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INTRODUCTION

Abstract

Polyethylene terephthalate (PET) is a major component of microplastic con-
tamination globally, which is now detected in pristine environments including
Polar and mountain glaciers. As a carbon-rich molecule, PET could be a
carbon source for microorganisms dwelling in glacier habitats. Thus, glacial
microorganisms may be potential PET degraders with novel PET hydro-
lases. Here, we obtained 414 putative PET hydrolase sequences by search-
ing a global glacier metagenome dataset. Metagenomes from the Alps and
Tibetan glaciers exhibited a higher relative abundance of putative PET
hydrolases than those from the Arctic and Antarctic. Twelve putative PET
hydrolase sequences were cloned and expressed, with one sequence
(designated as GlacPETase) proven to degrade amorphous PET film with a
similar performance as IsPETase, but with a higher thermostability. GlacPE-
Tase exhibited only 30% sequence identity to known active PET hydrolases
with a novel disulphide bridge location and, therefore may represent a novel
PET hydrolases class. The present work suggests that extreme carbon-poor
environments may harbour a diverse range of known and novel PET hydro-
lases for carbon acquisition as an environmental adaptation mechanism.

(Geyer et al.,, 2017). Large-sized plastic items can
break up to form microplastics, which are easily trans-

Plastic contamination is a global concern, over 6300
tons of plastic waste are generated annually worldwide,
nearly 80% of which is accumulated in the environment

ported naturally by atmospheric (Chen et al., 2020) and
aquatic circulation (Li et al., 2020). These microplastic
contaminants are globally present, even in remote
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pristine areas including deep ocean, Polar environ-
ments, and mountain glaciers (Zhang et al., 2019).
Polyethylene terephthalate (PET) is one of the most
commonly used plastics due to its excellent mechanical
and thermal properties, making it a major component of
microplastic contamination globally. Its environmental
degradation is mainly by microorganisms, with a wide
range of enzymes with PET degradation activities (PET
hydrolases) being reported, including cutinases, ester-
ases, lipases, and so on (Kawai et al.,, 2020). PET
hydrolases have been identified in a wide range of
microorganisms including actinobacteria, bacteroides,
and proteobacteria (Kawai, 2021). Some of these
microorganisms can degrade PET for carbon and
energy sources (Tanasupawat et al., 2016). Several
PET hydrolases have been extensively investigated for
their potential commercial applications, but the role of
microbial PET degradation in the natural environment
has been greatly overlooked, particularly in carbon-
poor (oligotrophic) environments where PET as a highly
carbon-rich molecule may play a key role in microbial
carbon cycling.

Environmental bacteria such as Ideonella sakaien-
sis can use PET as a carbon source at ambient temper-
ature (30°C; Bornscheuer, 2016). This capacity can be
particularly important for oligotrophic environments
such as glacier ecosystems. Thus, identifying ambient
temperature PET hydrolases in such environments
could provide additional insights into the survival mech-
anism of microorganisms in extreme environments.
Furthermore, the glacier ecosystem is subjected to
environmental stresses including strong UV radiation
and dramatic temperature fluctuation, which enhance
PET chemical weathering (Montazer et al., 2018;
Sgrensen et al., 2021), thus facilitating the subsequen-
tial microbial degradation. PET has been identified in
global glaciers, which is recognised as a major xenobi-
otic contaminant (Parolini et al, 2021; Zhang
et al., 2021). If left untreated, PET can be frozen in ice
and stored for thousands of years impairing ecosystem
health. Thus, it is vital to understand the fate of PET in
the glacial environment. Glacial harbours a wide range
of microorganisms performing diverse metabolic func-
tions (Liu et al., 2022b). Currently, we know little about
the PET degradation capacity of cold-adapted microor-
ganisms. PET degradation could be advantageous for
glacier-dwelling microorganisms by providing the edge
for their survival in a carbon-poor environment. In
addition, due to the unique composition of glacial micro-
biomes, glacial microorganisms may encode PET-
degrading enzymes with distinct functional properties
compared with their temperate counterparts.

To identify potential PET hydrolases from glacial
environments, we further updated a recently published
glacier gene and genome catalogue (Liu et al., 2022b),
which now contains over 62,595,715 genes from

208 metagenomes and 952 cultivated bacterial
genomes from global glaciers. As many as 414 putative
PET hydrolase hits were obtained from this database
using a collection of curated PET hydrolase sequences
as queries. In total 12 of them were expressed, one of
which was demonstrated to show exceptional activity
against PET nanoplastics. Its activity was comparable
with IsPETase but with a higher thermostability possibly
due to the presence of a disulphide bridge at a novel
location in its structure. Our results demonstrate that
glacier is a new source for the bioprospecting of novel
PET hydrolases and possibly other enzymes with
potential for industrial applications.

EXPERIMENTAL PROCEDURES
Databases used in the present study

The glacier metagenome and genome data used were
based on the database published previously (Liu
et al., 2022b) with an additional 123 metagenome and
69 genomes from other non-Tibetan glaciers. Thus, the
used dataset contains 208 metagenomes from global
glacier habitats (Table S1) and the genomes of 952 cul-
tured isolates (Table S2) in total (Bellas et al., 2020;
Franzetti et al., 2016; Hauptmann et al., 2017; Trivedi
et al., 2020; Zhang et al., 2020). These metagenomes
are from snow, ice, and cryoconite (a mixture of mineral
and organic material covering glacial ice). The
sequences were quality controlled using the Trim
Galore (https://lwww.bioinformatics.babraham.ac.uk/
projects/trim_galore/), assembled using the MEGAHIT
(version 1.1.3; Li et al., 2015), and genes were pre-
dicted from contigs =500 bp using Prodigal as
described previously (Hyatt et al., 2010). For reads that
failed to be assembled, they were pooled from different
samples and co-assembled using the MEGAHIT (ver-
sion 1.1.3; Li et al., 2015), and the resulting contigs
=500 bp were further predicted using Prodigal. The rel-
ative abundances of the predicted genes were calcu-
lated using Salmon (v0.13.1) and expressed as
transcript per Kilobase of ORF per Million mapped
reads (TPM). As the present study was on genomic
DNA, we renamed this as read-based TPM (RTPM). As
the mapping was only performed using sequencing
reads of a sample to its predicted ORFs, the abun-
dance of those ORFs from cultivated genomes and co-
assembled contigs was not calculated.

Bioinformatics identification of candidate
PET hydrolases from glacier microbiome

After removing identical sequences, 35 PET hydrolase
reference sequences (Buchholz et al., 2022) were
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downloaded from the plastics-active enzymes database
and aligned with Clustal Omega (Sievers et al., 2011).
Then, based on the alignment results of these
sequences, a profile HMM was built using the “build”
function of the HMMER package (hmmer.org/). The
predicted genes from glacier habitats were analysed by
the “hmmsearch” function of the HMMER package.
This ended with 403 metagenome-originated and
11 cultured isolates-originated sequences being identi-
fied. These sequences were combined with the refer-
ence sequences without dereplication and then aligned
using muscle (Edgar, 2004). A phylogenetic tree was
built using FastTree with the GTR model and Gamma
distribution (Price et al., 2010), with the tree being
visualised and annotated using iTOL (Letunic &
Bork, 2019). Based on the “hmmsearch” score, the top
20 sequences (clustered in two clades) with the highest
E-value ranking were selected. Each top E-value
ranked sequence in other clades was also selected
(five sequences in total). These 25 sequences and the
sequences used to construct the HMM model were
phylogenetically analysed again. Finally, 12 complete
candidate PET hydrolases that were less similar to
each other (based on the prodigal prediction with the
code partial = 00) were selected manually for further
functional validation.

Molecular cloning and protein expression
of putative PET hydrolases

The signal peptides of the 12 putative PET hydro
lases were predicted by SignalP (Almagro Armenteros
et al., 2019) and were excluded in the subsequent gene
synthesis. The genes were commercially synthesized
with codon optimisation before being cloned into the
Hindlll (5" end) and BamHI (3’ end) sites of the pUC19
and the corresponding constructs were transformed
into E. coli BL21 (DE3). The nucleotide sequences of
the 12 candidates with codon optimisation were pro-
vided in Table S4. The cells were cultured in Lysogeny
broth (LB) with 100 pg/mL ampicillin at 37°C. When the
optical density at 600 nm (ODggo) reached 0.6-0.8,
expression was induced by 0.2 mM isopropyl-3-p-
thiogalactopyranoside for 16 h at 16°C. Cells were har-
vested by centrifugation, resuspended in lysis buffer
(20 mM Tris—HCI, pH 8, 300 mM NaCl), and then dis-
rupted by ultrasonication before the lysate was col-
lected by centrifugation at 10,000 x g for 30 min.

After preliminary activity screening, three promising
candidates (4—1, 6-9, and 9-6) PET hydrolases were
subsequently cloned into pET-28a (+) for expression in
E. coli BL21 (DE3). The cells were cultured in LB with
50 pg/mL kanamycin. The expression induction, cell
collection, and preparation of crude enzyme were the
same as described above.

NVIRONMENTAL |
MICROBIOLOGY
Preliminary activity screening with p-
nitrophenyl butyrate and bis
(2-hydroxyethyl) terephthalate as
substrates

Preliminary screening of the 12 candidates was per-
formed using p-nitrophenyl butyrate (pNPB) as a sub-
strate. Reactions were initiated by adding 50 pL of the
crude enzyme into 150 uL 10 mM pNPB and then was
incubated for 15 min at room temperature (25°C). To
quantify the product p-nitrophenol, the absorbance at
410 nm was measured using a Microplate reader
(BioTeK Instruments, Inc, USA). The activity of 12 can-
didates on bis (2-hydroxyethyl) terephthalate (BHET)
was determined using the following method. Briefly,
200 pL of the crude enzyme was added into 200 pL
0.4% BHET solutions, followed by incubation at 37°C
for 12 h. The reaction was terminated by adding an
equal volume of acetonitrile. Then, the supernatant
obtained by centrifugation was filtered using a 0.22 um
filter for HPLC analysis (see below).

Secondary screening with PET
nanoplastics as substrates

Amorphous PET film (0.25 mm thickness) was pur-
chased from Goodfellow Cambridge, Ltd. PET stock
solutions were prepared by dissolving 0.1 g of PET film
into 10 mL 1,1,1,3,3,3-hexafluoro-2-propanol. Then,
1 mL of the crude enzyme was incubated with 10 pL
PET stock solutions at 37°C for 24 h. PET nanoplastics
were generated at the moment when PET stock solu-
tions were loaded into the buffer. The reaction termina-
tion and product detection were the same as those
described earlier.

Protein expression and purification of
GlacPETase and IsPETase

Since the expression product of GlacPETase in E. coli
BL21 (DE3) was predominantly insoluble, the gene
encoding Lactates was then subcloned into the EcoRI
(5’ end) and Notl (3’ end) sites of pET-32a through fusion
to the N-terminal TrxA-coding sequence. Meanwhile, a
TEV protease recognition site was added between the
genes trxA and glacPETase to allow for subsequent
removal of the TrxA-tag. Then, the constructed plasmid
was transformed into E. coli BL21 trxB (DE3). Cells were
cultured in LB with 100 pg/mL ampicillin at 20°C for 48 h,
then harvested and lysed as described previously.

The supernatant was purified by Ni-NTA chromatog-
raphy. To remove the TrxA-tag and imidazole, purified
proteins (46.8 kDa) were digested using TEV protease
at 4°C overnight in a dialysis bag. The digested
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again and the mature GlacPETase (28.0 kDa) was in
the flow-through liquid. Expression and purification of
IsPETase were performed as reported previously (Han
et al., 2017). The obtained proteins were confirmed
through SDS-PAGE (Figure S1).

Biochemical characterisation of
GlacPETase

The standard activity assay for GlacPETase was per-
formed using pNPB as a substrate at 1 mM concentra-
tion in 0.1 M Tris—HCI buffer (pH = 8.0). Reactions
were initiated by adding 10 pL of GlacPETase (1 mg/
mL) into 190 pL of the substrate. After incubation for
15 min at room temperature (25°C), the released p-
nitrophenol was quantified. The optimal pH was deter-
mined by incubating the samples in 20 mM Tris—HCI
buffers at pH = 6.0, 7.0, 8.0, and 9.0. The optimal sub-
strates were determined using 1 mM pNP esters with
different chain Iengths of C4, Cs, Cg, C10, C12, C14, C16,
and C4g. In addition, the influence of different metals,
solvents, detergents, and inhibitors on the activity of
GlacPETase was also evaluated as described in an
earlier report (Danso et al., 2018). The optimal temper-
ature was determined by incubating 1 mL of 500 nM
GlacPETase with 10 pL of 1% PET stock solutions at
4°C, 16°C, 20°C, 30°C, 37°C, and 55°C for 24 h.

The melting temperatures of GlacPETase and /sPE-
Tase were determined using the Thermofluor assay as
reported (Eiamthong et al., 2022) with some modifica-
tions. Briefly, 0.2 pL of Sypro orange (Sigma-Aldrich)
was loaded into 25 pL of purified enzyme (1 mg/mL).
Then, the samples were tested on a Real-time PCR
(CFX Connect, Bio-Rad, USA).

For the determination of GlacPETase activity on
PET film, amorphous PET films were cut into 6 mm
diameter sheets using a hole punch. The sheet was
placed in a 1.5 mL Eppendorf tube with 300 pL of Glac-
PETase (50, 100, 200, 300, and 500 nM) in 20 mM
Tris—HCI, 300 mM NaCl buffer at pH 8. The hydrolysis
reactions were carried out at 30°C for 48 h. The
methods for termination of reaction and product detec-
tion were the same as those described previously. In
addition, the digested PET films were collected,
washed with water, 0.5% SDS, and ethanol sequen-
tially, dried at 50°C for 12 h, and coated with gold
(Au) for observation under scanning electron micros-
copy (SEM, S3400ll, Hitachi, Japan).

HPLC analysis

Standard terephthalic acid (TPA), mono (2-hydro-
xyethyl) terephthalate (MHET), and BHET were pur-
chased from Aladdin Co., Ltd. Identification and
quantification of these compounds were performed with

reverse-phase high-performance liquid chromatogra-
phy (HPLC, 2695, Waters, USA), equipped with a C18
reversed-phase column (5 um, 4.6 x 250 mm, Agilent,
USA). The mobile phases were methanol and water
containing 0.1% acetic acid. The elution profile was
35% of methanol for 20 min and the effluent was moni-
tored at the wavelength of 240 nm.

Multiple sequence alignment and
sequence similarity network (SSN)

By using the enzyme function initiative enzyme similar-
ity tool (EFI-EST; Gerlt et al., 2015), amino acid
sequences of GlacPETase and 67 identified PET
hydrolases were subjected to construct the SSN with a
threshold of 1e~'°. Cytoscape was used to visualise
the network (Shannon et al., 2003). The accessions of
67 PET hydrolases analysed in this study are sum-
marised in the Plastics-Active Enzymes Database
(Buchholz et al., 2022). Then, six representative PET
hydrolases and GlacPETase were subjected to multiple
sequence alignment with MAFFT-linsi (version 7; Katoh
et al., 2002), shown by ESPript (version 3.0; Robert &
Gouet, 2014).

Structure prediction and molecular
dynamics simulations

The structure of GlacPETase was predicted by Alpha-
Fold2 (Jumper et al., 2021). The structures of GlacPE-
Tase together with [sPETase (6EQE; Austin
et al., 2018) and Tfcut2 (4CG1; Roth et al., 2014) were
visualised by PyMOL (version 2.5.4). Molecular dynam-
ics simulations were performed by employing GRO-
MACS 2021 (Tan et al., 2022) using the AMBER99SB
force field (Hornak et al., 2006). Proteins were
immersed in the TIP3P water octahedron box. The
unbalanced charge in the system was neutralised by
adding suitable counterions (Na* and CI™). The system
was energetically minimised using the steepest
descent algorithm, and then continuously equilibrated
in the NVT and NPT ensemble throughout 100 ps, and
the heavy atoms were restrained with a force constant
of 1000 KJ mol~' nm~". The free production run was
carried out for 30 ns using an NPT ensemble at 300 K
(26°C) and 340 K (66°C), respectively, and the time
step was 2 fs.

RESULTS

Phylogeny of candidate PET hydrolases in
glacier microbiome

After extensive filtering, 403 and 11 putative PET
hydrolases were identified from glacier metagenomes
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and isolated genomes, respectively (Figure 1A). The
phylogeny of the PET hydrolases identified was associ-
ated with their taxonomy origin and the region where
the sequences were recovered, instead of by their
habitats. = These  sequences originated from
77 glacier-related samples, accounting for over 38% of
the samples investigated (n = 208). These samples
were distributed in 24 glaciers covering ice, snow, and
cryoconite habitats, but more frequently from snow
(89% of the 28 snow samples, Figure 1B) than ice
(37% of the 90 ice samples) and cryoconite (24% of the
90 cryoconite samples). Of the samples with putative

SRR e
PET hydrolases identified, snow demonstrated the
highest PET hydrolases richness (n =6.7 £ 11, One-
Way ANOVA, p < 0.001), and decreased in the order of
ice (n=5.2+5.2), and cryoconite (n=3.0% 1.9).
BLAST search affiliated these putative PET hydrolases
with Proteobacteria (67% of the 403 sequences,
Figure 1C), followed by Actinobacteria (17%), Gemma-
timonadetes (5%), and Deinococcus-Thermus (4%).
Most of the candidate PET hydrolase sequences were
locally present, and we did not identify any sequences
that are present in all four regions investigated (the Ant-
arctic, Arctic, Alps, and Tibetan Plateau), with only
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FIGURE 1 Phylogeny of the identified candidate polyethylene terephthalate (PET) hydrolase and its distribution patterns. (A) The
phylogenetic relationships of the identified candidate PET hydrolase with reference sequences. Their habitats, regions, taxonomy, and relative
abundance are indicated by the outer rings, stars represent sequences cloned and expressed. (B) The number of samples with candidate PET
hydrolase identified for each habitat. (C) The taxonomy composition of candidate PET hydrolases. (D) The relative abundance of candidate PET
hydrolase for each habitat-region pair. Stars represent sequences cloned and expressed. Co-assembled means the genes were predicted from
contigs that are assembled from multiple samples; therefore, the habit information is lost. PRO, proteobacteria; ACT, actinobacteria; BAC,
bacteroidetes; CHL, chloroflexi; CYA, cyanobacteria; DEI, deinococcus-thermus; GEM, gemmatimonadetes; SER, Candidatus

Sericytochromatia bacterium; UNC, unclassified.
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=
68 putative PET hydrolases being identified from more
than one region (17% of the 403 sequences,
Figure 1A). The relative abundance of putative PET
hydrolases ranged from 2.2 x 10° (the Arctic) to
1.0 x 10° transcripts per million reads (RTPM, the Alps,
Figure 1D). Snow harboured a higher relative abun-
dance of PET hydrolases in Antarctic glaciers, while
cryoconite and ice had higher relative abundances of
putative PET hydrolases in the Tibetan and Alps gla-
ciers, respectively.

Screening of candidate PET hydrolases for
PET hydrolysis activity

Twelve candidate PET hydrolases were selected,
cloned into a pUC19 vector, and expressed in E. coli
BL21 (DE3) for function confirmation. For preliminary
screening, pNPB and BHET were used as substrates
because these two small molecules were more suscep-
tible to hydrolysis by hydrolases, narrowing the scope
of subsequent searches, as they were used in previous

(A)ss

studies (Han et al., 2023). The crude enzymes of Can-
didate_C, Candidate_D, and Candidate_J showed
activity on pNPB and BHET (Figure 2A,B). Among
these three candidates, candidate C was from a cul-
tured isolate, which is classified as a novel species
within Pseudomonas. However, no product was
detected when using PET nanoplastics as the sub-
strate. This was speculated to be the consequence of
low protein expression, which is insufficient to hydro-
lyze the PET nanoplastics. Subsequently, these three
promising candidates were cloned into pET-28a (+) for
a higher expression in E. coli BL21 (DE3). As a result,
the crude enzyme of Candidate_C exhibited hydrolytic
activity on PET nanoplastics, producing TPA and
MHET (Figure 2C). Henceforth, the Candidate_C iden-
tified from the glacier microbiome was designated Glac-
PETase for further study.

The activity of GlacPETase against amorphous
PET films was tested. After incubating at 30°C for 48 h,
products including TPA, MHET, and BHET were
detected (Figure 3A). The optimal protein concentration
of GlacPETase for the hydrolysis of PET film was
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FIGURE 2 Experimental screening of Polyethylene terephthalate (PET) hydrolases from glacier microbiome. (A) Preliminary screening of

12 candidates constructed in pUC19 using p-nitrophenyl butyrate as a sub

strate. The absorbance at 410 nm after reactions are shown.

(B) Preliminary screening of 12 candidates constructed in pUC19 with BHET as a substrate. The BHET residue, MHET produced and TPA

produced in supernatant after reactions are shown. (C) Secondary screeni
nanoplastics as substrates. Liquid chromatograms of supernatants after re
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300

N
E=3
=1

[GlacPETase] (nM)
=)
o

50

0 100 200 300 400 500 600
Released products (uM)

ng of three candidates constructed in pET-28a (+) using PET
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FIGURE 3 Purified GlacPETase activity on amorphous polyethylene terephthalate (PET) films. (A) Products formed after co-incubation of
GlacPETase with PET films at different protein concentrations. (B) Scanning electron microscope image of PET film surface after incubating with

buffer-only control and with purified GlacPETase.
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200 nM. MHET was the major product, with a low quan-
tity of TPA and BHET being also detected. After incuba-
tion, the surface of PET film treated by GlacPETase
was rougher and exhibited small pits (Figure 3B,C), fur-
ther confirming the activity of GlacPETase against PET
films.

Enzymatic properties of GlacPETase

The optimal pH of GlacPETase is 8.0 (Figure S2A), a
relative alkaline value. GlacPETase showed hydrolytic
activity on pNP esters of different chain lengths
(Figure S2B). The activity of GlacPETase against
pNPB was significantly inhibited by 10 mM of Zn?",
and Mg?" ions, 1 mM DTT, 10% DMF, and 1% SDS
(Figure S2C—F). The thermofluor assay indicated that
the T,, of GlacPETase was 56°C, higher than /sPE-
Tase (49°C, Figure 4A). The optimal temperatures for
GlacPETase and IsPETase with PET nanoplastics as
substrates were both 30°C (Figure 4B), but their activity
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differed at other temperatures. The total concentrations
of the released products by GlacPETase were higher
at 37°C than that at 16°C, in contrast to /sPETase
which exhibited a higher activity at 16°C than that
at 37°C.

Molecular dynamics simulations were performed in
a 30 ns time scale for IsPETase and GlacPETase
(Figure 4C,D). The root mean square deviation
(RMSD) is used to quantify the structural changes of
protein, further reflecting the stabilisation of the protein
during molecular dynamics simulations. The RMSD of
non-hydrogen atoms computed for these two proteins
revealed that both enzymes exhibited steady and
remained close to their original structure at 300 K
(26°C). At 340 K (66°C), the RMSD of GlacPETase fol-
lowed a similar trend to that at 300 K whereas the
RMSD of IsPETase increased. This is another indica-
tion that GlacPETase is more thermally stable than
IsPETase, consistent with the results of the T, values
and the varied activities on PET nanoplastics at differ-
ent temperatures.
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FIGURE 4 Temperature properties of GlacPETase. (A) Comparison of the melting temperature of GlacPETase and IsPETase. (B) Products
released after co-incubation of GlacPETase or IsPETase at different temperatures with polyethylene terephthalate nanoplastics. The RMSD

trajectories of IsPETase and GlacPETase at 300 K (C) and 340 K (D).
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Sequence and structural features of
GlacPETase

The full-length sequence of GlacPETase contains
285 amino acids with an N-terminal signal peptide of
25 aa. The molecular weight of mature GlacPETase is
predicted to be 28.0 kDa and its isoelectric point (pl) is
predicted to be 9.49. In the alignment of GlacPETase
with 67 functionally identified PET hydrolases, the max-
imum identity was only 30.48% with Enzyme
504 (Figure S3), a PET hydrolase from Caldimonas
taiwanensis + D57 (Erickson et al., 2022). The associ-
ations of GlacPETase with the 67 functionally con-
firmed PET hydrolases were visualised by a SSN
(Figure 5A). The SSN had five clusters and eight sin-
gletons. The vast majority (50/68) of PET hydrolases
were grouped into a single cluster due to their high
sequence similarity, while GlacPETase was singled out
as a separate node (Figure 5A).

Based on AlphaFold2 prediction, GlacPETase
belongs to the canonical a/B hydrolases with a similar
structure to several reported PET hydrolases
(Figure 5C). Although the catalytic triad (Ser147-
His227-Asp196) in GlacPETase is completely con-
served, there are some noteworthy structural
differences between GlacPETase and other PET
hydrolases. GlacPETase exhibited an extra a-helix
each at three positions, respectively: near the catalytic
center and in front of the seventh and ninth p-sheets
(Figure 5C), whereas one less a-helix at the N-terminus
of GlacPETase (Figure 5C). However, the most notable
of the differences is that the single disulphide bond in
GlacPETase was located at the N-terminus observed
from the predicted structure (Figure 5C). It was pro-
posed in earlier studies that PET hydrolases can be
divided into Type | and Type I, represented by Tfcut2
and /sPETase (Joo et al., 2018), respectively. Type |
PET hydrolases including LCC (Sulaiman et al., 2012),
Tfcut2 (Furukawa et al., 2019), and Cut190 (Miyakawa
et al., 2015) have only one disulphide bond at the
C-terminus, while the type Il including Mors1
(Blazquez-Sanchez et al.,, 2022), PE-H (Bollinger
et al., 2020), and /IsPETase (Yoshida et al., 2016) has
an additional disulphide bond near the catalytic center
(Joo et al., 2018; Figure 5B,C). Here, the location of the
disulphide bond of GlacPETase was distinct from either
of the two types of PET hydrolases (Figure 5C).

DISCUSSION

We identified 414 putative PET hydrolases from glacial
habitats, suggesting that PET hydrolases are wide-
spread globally even in pristine environments. A previ-
ous study has recovered a PET hydrolase from the
Antarctic with maximum activity at ambient temperature
(25°C; Blazquez-Sanchez et al., 2022), further

confirming the presence of PET hydrolases in cold
environments. Most of the snow metagenomes con-
tained putative PET hydrolase sequences, followed by
ice, and cryoconite (Figure 1B). This is consistent with
the order of increasing carbon concentration in glacier
habitats (Liu et al., 2022a). In addition, the relative
abundance of putative PET hydrolases was also the
highest in the Alps, followed by the Tibetan Plateau,
while their relative abundance was relatively lower in
the Antarctic and Arctic glaciers. This order is consis-
tent with the level of human activity, that is, the Alps
and Tibetan glaciers are closer to human activities.

PET hydrolases exhibited strong taxonomy conser-
vation, while habitats played little role. This is consistent
with the taxonomy conservation reported from putative
PET hydrolases from terrestrial and marine environ-
ments (Danso et al., 2018; Gambarini et al., 2021). PET
hydrolases from the global ocean were dominantly
Pseudomonadales-origin  (Alam et al.,, 2020) or
Bacteroidetes-origin (Danso et al., 2018). Here, we also
identified a high PET hydrolase diversity from Actino-
bacteria, potentially due to their higher environmental
adaptability against strong UV radiation and low tem-
perature (Xie & Pathom-Aree, 2021). Deinococcus-
Thermus was also predicted to host a wide variety of
putative PET hydrolases (Figure 1C), which has also
been reported in a genome sequence-based study
(Gambarini et al., 2021). Deinococcus-Thermus is
extremely radiation-tolerant (Slade & Radman, 2011),
which is widespread in glacial environments. Thus,
Actinobacteria and Deinococcus—Thermus PET hydro-
lases may be extremely valuable for PET degradation
in areas with strong UV radiation, such as the Tibetan
Plateau and Polar regions.

Several studies have searched metagenome for
putative PET hydrolases. A previous study on global
ocean metagenomes revealed 68 putative PET hydro-
lases from 416 metagenomes (Alam et al., 2020); a
blast-based search against 7375 terrestrial metagen-
omes identified 27 putative PET hydrolases
(Karunatillaka et al., 2022). The lower number of puta-
tive PET hydrolases identified previously from the
metagenomes is partly explained by that they targeted
IsPETase-like with the Dienelactone hydrolase domain,
while the present study explored other forms of PET
hydrolases as well. This is reflected by Danso et al.
(2018), who searched against 25 terrestrial and
108 marine metagenomes for all known PET hydrolase
sequences and identified 349 putative PET hydrolases.
Therefore, PET hydrolases could be widespread
across various natural environments, despite their rela-
tive abundance within the metagenomes being low
(Figure 1A; Danso et al., 2018). However, not all these
putative PET hydrolases exhibited evident (or any)
activity towards PET or its substrates (Figure 2), sug-
gesting they may exhibit amino acid composition simi-
larity to known PET hydrolases, but lack key residues
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FIGURE 5 Sequence and structural comparison of GlacPETase with other polyethylene terephthalate (PET) hydrolases. (A) A sequence

similarity network (SSN) of 67 known PET hydrolases and GlacPETase

. GlacPETase was highlighted by a red rectangle. (B) Multiple sequence

alignment of GlacPETase with PET hydrolases in different types. Disulphide bonds were highlighted with yellow and the catalytic triad was

marked with green triangles. (C) Structural comparison of GlacPETase,

or binding pockets for proper PET hydrolysis. PET
hydrolases belong to a broad enzyme class that has
diverse evolutionary origins from lipases, cutinases,
carboxylesterases, and other related o/f hydrolases
with diverse functions (Danso et al., 2018). Therefore,

IsPETase, and TfCut2.

these sequence-similar but non-active enzymes could
have the capacity to degrade other structurally similar
xenobiotics that are important to glacial microorgan-
isms for energy and carbon acquisition, which certainly
requires further investigation.
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Of the 12 candidate PET hydrolases expressed,
three showed activities against BHET and only one
activity against amorphous PET film (GlacPETase).
This confirms the presence of active PET hydrolases in
glacier habitats. The activity of GlacPETase was higher
than IsPETase at 30°C and 37°C, but lower at 4°C and
16°C (Figure 4B). GlacPETase was obtained from a
bacterium isolated from Antarctica and, surprisingly, an
enzyme from glacier habitats had higher thermostability
than IsPETase. The other reported PET hydrolase from
the Antarctic seawater (Mors1) had an optimum tem-
perature of 25°C (Blazquez-Sanchez et al., 2022),
which is substantially lower than that of GlacPETase.
Therefore, the bacteria carrying this enzyme could
have been dispersed from warmer environments by
atmospheric circulation (Archer et al., 2019). Neverthe-
less, detectable activity was also observed at a temper-
ature as low as 4°C, this could just provide enough
energy to maintain cellular functions. Additionally, Glac-
PETase mainly releases BHET and MHET as products,
while much less TPA compared with [sPETase
(Figure 4B). This suggests that the two enzymes may
have different activity against PET and its oligomers.
GlacPETase could be used as an enzyme to depoly-
merase PET, then its partially degraded products could
be further hydrolysed by other oligomers hydrolases
(i.e., BHET and MHET hydrolases) to achieve a full
degradation of PET.

It is worth noting that the total released products
from PET film were highest while the GlacPETase
was 200nM. With the continuous increase of
the GlacPETase, the released products decreased
(Figure 3A). This phenomenon is known as concent
ration-dependent inhibition, is evident and common in
mesophilic PET hydrolases, regardless of PET
depolymerisation efficiency level (Luisana Avilan
et al., 2023). One of the explanations for this phenom-
enon was the inhibitory protein surface overcrowding
effect (Baath et al., 2021). Increased protein concen-
trations lead to protein over-crowding on the surface of
the PET film, where lateral interactions between pro-
teins hinder enzyme—substrate binding. As a result,
the proportion of proteins in productive conformation
declines, resulting in a decrease in product content.
However, the exact molecular mechanisms behind this
phenomenon have not been thoroughly investigated.

The unique location of the disulphide bond in Glac-
PETase could make GlacPETase represent a novel
PET hydrolases class. Disulphide bonds contribute to
the thermal stability of PET hydrolases (Emori
et al., 2021; Sulaiman et al., 2014). Based on the melt-
ing temperatures comparison between GlacPETase
and /sPETase (Figure 4A), GlacPETase exhibited a
higher thermostability compared with /sPETase. Thus,
the novel disulphide bond location may be associated
with its improved thermostability. However, this may
need further experimental clarification. Nevertheless,

this may provide additional hints into the engineering of
other PET hydrolases for further improving their
thermostability.

CONCLUSION

We obtained 414 putative PET hydrolase sequences
from the global glacier metagenome dataset, with one
sequence (designated as GlacPETase) successfully
cloned and expressed with PET degradation activity.
The GlacPETase depolymerised PET film and exhib-
ited higher thermostability compared with /sPETase.
Multiple sequence comparisons and AlphaFold2 pro-
tein structure prediction revealed a novel disulphide
bridge location, therefore GlacPETase may represent a
novel PET hydrolases class. The present work sug-
gests that glaciers harbour a diverse range of known
and novel PET hydrolases, making glaciers a new
resource for the bioprospecting of novel enzymes with
potential industrial applications.
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