycaprolactone flakes were obtained from Fluka
(Sigma-Aldrich, St. Louis, USA). Amorphous polyethylene terephtha-
late (PET) films (G-PET, ES301445, thickness 250 um) and biaxially
oriented PET films (ES301450, thickness 250 um) were from Good-
fellow GmbH (Bad Nauheim, Germany). All other chemicals were
obtained from Carl Roth GmbH + Co. KG (Karlsruhe, Germany) and
Gruessing GmbH Analytica (Filsum, Germany) at the highest purity
available.

Primer design

The gene sequences of 54 putative or confirmed hydrolases were
obtained from the gene database of the National Center for
Biotechnology Information (NCBI, Bethesda, USA; Table S2). The
consensus sequence was obtained with GeneFisher™® and was used
to derive a degenerate primer pair with the sequence: Fw 5-ATG
GMS AAC CCS TAC GAG CGC GG-3" and Rev 5-GWR SGG GCA GKT
GSM SCG GTA CT-3".

Collection and storage of the compost samples

Three different plant waste compost sites located in Leipzig,
Germany, were selected to collect samples. The collection sites
included a compost (about 2 years old) located at the Botanical
Garden, Leipzig University, as well as two further composts (about
2 years and 6 months old) located at the South Cemetery, Leipzig.
Samples were collected at six different positions in a depth of 50 to
70 cm beneath the surface of each compost pile. The six samples
from each compost site were mixed in equal proportions and
stored in sterile tubes at —20°C. The core temperature, moisture
content and pH of each compost pile was recorded (Figure S1).

Isolation of metagenomic DNA, construction of the clone
library and identification of polyester hydrolases

The mixed samples of the three compost sites were used to isolate
metagenomic DNA as described elsewhere™® as well as by using
the PowerMax Soil DNA Isolation Kit (Mo Bio Laboratories, Inc.,
Carlsbad, CA, USA). If residual humic acids were present in the
isolated DNA samples, a second purification step using Chroma
Spin+TE-1000 columns (Clontech Laboratories Inc., Mountain View,
CA, USA) was performed.

The isolated metagenomic DNA was used as a template for PCR
reactions applying the degenerate primer pair. Dimethyl sulfoxide
(5%) was added to the PCR reaction mixture to facilitate the
amplification of sequences with a high GC content. The following
PCR program was used: 10 min at 95°C, 34 cycles of 30 s at 95°C,
30 s at 57.5°C and 2 min at 72°C, followed by a single step at 72°C
for 10 min. The resulting PCR products with a size of approximately
800 bp were extracted from an agarose gel and cloned into One
Shot TOP10 Escherichia coli using the pBAD TOPO TA Expression Kit
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(Thermo Fischer Scientific, Waltham, MA, USA) according to the
manufacturer’s instructions.

For each compost site, 768 single colonies were screened on turbid
lysogeny broth (LB) agar plates containing 100 pgmL~" ampicillin,
0.2% L-arabinose and 1% tributyrin. Clones forming clearing zones
were further screened on turbid LB agar plates containing
100 pgmL™" ampicillin, 0.2% L-arabinose, 0.5 mgmL™' polycapro-
lactone dissolved in acetone or 0.4 mgmL™" PET nanoparticles. The
PET nanoparticle suspension was prepared as described
previously.“

Recombinant genes coding for polyester-hydrolyzing enzymes
were sequenced by Seqlab Sequence Laboratories (Microsynth AG,
Balgach, Switzerland) and identified using the NCBI protein data-
base.

Phylogenetic analysis of Polyester Hydrolases Leipzig (PHL)

The amino acid sequences of the isolated PHL were aligned with 16
trimmed (starting at residue 3 of PHL7) confirmed or putative
polyester hydrolases (accession numbers: AOAOK8P6T7, ADV92527,
AFA45122, BAO42836, CBY05530, CDN67545, G9BY57, TQM71194,
WP 005465756, WP 024756907, WP 030875850, WP 033432831, WP
106615941, WP 123685830, WP 126889148, WP 191248857) using
the ClustalW algorithm implemented in MEGA X.*” The trimmed
alignment was used to create a phylogenetic tree with MEGA X.
The tree was generated by the maximum likelihood method with
1500 bootstrap replicates and a LG+ G substitution model.

Expression and purification of PHL

In a first screening, the isolated PHL were expressed and partially
purified by Ni-NTA chromatography as described previously."® As a
reference, the gene encoding the polyester hydrolase TfCut2 from
Thermobifida fusca KW3 (ENA: FR727681.1) was inserted into the
pBAD vector for recombinant expression in E. coli One Shot TOP10.
For the detailed characterization of PHL7 and comparison with LCC,
the pET-26b(+) vectors harboring the PHL7 and LCC coding
sequence were expressed in E. coli BL21 (NEB, Ipswich, MA, USA) at
37°C, 150 rpm and 30 ugml~' kanamycin in 2L LB medium (4x
05L in 2L flasks) up to an optical density at 600 nm of 0.6.
Subsequently, the cultures were cooled to 18°C and induced with
0.1 mm IPTG and further cultured at 18°C for 16 h at 60 rpm. Cells
were harvested and then disrupted by sonification. The supernatant
obtained after centrifugation at 24000xg for 60 min was sterile-
filtered and used for subsequent purification on a Akta purifier
system (Cytiva, Marlborough, MA, USA). Buffer A consisted of
50 mm phosphate, 200 mm NaCl, pH 7.4 and for buffer B, 250 mm
imidazole was added to buffer A. Ni-NTA chromatography was
performed with a 5mL HisTrap FF column (Cytiva, Marlborough,
MA, USA) with a flow rate of 5mLmin~'. The column was
equilibrated with 5 column volumes (CV) 8% B prior to sample
injection (60 to 80 mL). The column was washed with 5CV 8% B
and a step elution with 5CV 16% B and 7CV 100% B was
performed. The fraction containing the recombinant protein was
collected and incubated at 62°C for 30 min. After centrifugation,
the supernatant was concentrated with an Amicon 10 kDa cutoff
ultrafiltration filter (Merck KGaA, Darmstadt, Germany). Size exclu-
sion chromatography with a Hiload 26/60 Superdex 200 pg column
(Cytiva, Marlborough, MA, USA) with buffer A yielded homoge-
neous enzyme preparations (Figure S10).
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Determination of the thermal stability of PHL

Reaction vials containing partially purified enzyme preparations
(333 ugmL™") in 1 m potassium phosphate buffer (pH 8.0) were
incubated at 65, 70 and 75°C for 24 h. A control sample was stored
at 4°C. The residual enzyme activity was determined with
polycaprolactone nanoparticles as substrate at 50 °C using a Power-
Wave XS plate reader at 600 nm (BioTek Instruments, Inc., Winooski,
VT, USA). The PCL nanoparticles were prepared as described
previously.“® An enzyme concentration of 5pugmL™" in 1m
potassium phosphate buffer (pH 8.0) was used. Purified PHL7
(0.2 mgmL™") was incubated in 50 mm phosphate buffer between
65°C and 74°C for 4h, 16h and 24h in an ep gradient S
thermocycler (Eppendorf, Hamburg, Germany). The residual activity
was determined with p-nitrophenol butyrate (pNPB) as substrate at
25°C in 100 mm phosphate buffer, pH 7.5 containing 0.5 mm pNPB
and 10% ethanol. The absorbance of p-nitrophenol released was
monitored at 405 nm. Measurements were performed with a
Synergy Mx microplate reader (BioTek Instruments Inc., Winooski,
VT, USA). Mean values £ S.D. for n=3 are shown.

Hydrolysis of amorphous PET films by PHL

For the determination of the initial hydrolysis rates of PHL
candidates in the first screening process, amorphous G-PET films
(9 cm? about 150 mg) were added to reaction vials containing
0.11 mgenzymegpg" of the partially purified enzyme preparation and
1 m potassium phosphate buffer (pH 8.0) in a total volume of
1.8 mL. The vials were incubated at 40°C to 85°C on a thermo
shaker (1000 rpm) for 1 h. Released hydrolysis products were
quantified by HPLC* The sum (TPA.) of the released soluble
products terephthalic acid (TPA), mono(2-hydroxyethyl) terephtha-
late (MHET) and bis(2-hydroxyethyl) terephthalate (BHET) was used
to determine the initial hydrolysis rates. For analyzing reactions
with different concentrations of enzyme, a reaction volume of
0.35mL and G-PET films with 6 mm diameter (0.62 cm? about
7.1 mg) were used as substrate. The hydrolysis products TPA and
MHET were determined after 1 h and 2 h of reaction with enzyme
concentrations of 0.34, 0.69, 1.37, 2.75 and 5.49 mgenzymegpg{1 by
HPLC (see section 1.13). A curve fit was performed as previously
described."** For the determination of the weight loss of G-PET
films following enzymatic degradation, the films (3x0.5 cm, about
45 mg) were added to reaction vials containing 1.18 MQenyme Iper |
of partially purified enzyme preparations or 0.55 MJenymeJper | Of @
homogeneous enzyme preparations. The reactions were performed
in 1 m potassium phosphate buffer (pH 8.0) in a total volume of
1.8 mL. For the initial screening of the PHL, the vials were incubated
at 45°C to 75°C on a thermo shaker (1000 rpm) for 24 h. Further
studies with homogeneous preparations of PHL7 and LCC
(0.55 MYenzyme Yper ') Were performed at 70°C at 700 rpm. Weight
loss of the G-PET films was determined gravimetrically as described
previously.*” Mean values +S.D. for n=3 are shown.

Vertical Scanning Interferometry

Surface topographies of amorphous PET films exposed to PHL7 and
LCC were measured using an S neox 3D optical profiler (Sensofar
Metrology, Barcelona, Spain), both in the vertical scanning inter-
ferometry (VSI) mode and in the confocal profiling mode, the latter
based on spatially resolved focus detection. VSI was performed
with Mirau objectives (Table S10) using white-light illumination.”"
For the construction of the rate maps and rate spectra calculations,
sample surface topographies were analyzed before and after each
exposure period of the films with the enzymes. G-PET films were
fixed on glass plates with epoxy resin and a part of the film surface
was masked with Teflon tape as control. The obtained topography
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datasets were processed with the software SPIP (version: 6.7.3;
Image Metrology A/S, Harsholm, Denmark). Using the inert mask as
a height reference, the individual datasets were correlated and
subtracted from each other. The height change (dz) at a given
surface point (x,y) over the exposure time (dt) was determined. The
velocity of height changes (dz/dt) indicating the material flux at
each point of the surface and the overall dataset including all (x.y)
points were used to construct material flux maps. A histogram
analysis of the rate maps resulted in a material flux or reaction rate
spectrum that provided information about the frequency of rate
contributors to the overall rate.””

Molecular Docking experiments with PHL7 and LCC

To further explore the binding poses of PET onto the active site of
PHL7 and LCC, the soluble substrate analog EMT was used for
molecular docking with Rosetta3.®**® To further analyze the bind-
ing mode of the terephthalic ring in the active site of the enzymes,
molecular docking of MHET and TPA was also performed. The
conformational diversity of the ligands was represented by creating
277, 52 and 3 conformers for EMT, MHET and TPA, respectively,
using the confab package of Open Babel.”® The conformers were
generated based on an energy cutoff of 50 kcalmol™' and an RMSD
cutoff of 1.3 A, 0.4 A and 0.4 A for EMT, MHET and TPA, respectively.
For the docking procedure, 40000 enzyme-substrate and enzyme-
product complex structures were generated with a custom Rosetta3
XML script enabling backbone and side-chain flexibility as pre-
viously described.® The top 100 docking poses for all enzyme-
ligand pairs were subjected to pairwise ligand Root Mean Square
Deviation (RMSD) calculation using DockRMSD,® to generate a
distance matrix for unsupervised exploratory hierarchical clustering
analysis. The ligand RMSD matrix was employed to build an
euclidean distance matrix using the dist() function built in R stats®®
package and the Ward.D2 method was used to cluster the distance
matrix. For visualization of the clustering results, we employed fviz_
cluster function included in factoextra®” and ggplot2.*® The cluster
that best represented the optimal binding poses of EMT, MHET and
TPA into the active sites of PHL7 and LCC was determined by
visually assessing that the terephthalic ring of the molecules
occupied the same site as the esterase product p-nitrophenol (PDB
5XH2) and the MHET analog 1-(2-hydroxyethyl) 4-methyl tereph-
thalate (HEMT, PDB 5XH3) in available crystal structures of a double
mutant of the polyester hydrolase IsPETase.’® The lowest binding
energy complex for each enzyme-ligand pair was selected along
with four additional complexes with lowest ligand RMSD for
decomposition of the per-residue energetic contributions to ligand
binding using Rosetta3 DDG mover.™

Degradation of post-consumer PET packaging by PHL7 and
recovery of TPA

A homogeneous PHL7 preparation (0.6 MGerymeTper ) i 1M
phosphate buffer was used to degrade flakes (3x0.5 cm? ~40 to
50 mg) of different thermoform PET clamshell containers at 70°C
for 24h (Table S9). The crystallinity of the PET samples was
determined by DSC as described previously.?” The weight loss of
the films was determined by gravimetric analysis. For the recovery
of TPA from enzymatic PET hydrolysate, the labels were removed
from a whole PET clamshell container (17.43 g) from Guillin (Groupe
Guillin, Ornans, France). The container was washed with 0.5%
aqueous SDS, deionized water and 70% ethanol, dried over night
at 50°C and cut into 3x3 cm flakes. The flakes were added to 1 m
potassium phosphate buffer (pH 8) in a total volume of 784 mL
containing 0.63 mgenzymegm’1 of a homogeneous PHL7 preparation
for 48 h with shaking at 60°C. An additional 0.52 MQenyme Jper | Was
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added after 24 h of the reaction. The remaining solids were washed
with 0.5% SDS solution followed by 70% ethanol solution prior to
determination of the residual weight. The hydrolysate was filtered
(0.22 um MCE membrane, MF-Millipore, Merck KGaA, Darmstadt,
Germany), 0.5% aqueous SDS was added and filtered again. The pH
of the filtrate was then adjusted to pH 11 with NaOH to hydrolyze
remaining MHET and subsequently adjusted to pH 2 with 37% HCI.
The precipitate obtained was washed several times with deionized
water and the precipitation step was repeated to obtain a purified
TPA preparation.

Synthesis of PET

The purified TPA was used for PET synthesis. A two-step polymer-
ization of PET with the purified TPA and EG was performed.” The
first step was an esterification reaction with TPA and EG to obtain
BHET followed by a polycondensation reaction of BHET. The weight
ratio of EG:TPA was 1.5 Zinc acetate (150 ppm), sodium acetate
(150 ppm) and antimony oxide (500 ppm) were added as catalysts
in the polycondensation reaction. TPA, EG and catalysts were added
to a reactor and mixed overnight. The esterification was performed
at 190°C for 8 h under stirring. The reactor was then heated up to
220°C for 2 h and the reaction mixture became transparent. The
temperature was increased to 270-280°C and a 3 mbar vacuum
was applied for 3 h to remove the EG. The synthesized PET was of
white and light-yellow color and was further characterized by FT IR
and 'H NMR.
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